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Abstract 

 Pyridines are widely used and extensively studied heterocyclic compounds in industry and 

academia. Developing mild and selective methods for functionalizing pyridines would facilitate the 

synthesis of more structurally diverse pyridine derivatives, which could aid the development of 

potential drug candidates and streamline the drug discovery process. Through a “soft-enolization” 

logic, 4-alkylpyridines can be readily converted to corresponding alkylidene dihydropyridines 

(ADHPs), enabling mild and selective palladium-catalyzed allylation and dehydrogenation, as 

previously shown by our group. During the mechanistic study of the allylation reaction, prompted 

by the low enantioselectivity of pyridine allylation using optically active ligands, our group 

demonstrated that ADHPs are “soft” nucleophiles towards the allylpalladium(II) complex. We thus 

began employing this class of intermediates as soft nucleophiles in other reactions. Here I will 

first discuss the work towards enantioselective allylation of 4-alkylpyridines. Then I will describe 

the conjugate addition of ADHPs to a,b-unsaturated ketones that are activated by triethylsilyl 

triflate. Finally, I will introduce the approach to unite piperidine and pyridine with a carbon atom 

through addition of ADHPs to protonated pyridines with subsequent transfer hydrogenation 

reaction. 
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Chapter 1: Introduction 

1.1 The history and importance of organic synthesis 

 The history of producing and obtaining organic compounds can be traced back thousands 

of years. Ancient civilizations such as the Egyptians and Romans prepared ethanol and acetic 

acid through fermentation. Similarly, they collected various chemicals, such as formic acid and 

salicylic acid, by extracting them from animals and plants. Up until the early 1800s, almost all 

organic substances discovered were obtained from living organisms. As a result, it was believed 

that a vital force is required to make organic compounds.1 

Friedrich Wöhler’s groundbreaking synthesis of urea from inorganic ammonium cyanate 

in 1828 greatly challenged the belief of vital force.2 In 1845, Kolbe synthesized acetic acid starting 

from elemental carbon and sulfur, which were considered “dead” things.1,3 This discovery marked 

the demise of vitalism and the birth of organic synthesis. The dye industry was the first that 

enjoyed the fruit of organic synthesis with the development of mauveine by William Perkin.4 In 

1897, Felix Hoffmann synthesized acetylsalicylic acid (Aspirin®), which revolutionized the 

pharmaceutical industry.5,6 Since the 20th century, developments in organic chemistry allowed the 

synthesis of natural products, including quinine, morphine, penicillin V, and vitamin B12.6 

One of the bedrocks for organic synthesis is the emergence of new methodologies that 

enable efficient and innovative chemical transformations. The pharmaceutical industry, in 

particular, relies on the breakthroughs in organic synthesis that empower them to better explore 

chemical space for drug discovery and accelerate the drug development process.7 Because drug 

molecules generally contain a number of functional groups to form certain interactions with the 

biological target, it is of great advantage to develop synthetic methods that are chemoselective 

while tolerating a wide range of functional groups. In addition, regio- and stereoselective synthesis 

as well as the use of less expensive reagents will be valuable for both academia and industry.8  
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1.2 Overview of pyridine and its role in drug development 

 In medicinal chemistry, optimization on lead-like molecules or drug candidates often 

results in increased molecular weight and lipophilicity.9 These will directly affect drug transport 

process and pose risks of promoting more off-target interactions, raising concerns about the 

overall efficacy and toxicity of drug candidates.9 To mitigate these issues, heterocycles with 

hydrogen bond-forming ability can be used as key motifs in the lead-like compounds at the drug 

discovery stage, or as isosteres for the existing drug-like molecules during the optimization 

process. 

In 2014, Njardarson’s group conducted a comprehensive analysis on nearly two thousand 

FDA-approved drug molecules and found that pyridine was the most frequently used nitrogen-

containing aromatic heterocycle.10 Pyridine possesses hydrogen bond-forming ability and weak 

basicity due to the presence of an sp2-hybridized nitrogen atom. It helps improve the 

pharmacological profiles, including permeability, solubility, and metabolic stability, of the existing 

drug candidates (Figures 1 and 2).11–13 Moreover, pyridine can act as a valuable bio-isostere for 

several functional groups, including amide, amine, benzene, and other nitrogen-containing 

heterocycles.14 These properties make pyridine an important synthetic scaffold in medicinal 

chemistry. Notably, pyridines can be converted to dihydropyridines and piperidines, which are 

useful in chemical synthesis and biological studies.15 

 

Figure 1: Replacing benzene with pyridine helps improve the permeability and solubility of the 

drug candidate for treating Parkinson’s disease. 
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Figure 2: Replacing benzene with pyridine helps improve the metabolic stability of the drug 

candidate for treating Hepatitis C virus infection. 

1.3 Conjugate addition and piperidine installation involving 4-alkylpyridines 

 Our group is dedicated to developing transformations that involve 4-alkylpyridines 

because they appear in natural products and display valuable biological activities (Figure 3).16–18 

More specifically, we would like our methods to have good functional group tolerance and be 

regioselective towards the 4-pyridylic carbon. The report herein will describe our recent 

developments on conjugate addition to a,b-unsaturated ketones and mild installation of piperidine 

on 4-alkylpyridines. 

The high pKa value of the 4-pyridylic carbon, ranging from 26 to 35 in DMSO,19 

necessitates the use of strong bases for conventional pyridylic C—H transformation. An obvious 

limitation of this approach is the lack of functional group tolerance. The alternative is to install an 

activating group at the pyridylic site or on the pyridine ring to allow milder deprotonation condition. 

However, additional effort is required for the removal of these activating groups if they are not 

desired for subsequent reactions. Therefore, milder and more practical methods for pyridylic 

transformation would be of great value for drug discovery. 

 

Figure 3: Natural product and drug candidates that involve 4-alkylpyridine fragment. 
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1.3.1 Overview of conjugate addition involving 4-alkylpyridines 

Conjugate addition involving alkylpyridines plays an important role in making natural 

products and drug-like molecules. Methods for this transformation can be classified into three 

categories. The first strategy involves direct deprotonation of the alkylpyridine with a strong base, 

and it was highlighted by Taber’s group in the synthesis of rac-cermizine C (Scheme 1).20 They 

began by using n-butyl lithium (pKa ≈ 50) to deprotonate 2-methylpyridine, followed by the 

addition of copper(I) bromide dimethyl sulfide adduct, to generate the cuprate reagent to facilitate 

conjugate addition. However, when 2,4,6-trimethylpyridine was subjected to the reaction, this 

method displayed low regioselectivity towards the 4-pyridylic site (Scheme 2). More importantly, 

the use of a strong base limits overall functional group tolerance. 

 

Scheme 1: Conjugate addition of 2-picoline as the key step for the synthesis of rac-cermizine C. 

 

Scheme 2: Conjugate addition of 2,4,6-trimethylpyridine using Taber’s method. 
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an electron-withdrawing group on the pyridine ring to allow a milder deprotonation process. For 

instance, Clive’s group took advantage of the vinylogous activating group to reduce the pKa of 

the pyridylic carbon so that a milder base could be used (Scheme 3: equation b).22 This strategy 

was employed in the synthesis of Fredericamycin A, a natural product that displayed antitumor 

and antibiotic abilities.22 A major drawback of these two strategies is the additional efforts on 

introducing and removing the activating groups. Overall, the notion that conjugate addition 

involving 4-alkylpyridines needs to proceed through the formation of charged pyridylic 

intermediates results in these limitations. 

 

Scheme 3: Conjugate addition of 4-alkylpyridines that carry an electron-withdrawing group. 
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Figure 4: Sample natural products that contain piperidine moiety. 

 Recent report revealed that drug-like compound containing both pyridine and piperidine 

motifs exhibit the ability to inhibit g-secretase, which is one of the targets in Alzheimer’s disease 

research (Figure 5).24 In addition, for existing drug candidate featuring a piperidine moiety, 

replacement of the benzene ring with a pyridine can reduce the lipophilicity while retaining 

pharmacological activity (Figure 6).25 These molecules have a carbon linker that unites pyridine 

with piperidine. 

 

Figure 5: Examples of drug candidates containing pyridine and piperidine moieties. 

 

Figure 6: Pyridine helps reduce lipophilicity of existing drug candidate. 
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formation of the corresponding alcohol product (Scheme 4: equation a).25 An obvious limitation 

of this approach is the lack of functional group tolerance due to the use of the strong base. An 

alternative route is to transform the two starting materials into the ketone product through photo-

redox chemistry using nickel and iridium catalysts (Scheme 4: equation b).26 However, in the 

situation where the residual functional groups are not desired, additional steps are needed for 

their removal.27 A third strategy was recently showcased by Barbasiewicz’s group. They used an 

alkyl phenyl sulfone in conjunction with potassium bis-(trimethylsilyl)amide (KHMDS) as the base 

to conduct nucleophilic aromatic substitution with 3-nitropyridine (Scheme 4: equation c).28 This 

method requires a pre-installed activating group on the pyridine ring to enhance its electrophilicity. 

 

Scheme 4: Typical strategies to connect piperidine with pyridine through a carbon linker. 
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next focus was to develop an asymmetric variant to better serve the pharmaceutical industry. In 

this paper, I will first discuss some of our works related to this area. 

 

Scheme 5: General formation of alkylidene dihydropyridine. 

 

Scheme 6: Functionalizing 4-pyridylic carbons through alkylidene dihydropyridine intermediates. 
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Chapter 2: Attempt towards enantioselective allylation of 4-alkylpyridines 

2.1 Original understanding of the mechanism of allylation reaction 

 In 2018, our group had developed palladium-catalyzed allylation involving 4-alkylpyridines 

and conducted a substrate scope study to demonstrate its functional group tolerance and 

regioselectivity. While preparing for the publication of our allylation work, we simultaneously 

embarked on developing an enantioselective variant that could be more valuable for its use in 

pharmaceutical sector. 

Our original mechanistic framework for this reaction was based on the Tsuji-Trost allylation 

reaction (Figure 7).36 Palladium catalyst underwent decarboxylative oxidative addition with the 

allyl moiety of the ADHP to generate the allylpalladium(II) complex (Figure 7: complex A) and the 

pyridylic anion. As of 2018, it was thought that the pKa limit of soft nucleophiles was 32.37 

Therefore, 4-alkyl pyridylic carbon, with the pKa value of 35, was considered a “hard” nucleophile 

and would proceed through inner-sphere pathway to form a new palladium(II) complex B which, 

after reductive elimination, would produce the desired allylation product C. 

 

Figure 7: Original proposed mechanism of allylation of 4-alkylpyridine. 
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N-methylated variant L2 was employed, the allylation product was formed in 88% yield. We 

reasoned the side reaction between the pyridylic anion and the two amide groups (pKa ≈ 26) in 

the parent ligand deactivated the catalyst (Figure 8), resulting in unsuccessful reaction with L1. 

 

Scheme 7: Pyridylic allylation using DACH-Trost ligands. 

 

Figure 8: Speculated structure for poisoned palladium catalyst that carries deprotonated DACH-

Trost ligand L1. 
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research towards enantioselective allylation became strenuous. We thus questioned our original 
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Figure 9: Ligand screen for enantioselective allylation of 4-phenethylpyridine. 
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inner-sphere reductive elimination, resulting in a net inversion of stereochemistry. On the other 

hand, “soft” nucleophile would proceed through outer-sphere pathway and attack the allyl group 

in an SN2 manner, leading to a net retention of stereochemistry. 

 

Scheme 8: Two reductive elimination pathways for allylation reaction. 

 Upon applying the standard condition, our group member, Isabelle Hunter, observed the 

reaction proceeded with an overall retention of stereochemistry, suggesting that pyridylic anions 

undergo outer-sphere reductive elimination for allylation reaction (Scheme 9). This unexpected 

finding led us to establish a new pKa threshold for outer-sphere allylation. 

 

Scheme 9: Allylation of 4-alkylpyridines undergoes outer-sphere reductive elimination. 
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2.4 Revealing the nucleophilicity of alkylidene dihydropyridine  

After discovering that pyridylic anion could attack the allyl group of the allylpalladium(II) 

species, we became interested in testing if ADHP itself could intercept with the complex in the 

same manner. Proton NMR analysis shows upfield shifts for the pyridyl protons (from 8.6 ~ 7.1 

ppm to 6.9 ~ 5.5 ppm) when 4-alkylpyridines are converted to their corresponding ADHPs. This 

implies an increase in electron density in the system during the process. Moreover, ADHP 

possesses an enamine-like system, suggesting its latent nucleophilic nature (Scheme 10). 

 

Scheme 10: Latent nucleophilicity of ADHPs at exocyclic carbon. 

Our group member, Nour Wasfy, synthesized an ADHP carrying no allyl fragment and 

treated it with freshly prepared allylpalladium(II) complex (Scheme 11). Gratifyingly, the reaction 

produced the allylation compound in 88% yield through an aqueous work-up procedure, albeit a 

lower reaction rate.31 This discovery encouraged us to explore reactions with other electrophiles 

using ADHP as the key intermediate, so that 4-pyridylic functionalization could be performed 

under milder conditions. 

 
Scheme 11: Ethyl-ADHP as nucleophile in palladium-catalyzed allylation of 4-alkylpyridines. 

(Result obtained from Nour Wasfy) 
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investigations on the reductive elimination step. Mechanistic study revealed that pyridylic anions 

underwent outer-sphere pathway, and this discovery helped established new pKa threshold for 

soft nucleophiles. Furthermore, we were delighted to demonstrate the nucleophilicity of ADHP 

with its reaction with an allylpalladium(II) complex. This encouraged us to explore other reactions 

using ADHP for milder functionalization at the 4-pyridylic site. 
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Chapter 3: Conjugate addition of alkylidene dihydropyridines to a,b-unsaturated ketones 

3.1 Conjugate addition involving activation of a,b-unsaturated ketones 

 Inspired by the results obtained from the mechanistic study of the allylation reaction, we 

decided to exploit the reactivity of the ADHP in other chemical transformations. We first put our 

attention on developing the alternative way to conduct conjugate addition to a,b-unsaturated 

ketones because current methods have several limitations. 

Besides the focus on activating the pro-nucleophiles through deprotonation, the use of 

Lewis acids to enhance the inherent electrophilicity of the b-carbon of a,b-unsaturated ketones 

can also facilitate conjugate addition (Scheme 12).38 This is particularly useful when neutral 

nucleophiles are involved. 

 

Scheme 12: Conjugate addition involving Lewis acid and neutral nucleophile. 

Early developments by Sakurai’s and Snider’s groups used titanium tetrachloride and ethyl 

aluminum dichloride to activate unsaturated ketones by coordination of the Lewis acidic metal 

with a non-bonding electron pair on the ketone oxygen atom, allowing conjugate addition of 

allylsilanes and alkenes, respectively (Scheme 13: equations a and b).39,40 Methods that use non-

metal Lewis acids are also reported in the literature. For example, Trauner’s group employed 

trimethylsilyl triflate (TMSOTf) to activate the unsaturated ketone to facilitate Friedel-Crafts type 

conjugate addition in the synthesis of natural product Taiwaniaquinol B (Scheme 13: equation 

c).41 One of the advantages of using silicon-based Lewis acid in conjugate addition is the 

formation of a reasonably stable silyl enol ether, through a neutral work-up procedure, that can 

serve as a protecting group of the ketone moiety for further transformations. For instance, Rovis’ 

group used triethylsilyl triflate (TESOTf) to form the corresponding silyl enol ether, which was then 

carried forward for the synthesis of antibiotic FD-838 (Scheme 13: equation d).42 
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Scheme 13: Examples of conjugate additions involving unsaturated ketones activated by Lewis 

acids. 

We thus hypothesized that ADHPs could react with a,b-unsaturated ketones that are 

intercepted by a silyl triflate to generate the pyridinium species (Scheme 14: compound A). The 

intermediate could then undergo desilylation and hydrolysis under aqueous basic conditions to 

deliver the desired conjugate product. Such reaction would provide a mild alternative to the 

existing methods. Based on our previous works, we expected the new method to regioselectively 

functionalize the 4-pyridylic position. 

  

TMS O
TiCl4

DCM, —78 °C O

59%a)

O EtAlCl2
benzene, 25 °C

O

84%
b)

c)

taiwaniaquinol B

MeO

O TMSOTf
MeNO2, 105 °C

OMe

MeO

O
MeO

Me

H

MeO

O
HO

Me

H

OH

70%

d)

O N

O
Bn

O
O

O
TESOTf

2-methylfuran
2,4,6-collidine

O N

O
Bn

O
OTES

O

CH3CN
—40 °C to —10 °C

67%



 17 

 

Scheme 14: Proposed mechanism for conjugate addition of ADHP to activated a,b-unsaturated 

ketones. 

3.2 Conjugate addition of alkylidene dihydropyridines to activated unsaturated ketones 

3.2.1 Proof of concept and optimization 

 I commenced the study by taking one equivalent of ADHP, formed with 4-ethylpyridine in 

quantitative yield, and mixing it with one equivalent of 2-cyclopenten-1-one, followed by the 

addition of 1.1 equivalents of TESOTf at –40 °C (Scheme 15). After stirring the reaction mixture 

for 2 hours, proton NMR showed the consumption of ADHP and the formation of a pyridinium 
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10: spectra C and D), and ketone signal at ~ 218 ppm from 13C NMR spectra (Figure 11: spectra 
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were collected in 66% overall yield, with a diastereomeric ratio of 2:1 (Table 1: entry 1). 
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NOSEY NMR analysis, likely due to rapid rotation along the carbon-carbon bond (Figure 12, 

highlighted in red). 
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Scheme 15: First attempt for conjugate addition of ADHP to activated 2-cyclopenten-1-one. 

 

Figure 10: Overlapped proton NMR spectra for monitoring the conjugate addition of ADHP to 

activated 2-cyclopenten-1-one. 
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Figure 11: Overlapped carbon NMR spectra for compounds 3-1a and 3-1b. 

 

Figure 12: NOE interactions that can help determine stereogenic configurations of the two 

diastereomers. 

A moderate yield obtained from the first attempt encouraged us to investigate the 
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Table 1: Relationship between the product yield and the changes in reaction conditions 

 

Entry Lewis acid Temperature Solvent Yield 

1 TESOTf –40 °C CH3CN 66%a 

2 TESOTf –40 °C to 0 °C CH3CN 50% 

3 TESOTf –40 °C to r.t. CH3CN 38% 

4 TESOTf –40 °C THF 28% 

5 TESOTf –40 °C DCM 55% 

6 BF3·OEt2 –40 °C CH3CN 59% 

7 Sc(OTf)3 –40 °C CH3CN 66% 

8 In(OTf)3 –40 °C CH3CN 37% 

9 Zn(OTf)2 –40 °C CH3CN 13% 

10 Al(OTf)3 –40 °C CH3CN 62% 

11 AlCl3 –40 °C CH3CN 48% 

12 Ga(OTf)3 –40 °C CH3CN 21% 

13 HCl –40 °C CH3CN No Reaction 

14 Sc(OTf)3 (10 mol%) –40 °C CH3CN < 10% 
a) Under optimized condition, the overall yield was 81% with d.r. = 2:1. 

According to the data obtained, as listed in Table 1, we found that lower temperature 

helped minimize the decomposition of ADHP and pyridinium intermediate, thereby improved the 

overall yield (Table 1: entries 1 to 3). In terms of solvents (Table 1: entries 1, 4 and 5), acetonitrile 

was confirmed to be a better solvent likely due to its ability to stabilize the allyl triethylsilyloxy 
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cation by forming the corresponding acetonitrilium ion (Scheme 16).43 The use of the boron 

reagent generated the product with less yield (Table 1: entry 6). Several Lewis acids were also 

tested (Table 1: entries 6 to 12), and scandium triflate worked best by delivering the product in 

66% yield. I eventually decided to use TESOTf as the Lewis acid activator as it provided the 

highest yield in Lewis acid screen and the potential use of silyl enol ether. I also tried to activate 

the unsaturated ketone using hydrochloric acid, but the reaction did not take place (Table 1: entry 

13). Lastly, I tested catalytic amount of scandium triflate, and the product was obtained in less 

than 10% yield (Table 1: entry 14). 

 

Scheme 16: Formation of acetonitrilium ion stabilizes the allyl triethylsilyloxy intermediate. 

 We observed that a certain amount of unsaturated ketone remained in the crude 1H NMR 

spectrum (e.g., Figure 10, spectrum B). We reasoned the Lewis acid could potentially interact 

with the carbamate group of the ADHP, leaving some of the unsaturated ketone inactive towards 

the desired reaction (Scheme 17, equation a). As a result, I started the reaction by mixing the 

unsaturated ketone with TESOTf first to ensure more complete activation, followed by the addition 

of ADHP (Scheme 17. equation b). This change in order of addition improved the yield to 63%. I 

also recognized that ADHP decomposed over a certain period. Therefore, I decided to use 1.2 

equivalents of it for the reaction to maximize the consumption of the activated unsaturated ketone. 

These modifications led us to obtain the desired product in 92% yield using 4-isopropylpyridine 

as the starting material (Scheme 18, equation b). 
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Scheme 17: Order of addition affects the yield of the reaction. 

 

Scheme 18: Relationship between the amount of pyridine starting material and the final yield. 
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3.2.2 Substrate scope 

Having developed the optimized condition, I conducted a series of experiments to explore 

the functional group tolerance of our method (Table 2). In most cases, I used 4-methylpyridine 

derivatives to avoid the formation of diastereomers and simplify the characterization process. It is 

worth noting that ADHPs generated from 4-methylpyridines are sensitive to acetonitrile at ambient 

temperature and will form insoluble substances. Therefore, THF was used as a co-solvent to 

dissolve these ADHPs for conjugate addition due to better solubility. 

I began by testing various 4-alkylpyridines (Table 2: 3-2 – 3-7) and obtained good yields. 

The method was shown to be regioselective toward the 4-pyridylic site (3-7). Our method 

generated compound 3-2 with a diastereomeric ratio of 2:1, while both compounds 3-5 and 3-6 

were produced with a diastereomeric ratio of 1:1. The low diastereoselectivity may be the result 

of the reaction being reversible (Scheme 19), and the diastereomeric ratio was influenced by the 

thermodynamic stabilities of the isomers. 

 

Scheme 19: Reverse reaction (highlighted in pink) may be the cause for low diastereoselectivity. 
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groups would decrease the nucleophilicity of ADHPs, resulting in lower yields (3-9 to 3-12). This 

was well demonstrated by compounds 3-10 and 3-17. For 3-17, the phenyl group was not co-

planar with the pyridine ring, so the cyano group had less direct effect on the nucleophilicity of the 

ADHP. As a result, the yield was greatly improved. Because the ADHP formation and the addition 

steps did not require harsh conditions, our method could functionalize the 4-pyridylic site while 

leaving more activated carbons unreacted (3-15, 3-16). More importantly, the mild transformation 

could tolerate various functional groups, including ketone, sulfone, ester, nitriles, and amides (3-

9 to 3-17). Finally, when multiple heteroatoms were present the efficiency of our method was 

impacted significantly (3-13, 3-14), likely because of their interactions with the Lewis acid. 

Table 2: Substrate scope for conjugate addition of ADHPs to unsaturated ketones 

 

Entry Substrate Product Yield 
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5 

  

80%, d.r. = 1:1 

6 
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14 

 
 

73% 

15 

 
 

59% 

16 

  

72% 
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83% 
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86% 

 

I then examined various unsaturated ketones using the ADHP made from 4-methylpyridine 

(Table 3). The reactions with 2-cyclopenten-1-one and 2-isopropylidene cyclohexanone produced 

good yields (3-20 and 3-23). We found direct 1,2-addition took place when the carbonyl carbon 

became more accessible and/or the steric encumbrance around the b-carbon increased (3-21’, 

3-22’, and 3-25’). In a more extreme case, direct addition became dominant when the b-carbon 

carried a large substituent (3-24’).  
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Table 3: Substrate scope for conjugated addition of 4-methyl-ADHP to a,b-unsaturated ketones 

 

Entry Unsaturated Ketone Product(s) Yield 
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3.2.3 Derivatization of the conjugate product 

 As mentioned earlier, the advantage of using silicon-based Lewis acid is the possible 

formation of the corresponding silyl enol ether in a regioselective manner through a neutral work-

up procedure. This class of compounds can then be utilized for further transformations. For 

instance, the conjugate addition of ADHP, formed with 4-(3-buten-1-yl)-pyridine, delivered its 

corresponding silyl enol ether by following a neutral work-up using a pH = 7 buffer (Scheme 20: 

3-26). This intermediate could then be transformed into a second ADHP which, when subjected 

to palladium-catalyzed allylation condition, would generate the final product 3-27 with an overall 

yield of 71%. 

 
Scheme 20: Palladium-catalyzed allylation of 4-alkylpyridine synthesized through optimized 

conjugate addition of 4-(3-buten-1-yl)-pyridine with a neutral work-up procedure. 
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chloroformate and a Grignard reagent to afford the corresponding dihydropyridine which, after 

palladium-catalyzed decarboxylative oxidation, was converted to the pyridine 3-29 with the 

substituent at the C-2 position. It is worth noting that the installation process would not be possible 

without the silyl enol ether because the carbonyl group would be affected by the Grignard reagent. 

 

Scheme 21: Non-planar orientation of the pyridine ring and the alkoxycarbonyl group prevents 

the formation of ADHP. 

 

Scheme 22: The use of silyl enol ether in synthesizing 2-substituted pyridine. 
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Additionally, the use of the silyl triflate facilitates the formation of silyl enol ether which enables 

further chemical transformations. In particular, it addresses the constraint posed by the inability 

to generate ADHP from 2,4-disubstituted pyridines.  
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Chapter 4: Piperidine installation through addition of alkylidene dihydropyridines to 

pyridine hydrochloride 

4.1 Nucleophilic addition to activated pyridine for piperidine synthesis 

We then embarked on developing methods that can mildly unite the piperidine with 

pyridine through a carbon linker. Aside from the strategies that rely on combining existing 

piperidine and pyridine substrates, as mentioned in Chapter 1, literatures precedent have shown 

that addition to N-activated pyridinium cation can deliver the corresponding dihydropyridine 

adduct. This intermediate can then be hydrogenated to produce the desired piperidine product 

(Scheme 23).44,45 

 

Scheme 23: Sample nucleophilic addition to N-activated pyridinium cation for piperidine 

synthesis. 

4.2 Addition of alkylidene dihydropyridine to N-triflyl pyridinium cation 

Building upon the success of the conjugate addition project, we envisioned that alkylidene 

dihydropyridine could also be intercepted with an activated pyridinium cation to generate its 

corresponding dihydropyridine. Subsequent hydrogenation would eventually achieve the goal of 

installing a piperidine moiety on 4-pyridylic position (Scheme 24: pathway i). One advantage of 

generating dihydropyridine through this logic is the possible oxidation pathway to form a bis-

pyridine compound, which itself could be of great value (Scheme 24: pathway ii). For instance, 

Corey’s group demonstrated a metal-free 4-arylation of activated pyridine to generate the N-triflyl 

dihydropyridine, which was then re-aromatized to pyridine using potassium tert-butoxide in DMSO 

(Scheme 25).46 
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Scheme 24: Proposed addition of ADHP to activated pyridine. 

 

Scheme 25: Nucleophilic addition to N-triflyl pyridinium cation followed by oxidation. 

Our exploration began by referring the reaction condition reported by Corey’s group with 

one equivalent of 4-ethylpyridine as the starting material (Scheme 26). We were pleased to see 

the reaction generated the expected N-triflyl dihydropyridine compound in 80% qNMR yield 

(Table 4: entry 1). However, although further solvent screen revealed that acetonitrile could 

increase the yield to 86% (entry 3), we realized the reduction of such intermediate requires 

elevated hydrogen gas pressure,47 making the method less practical for industrial use. Therefore, 

we began searching for different ways to activate the pyridine. 
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Scheme 26: First attempt for addition of ADHP to N-triflyl pyridinium cation by following Corey’s 

condition. 

Table 4: Solvent screen for addition of ADHP to N-triflyl pyridinium cation 

 

Entry Solvent qNMR Yield for N-triflyl 
Dihydropyridinea 

1 DCM 80 % 

2 THF 79 % 

3 CH3CN 86 % 

4 Toluene 54 % 

5 Ether 54 % 
a) Quantitative NMR yield was obtained using 1,3,5-trimethoxybenzene as the internal standard. The 

relaxation time for protons was set to be 30 seconds. 

4.3 Addition of alkylidene dihydropyridine to pyridine hydrochloride 

Recognizing that pyridine contains an imine-like structure, I was tempted to activate it by 

simple protonation using a Brønsted acid and see if the addition could take place. Therefore, I 

conducted the experiment by preparing the pyridine hydrochloride in situ and treated it with the 

ADHP under –20 °C in acetonitrile (Scheme 27). Gratifyingly, proton NMR spectrum showed the 

consumption of ADHP after 3 hours (Figure 13: spectrum B). The reaction was then quenched 
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with saturated sodium bicarbonate, and the proton NMR spectrum showed two broad doublets at 

~ 6.7 ppm and ~ 4.8 ppm, suggesting the hydrogen atoms on the dihydropyridine ring (Figure 13: 

spectrum C, compound 4-3). There were also two signals at ~ 4.3 ppm and ~ 1.7 ppm, which 

indicated the existence of an ethoxycarbonyl group in the product. This implied a group transfer 

process was involved. It was later confirmed 4-3 was produced in 80% qNMR yield. 

 

Scheme 27: Addition of ADHP to pyridine hydrochloride. 

 

Figure 13: Overlapped proton NMR spectra for monitoring piperidine installation on 4-

ethylpyridine. 

To minimize the use of solvents during the extraction step, I decided to use four 

equivalents of triethylamine as the base, so that the newly formed triethylammonium chloride salt 
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not affected. It is worth noting that the DHP intermediate is not fully recoverable from flash column 

chromatography. Therefore, quantitative NMR yield was used, with 1,3,5-trimethoxybenzene as 

the internal standard, to study the outcome of the addition step. 

 I started optimizing the addition of the ADHP by screening different solvents, temperatures 

as well as chloroformates (Table 5). The addition did not progress at –40 °C (entry 2). It implied 

that pyridine hydrochloride was not as reactive as activated a,b-unsaturated ketones. More 

decomposition took place when the reaction was done at 0 °C (entry 3), as confirmed by proton 

NMR analysis. I also observed that pyridine hydrochloride did not dissolve in THF at –20 °C, 

resulting in no reaction progress (entry 4). The reaction still occurred with catalytic amount of HCl, 

but the yield was lower (entry 5), possibly due to more decomposition over long reaction time. 

Interestingly, when the ADHP that was formed with allyl chloroformate was used, the yield of the 

DHP increased to 88% (entry 6). It meant the substituent at the distal carbamate group could 

influence the reactivity of the ADHP. However, we planned to use palladium catalyst in the 

subsequent hydrogenation step, and it would form an allylpalladium complex with the allyl-DHP, 

resulting in decomposition of the dihydropyridine product and the formation of the pyridylic anion 

(Scheme 28). Therefore, we decided to maintain the use of ethyl chloroformate. Lastly, I tried to 

activate the pyridine electrophile using ethyl chloroformate directly, but the reaction generated the 

DHP in less than 20% qNMR yield (entry 7). 

 

Scheme 28: Interaction between palladium with allyl-DHP leads to formation of pyridylic anion. 

  

N N O

O

[Pd]

CO2

N N
N

N



 36 

Table 5: Optimization for addition of alkylidene dihydropyridine to pyridinium chloride 

 

 

I then focused the attention on the reduction step of the DHP intermediate using 10 mol% 

of palladium on carbon (10% w/w) as the catalyst (Table 6). I first applied one atmosphere of 

hydrogen pressure on a THF solution using hydrogen gas balloons. I then concentrated the 

reaction mixture and obtained tetrahydropyridine compound (4-4’) in 26% yield after purification 

through flash column chromatography (Table 6: entry 1). I then employed the transfer 

hydrogenation approach by using forty equivalents of triethylamine and twenty equivalents of 

formic acid. After heating under reflux for three days, the piperidine product was obtained in 26% 

yield, alongside the tetrahydropyridine at a 67% yield (Table 6: entry 2). I used twenty equivalents 

of ammonium formate salt as the alternative hydrogen source and stirred the mixture in methanol 

under ambient temperature. The piperidine product was isolated in 50% overall yield (Table 6: 
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1 Ethyl 1.5 equiv. HCl CH3CN –20 °C 80% 

2 Ethyl 1.5 equiv. HCl CH3CN –40 °C No reaction 

3 Ethyl 1.5 equiv. HCl CH3CN 0 °C 58% 

4 Ethyl 1.5 equiv. HCl THF –20 °C No reaction 

5 Ethyl 0.1 equiv. HCl CH3CN –20 °C 67% 

6 Allyl 1.5 equiv. HCl CH3CN –20 °C 88% 

7 Ethyl 1.5 equiv. ethyl 
chloroformate 

CH3CN –20 °C < 20% 
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entry 3, 4-4) and observed four signals at the regions of ~ 4.3 ppm and ~ 2.7 ppm on the proton 

NMR spectrum, suggesting the hydrogen atoms at the equatorial positions of a piperidine moiety 

(Figure 14). 

 

Figure 14: Proton NMR spectrum for compound 4-4. 

Notably, I observed DHP became a viscous substance upon mixing with methanol, which 

may explain the low yield. I thus used THF instead and found ammonium formate did not dissolve 

well, resulting in no reaction progress (Table 6: entry 4). As a result, I experimented with different 

ratios of methanol and THF (Table 6: entries 5 to 7). I observed 5% THF content in methanol was 

the optimal solvent condition for the hydrogenation step with the piperidine product being isolated 

in 84% overall yield (Table 6: entry 7). I also attempted the use of ethanol and isopropanol and 

N

O

O
N

4-4



 38 

observed a decrease in overall yield, as ammonium formate became less soluble in aliphatic 

solvents (Table 6: entries 8 and 9). Finally, activating the pyridine with boron trifluoride diethyl 

etherate (BF3·OEt2) or TESOTf led to the same product with less yields, while the use of diethyl 

maleate48 as a covalent activating group for the pyridine electrophile did not provide the 

corresponding DHP product. 

Table 6: Optimization for hydrogenation of dihydropyridine 

 

Entry Hydrogen Sources Solvent Temp. Times 
      Overall Yield 
      4-4’           4-4 

1 3 H2 balloons THF r.t. overnight 26% 0% 

2 
40 equiv. Et3N 

20 equiv. HCO2H 
THF reflux 3 days 64% 27% 

3 20 equiv. HCO2NH4 MeOH r.t. overnight 0% 50% 

4 20 equiv. HCO2NH4 THF r.t. overnight 0% 0% 

5 20 equiv. HCO2NH4 MeOH/THF 
1:1 r.t. overnight 0% 0% 

6 20 equiv. HCO2NH4 MeOH/THF 
3:1 r.t. overnight 0% 64% 

7 20 equiv. HCO2NH4 MeOH/THF 
19:1 r.t. overnight 0% 84% 

8 20 equiv. HCO2NH4 EtOH r.t. overnight 0% 59% 

9 20 equiv. HCO2NH4 i-PrOH r.t. overnight 0% 0% 
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 I later observed that ammonium formate is not soluble in ethyl acetate. Therefore, I 

modified the extraction procedure by performing concentration of the reaction mixture using a 

rotary evaporator, followed by trituration with ethyl acetate. This adjustment saved time and 

material while not impacting the overall yield of the reaction. 

4.4 Substrate Scope 

 Having established the optimal conditions for the installation of piperidine, I conducted the 

substrate scope to examine its functional group tolerance and regioselectivity (Table 7). I first 

examined the method with several 4-alkylpyridines, and their corresponding piperidine products 

were isolated in good yields (4-4 to 4-8). Notably, our method was shown to be regioselective 

towards the 4-pyridylic carbon (4-5, 4-8 and 4-14). However, the reaction involving 5,6,7,8-

tetrahydroisoquinoline only gave a moderate yield (4-8). I speculated the steric congestion 

between the relatively rigid tetrahydroisoquinoline and the dihydropyridine ring systems amplified 

the reverse reaction (Scheme 29). It was later found catalytic amount of HCl helped obtain the 

best yield. The use of mild conditions allowed the piperidine installation to tolerate a wide range 

of functional groups, including ether and acetal groups (4-9 and 4-10). More importantly, our 

strategy could selectively functionalize the 4-pyridylic position in the presence of electrophilic 

and/or enolizable carbons (4-11 to 4-13), which was not possible through conventional ways. 
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Table 7: Substrate scope for piperidine installation of piperidine on 4-alkylpyridines 

 

Entry Substrate Product Yield 

1 
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7 

 
 

74% 

8 

 
 

63% 
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a) Only 20% HCl was used to activate the pyridine electrophile. 
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Scheme 29: Steric congestion amplifies the reverse reaction. 

 Several substrates were found incompatible for piperidine installation through our 

approach. 4-alkylpyridines bearing a substituent at the C-2 position could not form corresponding 

ADHPs, as discussed in Chapter 3. Unexpectedly, even though both 4-isopropyl- and 4-benzyl 

pyridines could be converted to their corresponding ADHPs and undergo conjugate addition, their 

reactions with pyridine hydrochloride did not afford desired DHPs. In addition to pyridinium 

chloride being less electrophilic than the activated unsaturated ketones, we speculate the two 

exocyclic methyl groups from 4-isopropylpyridine experienced the steric congestion with the 

electrophile, leading to an unsuccessful addition (Scheme 30: equation a). As for 4-benzylpyridine, 

proton NMR analysis of its ADHP shows that the exocyclic carbon has less electron density than 

the one made from 4-phenethylpyridine (Figure 15, highlighted with dotted circles), indicating a 

less reactive nucleophile (Scheme 30: equation b). 
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Scheme 30: Attempts for piperidine installation using 4-isopropyl- and 4-benzyl pyridines. 

 

Figure 15: Comparison of chemical shifts of exocyclic protons of ADHPs (highlighted with dotted 

circles) generated from 4-benzylpyridine (red) and 4-phenethylpyridine (blue). 
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 While our reaction exhibits good regioselectivity with respect to the nucleophile, we found 

the addition could take place at both 2- and 4-pyridyl positions when ADHPs carried no 

substituents on the nucleophilic carbon, albeit 4-addition being relatively favored (Scheme 31: 

equations a and b). It is also difficult to separate these products from one another, so we began 

exploring ways for regioselective addition. 

After revisiting the data obtained from the optimization process, we hypothesized that an 

electron-withdrawing group at the distal carbamate group could attenuate the overall reactivity of 

the ADHP, thereby making the 2-addition less likely to occur. Furthermore, a bulkier carbamate 

group would make the group transfer process more difficult for the 2-addition intermediate. 

Therefore, phenyl chloroformate was used instead, and we were delighted to see the 4-addition 

being the dominant pathway (Scheme 31: equation c). The above result then motivated us to 

develop a variant to selectively produce 2-substituted piperidine product. By “blocking” the 4-

pyridyl position with a halogen atom, we expected the addition event to take place solely at the 2-

pyridyl position. Dehalogenation could be achieved during the hydrogenation process. Indeed, 

when I employed 4-chloropyridine hydrochloride as the electrophile and applied our standard 

condition, 2-substituted piperidine was formed exclusively (Scheme 31: equation d). 
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Scheme 31: Exploring regioselective piperidine installation on 4-methylpyridines. 

 I also briefly explored the possibility of generating piperidines with multiple stereogenic 

centers. The reaction with ADHP synthesized from 4-picoline to 4-picoline itself led to the 

formation of 2,4-disubstituted piperidine 4-18 as a single diastereomer in 30% yield (Scheme 32: 

equation a). 2D NOSEY NMR spectrum showed an NOE interaction between the two protons on 

the tertiary carbons, which confirmed the relative configurations (Figure 16). The low yield was 

caused by the ADHP being unstable as well as a decrease in electrophilicity for 4-picoline 

hydrochloride, due to the additional methyl group. Interestingly, when the similar reaction was 

performed using 4-benzylpyridinium chloride as the electrophile, the expected dihydropyridine did 

not form (Scheme 32: equation b), and “trans-dearomatization” event took place instead 

(Scheme 33). ADHP that is generated from 4-picoline will start decomposing after several 

minutes of exposure in air, while the one made from 4-benzylpyridine can last for longer time in 

air. Therefore, this reaction was likely driven by the greater stability of ADHP generated from 4-

benzylpyridine. Lastly, I employed methyl isonicotinate as the electrophile and obtained a mixture 
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of diastereomers in 56% overall yield (Scheme 32: equation c). This reaction implied how the 

electron density would affect the overall yield and the stereo-chemical outcome. Unfortunately, I 

was unable to separate the diastereomers and assign their relative configurations. 

 

Scheme 32: Addition of ADHP derived from 4-methylpyridine to substituted pyridinium chloride. 

 

Scheme 33: Trans-dearomatization between 4-picoline-ADHP and 4-benzylpyridinium chloride.  
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Figure 16: NOE interaction (highlighted in red) between Ha (~1.6 ppm) and Hb (~ 4.05 ppm) 

confirmed the stereogenic configuration of compound 4-18. 

4.5 Diversification of the piperidine product 

 I then performed a series of experiments to further functionalize the piperidine product 

(Scheme 34). For instance, by employing our previously reported dehydrogenation approach,32 I 

converted the compound into its corresponding vinyl pyridine (4-21), which is a valuable 

electrophile. Furthermore, our palladium-catalyzed allylation condition not only provided the 

product with a quaternary carbon center, but also a useful synthetic handle (4-22). While 2,4-

disubstituted pyridine cannot be used as the starting material under our standard condition, this 

limitation can be overcome by performing piperidine installation on the 4-alkylpyridines, followed 

by the addition of a Grignard reagent and palladium-catalyzed oxidation (4-23). Finally, the 

protected piperidine product could be hydrolyzed by heating under aqueous basic condition to 

reveal a free piperidine (4-24). 
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Scheme 34: Further chemical transformations of piperidine product 4-4. 

To summarize, we exploited the inherent electrophilicity of pyridines through activation 

with hydrochloric acid and developed their reactions with alkylidene dihydropyridines. The 

reactions generated the protected dihydropyridines, which were converted to their corresponding 

piperidines through a transfer hydrogenation process. The method is practical and simple to 

operate with no complex condition involved. It exhibited good functional group tolerance and 

displayed regioselectivity towards the 4-pyridylic position. In addition, we developed a synthetic 

variant for making 2-substituted piperidine using 4-chloropyridinium chloride as the electrophile.  
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Chapter 5: Conclusions 

Our research was based upon the established works on palladium-catalyzed allylation and 

dehydrogenation of 4-alkylpyridines, using alkylidene dihydropyridines as the key intermediates. 

The attempts towards asymmetric allylation brought unexpected results and inspired our 

mechanistic study. Our group found pyridylic anions behaved as “soft” nucleophiles, and this 

discovery established a new pKa threshold for “outer-sphere” allylation. We then demonstrated 

the nucleophilic nature of ADHP through its reaction with the allylpalladium(II) complex and proton 

NMR analysis. This observation started a new chapter for our alkylpyridine research. 

We first developed conjugate addition to activated a,b-unsaturated ketones. The method 

avoided the use of strong bases and displayed good functional group tolerance. In addition, the 

use of TESOTf and neutral work-up procedure could lead to the formation of silyl enol ethers, a 

versatile class of compounds that enabled further transformations. 

We then developed a mild condition to unite pyridine with piperidine through a carbon 

atom. The reaction involved the addition of ADHPs to pyridine hydrochloride and the subsequent 

reduction step through transfer hydrogenation. The reaction was milder and more practical for 

industrial use, compared with previously reported methods. This approach exhibited good 

functional group tolerance and selectivity towards the 4-pyridylic carbon. Moreover, we designed 

a variant for making 2-substituted piperidines and discovered that distal substituent on the 

carbamate group could influence the reactivity of ADHPs. 

Functionalization of 4-pyridylic carbon has long been a challenge to chemists as it often 

requires harsh conditions or additional groups on the pyridylic carbon or the pyridine ring. The 

presented works on exploiting the reactivity of alkylidene dihydropyridines demonstrate the 

practicality for 4-pyridylic functionalization under milder conditions. We hope our study could 

inspire more research on alkylidene dihydropyridines to help unleash the potential of pyridine in 

medicinal chemistry.  
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Chapter 6: Experimental and characterization of compounds 

Unless otherwise stated, all reactions were conducted in oven-dried glassware under an 

atmosphere of argon. Triethylamine (Et3N) was distilled from calcium hydride prior to use. 

Tetrahydrofuran (THF), acetonitrile (CH3CN) and toluene were dispensed from an INERT® 

PureSolv Solvent Purification System. Commercial reagents were used as received. Thin-layer 

chromatography (TLC) was performed on SiliCycle® silica gel 60 F254 plates. Visualization was 

carried out using UV light (254 nm), KMnO4, DNP, p-anisaldehyde, as well as iodine stains. 

Hexanes, diethyl ether, methanol, ethanol, and ethyl acetate (all ACS grade) were used as 

received. Flash column chromatography was carried out using Silicycle® SiliaFlash® silica gel (230 

– 400 mesh, 40 – 63 μm, 60 Å pore size).49 HPLC was conducted using Agilent 1200 Series 

purification system with isopropanol and heptane as eluents. 1H-NMR and 13C-NMR spectra were 

recorded on a Bruker 400 AV or Bruker 300 AV spectrometer in chloroform-D (99.8% deuterated) 

or dichloromethane-D2 (99.5% deuterated). Spectra recorded using chloroform-D were calibrated 

to 7.26 ppm 1H and 77.16 ppm 13C, and those that used dichloromethane-D2 were calibrated to 

5.30 ppm 1H and 53.84 ppm 13C. Chemical shifts (d) are reported in ppm, and multiplicities are 

indicated by s (singlet), d (doublet), t (triplet), q (quartet), p (quintet), td (triplet of doublets), tt 

(triplet of triplets), dd (doublet of doublets), dt (doublet of triplets), ddd (doublet of doublet of 

doublets), qd (quartet of doublets), m (multiplet), and br (broad).50,51 Structural assignments were 

made with additional information from gCOSY, gHSQC, and gHMBC experiments. Quantitative 

proton NMR was measured using 1,3,5-trimethoxybenzene as internal standard. The relaxation 

time was set to be 30 seconds. Coupling constants (J) are reported in Hertz (Hz). Infrared (IR) 

spectra were recorded as thin films neat using Alpha-Platinum ATR, Bruker, diamond crystal FT-

IR instrument.  
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6.1 Substrate synthesis  

Synthesis of compound S-3-11: 

 

 An oven-dried round-bottomed flask equipped with a stir bar was charged with tert-butyl 

acetate (5 mL, 15 equiv., 3.75 mmol) and 3-cyano-4-methylpyridine (295.4 mg, 1.0 equiv., 2.5 

mmol). 1 mL of concentrated sulfuric acid was added in a dropwise manner, and the resulting 

solution was stirred at ambient temperature overnight. The reaction mixture was then diluted with 

10 mL of water and carefully neutralized with dropwise addition of 30% aqueous NH4OH solution 

at 0 °C. The organic layer was washed with brine, dried with MgSO4, filtered through a cotton plug, 

and concentrated using a rotary evaporator. The resulting residue was purified by flash column 

chromatography with EtOAc/Hexanes to afford compound S-3-11 as white solid (460 mg, 96% 

yield). 

Melting point: 93.6 – 94.7 °C 

Chromatography: 70% EtOAc in Hexanes (Rf = 0.27). 

1H NMR (400 MHz, CDCl3) 

d 8.51 (s, 1H), 8.44 (d, J = 5.0 Hz, 1H), 7.13 (d, J = 5.0 Hz, 1H), 5.72 (bs, 1H), 

2.44 (s, 3H), 1.47 (s, 9H). 

13C NMR (100 MHz, CDCl3) 

d 167.2, 150.5, 147.2, 145.7, 133.9, 125.9, 52.3, 29.0, 19.3. 

IR  Alpha-Platinum ATR, Bruker, diamond crystal 

u = 3365, 3022, 2968, 1644, 1560, 1451 cm-1. 

HRMS ESI-OTF 

N

NC O

O

t-Bu

conc. H2SO4 
r.t, overnight
then NH4OH, 0 °C

N

C
N
H

O

t-Bu

S-3-11
96%

15 equiv.

1 equiv.
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  (M+H)+ Calcd for C11H17N2O is 193.1336; Found 193.1338. 

 

1H NMR (400 MHz, CDCl3) spectrum for S-3-11: 
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13C NMR (100 MHz, CDCl3) spectrum for S-3-11: 
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S-3-11
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Synthesis of compound S-3-12: 

 

 An oven-dried round-bottomed flask equipped with a stir bar was charged with 3-cyano-

4-methylpyridine (354.5 mg, 1 equiv., 3 mmol) and 6 mL of 75% sulfuric acid. The resulting mixture 

was placed in an oil bath, stirred, and heated to reflux overnight. The reaction mixture was then 

cooled to ambient temperature and 15 mL of 95% ethanol were added. The resulting mixture was 

placed in an oil bath, stirred, and heated to reflux for another 4 hours. The resulting mixture was 

then cooled to ambient temperature and 2 M aqueous Na2CO3 was added dropwise until the 

aqueous phase reached pH ~ 8. The reaction mixture was extracted with diethyl ether (3 x 20 

mL). The combined organic layer was washed with brine, dried with MgSO4, filtered through a 

cotton plug, and concentrated using a rotary evaporator. The resulting residue was purified by 

flash column chromatography with EtOAc/Hexanes to afford compound S-3-12 as pale-yellow oil 

(360 mg, 73% yield). 

Chromatography: 20% EtOAc in Hexanes (Rf = 0.26). 

1H NMR (400 MHz, CDCl3) 

d 9.07 (s, 1H), 8.55 (d, J = 5.1 Hz, 1H), 7.17 (d, J = 5.1 Hz, 1H), 

4.39 (q, J = 7.2 Hz, 2H), 2.62 (s, 3H), 1.41 (t, J = 7.2 Hz, 3H). 

13C NMR (100 MHz, CDCl3) 

d 166.3, 152.2, 151.7, 149.4, 126.5, 126.2, 61.3, 21.3, 14.4. 

IR  Alpha-Platinum ATR, Bruker, diamond crystal 

u = 3061, 2981, 2934, 1717, 1591, 1405, 1274 cm-1. 

HRMS ESI-TOF 

N

O

O

N

NC 1) H2SO4, reflux, overnight

2) EtOH, reflux, 4 hours

S-3-12
73%1 equiv.
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 (M+H)+ Calcd for C9H12NO2 166.0863; Found 166.0866. 

 

1H NMR (400 MHz, CDCl3) spectrum for S-3-12: 
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13C NMR (100 MHz, CDCl3) spectrum for S-3-12: 
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N

C
O

O
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Synthesis of compound S-3-13: 

 

An oven-dried round-bottomed flask equipped with a stir bar was charged with pyridine S-

3-12 (826 mg, 1.0 equiv., 5 mmol), N,O-dimethylhydroxylamine hydrochloride (634 mg, 1.3 equiv., 

6.5 mmol) and 10 mL of anhydrous THF. The reaction mixture was cooled to –10 °C and a solution 

of i-PrMgCl (7.5 mL, 2.0 M in THF, 3.0 equiv., 15 mmol) was added dropwise while stirring at –

10 °C. The reaction mixture was stirred for 1 hour at –10 °C and for another hour at ambient 

temperature. The reaction was then quenched by dropwise addition of saturated aqueous NH4Cl 

solution (20 mL) and extracted with EtOAc (4 x 20 mL). The combined organic layer was washed 

with brine, dried with MgSO4, filtered through a cotton plug, and concentrated using a rotary 

evaporator. The resulting residue was purified by flash column chromatography with EtOAc/Et3N 

to afford compound S-3-13 as pale-yellow oil (297 mg, 33% yield). 

Chromatography: 2.5% Et3N in EtOAc (Rf = 0.20). 

1H NMR (400 MHz, CDCl3) 

d 8.50 (s, 1H), 8.48 (d, J = 5.1 Hz, 1H), 7.15 (d, J = 5.1 Hz, 1H), 3.47 (s, 3H), 

3.35 (s, 3H), 2.34 (s, 3H). 

13C NMR (100 MHz, CDCl3) 

d 168.5, 150.2, 147.1, 144.9, 131.7, 125.2, 61.5, 32.7, 19.0. 

IR  Alpha-Platinum ATR, Bruker, diamond crystal 

u = 3064, 2935, 1645, 1592, 1446, 1379, 1206 cm-1. 

HRMS ESI-TOF 

 (M+H)+ Calcd for C9H13N2O2 181.0972; Found 181.0975. 

N

O

O

N

N

O

O
2 equiv. MeNHOMe·HCl
3 equiv. i-PrMgCl

THF, —10 °C to r.t. 
2 hours

S-3-13
33%

1 equiv.
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1H NMR (400 MHz, CDCl3) spectrum for S-3-13: 
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13C NMR (100 MHz, CDCl3) spectrum for S-3-13: 
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Synthesis of compound S-3-14: 

 

An oven-dried round-bottomed flask equipped with a stir bar was charged with 3-amino-

4-methylpyridine (216.3 mg, 1.0 equiv., 2.0 mmol) and 20 mL of anhydrous THF. The resulting 

solution was cooled to 0 °C. A solution of potassium bis(trimethylsilyl)amide (4.4 mL, 2.2 equiv., 

4.4 mmol, 1.0 M in THF) was added in a dropwise manner, and the resulting mixture was stirred 

for 30 minutes. Diethyl pyrocarbonate (0.33 mL, 1.1 equiv., 2.2 mmol) was added, and the reaction 

mixture was allowed to warm to ambient temperature while being stirred over three hours. The 

mixture was then concentrated using a rotary evaporator. The residue was dissolved in 10 mL of 

0.1 M HCl(aq.), and the resulting mixture was extracted with DCM (3 x 20 mL). The combined 

organic layer was washed with brine, dried with MgSO4, filtered through a cotton plug, and 

concentrated using a rotary evaporator. The resulting residue was purified by flash column 

chromatography with EtOAc to afford carbamate S-3-14 as white solid (358 mg, 99% yield).  

Melting point: 86.3 – 88.1 °C 

Chromatography: 100% EtOAc (Rf = 0.34). 

1H NMR (400 MHz, CDCl3) 

d 8.88 (s, 1H), 8.27 (d, J = 4.9 Hz, 1H), 7.10 (d, J = 4.9 Hz, 1H), 6.38 (s, 1H), 

4.24 (q, J = 7.1 Hz, 2H), 2.27 (s, 3H), 1.32 (t, J = 7.1 Hz, 3H). 

13C NMR (100 MHz, CDCl3) 

d 154.1, 145.4, 144.3, 138.6, 133.1, 125.1, 61.5, 17.2, 14.4. 

IR  Alpha-Platinum ATR, Bruker, diamond crystal 

u= 3199, 3026, 2990, 2932, 1727, 1610, 1422 cm-1. 

NN

H2N
H
N O

O

O O O

OO
1.1 equiv.

2.2 equiv. KHMDS
THF, 0 °C to r.t., 3 hours

S-3-14
99%

1 equiv.
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HRMS ESI-TOF 

 (M+H)+ Calcd for C9H13N2O2 181.0972; Found 181.0980. 

 

1H NMR (400 MHz, CDCl3) spectrum for S-3-14: 
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13C NMR (100 MHz, CDCl3) spectrum for S-3-14: 
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Synthesis of compound S-3-15: 

 

An oven-dried round-bottomed flask equipped with a stir bar was charged with 4 mL of 

water, 20 mL of toluene, triphenylphosphine (262.3 mg, 25 mol%, 1.0 mmol) and palladium 

acetate (89.8 mg, 10 mol%, 0.4 mmol). The resulting mixture was stirred for 15 minutes at ambient 

temperature. 3-Bromo-4-methylpyridine (0.45 mL, 1.0 equiv., 4.0 mmol), p-acetylphenylboronic 

acid (1.246 g, 1.9 equiv., 7.6 mmol) and sodium carbonate (3.29 g, 7.77 equiv., 31.1 mmol) were 

added, and the resulting mixture was placed in an oil bath, stirred, and heated to reflux overnight. 

The reaction mixture was then cooled to ambient temperature and filtered through a pad of Celite®. 

The filtrate was extracted with EtOAc (4 x 20 mL). The combined organic layer was washed with 

brine, dried with MgSO4, filtered through a cotton plug, and concentrated using a rotary evaporator. 

The resulting residue was purified by flash column chromatography with EtOAc/Hexanes to afford 

compound S-3-15 as white solid (831 mg, 98% yield). 

Melting point: 75.1 – 77.0 °C 

Chromatography: 60% EtOAc in Hexanes (Rf = 0.30). 

1H NMR (400 MHz, CDCl3) 

d 8.48 (d, J = 5.0 Hz, 1H), 8.43 (s, 1H), 8.04 (d, J = 8.1 Hz, 2H), 

7.42 (d, J = 8.1 Hz, 2H), 7.21 (d, J = 5.0 Hz, 1H), 2.65 (s, 3H), 2.29 (s, 3H). 

13C NMR (100 MHz, CDCl3) 

d 197.8, 149.8, 149.1, 144.5, 143.0, 136.8, 136.4, 129.7, 128.6, 125.4, 26.8, 19.9. 

IR  Alpha-Platinum ATR, Bruker, diamond crystal 

u = 3044, 2970, 2924, 1681, 1605, 1269 cm-1. 

N

Br
O

(HO)2B
N

O10 mol% Pd(OAc)2
25 mol% PPh3
7.77 equiv. Na2CO3

1.9 equiv.
S-3-15
98%

1 equiv.

Toluene/H2O = 5:1
Reflux, overnight.
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HRMS ESI-OTF 

 (M+H)+ Calcd for C14H14NO 212.1070; Found 212.1070. 

 

1H NMR (400 MHz, CDCl3) spectrum for S-3-15: 
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13C NMR (100 MHz, CDCl3) spectrum for S-3-15: 
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Synthesis of compound S-3-16: 

 

An oven-dried round-bottomed flask equipped with a stir bar was charged with 2 mL of 

water, 10 mL of toluene, triphenylphosphine (65.6 mg, 25 mol%, 0.25 mmol) and palladium 

acetate (23 mg, 10 mol%, 0.1 mmol). The resulting mixture was stirred for 15 minutes at ambient 

temperature. 3-Bromo-4-methylpyridine (0.11 mL, 1.0 equiv., 1.0 mmol), 4-(methanesulfonyl)-

phenylboronic acid (240.0 mg, 1.2 equiv., 1.2 mmol) and sodium carbonate (254.4 mg, 2.4 equiv., 

2.4 mmol) were added, and the resulting solution was placed in an oil bath, stirred, and heated to 

reflux overnight. The reaction mixture was then cooled to ambient temperature and filtered 

through a pad of Celite®. The filtrate was extracted with EtOAc (4 x 20 mL). The combined organic 

layer was washed with brine, dried with MgSO4, filtered through a cotton plug, and concentrated 

using a rotary evaporator. The resulting residue was purified by flash column chromatography 

with EtOAc/Hexanes to afford compound S-3-16 as white solid (125 mg, 51% yield). 

Melting point: 129.3 – 130.3 °C 

Chromatography: 90% EtOAc in Hexanes (Rf = 0.26). 

1H NMR (400 MHz, CDCl3) 

d 8.51 (d, J = 5.0 Hz, 1H), 8.42 (s, 1H), 8.04 (d, J = 8.5 Hz, 2H), 

7.54 (d, J = 8.5 Hz, 2H), 7.24 (d, J = 5.0 Hz, 1H), 3.13 (s, 3H), 2.29 (s, 3H). 

13C NMR (100 MHz, CDCl3) 

d 149.7, 149.5, 144.5, 143.9, 140.0, 136.1, 130.4, 127.8, 125.5, 44.7, 19.9. 

IR  Alpha-Platinum ATR, Bruker, diamond crystal 

u = 3039, 3017, 2926, 1590, 1327, 1038 cm-1. 

N

Br S
O

(HO)2B
N

10 mol% Pd(OAc)2
25 mol% PPh3
2.4 equiv. Na2CO3

1.2 equiv.
S-3-16
51%

O

S
OO

1 equiv.

Toluene/H2O = 5:1
Reflux, overnight
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HRMS ESI-OTF 

 (M+H)+ Calcd for C13H14NO2S 248.0740; Found 248.1311. 

 

1H NMR (400 MHz, CDCl3) spectrum for S-3-16: 
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13C NMR (100 MHz, CDCl3) spectrum for S-3-16: 
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Synthesis of compound S-3-17: 

 

An oven-dried round-bottomed flask equipped with a stir bar was charged with 4 mL of 

water, 20 mL of toluene, triphenylphosphine (131.1 mg, 25 mol%, 0.5 mmol) and palladium 

acetate (45 mg, 10 mol%, 0.2 mmol). The resulting mixture was stirred for 15 minutes at ambient 

temperature. 3-Bromo-4-methylpyridine (0.22 mL, 1.0 equiv., 2.0 mmol), 3-cyanophenylboronic 

acid (558.2 mg, 1.9 equiv., 3.8 mmol) and sodium carbonate (1.65 g, 7.77 equiv., 15.5 mmol) 

were added, and the resulting mixture was placed in an oil bath, stirred, and heated to reflux 

overnight. The reaction mixture was then cooled to ambient temperature and filtered through a 

pad of Celite®. The filtrate was extracted with EtOAc (4 x 20 mL). The combined organic layer 

was washed with brine, dried with MgSO4, filtered through a cotton plug, and concentrated using 

a rotary evaporator. The resulting residue was purified by flash column chromatography with 

EtOAc/Hexanes/Et3N to afford compound S-3-17 as white solid (358 mg, 92% yield). 

Melting point: 63.4 – 64.1 °C 

Chromatography: 40% EtOAc in Hexanes with 2% Et3N (Rf = 0.24). 

1H NMR (400 MHz, CDCl3) 

d 8.44 (d, J = 5.1 Hz, 1H), 8.34 (s, 1H), 7.67 – 7.63 (m, 1H), 7.58 – 7.56 (m, 1H), 

7.55 – 7.50 (m, 2H), 7.17 (d, J = 5.1 Hz, 1H), 2.23 (s, 3H). 

13C NMR (100 MHz, CDCl3) 

d 149.6, 149.2, 144.3, 139.2, 135.5, 133.7, 132.6, 131.3, 129.4, 125.3, 118.4, 

112.7, 19.6. 

IR  Alpha-Platinum ATR, Bruker, diamond crystal 

N

Br

(HO)2B
N

10 mol% Pd(OAc)2
25 mol% PPh3
7.77 equiv. Na2CO3

1.9 equiv.

CN
CN

S-3-17
92%

1 equiv.

Toluene/H2O = 5:1
Reflux, overnight
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u = 3026, 2956, 2854, 2227, 1592, 790 cm-1. 

HRMS ESI-TOF 

 (M+H)+ Calcd for C13H11N2 195.0917; Found 195.0917. 

 

1H NMR (400 MHz, CDCl3) spectrum for S-3-17: 
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13C NMR (100 MHz, CDCl3) spectrum for S-3-17: 
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Synthesis of compound S-3-18: 

 

An oven-dried round-bottomed flask equipped with a stir bar was charged with 24 mL of 

anhydrous diisopropylamine, 3-bromo-4-methylpyridine (0.58 mL, 1.0 equiv., 5.0 mmol), 

triisopropylacetylene (1.094 g, 1.2 equiv., 6.0 mmol), copper (I) iodide (48 mg, 5 mol%., 0.25 

mmol) and bis(triphenylphosphine)-palladium (II) dichloride (175.5 mg, 5 mol%, 0.25 mmol). The 

resulting mixture was placed in an oil bath, stirred, and heated to reflux for 1 hour. The mixture 

was then cooled to ambient temperature and diluted with 100 mL of EtOAc, and the resulting 

suspension was filtered through a pad of Celite®. The filtrate was concentrated using a rotary 

evaporator. The resulting residue was purified by flash column chromatography by using 

EtOAC/Hexanes to afford compound S-3-18 as colorless oil (1.24 g, 90% yield). 

Chromatography: 10% EtOAc in Hexanes (Rf = 0.31). 

1H NMR (400 MHz, CDCl3) 

d 8.58 (s, 1H), 8.33 (d, J = 5.1 Hz, 1H), 7.07 (d, J = 5.1 Hz, 1H), 2.41 (s, 3H), 

1.11 (s, 21H). 

13C NMR (100 MHz, CDCl3) 

d 152.8, 149.1, 148.4, 124.1, 121.0, 102.4, 98.5, 20.4, 18.7, 11.3. 

IR  Alpha-Platinum ATR, Bruker, diamond crystal 

u = 3037, 2941, 2891, 2154, 1584, 1461, 1225 cm-1. 

HRMS ESI-OTF 

 (M+H)+ Calcd for C17H28NSi 274.1986; Found 274.2000. 

 

N

TIPS

N

Br

TIPSH1.2 equiv.
5 mol% CuI,
5 mol% Pd(PPh3)2Cl2

iPr2NH, 100 °C, 1 hour

S-3-18
90%

1 equiv.
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1H NMR (400 MHz, CDCl3) spectrum for S-3-18: 

 

  

S-3-18
N

TIPS



 74 

13C NMR (100 MHz, CDCl3) spectrum for S-3-18: 
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Synthesis of compound S-3-19: 

 

 An oven-dried round-bottomed flask equipped with a stir bar was charged with 34 mL of 

toluene/ethanol/water (5:2:1), 3-bromo-4-methylpyridine (0.2 mL, 1.0 equiv., 1.7 mmol), trans-2-

phenylvinylboronic acid (295.9 mg, 1.2 equiv., 2.0 mmol), palladium acetate (38.1 mg, 10 mol%, 

0.17 mmol), triphenylphosphine (133.8 mg, 30 mol%, 0.51 mmol) and potassium carbonate (939.8 

mg, 4.0 equiv., 6.8 mmol). The resulting mixture was placed in an oil bath, stirred, and heated to 

reflux for 5 hours. The mixture was then cooled to ambient temperature. Ethanol was removed 

using a rotary evaporator. The residue was extracted with EtOAc (3 x 20 mL). The combined 

organic layer was washed with brine, dried with MgSO4, filtered through a cotton plug, and 

concentrated using a rotary evaporator. The resulting residue was purified by flash column 

chromatography with EtOAc/Hexanes to afford compound S-3-19 as light-yellow oil (259.4 mg, 

78% yield). 

Chromatography: 30% EtOAc in Hexanes (Rf = 0.23). 

1H NMR (400 MHz, CDCl3) 

d 8.74 (s, 1H), 8.36 (d, J = 4.9 Hz, 1H), 7.52 (d, J = 7.5 Hz, 2H), 

7.40 – 7.35 (m, 2H), 7.32 – 7.27 (m, 1H), 7.21 (d, J = 16.2 Hz, 1H), 

7.09 – 7.07 (m, 1H), 7.07 – 7.02 (m, 1H), 2.40 (s, 3H). 

13C NMR (100 MHz, CDCl3) 

d 148.3, 147.0, 144.3, 137.1, 132.9, 132.0, 128.9, 128.2, 126.8, 125.1, 123.3, 19.4. 

IR  Alpha-Platinum ATR, Bruker, diamond crystal 

u = 3025, 2974, 2921, 1587, 1447, 960 cm-1. 

N

Br

N
(HO)2B

10 mol% Pd(OAc)2,
30 mol% PPh3,
4 equiv. K2CO3,

1.2 equiv. S-3-19
78%

1 equiv.

Toluene/EtOH/H2O = 5:2:1,
Reflux, 5 hours



 76 

HRMS ESI-OTF 

  (M+H)+ Calcd for C14H14N 196.1121; Found 196.1123. 

 

1H NMR (400 MHz, CDCl3) spectrum for S-3-19: 
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13C NMR (100 MHz, CDCl3) spectrum for S-3-19: 
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Synthesis of compound S-3-24: 

 

An oven-dried round-bottomed flask equipped with a stir was charged with 4-

bromobenzaldehyde (925 mg, 1 equiv., 5 mmol), 10 mL of acetone and 5 mL of 1 M aqueous 

NaOH. The resulting mixture was stirred at ambient temperature for 3 hours. The reaction mixture 

was then cooled to 0 °C and neutralized with dropwise addition of 1 M aqueous HCl. The resulting 

mixture was concentrated using a rotary evaporator to remove excess acetone. The residue was 

then extracted with EtOAc (4 x 20 mL). The combined organic layer was washed with brine, dried 

with MgSO4, filtered through a cotton plug, and concentrated using a rotary evaporator. The 

resulting residue was purified by flash column chromatography with EtOAc/Hexanes to afford 

compound S-3-24 as white solid (782 mg, 70% yield). The NMR data was found to be consistent 

with the literature values.52 

Chromatography: 10% EtOAc in Hexanes (Rf = 0.21). 

1H NMR (300 MHz, CDCl3) 

d 7.54 –7.51 (m, 2H), 7.47 – 7.38 (m, 3H), 6.69 (d, J = 16.3 Hz, 1H), 2.37 (s, 3H). 

13C NMR (75 MHz, CDCl3) 

d 198.2, 142.0, 133.5, 132.4, 129.7, 127.7, 124.9, 27.8.  

H

O

Br

O
2 ml/mmol

1 equiv. NaOH, H2O
r.t., 3 hours Br

O

S-3-24
70%

1 equiv.
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1H NMR (300 MHz, CDCl3) spectrum for S-3-24: 
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13C NMR (75 MHz, CDCl3) spectrum for S-3-24: 
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Synthesis of compound S-4-9: 

 

 An oven-dried round-bottomed flask equipped with a stir bar was charged with freshly 

distilled diisopropylamine (1.05 mL, 1.5 equiv., 7.5 mmol) and 20 mL of anhydrous THF and 

cooled to –78 °C. n-Butyl lithium (4.06 mL, 1.3 equiv., 6.5 mmol, 1.6 M in hexanes) was added to 

the solution in a dropwise manner, and the resulting mixture was stirred for 15 min at –78 °C. A 

solution of 4-methylpyridine (0.49 mL, 1.0 equiv., 5.0 mmol) in 5 mL of anhydrous THF was added 

in a dropwise manner, and the resulting mixture was stirred for 30 min at –78 °C. The 

deprotonated picoline was cannulated to a dry round-bottomed flask containing 2-bromoethyl 

methyl ether (0.72 mL, 1.5 equiv., 7.5 mmol) in 7 mL of anhydrous THF. The mixture was stirred 

for additional 1 hour at –78 °C and allowed to warm slowly to ambient temperature overnight. The 

solution was quenched with water (20 mL), and the aqueous layer was extracted with EtOAc (3 x 

20 mL). The combined organic layer was washed with brine, dried with MgSO4, filtered through a 

cotton plug, and concentrated using a rotary evaporator. The resulting residue was purified by 

flash column chromatography using EtOAc/hexanes to afford compound S-4-9 as colorless oil 

(563.7 mg, 75% yield). 

Chromatography: 70% EtOAc in hexanes (Rf = 0.19). 

1H NMR (400 MHz, CDCl3): 

d 8.48 (d, J = 6.0 Hz, 2H), 7.11 (d, J = 6.0 Hz, 2H), 3.37 (t, J = 6.0 Hz, 2H), 

3.34 (s, 3H), 2.67 (t, J = 8.0 Hz, 2H), 1.94 – 1.84 (m, 2H). 

13C NMR (100 MHz, CDCl3): 

N

1.3 equiv. n-BuLi
1.5 equiv. i-Pr2NH
THF, —78 °C, 30 min

Br
O1.5 equiv.

THF, —78 °C to r.t. 
overnight N

O

S-4-9
75%

1 equiv.
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d 151.1, 149.9, 124.1, 71.6, 58.8, 31.8, 30.3. 

IR  Alpha-Platinum ATR, Bruker, diamond crystal 

u = 3069, 2981, 2829, 1602, 1416 cm-1. 

HRMS  ESI-TOF 

  (M+H)+ Calcd for C9H14NO 152.1070; Found 152.1065. 
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1H NMR (400 MHz, CDCl3) spectrum for S-4-9: 
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13C NMR (100 MHz, CDCl3) spectrum for S-4-9: 
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Synthesis of compound S-4-12: 

 

 A flame-dried round-bottomed flask equipped with a stir bar was charged with ethyl 3-

(pyridin-4-yl)propanoate (1.0 equiv., 2 mmol, 360 mg), N,O-dimethylhydroxylamine hydrochloride 

(1.5 equiv., 3 mmol, 292.6 mg) and 10 mL of anhydrous THF. The reaction mixture was cooled to 

–10 °C, and isopropylmagnesium chloride (3.0 equiv., 6 mmol, 3.3 mL, 2.0 M in THF) was added 

dropwise while stirring at –10 °C. The reaction mixture was stirred for 1 hour at –10 °C and for 

another hour at ambient temperature. The reaction was quenched by dropwise addition of 

saturated aqueous NH4Cl solution (20 mL) and extracted with EtOAc (4 x 20 mL). The combined 

organic layer was washed with brine, dried with MgSO4, filtered through a cotton plug, and 

concentrated using a rotary evaporator. The resulting residue was purified by flash column 

chromatography using EtOAc/Et3N/Hexanes to afford compound S-4-12 as colorless oil (164.2 

mg, 42% yield).  

Chromatography: 80% EtOAc and 5% Et3N in Hexanes (Rf = 0.40). 

1H NMR (300 MHz, CDCl3): 

d 8.48 (d, J = 6.0 Hz, 2H), 7.15 (d, J = 6.0 Hz, 2H), 3.63 (s, 3H), 3.17 (s, 3H), 

3.00 – 2.91 (t, J = 7.5 Hz, 2H), 2.81 – 2.70 (t, J = 7.5 Hz, 2H). 

13C NMR (75 MHz, CDCl3): 

d 172.9, 150.4, 149.8, 123.9, 61.3, 32.3(1), 32.3, 29.7. 

IR  Alpha-Platinum ATR, Bruker, diamond crystal 

u = 3070, 2938, 2821, 1652, 1610, 1415 cm-1. 

N

O O

2 equiv. MeNHOMe·HCl
3 equiv. i-PrMgCl

O
O N

N
S-4-12
42%

1 equiv.

THF, —10 °C to r.t.
2 hours
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HRMS  ESI-TOF 

  (M+H)+ Calcd for C10H15N2O2 195.1128; Found 195.1121. 

 

1H NMR (300 MHz, CDCl3) spectrum for S-4-12: 

  

O
O N

N
S-4-12
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13C NMR (75 MHz, CDCl3) spectrum for S-4-12: 

 

  

O
O N

N
S-4-12
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Synthesis of compound S-c: 

 

 An oven-dried round-bottomed flask equipped with a stir bar was charged with freshly 

distilled diisopropylamine (4.47 mL, 1.1 equiv., 31.97 mmol) and 30 mL of anhydrous THF and 

cooled to –78 °C. n-Butyl lithium (18.16 mL, 1.0 equiv., 29.06 mmol, 1.6 M in hexanes) was added 

to the solution in a dropwise manner, and the resulting mixture was stirred for 15 min at –78 °C. 

A solution of 3-bromo-4-methylpyridine (3.23 mL, 1.0 equiv., 29.06 mmol) in 30 mL of anhydrous 

THF was introduced at the same temperature in a dropwise manner, and the resulting mixture 

was stirred for 30 min at –78 °C. The mixture was cannulated to a dry round-bottomed flask 

containing methyl iodide (1.81 mL, 1.1 equiv., 29.06 mmol) in 10 mL of anhydrous THF. The 

mixture was stirred for additional 1 hour at –78 °C and allowed to warm slowly to ambient 

tempeture overnight. The solution was quenched with water, and the aqueous layer was extracted 

with EtOAc (3 x 50 mL). The combined organic layer was washed with brine, dried with Na2SO4, 

filtered through a cotton plug and concentrated using a rotary evaporator. The resulting residue 

was purified by flash column chromatography using EtOAc/hexanes to afford 3-bromo-4-

ethylpyridine (S-a) as colorless oil (4.89 g, 91% yield). 

An oven-dried round-bottomed flask equipped with a stir bar was charged with containing 

compound S-a (504.2 mg, 1.0 equiv. 2.71 mmol), triisopropylacetylene (0.79 mL, 1.2 equiv., 3.25 

mmol), copper (I) iodide (25.8 mg, 5 mol%, 0.136 mmol), bis(triphenylphosphine)-palladium (II) 

dichloride (95.5 mg, 5 mol%, 0.136 mmol) and 24 mL of diisopropylamine. The resulting mixture 

was placed in an oil bath, heated at reflux overnight and then cooled to ambient temperature. The 

reaction mixture was diluted with 100 mL of EtOAc and the resulting suspension was filtered 

through a pad of Celite®. The filtrate was concentrated using a rotary evaporator. The resulting 

N

TIPS

2 equiv. TBAF
THF, r.t., 1.5 hours

S-b, 61%

N

S-c, 82%

N
Br

N
Br

H TIPS
1.1 equiv. i-Pr2NH
1 equiv. n-BuLi
THF, —78 °C, 30 min

S-a, 91%

5 mol% CuI
i-Pr2NH, 100 °C, overnight

1 equiv.

1.1 equiv. MeI
THF, —78 °C to r.t.
overnight

1.2 equiv.
5 mol% Pd(PPh3)2Cl2
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residue was purified by flash column chromatography using EtOAC/hexanes to afford compound 

S-b as colorless oil (475 mg, 61% yield). 

A round-bottomed flask equipped with a stir bar was charged with the compound S-b (450 

mg, 1.0 equiv., 1.56 mmol) and 16 mL of THF at ambient temperature. Tetrabutylammonium 

fluoride (3.13 mL, 2.0 equiv., 3.13 mmol, 1 M in THF) was added, and stirred the reaction mixture 

1.5 hours. The reaction mixture was concentrated using a rotary evaporator, and the resulting 

residue was purified by flash column chromatography using EtOAc/hexane to afford 3-ethynyl-4-

ethylpyridine (S-c) as yellow oil (162 mg, 79% yield). 

Chromatography: 10% EtOAc in Hexanes (Rf = 0.24). 

1H NMR (400 MHz, CDCl3):  

d 8.62 (s, 1H), 8.43 (d, J = 5.2 Hz, 1H), 7.12 (d, J = 5.2 Hz, 1H), 3.36 (s, 1H), 

2.79 (q, J = 7.6 Hz, 2H), 1.24 (t, J = 7.6 Hz, 3H). 

13C NMR (100 MHz, CDCl3): 

d 155.2, 153.3, 149.3, 122.6, 118.9, 83.8, 79.2, 27.0, 13.7. 

IR  Alpha-Platinum ATR, Bruker, diamond crystal 

u = 2970, 2932, 2876, 1584, 1399, 837 cm-1. 

HRMS  ESI-TOF 

  (M+H)+ Calcd for C9H10N 132.0808; Found 132.0805. 
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1H NMR (400 MHz, CDCl3) spectrum for S-c: 

 

  

N

S-c
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13C NMR (100 MHz, CDCl3) spectrum for S-c: 

 

  

N

S-c
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Synthesis of compound S-4-13: 

 

An oven-dried round-bottomed flask equipped with a stir bar was charged with compound 

S-c (199.4 mg, 1.0 equiv., 1.52 mmol), bis(triphenylphosphine)-palladium(II) dichloride (21.1 mg, 

2 mol%, 0.03 mmol), copper(I) iodide (5.7 mg, 2 mol%, 0.03 mmol), 1-bromo-3-(methylsulfonyl)-

benzene (357.5 mg, 1.0 equiv., 1.52 mmol), and triphenylphosphine (7.9 mg, 2 mol%, 0.03 mmol), 

along with 3 mL of anhydrous THF and 3 mL of freshly distilled triethylamine. The reaction mixture 

was stirred overnight at ambient temperature. The reaction mixture was then quenched with 10 

mL of water and extracted with EtOAc (3 x 10 mL). The combined organic layer was washed with 

brine, dried with Na2SO4, filtered through a cotton plug, and concentrated using a rotary 

evaporator. The resulting residue was purified by flash column chromatography using 

EtOAc/hexanes to afford compound S-d as colorless oil (290 mg, 67% yield). 

A round-bottomed flask equipped with a stir bar was charged with compound S-d (350 mg, 

1.0 equiv., 1.22 mmol) and 5 mL of MeOH. A slurry of Pd/C (64.9 mg, 5 mol%, 0.06 mmol, 10% 

w/w) in 2 mL of MeOH was added to the mixture, and the mixture was stirred under H2 atmosphere 

at ambient temperature for 4 hours. The mixture was filtered through a pad of Celite®. The filtrate 

was concentrated using a rotary evaporator, and the resulting residue was purified by flash 

column chromatography using EtOAc/hexanes to afford compound S-4-13 as colorless oil (334 

mg, 95% yield). 

Chromatography: 80% EtOAc in hexane (Rf = 0.13). 

1H NMR (400 MHz, CDCl3): 

d 8.36 (d, J = 5.2 Hz, 1H), 8.19 (s, 1H), 7.79 (dt, J = 7.6, 1.6 Hz, 1H), 

H2 gas (balloon)

N

SO2Me

S-4-13
95%

5 mol% Pd/C 
MeOH, r.t., 4 hours

N

1.0 equiv.

10 mol% Pd(OAc)2 
10 mol% CuI
30 mol% PPh3
THF:Et3N = 1:1
 r.t., overnight

NBr

N

N

S-e, 72%S-c
1 equiv.



 93 

7.67 – 7.62 (m, 1H), 7.49 (t, J = 7.6 Hz, 1H), 7.46 – 7.41 (m, 1H), 

7.10 (d, J = 5.2 Hz, 1H), 3.01 (s, 3H), 2.99 – 2.92 (m, 4H), 2.62 (q, J = 7.6 Hz, 2H), 

1.23 (t, J = 7.6 Hz, 3H). 

13C NMR (100 MHz, CDCl3): 

d 150.8, 150.4, 148.2, 142.8, 140.7, 134.0, 133.8, 129.7, 127.3, 125.4, 123.2, 

44.6, 36.9, 31.6, 24.7, 14.2. 

IR  Alpha-Platinum ATR, Bruker, diamond crystal 

u = 2959, 2924, 2853, 1461, 1267, 1146, 759 cm-1. 

HRMS  ESI-TOF 

  (M+H)+ Calcd for C16H20NO2S 290.1209; Found 290.1204. 
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1H NMR (400 MHz, CDCl3) spectrum for S-4-13: 
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13C NMR (100 MHz, CDCl3) spectrum for S-4-13: 

  

N

SO2Me

S-4-13
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Synthesis of compound S-4-14: 

 

 An oven-dried round-bottomed flask equipped with a stir bar was charged with palladium 

acetate (22.5 mg, 10 mol%, 0.1 mmol) and triphenylphosphine (78.7 mg, 30 mol%, 0.3 mmol), 

along with 5 mL of anhydrous THF and 5 mL of freshly distilled triethylamine. The mixture was 

stirred over 15 minutes at ambient temperature. 2-Bromopyridine (0.11 mL, 1.0 equiv., 1.0 mmol), 

copper(I) iodide (19.1 mg, 10 mol%, 0.1 mmol), and compound S-c (131.2 mg, 1.0 equiv., 1.0 

mmol) were added sequentially to the solution, and the resulting mixture was stirred overnight at 

ambient temperature. The reaction mixture was filtered through a pad of Celite®, and the filtrate 

was concentrated using a rotary evaporator. The resulting residue was purified by flash column 

chromatography using EtOAc/hexanes to afford compound S-e as light-yellow oil (150.9 mg, 72% 

yield). 

A round-bottomed flask equipped with a stir bar was charged with compound S-e (308 mg, 

1.0 equiv., 1.48 mmol) and 10 mL of MeOH. A slurry of Pd/C (157 mg, 10 mol%, 0.148 mmol, 10% 

w/w) in 3 mL of MeOH was added to the mixture, and the resulting mixture was stirred under H2 

atmosphere at ambient temperature for 1 hour. The mixture was filtered through a pad of Celite®. 

The filtrate was concentrated using a rotary evaporator, and the resulting residue was purified by 

flash column chromatography using EtOAc to afford compound S-4-14 as colorless oil (290.8 mg, 

93% yield). 

Chromatography: 100% EtOAc (Rf = 0.37). 

1H NMR (400 MHz, CDCl3):  

d 8.58 (d, J = 4.4 Hz, 1H), 8.35 (d, J = 4.8 Hz, 1H), 8.32 (s, 1H), 

H2 gas (balloon)

N

N

S-4-14
93%

10 mol% Pd/C
MeOH, r.t., 1 hour

N

1.0 equiv.

10 mol% CuI
30 mol% PPh3
THF:Et3N = 1:1
 r.t., overnight

NBr

N

N

S-e, 72%
S-c

1 equiv.

10 mol% Pd(OAc)2 
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7.57 (td, J = 7.6, 1.2 Hz, 1H), 7.17 – 7.10 (m, 1H), 7.08 (d, J = 4.8 Hz, 1H), 

7.05 (d, J = 7.6 Hz, 1H), 3.14 – 2.91 (m, 4H), 2.65 (q, J = 7.6 Hz, 2H), 

1.23 (t, J = 7.6 Hz, 3H). 

13C NMR (100 MHz, CDCl3): 

d 160.7, 150.8, 150.4, 149.6, 147.9, 136.5, 134.7, 123.1, 123.0, 121.5, 39.4, 30.0, 

24.7, 14.2. 

IR  Alpha-Platinum ATR, Bruker, diamond crystal 

u = 3053, 2969, 2880, 1591, 1434, 1410, 765 cm-1. 

HRMS  ESI-TOF 

  (M+H)+ Calcd for C14H17N2 213.1386; Found 213.1378. 
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1H NMR (400 MHz, CDCl3) spectrum for S-4-14:  
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13C NMR (100 MHz, CDCl3) spectrum for S-4-14: 

 

  

N

N

S-4-14
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6.2 General procedure (A) for synthesis of ADHPs 

An oven-dried round-bottomed flask equipped with a stir bar was charged with freshly 

distilled Et3N (3.0 equiv.) and a 0.1 M solution of 4-alkylpyridine (1.0 equiv.) in anhydrous THF. 

The stirred mixture was cooled to 0 °C. Unless otherwise stated, 2.0 equiv. of ethyl chloroformate 

were added dropwise to the reaction mixture at 0 °C while stirring. The reaction mixture was 

allowed to warm slowly to ambient temperature while stirring over 30 minutes. The mixture was 

concentrated using a rotary evaporator. The resulting residue was suspended in diethyl ether for 

2 – 3 minutes and filtered through a cotton plug to remove the precipitated triethylammonium 

chloride salt. The filtrate was concentrated using a rotary evaporator to obtain the ADHP, which 

was used in the next step without further purification.  

Note: ADHP generated from 4-methylpyridine should be used quickly and not be exposed 

to air overtime due to its poor stability. 
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6.3 Attempts toward enantioselective allylation of 4-alkylpyridines 

6.3.1 General procedure for allylation of 4-phenethylpyridine 

 

 The ADHP was synthesized by following General procedure A using 4-phenethylpyridine. 

Allyl chloroformate (2.0 equiv.) was used instead of ethyl chloroformate. 

 An oven-dried scintillation vial equipped with a stir bar was charged with the chiral ligand 

(0.12 equiv.) and Pd2(dba)3·CHCl3 (0.05 equiv.) in anhydrous THF. The mixture was stirred for 30 

minutes under ambient temperature. A solution of ADHP in THF (0.2 M) was added to the mixture 

in a dropwise manner, and the resulting mixture was stirred overnight under argon atmosphere at 

ambient temperature. The reaction mixture was concentrated using a rotary evaporator, and the 

resulting residue was purified using flash column chromatography to obtain the allylation product 

2-1 as colorless oil. 

Note: For L9 and L11, 0.24 equiv. was used instead of 0.12 equiv. 

  

N

Ph

2 equiv. allyl chloroformate
3 equiv. Et3N
THF, 0 °C

5 mol% Pd2(dba)3·CHCl3
12 mol% Ligand
THF, r.t., overnight

N

Ph

N

Ph

OO 2-1
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6.3.2 HPLC chromatographs obtained from the ligand screen 

 

 

 

 

Area: 3412.90527 

Area: 2992.73413 

Obtained from L2
88% yield, 7% ee

N

Ph

Area: 1923.45703 Area: 
1926.68555 

Obtained from L3
45% yield, racemic

N

Ph
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Area: 3576.24438 
Area: 
3705.71899 

Obtained from L4
41% yield, racemic

N

Ph

Area: 2776.84692 
Area: 3030.33838 

Obtained from L5
67% yield, 4% ee

N

Ph



 104 

 

 

 

 

Area: 3829.80029 Area: 3343.75781 

Obtained from L6
63% yield, 7% ee

N

Ph

Area: 
7200.16748 

Area: 6102.88721 

Obtained from L7
38% yield, 8% ee

N

Ph
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Area: 
5231.41406 

Area: 5201.72217 

Obtained from L8
43% yield, racemic

N

Ph

Area: 2186.55566 

Area: 4187.51270 

Obtained from L9
89% yield, 31% ee

N

Ph
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2247.23267 

4682.57373 

Obtained from L10
83% yield, 35% ee

N

Ph

Obtained from L11
70% yield, 36% ee

N

Ph

93.20545 

219.87556 
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6.4 Conjugate addition of ADHPs to unsaturated ketones 

6.4.1 General procedure (B) for conjugate addition 

An oven-dried round-bottomed flask equipped with a stir bar was charged with a 0.2 M 

solution of the a,b-unsaturated ketone (1.0 equiv.) in anhydrous CH3CN. The solution was cooled 

to –40 °C, 1.1 equiv. of TESOTf were added in a dropwise manner, and the resulting mixture was 

stirred for 15 minutes. Unless otherwise stated, the ADHP (1.2 equiv.) was dissolved in anhydrous 

CH3CN (0.2 M) and added dropwise to the above reaction mixture while maintaining the 

temperature at –40 °C. The mixture was stirred at –40 °C, and the reaction progress was 

monitored by TLC and 1H-NMR. Upon consumption of the ADHP, as shown by 1H-NMR, the 

reaction mixture was placed in an ice-water bath and quenched with 1 M aqueous NaOH. The 

mixture was stirred vigorously until the hydrolysis of the carbamate and the deprotection of the 

silyl enol ether were complete, as indicated by TLC. The mixture was extracted with EtOAc (4 x 

10 mL). The combined organic layers were washed with brine, dried with MgSO4, filtered through 

a cotton plug, and concentrated using a rotary evaporator. The resulting residue was purified by 

flash column chromatography to obtain the desired conjugate addition product. 
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6.4.2 Synthesis and characterization of compounds 

Synthesis of compounds 3-1a and 3-1b: 

 

By following the general procedure A, the corresponding ADHP was prepared from 4-

ethyl-pyridine (0.14 mL, 1.2 equiv., 1.2 mmol). The final product was synthesized by following the 

general procedure B using 2-cyclopenten-1-one (0.1 mL, 1.0 equiv. 1.0 mmol) as the 

electrophile. The mixture of diastereomers was separated by flash column chromatography with 

MeCN/DCM/Hexanes to afford 102 mg of major diastereomer 3-1a as a colorless oil and 51 mg 

of minor diastereomer 3-1b as colorless oil, in 81% combined yield (d.r. = 2:1). 

Data for diastereomer 3-1a: 

Chromatography: 14% MeCN, 36% DCM with 50% Hexanes (Rf = 0.24 after two runs). 

1H NMR (400 MHz, CDCl3) 

d 8.51 (d, J = 6.0 Hz, 2H), 7.10 (d, J = 6.0 Hz, 2H), 2.60 – 2.46 (m, 2H), 

2.36 – 2.20 (m, 2H), 2.12 – 2.02 (m, 1H), 1.97 – 1.87 (m, 1H), 

1.78 – 1.69 (m, 1H), 1.44 – 1.32 (m, 1H), 1.28 (d, J = 7.2 Hz, 3H) 

13C NMR (100 MHz, CDCl3) 

d 218.2, 154.3, 150.1, 122.8, 45.6, 44.0, 43.7, 38.9, 28.5, 20.4. 

 

Data for diastereomer 3-1b:  

Chromatography: 14% MeCN, 36% DCM with 50% Hexanes (Rf = 0.2 after two runs). 

1H NMR (400 MHz, CDCl3) 

2) 1.0 equiv.

    1.1 equiv. TESOTf
    CH3CN, —40 °C
    3 hours

1) 2.4 equiv. ClCO2Et
3.6 equiv. Et3N
THF, 0 °C to r.t, 30 min

N
1.2 equiv.

N

O O

H O

N
3-1a & 3-1b
81% in total

O
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d 8.55 – 8.53 (m, 2H), 7.10 (d, J = 6.0 Hz, 2H), 2.65– 2.56 (m, 1H), 

2.42 – 2.28 (m, 3H), 2.26 – 2.16 (m, 1H), 2.09 – 2.02 (m, 1H), 

1.79 – 1.70 (m, 1H), 1.69 – 1.58 (m, 1H), 1.35 (d, J = 7.2 Hz, 3H). 

13C NMR (100 MHz, CDCl3) 

d 218.1, 154.8, 150.2, 122.7, 45.4, 44.2, 43.6, 38.9, 28.2, 19.4. 

IR  Alpha-Platinum ATR, Bruker, diamond crystal 

u = 3030, 2934, 2870, 1706, 1598, 1416 cm-1. 

HRMS ESI-OTF 

 (M+H)+ Calcd for C12H16NO 190.1227; Found 190.1234. 
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1H NMR (400 MHz, CDCl3) spectrum for 3-1a: 

 
  

N
3-1a

O
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13C NMR (100 MHz, CDCl3) spectrum for 3-1a: 

 
  

N
3-1a
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1H NMR (400 MHz, CDCl3) spectrum for 3-1b: 
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13C NMR (100 MHz, CDCl3) spectrum for 3-1b: 

N
3-1b

O
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Synthesis of compounds 3-2a and 3-2b: 

 

By following the general procedure A, the corresponding ADHP was prepared from 4-

ethylpyridine (0.14 mL, 1.2 equiv., 1.2 mmol). The final product was synthesized by following the 

general procedure B using 2-cyclohexen-1-one (0.1 mL, 1.0 equiv. 1.0 mmol) as the electrophile. 

The mixture of diastereomers was separated by flash column chromatography with 

MeCN/DCM/Hexanes to afford 111 mg of major diastereomer 3-2a as colorless oil and 69 mg of 

minor diastereomer 3-2b as colorless oil, in 89% combined yield (d.r. ~ 2:1). 

Data for diastereomer 3-2a:  

Chromatography: 14% MeCN, 36% DCM with 50% Hexanes (Rf = 0.25 after two runs). 

1H NMR (400 MHz, CDCl3) 

d 8.52 – 8.40 (m, 2H), 7.05 (d, J = 4.8 Hz, 2H), 2.62 – 2.54 (m, 1H), 

2.54 – 2.49 (m, 1H), 2.37 – 2.29 (m, 1H), 2.26 – 2.16 (m, 1H), 

2.08 – 2.01 (m, 1H), 2.01 – 1.87 (m, 2H), 1.67 – 1.59 (m, 1H), 

1.58 – 1.45 (m, 1H), 1.29 – 1.16 (m, 4H). 

13C NMR (100 MHz, CDCl3) 

d 211.2, 154.2, 150.0, 123.1, 45.8, 45.0, 44.7, 41.4, 29.4, 25.1, 18.1. 

 

Data for diastereomer 3-2b: 

Chromatography: 14% MeCN, 36% DCM with 50% Hexanes (Rf = 0.20 after two runs). 

1H NMR (400 MHz, CDCl3) 

2) 1.0 equiv.

    1.1 equiv. TESOTf
    CH3CN, —40 °C
    3 hours

1) 2.4 equiv. ClCO2Et
3.6 equiv. Et3N
THF, 0 °C to r.t, 30 min

O

N

N

O

3-2a & 3-2b
89% in total

1.2 equiv.

N

O O

H
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d 8.52 – 8.51 (m, 2H), 7.05 (d, J = 5.2 Hz, 2H), 2.61 (p, J = 7.2 Hz, 1H), 

2.39 – 2.31 (m, 1H), 2.27 – 2.20 (m, 1H), 2.20 – 2.15 (m, 1H), 

2.12 – 2.06 (m, 1H), 2.06 – 1.98 (m, 1H), 1.98 – 1.87 (m, 2H), 

1.69 – 1.57 (m, 1H), 1.44 – 1.33 (m, 1H), 1.29 (d, J = 7.2 Hz, 3H). 

13C NMR (100 MHz, CDCl3) 

d 211.2, 153.8, 150.1, 123.2, 46.2, 44.8, 44.7, 41.4, 28.8, 25.1, 18.1. 

IR  Alpha-Platinum ATR, Bruker, diamond crystal 

u = 3062, 2935, 2870, 1705, 1600, 1416 cm-1. 

HRMS ESI-OTF 

 (M+H)+ Calcd for C13H18NO 204.1383; Found 204.1391. 
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1H NMR (400 MHz, CDCl3) spectrum for 3-2a: 
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13C NMR (100 MHz, CDCl3) spectrum for 3-2a:  
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1H NMR (400 MHz, CDCl3) spectrum for 3-2b: 
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13C NMR (100 MHz, CDCl3) spectrum for 3-2b: 
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Synthesis of compound 3-3: 

 

An oven-dried round-bottomed flask equipped with a stir bar was charged with 6 mL of 

anhydrous THF, 4-isopropylpyridine (145.4 mg, 1.2 equiv., 1.2 mmol) and triethylamine (0.50 mL, 

3.6 equiv., 3.6 mmol). The resulting solution was cooled to –15 °C. A solution of ethyl 

chloroformate (0.23 mL, 2.4 equiv., 2.4 mmol) in 5.7 mL of THF was added to the above mixture 

using a syringe pump over 30 minutes while maintaining the temperature at –15 °C. The reaction 

mixture was allowed to warm to ambient temperature and then concentrated using a rotary 

evaporator. The residue was suspended in diethyl ether for 2 – 3 minutes and filtered through a 

cotton plug to remove the precipitated triethylammonium chloride salt. The filtrate was then 

concentrated using a rotary evaporator, and the corresponding ADHP was obtained and used 

immediately in the next step without further purification. 

The final product was synthesized by following general procedure B using 2-cyclohexen-

1-one (0.1 mL, 1.0 equiv. 1.0 mmol) as the electrophile. The resulting residue was purified by 

flash column chromatography with EtOAc/Hexanes to afford compound 3-3 as white solid (201 

mg, 92% yield). 

Melting point: 82.1 – 83.1 °C. 

Chromatography: 70% EtOAc in Hexanes (Rf = 0.29). 

1H NMR (300 MHz, CDCl3): 

d 8.52 (d, J = 6.3 Hz, 2H), 7.18 (d, J = 6.3 Hz, 2H), 2.39 – 2.11 (m, 3H), 

2.08 – 1.87 (m. 3H), 1.74 – 1.62 (m, 1H), 1.58 – 1.41 (m, 1H), 1.36 – 1.21 (m, 7H). 

2) 1.0 equiv.

    1.1 equiv. TESOTf
    CH3CN, —40 °C
    3 hours

1) 2.4 equiv. ClCO2Et
3.6 equiv. Et3N
THF, —15 °C, 30 min

O

N

N

O

3-3
92%

1.2 equiv.

N

O O

H
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13C NMR (75 MHz, CDCl3) 

d 211.6, 157.4, 145.0, 121.6, 49.2, 43.7, 41.3, 40.5, 26.5, 25.4, 24.9, 24.1. 

IR  Alpha-Platinum ATR, Bruker, diamond crystal 

u = 3022, 2965, 2934, 1705, 1597, 1413 cm-1. 

HRMS ESI-OTF 

 (M+H)+ Calcd for C14H20NO 218.1540; Found 218.1545. 
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1H NMR (300 MHz, CDCl3) spectrum for 3-3: 

  

N

O

3-3
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13C NMR (75 MHz, CDCl3) spectrum for 3-3: 

  

N

O

3-3
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Synthesis of compound 3-4: 

 

By following the general procedure A, the corresponding ADHP was prepared from 4-

picoline (0.12 mL, 1.2 equiv., 1.2 mmol). The final product was synthesized by following the 

general procedure B but using THF (0.2 M) to dissolve the ADHP instead of CH3CN. 2-

Cyclohexen-1-one (0.1 mL, 1.0 equiv. 1.0 mmol) was used as the electrophile. The resulting 

residue was purified by flash column chromatography with EtOAc/Hexanes/Et3N to afford 

compound 3-4 as colorless oil (154 mg, 81% yield). 

Chromatography: 70% EtOAc in Hexanes with 2% Et3N (Rf = 0.37). 

1H NMR (400 MHz, CDCl3) 

d 8.49 (d, J = 5.8 Hz, 2H), 7.04 (d, J = 5.8 Hz, 2H), 2.66 – 2.55 (m, 2H), 

2.39 – 2.31 (m, 2H), 2.30 – 2.19 (m, 1H), 2.13 – 1.98 (m, 3H), 

1.89 – 1.81 (m, 1H), 1.68 – 1.54 (m, 1H), 1.43 – 1.31 (m, 1H). 

13C NMR (100 MHz, CDCl3) 

d 210.7, 149.9, 148.4, 124.5, 47.7, 42.3, 41.3, 40.0, 30.9, 25.0. 

IR  Alpha-Platinum ATR, Bruker, diamond crystal 

u = 3022, 2934, 2867, 1706, 1601, 1416 cm-1. 

HRMS ESI-OTF 

(M+H)+ Calcd for C12H16NO 190.1227; Found 190.1233.  

2) 1.0 equiv.

    1.1 equiv. TESOTf
    CH3CN/THF, —40 °C
    3 hours

1) 2.4 equiv. ClCO2Et
3.6 equiv. Et3N
THF, 0 °C to r.t, 30 min

O

N

N

O

3-4
81%

CH3

1.2 equiv.

N

O O

H H
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1H NMR (400 MHz, CDCl3) spectrum for 3-4: 
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13C NMR (100 MHz, CDCl3) spectrum for 3-4: 
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Synthesis of compounds 3-5a and 3-5b: 

 

By following the general procedure A, the corresponding ADHP was prepared from 4-n-

pentylpyridine31 (179.1 mg, 1.2 equiv., 1.2 mmol). The final product was synthesized by following 

the general procedure B using 2-cyclohexen-1-one (0.1 mL, 1.0 equiv. 1.0 mmol) as the 

electrophile. The mixture of diastereomers was separated by flash column chromatography with 

MeCN/DCM/Hexanes to afford 124 mg of diastereomer 3-5a as colorless oil and 133 mg of 

diastereomer 3-5b as colorless oil, in 97% combined yield (d.r. ~ 1.1). 

Data for diastereomer 3-5a: 

Chromatography: 14% MeCN, 36% DCM with 50% Hexanes (Rf = 0.35). 

1H NMR (400 MHz, CDCl3) 

d 8.52 (d, J = 5.6 Hz, 2H), 7.04 (d, J = 5.6 Hz, 2H), 2.59 – 2.53 (m, 1H), 

2.43 – 2.38 (m, 1H), 2.38 – 2.30 (m, 1H), 2.25 – 2.14 (m, 1H), 

2.06 – 1.93 (m, 3H), 1.79 – 1.70 (m, 1H), 1.68 – 1.45 (m, 3H), 

1.32 – 1.12 (m, 3H), 1.09 – 0.96 (m, 2H), 0.80 (t, J = 7.2 Hz, 3H). 

13C NMR (100 MHz, CDCl3) 

d 211.2, 152.4, 150.0, 124.1, 51.2, 46.7, 43.9, 41.5, 31.8, 29.7, 29.0, 25.1, 22.7, 

14.0. 

 

Data for diastereomer 3-5b: 

Chromatography: 14% MeCN, 36% DCM with 50% Hexanes (Rf = 0.28). 

2) 1.0 equiv.

    1.1 equiv. TESOTf
    CH3CN, —40 °C
    3 hours

1) 2.4 equiv. ClCO2Et
3.6 equiv. Et3N
THF, 0 °C to r.t, 30 min

O

N

N

O

3-5a & 3-5b
97% in total

1.2 equiv.

N

O O

n-Bu H

n-Bu

n-Bu
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1H NMR (400 MHz, CDCl3) 

d 8.52 (d, J = 6.0 Hz, 2H), 7.02 (d, J = 6.0 Hz, 2H), 2.50 – 2.43 (m, 1H), 

2.37 – 2.29 (m, 1H), 2.23 – 2.12 (m, 2H), 2.11 – 1.93 (m, 3H), 

1.92 – 1.84 (m, 1H), 1.83 – 1.72 (m, 1H), 1.70 – 1.55 (m, 2H), 

1.39 – 1.15 (m, 3H), 1.12 – 0.95 (m, 2H), 0.81 (t, J = 7.2 Hz, 3H). 

13C NMR (100 MHz, CDCl3) 

d 211.2, 151.9, 150.0, 124.1, 51.1, 45.8, 43.8, 41.4, 31.7, 29.8, 29.6, 25.2, 22.8, 

14.0. 

IR  Alpha-Platinum ATR, Bruker, diamond crystal 

u = 3024, 2953, 2930, 1708, 1597, 1415 cm-1. 

HRMS ESI-OTF 

 (M+H)+ Calcd for C16H24NO 246.1853; Found 246.1863. 
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1H NMR (400 MHz, CDCl3) spectrum for 3-5a: 
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13C NMR (100 MHz, CDCl3) spectrum for 3-5a: 
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1H NMR (400 MHz, CDCl3) spectrum for 3-5b: 

 
  

N

O

3-5b

n-Bu



 132 

13C NMR (100 MHz, CDCl3) spectrum for 3-5b: 
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Synthesis of compounds 3-6a and 3-6b: 

 

By following the general procedure A, the corresponding ADHP was prepared from 4-

benzyl-pyridine (0.19 mL, 1.2 equiv., 1.2 mmol). The final product was synthesized by following 

the general procedure B using 2-cyclohexen-1-one (0.1 mL, 1.0 equiv. 1.0 mmol) as the 

electrophile. The mixture of diastereomers was separated by flash column chromatography with 

MeCN/DCM/Hexanes to afford 100 mg of anti-diastereomer 3-6a as white solid and 112 mg of 

syn-diastereomer 3-6b as colorless oil, in 85% combined yield (d.r. ~ 1.1). 

Note – “Syn” and “anti” geometries of diastereomers 3-6a and 3-6b were assigned based on 2D-

NMR studies. 

Data for (anti-)diastereomer 3-6a: 

melting point: 156.3 – 157.6 °C 

Chromatography: 10% MeCN in DCM (Rf = 0.38). 

1H NMR (400 MHz, CDCl3) 

d 8.70 – 8.40 (m, 2H), 7.31 – 7.25 (m, 2H), 7.24 – 7.17 (m, 5H), 

3.61 (d, J = 10.8 Hz, 1H), 2.70 – 2.59 (m, 1H), 2.41 – 2.22 (m, 3H), 

2.07 – 2.00 (m, 1H), 2.00 – 1.92 (m, 1H), 1.85 – 1.77 (m, 1H), 1.72 – 1.58 (m, 1H), 

1.39 – 1.27 (m, 1H). 

13C NMR (100 MHz, CDCl3) 

d 210.8, 152.2, 150.3, 140.9, 129.2, 128.0, 127.3, 123.5, 58.4, 46.6, 42.0, 41.4, 

30.2, 24.9. 

2) 1.0 equiv.

    1.1 equiv. TESOTf
    CH3CN, —40 °C
    3 hours

1) 2.4 equiv. ClCO2Et
3.6 equiv. Et3N
THF, 0 °C to r.t, 30 min

O

N

N

O

3-6a & 3-6b
85% in total

1.2 equiv.

N

O O

Ph H

Ph

Ph
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Data for (syn-)diastereomer 3-6b: 

Chromatography: 10% MeCN in DCM (Rf = 0.28). 

1H NMR (400 MHz, CDCl3) 

d 8.53 – 8.46 (m, 2H), 7.34 – 7.28 (m, 2H), 7.27 – 7.20 (m, 3H), 

7.17 (d, J = 5.6 Hz, 2 H), 3.62 (d, J = 10.8 Hz, 1H), 2.71 – 2.60 (m, 1H), 

2.43 – 2.24 (m, 3H), 2.07 – 1.95 (m, 2H), 1.86 – 1.78 (m, 1H), 1.71 – 1.58 (m, 1H), 

1.39 – 1.28 (m, 1H). 

13C NMR (100 MHz, CDCl3) 

d 210.7, 151.5, 150.3, 141.6, 129.1, 128.0, 127.3, 123.4, 58.2, 46.8, 42.0, 41.4, 

29.9, 24.9. 

IR  Alpha-Platinum ATR, Bruker, diamond crystal 

u= 3022, 2964, 2931, 1701, 1593, 1415 cm-1. 

HRMS ESI-OTF 

 (M+H)+ Calcd for C18H20NO 266.1540; Found 266.1547. 
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COSY (600 MHz, CDCl3/C6D6, 10 °C) for 3-6a: 

 

Proton No. 1H d (ppm) (mult; J (Hz)) COSY Correlations 

H-2 8.41 – 8.39 (m) H-3 

H-3 6.91 (d, J = 5.0 Hz) H-2 

H-5 3.28 (d, J = 10.8 Hz) H-10 

H-7 7.02 – 6.99 (m) H-8 

H-8 7.17 – 7.14 (m) H-7, H-9 

H-9 7.10 – 7.06 (m) H-8 

H-10 2.38 – 2.29 (m) H-5; H-11; H-15 

H-11a 1.68 – 1.63 (m) H-10; H-11b 

H-11b 2.20 – 2.17 (m) H-10; H-11a 

H-13a 2.03 – 1.95 (dt, J = 13.4, 6.2Hz) H-13b; H-14 

H-13b 2.26 – 2.01 (m) H-13a; H-14 

H-14a 1.42 – 1.33 (m) H-13; H-14b; H-15 

H-14b 1.75 – 1.69 (m) H-13; H-14a; H-15 

H-15a 0.99 – 0.95 (m) H-10; H-15b 

H-15b 1.52 – 1.46 (m) H-10; H-15a 

Methylene protons are designated H-Xa and H-Xb arbitrarily. Only those correlations 
which could be unambiguously assigned are reported. 

  

N

O

H

H

2

3
4

56
7

8

9
10

11
12

13

14
15



 136 

NOESY (600 MHz, CDCl3/C6D6, 10 °C) for 3-6a: 

 

Proton No. 1H d (ppm) (mult; J (Hz)) NOESY Correlations 

H-2 8.41 – 8.39 (m) - 

H-3 6.91 (d, J = 5.0 Hz) H-5; H-10; H-15 

H-5 3.28 (d, J = 10.8 Hz) H-3; H-7; H-10; H-11; H-15 

H-7 7.02 – 6.99 (m) H-5; H-10; H-11 

H-8 7.17 – 7.14 (m) - 

H-9 7.10 – 7.06 (m) - 

H-10 2.38 – 2.29 (m) H-3; H-5; H-7 

H-11a 1.68 – 1.63 (m) H-5; H-7 

H-11b 2.20 – 2.17 (m) H-5; H-7 

H-13a 2.03 – 1.95 (dt, J = 13.4, 6.2Hz) - 

H-13b 2.26 – 2.01 (m) - 

H-14a 1.42 – 1.33 (m) - 

H-14b 1.75 – 1.69 (m) - 

H-15a 0.99 – 0.95 (m) H-3; H-5 

H-15b 1.52 – 1.46 (m) H-3; H-5 

Methylene protons are designated H-Xa and H-Xb arbitrarily. Only those correlations 
which could be unambiguously assigned are reported. 
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COSY (600 MHz, CDCl3/C6D6, 10 °C) for 3-6b: 

 

Proton No. 1H d (ppm) (mult; J (Hz)) COSY Correlations 

H-2 8.42 – 8.41 (m) H-3 

H-3 6.82 – 6.80 (m) H-2 

H-5 3.23 – 3.20 (m) H-10 

H-7 7.02 – 7.00 (m) H-8 

H-8 7.19 – 7.16 (m) H-7, H-9 

H-9 7.12 – 7.08 (m) H-8 

H-10 2.32 – 2.27 (m) H-5; H-11; H-15 

H-11a 1.60 – 1.55 (m) H-10; H-11b 

H-11b 2.22 – 2.13 (m) H-10; H-11a 

H-13a 1.96 – 1.88 (m) H-13b; H-14 

H-13b 2.24 – 2.13 (m) H-13a; H-14 

H-14a 1.35 – 1.26 (m) H-13; H-14b; H-15 

H-14b 1.66 – 1.60 (m) H-13; H-14a; H-15 

H-15a 0.95 – 0.84 (m) H-10; H-15b 

H-15b 1.54 – 1.47 (m) H-10; H-15a 
Methylene protons are designated H-Xa and H-Xb arbitrarily. Only those correlations 

which could be unambiguously assigned are reported. 
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NOESY (600 MHz, CDCl3/C6D6, 10 °C) for 3-6b: 

 

Proton No. 1H d (ppm) (mult; J (Hz)) NOESY Correlations 

H-2 8.42 – 8.41 (m) - 

H-3 6.82 – 6.80 (m) H-5; H-10; H-11 

H-5 3.23 – 3.20 (m) H-3; H-7; H-10; H-11; H-15 

H-7 7.02 – 7.00 (m) H-5; H-10; H-15 

H-8 7.19 – 7.16 (m) - 

H-9 7.12 – 7.08 (m) - 

H-10 2.32 – 2.27 (m) H-3; H-5; H-7 

H-11a 1.60 – 1.55 (m) H-3; H-5 

H-11b 2.22 – 2.13 (m) H-3; H-5 

H-13a 1.96 – 1.88 (m) - 

H-13b 2.24 – 2.13 (m) - 

H-14a 1.35 – 1.26 (m) - 

H-14b 1.66 – 1.60 (m) - 

H-15a 0.95 – 0.84 (m) H-3; H-5 

H-15b 1.54 – 1.47 (m) H-3; H-5 
Methylene protons are designated H-Xa and H-Xb arbitrarily. Only those correlations 

which could be unambiguously assigned are reported. 
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1H NMR (400 MHz, CDCl3) spectrum for 3-6a: 
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13C NMR (100 MHz, CDCl3) spectrum for 3-6a: 
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COSY (600 MHz, C6H6/CDCl3, 10 °C) spectrum for 3-6a: 
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NOESY (600 MHz, in C6H6/CDCl3, 10 °C) spectrum for 3-6a: 
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1H NMR (400 MHz, CDCl3) spectrum for 3-6b: 
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13C NMR (100 MHz, CDCl3) spectrum for 3-6b: 
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COSY (600 MHz, C6H6/CDCl3, 10 °C) spectrum for 3-6b: 
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NOSY (600 MHz, C6H6/CDCl3, 10 °C) spectrum for 3-6b: 
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Synthesis of compound 3-7: 

 

By following the general procedure A, the corresponding ADHP was prepared from 3,4-

lutidine (0.14 mL, 1.2 equiv., 1.2 mmol). The final product was synthesized by following the 

general procedure B but using THF (0.2 M) to dissolve the ADHP instead of CH3CN. 2-

Cyclohexen-1-one (0.1 mL, 1.0 equiv., 1.0 mmol) was used as the electrophile. The resulting 

residue was purified by flash column chromatography with EtOAc/Hexanes/Et3N to afford 

compound 3-7 as colorless oil (187 mg, 92% yield). 

Chromatography: 70% EtOAc in Hexanes with 2% Et3N (Rf = 0.34). 

1H NMR (400 MHz, CDCl3) 

d 8.35 (s, 1H), 8.32 (d, J = 4.8 Hz, 1H), 6.96 (d, J = 4.8 Hz, 1H), 

2.66 – 2.55 (m, 2H), 2.41 – 2.32 (m, 2H), 2.32 – 2.23 (m, 4H), 

2.14 – 2.00 (m, 3H), 1.89 – 1.82 (m, 1H), 1.68 – 1.55 (m, 1H), 1.48 – 1.36 (m, 1H). 

13C NMR (100 MHz, CDCl3) 

d 210.8, 151.3, 147.5, 146.6, 131.8, 124.5, 48.0, 41.4, 39.5, 39.2, 31.2, 25.1, 16.4. 

IR  Alpha-Platinum ATR, Bruker, diamond crystal 

u = 3022, 2932, 2869, 1706, 1594, 1449 cm-1. 

HRMS ESI-OTF 

 (M+H)+ Calcd for C13H18NO 204.1383; Found 204.1391. 

  

2) 1.0 equiv.

    1.1 equiv. TESOTf
    CH3CN/THF, —40 °C
    3 hours

1) 2.4 equiv. ClCO2Et
3.6 equiv. Et3N
THF, 0 °C to r.t, 30 min

O

N
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3-7
92%

1.2 equiv.

N

O O

H H
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1H NMR (400 MHz, CDCl3) spectrum for 3-7: 
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13C NMR (100 MHz, CDCl3) spectrum for 3-7: 
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Synthesis of compound 3-8: 

 

By following the general procedure A, the corresponding ADHP was prepared from 3-

phenyl-4-methylpyridine (203.1 mg, 1.2 equiv., 1.2 mmol). The final product was synthesized by 

following the general procedure B but using THF (0.2 M) to dissolve the ADHP instead of CH3CN. 

2-Cyclohexen-1-one (0.1 mL, 1.0 equiv., 1.0 mmol) was used as the electrophile. The resulting 

residue was purified by flash column chromatography with EtOAc/Hexanes/Et3N to afford 

compound 3-8 as light-yellow oil (227 mg, 85% yield). 

Chromatography: 60% EtOAc in Hexanes with 2% Et3N (Rf = 0.31). 

1H NMR (400 MHz, CDCl3) 

d 8.48 (d, J = 5.2 Hz, 1H), 8.42 (s, 1H), 7.46 – 7.36 (m, 3H), 

7.27 – 7.24 (m, 2H), 7.14 (d, J = 5.2 Hz, 1H), 2.68 (dd, J = 13.6, 6.8 Hz, 1H), 

2.62 (dd, J = 13.6, 6.4 Hz, 1H), 2.32 – 2.23 (m, 1H), 2.22 – 2.09 (m, 2H), 

1.94 – 1.79 (m, 3H), 1.71 – 1.63 (m, 1H),1.54 – 1.41 (m, 1H), 1.21 – 1.10 (m, 1H). 

13C NMR (100 MHz, CDCl3) 

d 210.8, 150.7, 148.7, 146.0. 138.1, 137.8, 129.5, 128.6, 127.9, 124.5, 47.8, 41.3, 

39.8, 39.1, 30.9, 25.0. 

IR  Alpha-Platinum ATR, Bruker, diamond crystal 

u = 3023, 2934, 2866, 1706, 1588, 1445 cm-1. 

HRMS ESI-OTF 

 (M+H)+ Calcd for C18H20NO 266.1540; Found 266.1542. 

2) 1.0 equiv.

    1.1 equiv. TESOTf
    CH3CN/THF, —40 °C
    3 hours

1) 2.4 equiv. ClCO2Et
3.6 equiv. Et3N
THF, 0 °C to r.t, 30 min

O
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85%

1.2 equiv.
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1H NMR (400 MHz, CDCl3) spectrum for 3-8: 
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13C NMR (100 MHz, CDCl3) spectrum for 3-8: 
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Synthesis of compound 3-9: 

 

By following the general procedure A, the corresponding ADHP was prepared from 3-

bromo-4-methylpyridine (0.14 mL, 1.2 equiv., 1.2 mmol). The final product was synthesized by 

following the general procedure B but using THF (0.2 M) to dissolve the ADHP instead of CH3CN. 

2-Cyclohexen-1-one (0.1 mL, 1.0 equiv., 1.0 mmol) was used as the electrophile. The resulting 

residue was purified by flash column chromatography with EtOAc/Hexanes to afford compound 

3-9 as light-yellow oil (205 mg, 76% yield). 

Chromatography: 70% EtOAc in Hexanes (Rf = 0.42). 

1H NMR (400 MHz, CDCl3) 

d 8.67 (s, 1H), 8.41 (d, J = 4.8 Hz, 1H), 7.09 (d, J = 4.8 Hz, 1H), 

2.79 (dd, J = 13.2, 6.8 Hz, 1H), 2.71 (dd, J = 13.2, 6.8 Hz, 1H), 

2.42 – 2.34 (m, 2H), 2.33 – 2.23 (m, 1H), 2.22 – 2.02 (m, 3H), 1.92 – 1.83 (m, 1H), 

1.70 – 1.57 (m, 1H), 1.52 – 1.41 (m, 1H). 

13C NMR (100 MHz, CDCl3) 

d 210.6, 152.4, 148.2, 147.8, 126.1, 123.5, 47.6, 42.1, 41.4, 38.8, 31.0, 25.0. 

IR  Alpha-Platinum ATR, Bruker, diamond crystal 

u = 3042, 2934, 2868, 1706, 1582, 1398, 511 cm-1. 

HRMS ESI-OTF 

 (M+H)+ Calcd for C12H15BrNO 268.0332; Found 268.0347. 

  

2) 1.0 equiv.

    1.1 equiv. TESOTf
    CH3CN/THF, —40 °C
    3 hours

1) 2.4 equiv. ClCO2Et
3.6 equiv. Et3N
THF, 0 °C to r.t, 30 min
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1.2 equiv.
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1H NMR (400 MHz, CDCl3) spectrum for 3-9: 
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13C NMR (100 MHz, CDCl3) spectrum for 3-9: 
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Synthesis of compound 3-10: 

 

An oven-dried round-bottomed flask equipped with a stir bar was charged with 6 mL of 

anhydrous THF, 3-cyano-4-methylpyridine (71 mg, 1.2 equiv., 0.6 mmol) and triethylamine (0.75 

mL, 9.0 equiv., 5.4 mmol). The resulting solution was cooled to 0 °C, and ethyl chloroformate (0.4 

mL, 7.0 equiv., 4.2 mmol) was added in a dropwise manner. The resulting mixture was stirred at 

ambient temperature for 8 hours and concentrated using a rotary evaporator. The residue was 

suspended in diethyl ether for 2 – 3 minutes and filtered through a cotton plug to remove the 

precipitated triethylammonium chloride salt. The filtrate was concentrated using a rotary 

evaporator to give the corresponding ADHP as pale yellow oil, which was used in the next step 

without further purification. 

The final product was synthesized by following the general procedure B but using THF 

(0.2 M) to dissolve the ADHP instead of CH3CN. 2-Cyclohexen-1-one (0.05 mL, 1.0 equiv., 0.5 

mmol) was used as the electrophile. The resulting residue was purified by flash column 

chromatography with EtOAc/Hexanes/Et3N to afford compound 3-10 as light-yellow oil (38 mg, 

35% yield). 

Melting point: 60.7 – 61.9 °C 

Chromatography: 50% EtOAc in Hexanes with 2% Et3N (Rf = 0.35). 

1H NMR (400 MHz, CDCl3) 

d 8.84 (s, 1H), 8.70 (d, J = 5.2 Hz, 1H), 7.23 (d, J = 5.2 Hz, 1H), 

2.93 (dd, J = 13.2, 6.8 Hz, 1H), 2.93 (dd, J = 13.2, 6.8 Hz, 1H), 

2) 1.0 equiv.

    1.1 equiv. TESOTf
    CH3CN/THF, —40 °C
    3 hours

1) 7 equiv. ClCO2Et
9 equiv. Et3N
THF, 0 °C to r.t, 8 hours

O

N

N

O
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35%

1.2 equiv.

N

O O

H H

NC

CNNC
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2.43 – 2.25 (m, 3H), 2.25 – 2.06 (m, 3H), 1.95 – 1.85 (m, 1H), 1.72 – 1.60 (m, 1H), 

1.57 – 1.46 (m, 1H). 

13C NMR (100 MHz, CDCl3) 

d 209.7, 153.2, 152.7, 152.1, 124.5, 115.9, 110.9, 47.3, 41.1, 40.7, 39.8, 30.9, 24.8. 

IR  Alpha-Platinum ATR, Bruker, diamond crystal 

u = 3022, 2958, 2928, 2226, 1700, 1588, 1416 cm-1. 

HRMS ESI-OTF 

 (M+H)+ Calcd for C13H15N2O 215.1179; Found 215.1186. 
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1H NMR (400 MHz, CDCl3) spectrum for 3-10: 
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13C NMR (100 MHz, CDCl3) spectrum for 3-10: 
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Synthesis of compound 3-11: 

 

By following the general procedure A, the corresponding ADHP was prepared from 

compound S-3-11 (115.4 mg, 1.2 equiv., 0.6 mmol). The final product was synthesized by 

following the general procedure B but using THF (2.5 mL) to dissolve the ADHP instead of 

CH3CN. 2-Cyclohexen-1-one (0.05 mL, 1.0 equiv., 0.5 mmol) was used as an electrophile. The 

resulting residue was purified by flash column chromatography with EtOAc/Hexanes/Et3N to 

afford compound 3-11 as white solid (65.5 mg, 45% yield). 

Melting point: 96.2 – 96.7 °C 

Chromatography: 50% EtOAc in Hexanes with 2% Et3N (Rf = 0.20). 

1H NMR (400 MHz, CDCl3) 

d 8.51 (s, 1H), 8.47 (d, J = 5.2 Hz, 1H), 7.08 (d, J = 5.2 Hz, 1H), 5.84 (s, 1H), 2.95 

(dd, J = 13.2, 6.8 Hz, 1H), 2.73 (dd, J = 13.2, 6.8 Hz, 1H), 2.38 – 2.21 (m, 3H), 

2.18 – 2.01 (m, 3H), 1.90 – 1.79 (m, 1H), 1.67 – 1.55 (m, 1H), 1.50 – 1.38 (m, 10H). 

13C NMR (100 MHz, CDCl3) 

d 210.9, 167.1, 150.6, 147.6, 147.4, 133.8, 52.4, 47.7, 41.4, 40.1, 39.2, 31.4, 28.9, 

25.1. 

IR  Alpha-Platinum ATR, Bruker, diamond crystal 

u = 3363, 3017, 2956, 2852, 1711, 1650, 1463 cm-1. 

HRMS ESI-OTF 

 (M+H)+ Calcd for C17H25N2O2 289.1911; Found 289.1924. 

2) 1.0 equiv.

    1.1 equiv. TESOTf
    CH3CN/THF, —40 °C
    3 hours

1) 2.4 equiv. ClCO2Et
3.6 equiv. Et3N
THF, 0 °C to r.t, 30 min

O

N

N

O
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45%

S-3-11
1.2 equiv.

N

O O

H H
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1H NMR (400 MHz, CDCl3) spectrum for 3-11: 
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13C NMR (100 MHz, CDCl3) spectrum for 3-11: 
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Synthesis of compound 3-12: 

 

By following the general procedure A, the corresponding ADHP was prepared from 

compound S-3-12 (99 mg, 1.2 equiv., 0.6 mmol). The final product was synthesized by following 

the general procedure B but using THF (0.2 M) to dissolve the ADHP instead of CH3CN. 2-

Cyclohexen-1-one (0.05 mL, 1.0 equiv., 0.5 mmol) was used as the electrophile. The resulting 

residue was purified by flash column chromatography with EtOAc/Hexanes/Et3N to afford 

compound 3-12 as light-yellow oil (71 mg, 54% yield). 

Chromatography: 50% EtOAc in Hexanes with 2% Et3N (Rf = 0.38). 

1H NMR (400 MHz, CDCl3) 

d 9.10 (s, 1H), 8.63 – 8.56 (m, 1H), 7.11 (d, J = 4.8 Hz, 1H), 4.38 (q, J = 7.2 Hz, 

2H), 3.10 (dd, J = 12.8, 6.4 Hz, 1H), 2.97 (dd, J = 12.8, 6.4 Hz, 1H), 2.40 – 2.33 

(m, 2H), 2.33 – 2.23 (m. 1H), 2.17 – 2.08 (m, 2H), 2.08 – 2.01 (m, 1H), 1.91 – 1.84 

(m, 1H), 1.68 – 1.56 (m, 1H), 1.52 – 1.43 (m, 1H), 1.41 (t, J = 7.2 Hz, 3H). 

13C NMR (100 MHz, CDCl3) 

d 210.9, 166.1, 152.3, 152.2, 150.6, 126.4, 126.2, 61.5, 47.8, 41.5, 40.3, 40.2, 31.3, 

25.1, 14.4. 

IR  Alpha-Platinum ATR, Bruker, diamond crystal 

u = 3043, 2979, 2935, 1706, 1590, 1418, 1274cm-1. 

HRMS ESI-OTF 

 (M+H)+ Calcd for C15H20NO3 262.1438; Found 262.1453. 

2) 1.0 equiv.

    1.1 equiv. TESOTf
    CH3CN/THF, —40 °C
    3 hours

1) 2.4 equiv. ClCO2Et
3.6 equiv. Et3N
THF, 0 °C to r.t, 30 min

O

N

N

O
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54%

S-3-12
1.2 equivs.
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1H NMR (400 MHz, CDCl3) spectrum for 3-12: 
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13C NMR (100 MHz, CDCl3) spectrum for 3-12: 
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Synthesis of compound 3-13: 

 

By following the general procedure A, the corresponding ADHP was prepared from 

compound S-3-13 (87 mg, 1.2 equiv., 0.48 mmol). The final product was synthesized by using the 

general procedure B but using THF (0.2 M) to dissolve the ADHP instead of CH3CN. 2-

Cyclohexen-1-one (0.04 mL, 1.0 equiv., 0.4 mmol) was used as the electrophile. The resulting 

residue was purified by flash column chromatography with EtOAc/Hexanes/Et3N to afford 

compound 3-13 as light-yellow oil (11 mg, 10% yield). 

Chromatography: 40% EtOAc in Hexanes with 2% Et3N (Rf = 0.19). 

1H NMR (400 MHz, CDCl3) 

d 8.60 – 8.50 (m, 2H), 7.17 (d, J = 5.2 Hz, 1H), 3.50 (s, 3H), 3.35 (s, 3H), 

2.72 (dd, J = 12.8, 7.2 Hz, 1H), 2.66 (dd, J = 12.8, 6.8 Hz, 1H), 

2.40 – 2.32 (m, 2H), 2.31 – 2.21 (m, 1H), 2.20 – 1.99 (m, 3H), 

1.88 – 1.80 (m, 1H), 1.68 – 1.55 (m, 1H), 1.44 – 1.34 (m, 1H). 

13C NMR (100 MHz, CDCl3) 

d 210.7, 168.6, 149.9, 147.2, 147.0, 131.8, 124.9, 61.5, 47.9, 41.4, 39.6, 39.5, 33.0, 

31.1, 25.1. 

IR  Alpha-Platinum ATR, Bruker, diamond crystal 

u = 3042, 2935, 2868, 1708, 1646, 1559, 1448, 1380, 1225 cm-1. 

HRMS ESI-OTF 

 (M+H)+ Calcd for C15H21N2O3 277.1547; Found 277.1554. 

2) 1.0 equiv.

    1.1 equiv. TESOTf
    CH3CN/THF, —40 °C
    3 hours

1) 2.4 equiv. ClCO2Et
3.6 equiv. Et3N
THF, 0 °C to r.t, 30 min
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1.2 equiv.
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1H NMR (400 MHz, CDCl3) spectrum for 3-13: 
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13C NMR (100 MHz, CDCl3) spectrum for 3-13: 
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Synthesis of compound 3-14: 

 

By following the general procedure A, the corresponding ADHP was prepared from 

compound S-3-14 (216 mg, 1.2 equiv., 1.2 mmol). The final product was synthesized by following 

the general procedure B but using THF (0.2 M) to dissolve the ADHP instead of CH3CN. 2-

Cyclohexen-1-one (0.1 mL, 1.0 equiv., 1.0 mmol) was used as the electrophile. The resulting 

residue was purified by flash column chromatography with EtOAc/Hexanes/Et3N to afford 

compound 3-14 as light-yellow oil (81 mg, 29% yield). 

Chromatography: 60% EtOAc in Hexanes with 2% Et3N (Rf = 0.37). 

1H NMR (400 MHz, CDCl3) 

d 8.81 (s, 1H), 8.33 (d, J = 4.8 Hz, 1H), 7.06 (d, J = 4.8 Hz, 1H), 6.47 (s, 1H), 

4.24 (q, J = 7.2 Hz, 2H), 2.61 (d, J = 6.8 Hz, 2H), 2.42 – 2.36 (m, 2H), 

2.33 – 2.24 (m, 1H), 2.17 – 2.00 (m, 3H), 1.90 – 1.83 (m, 1H), 1.74 – 1.60 (m, 1H), 

1.49 – 1.40 (m. 1H), 1.32 (t, J = 7.2 Hz, 3H). 

13C NMR (100 MHz, CDCl3) 

d 210.9, 154.4, 146.4(4), 146.4, 141.0, 132.7, 124.8, 62.0, 47.7, 41.4, 39.2, 37.2, 

31.0, 25.0, 14.7. 

IR  Alpha-Platinum ATR, Bruker, diamond crystal 

u = 3299, 3039, 2928, 2867, 1739, 1708, 1600, 1416 cm-1. 

HRMS ESI-OTF 

 (M+H)+ Calcd for C15H21N2O3 277.1547; Found 277.1551. 

2) 1.0 equiv.

    1.1 equiv. TESOTf
    CH3CN/THF, —40 °C
    3 hours

1) 2.4 equiv. ClCO2Et
3.6 equiv. Et3N
THF, 0 °C to r.t, 30 min
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1H NMR (400 MHz, CDCl3) spectrum for 3-14: 
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13C NMR (100 MHz, CDCl3) spectrum for 3-14: 
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Synthesis of compound 3-15: 

 

 By following the general procedure A, the corresponding ADHP was prepared from 

compound S-3-15 (254 mg, 1.2 equiv., 1.2 mmol). The final product was prepared by following 

the general procedure B but using THF (0.2 M) to dissolve the ADHP instead of CH3CN. 2-

Cyclohexen-1-one (0.1 mL, 1.0 equiv., 1.0 mmol) was used as the electrophile. The resulting 

residue was purified by flash column chromatography with EtOAc/Hexanes/Et3N to afford 

compound 3-15 as white solid (225 mg, 73% yield). 

Melting point: 65.9 – 67.0 °C 

Chromatography: 70% EtOAc in Hexanes with 2% Et3N (Rf = 0.25). 

1H NMR (400 MHz, CDCl3) 

d 8.51 (d, J = 5.2 Hz, 1H), 8.41 (s, 1H), 8.03 (d, J = 8.4 Hz, 2H), 

7.37 (d, J = 8.4 Hz, 2H), 7.16 (d, J = 5.2 Hz, 1H), 2.71 – 2.58 (m, 5H), 

2.31 – 2.23 (m, 1H), 2.20 – 2.08 (m, 2H), 1.94 – 1.78 (m, 3H), 1.70 – 1.63 (m, 1H), 

1.54 – 1.41 (m, 1H), 1.21 – 1.09 (m, 1H). 

13C NMR (100 MHz, CDCl3) 

d 210.5, 197.6, 150.3, 149.2, 145.9, 142.8, 137.1, 136.5, 129.8, 128.7, 124.6, 47.7, 

41.2, 39.8, 39.1, 30.9, 26.8, 24.9. 

IR  Alpha-Platinum ATR, Bruker, diamond crystal 

u = 3042, 2935, 2868, 1708, 1681, 1606, 1270 cm-1. 

HRMS ESI-OTF 

2) 1.0 equiv.

    1.1 equiv. TESOTf
    CH3CN/THF, —40 °C
    3 hours

1) 2.4 equiv. ClCO2Et
3.6 equiv. Et3N
THF, 0 °C to r.t, 30 min

O
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O
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 (M+H)+ Calcd for C20H22NO2 308.1645; Found 308.1647. 

 

1H NMR (400 MHz, CDCl3) spectrum for 3-15: 
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13C NMR (100 MHz, CDCl3) spectrum for 3-15: 
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Synthesis of compound 3-16: 

 

By following the general procedure A, the corresponding ADHP was prepared from 

compound S-3-16 (95 mg, 1.2 equiv., 0.38 mmol). The final product was synthesized by following 

the general procedure B but using THF (0.2 M) to dissolve the ADHP instead of CH3CN. 2-

Cyclohexen-1-one (0.03 mL, 1.0 equiv., 0.32 mmol) was used as the electrophile. The resulting 

residue was purified by flash column chromatography with EtOAc/Hexanes to afford compound 

3-16 as colorless oil (64 mg, 59 % yield). 

Chromatography: 90% EtOAc in Hexanes (Rf = 0.17). 

1H NMR (400 MHz, CDCl3) 

d 8.57 (d, J = 5.2 Hz, 1H), 8.42 (s, 1H), 8.05 (d, J = 8.4 Hz, 2H), 

7.50 (d, J = 8.4 Hz, 2H), 7.20 (d, J = 5.2 Hz, 2H), 3.14 (s, 3H), 

2.68 (dd, J = 13.6, 6.8 Hz, 1H), 2.59 (dd, J = 13.6, 6.8 Hz, 1H), 

2.35 – 2.26 (m, 1H), 2.22 – 2.13 (m, 2H), 1.99 – 1.88 (m, 2H), 1.88 – 1.81 (m, 1H), 

1.74 – 1.65 (m, 1H), 1.58 – 1.46 (m, 1H), 1.23 – 1.12 (m, 1H). 

13C NMR (100 MHz, CDCl3) 

d 210.4, 150.2, 149.7, 145.9, 143.8, 140.3, 136.3, 130.6, 127.9, 124.6, 47.6, 44.7, 

41.2, 40.0, 39.0, 31.1, 25.0. 

IR  Alpha-Platinum ATR, Bruker, diamond crystal 

u = 3013, 2926, 2864, 1704, 1653, 1301, 1090 cm-1. 

HRMS ESI-OTF 

2) 1.0 equiv.

    1.1 equiv. TESOTf
    CH3CN/THF, —40 °C
    3 hours

1) 2.4 equiv. ClCO2Et
3.6 equiv. Et3N
THF, 0 °C to r.t, 30 min
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 (M+H)+ Calcd for C19H22NO3S 344.1315; Found 344.1324. 

 

1H NMR (400 MHz, CDCl3) spectrum for 3-16: 
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13C NMR (100 MHz, CDCl3) spectrum for 3-16: 
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Synthesis of compound 3-17: 

 

By following the general procedure A, the corresponding ADHP was prepared from 

compound S-3-17 (233 mg, 1.2 equiv., 1.2 mmol). The final product was synthesized by following 

the general procedure B but using THF (0.2 M) to dissolve the ADHP instead of CH3CN. 2-

Cyclohexen-1-one (0.1 mL, 1.0 equiv., 1.0 mmol) was used as the electrophile. The resulting 

residue was purified by flash column chromatography with EtOAc/Hexanes/Et3N to afford 

compound 3-17 as white solid (209 mg, 72% yield). 

Melting point: 57 – 58 °C 

Chromatography: 70% EtOAc in Hexanes with 2% Et3N (Rf = 0.28). 

1H NMR (400 MHz, CDCl3) 

d 8.51 (d, J = 5.2 Hz, 1H), 8.36 (s, 1H), 7.72 – 7.67 (m, 1H), 

7.59 – 7.54 (m, 2H), 7.52 – 7.48 (m, 1H), 7.16 (d, J = 5.2 Hz, 1H), 

2.62 (dd, J = 13.6, 6.8 Hz, 1H), 2.56 (dd, J = 13.6, 6.4 Hz, 1H), 

2.29 – 2.22 (m, 1H), 2.18 – 2.09 (m, 2H), 1.95 – 1.78 (m, 3H), 1.69 – 1.63 (m, 1H), 

1.54 – 1.42 (m, 1H), 1.22 – 1.09 (m, 1H). 

13C NMR (100 MHz, CDCl3) 

d 210.2, 150.2, 149.5, 145.9, 139.1, 135.8, 133.9, 132.8, 131.6, 129.6, 124.5, 

118.3, 113.0, 47.5, 41.1, 39.7, 38.8, 30.8, 24.8. 

IR  Alpha-Platinum ATR, Bruker, diamond crystal 

u = 3029, 2934, 2866, 2229, 1706, 1588, 799 cm-1. 

2) 1.0 equiv.

    1.1 equiv. TESOTf
    CH3CN/THF, —40 °C
    3 hours

1) 2.4 equiv. ClCO2Et
3.6 equiv. Et3N
THF, 0 °C to r.t, 30 min
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HRMS ESI-OTF 

 (M+H)+ Calcd for C19H19N2O 291.1492; Found 291.1497. 

 

1H NMR (400 MHz, CDCl3) spectrum for 3-17: 
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13C NMR (100 MHz, CDCl3) spectrum for 3-17: 
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Synthesis of compound 3-18: 

 

By following the general procedure A, the corresponding ADHP was prepared using 

compound S-3-18 (164.1 mg, 1.2 equiv., 1.2 mmol). The final product was synthesized by 

following the general procedure B but using THF (0.2 M) to dissolve the ADHP instead of CH3CN. 

2-Cyclohexen-1-one (0.1 mL, 1.0 equiv. 1.0 mmol) was used as the electrophile. The resulting 

residue was purified by flash column chromatography with EtOAc/Hexanes to afford 3-18 as light-

yellow oil (154 mg, 83% yield). 

Chromatography: 30% EtOAc in Hexanes (Rf = 0.28). 

1H NMR (400 MHz, CDCl3) 

d 8.63 (s, 1H), 8.39 (d, J = 5.2 Hz, 1H), 7.03 (d, J = 5.2 Hz, 1H), 

2.86 (dd, J = 12.8, 7.2 Hz, 1H), 2.73 (dd, J = 12.8, 7.2 Hz, 1H), 

2.39 – 2.29 (m, 2H), 2.29 – 2.18 (m, 2H), 2.13 – 1.98 (m, 2H), 1.89 – 1.80 (m, 1H), 

1.65 – 1.52 (m, 1H), 1.47 – 1.36 (m, 1H), 1.17 – 1.06 (m, 21H). 

13C NMR (100 MHz, CDCl3) 

d 210.5, 153.7, 150.1, 148.5, 124.2, 120.8, 102.2, 98.6, 47.7, 41.4, 41.0, 39.3, 31.2, 

25.0, 18.8, 11.3. 

IR  Alpha-Platinum ATR, Bruker, diamond crystal 

u = 3037, 2941, 2864, 2155, 1712, 1584, 1462, 1225 cm-1. 

HRMS ESI-OTF 

 (M+H)+ Calcd for C23H36NOSi 370.2561; Found 370.2652. 

2) 1.0 equiv.

    1.1 equiv. TESOTf
    CH3CN/THF, —40 °C
    3 hours

1) 2.4 equiv. ClCO2Et
3.6 equiv. Et3N
THF, 0 °C to r.t, 30 min
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1H NMR (400 MHz, CDCl3) spectrum for 3-18: 
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13C NMR (100 MHz, CDCl3) spectrum for 3-18: 
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Synthesis of compound 3-19: 

 

By following the general procedure A, the corresponding ADHP was prepared using 

compound S-3-19 (47 mg, 1.2 equiv., 0.24 mmol). The final product was synthesized by following 

the general procedure B but using THF (0.2 M) to dissolve the ADHP instead of CH3CN. 2-

Cyclohexen-1-one (0.02 mL, 1.0 equiv. 0.2 mmol) was used as the electrophile. The resulting 

residue was purified by flash column chromatography with EtOAc/Hexanes/Et3N to afford 

compound 3-19 as light-yellow oil (50 mg, 86% yield). 

Chromatography: 50% EtOAc in Hexanes with 2% Et3N (Rf = 0.29). 

1H NMR (400 MHz, CDCl3) 

d 8.78 (s, 1H), 8.41 (d, J = 4.8 Hz, 1H), 7.54 – 7.49 (m, 2H), 7.44 – 7.37 (m, 2H), 

7.34 – 7.29 (m, 1H), 7.23 – 7.17 (m, 1H), 7.07 – 7.02 (m, 2H), 2.81 – 2.69 (m, 2H), 

2.44 – 2.33 (m, 2H), 2.33 – 2.22 (m, 1H), 2.17 – 2.08 (m, 2H), 2.08 – 2.00 (m, 1H), 

1.91 – 1.83 (m, 1H), 1.68 – 1.55 (m, 1H), 1.48 – 1.38 (m, 1H). 

13C NMR (100 MHz, CDCl3) 

d 210.7, 148.4, 147.9, 145.6, 136.9, 132.8, 132.7, 129.0, 128.4, 126.9, 124.9, 

122.8, 47.9, 41.4, 39.7, 39.6, 31.2, 25.0. 

IR  Alpha-Platinum ATR, Bruker, diamond crystal 

u = 3024, 2932, 2870, 1706, 1586, 1448, 963 cm-1. 

HRMS ESI-TOF 

(M+H)+ Calcd for C20H22NO 292.1696; Found 292.1699. 

2) 1.0 equiv.

    1.1 equiv. TESOTf
    CH3CN/THF, —40 °C
    3 hours

1) 2.4 equiv. ClCO2Et
3.6 equiv. Et3N
THF, 0 °C to r.t, 30 minN
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1H NMR (400 MHz, CDCl3) spectrum for 3-19: 
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13C NMR (100 MHz, CDCl3) spectrum for 3-19: 
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Synthesis of compound 3-20: 

 

By following the general procedure A, the corresponding ADHP was prepared from 4-

picoline (0.12 mL, 1.2 equiv., 1.2 mmol). The final product was synthesized by following the 

general procedure B but using THF (0.2 M) to dissolve the ADHP instead of CH3CN. 2-

Cyclopenten-1-one (0.09 mL, 1.0 equiv. 1.0 mmol) was used as the electrophile. The resulting 

residue was purified by flash column chromatography with EtOAc/Hexanes/Et3N to afford 

compound 3-20 as light-yellow oil (141 mg, 81% yield). 

Chromatography: 50% EtOAc in Hexanes with 2% Et3N. (Rf = 0.24). 

1H NMR (400 MHz, CDCl3) 

d 8.52 (d, J = 6.0 Hz, 2H), 7.10 (d, J = 6.0 Hz, 2H), 2.80 – 2.68 (m, 2H), 

2.55 – 2.42 (m, 1H), 2.39 – 2.27 (m, 2H), 2.22 – 2.08 (m, 2H), 1.94 – 1.86 (m, 1H), 

1.67 –1.55 (m, 1H). 

13C NMR (100 MHz, CDCl3) 

d 218.2, 150.0, 149.0, 124.3, 44.9, 41.0, 38.3, 38.0, 29.2. 

IR  Alpha-Platinum ATR, Bruker, diamond crystal 

u = 3024, 2960, 2928, 1735, 1601, 1415 cm-1. 

HRMS ESI-TOF 

 (M+H)+ Calcd for C11H14NO 176.1070; Found 176.1077. 

  

2) 1.0 equiv.

    1.1 equiv. TESOTf
    CH3CN/THF, —40 °C
    3 hours

N

CH3

1.2 equiv.

N

O O

H H

1) 2.4 equiv. ClCO2Et
3.6 equiv. Et3N
THF, 0 °C to r.t, 30 min

O

N
3-20
81%

O
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1H NMR (400 MHz, CDCl3) spectrum for 3-20: 
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13C NMR (100 MHz, CDCl3) spectrum for 3-20: 
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Synthesis of compounds 3-21 and 3-21’: 

 

By following the general procedure A, the corresponding ADHP was prepared using 4-

picoline (0.23 mL, 1.2 equiv., 2.4 mmol). The final products were synthesized by following the 

general procedure B but using THF (0.2 M) to dissolve the ADHP instead of CH3CN. 2-

Cyclohepten-1-one (0.22 mL, 1.0 equiv. 2.0 mmol) was used as the electrophile. The resulting 

mixture was purified by flash column chromatography with EtOAc/Hexanes/Et3N to afford 

compound 3-21 as light-yellow oil (304 mg, 74% yield) alongside 1,2-addition product 3-21’ as 

colorless oil (127 mg, 20% yield). 

Data for 1,4-addition product 3-21: 

Chromatography: 50% EtOAc in Hexanes with 2% Et3N (Rf = 0.27). 

1H NMR (400 MHz, CDCl3) 

d 8.45 (d, J = 6.0 Hz, 2H), 7.03 (d, J = 6.0 Hz, 2H), 2.59 – 2.48 (m, 2H), 

2.48 – 2.33 (m, 4H), 2.04 – 1.92 (m, 1H), 1.89 – 1.76 (m, 3H), 

1.62 – 1.50 (m, 1H), 1.38 – 1.17 (m, 2H). 

13C NMR (100 MHz, CDCl3) 

d 213.5, 149.9, 148.9, 124.6, 49.5, 44.0, 42.9, 37.1, 36.4, 28.4, 24.3. 

IR  Alpha-Platinum ATR, Bruker, diamond crystal 

u = 3021, 2925, 2856, 1695, 1600, 1414 cm-1. 

HRMS ESI-TOF 

 (M+H)+ Calcd for C13H18NO 204.1383; Found 204.1394. 

2) 1.0 equiv.

    1.1 equiv. TESOTf
    CH3CN/THF, —40 °C
    3 hours

N

CH3

1.2 equiv.

N

O O

H H

1) 2.4 equiv. ClCO2Et
3.6 equiv. Et3N
THF, 0 °C to r.t, 30 min

N
3-21
74%

O
O

N

TESO

3-21’
20%
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Data for 1,2-addition product 3-21’: 

1H NMR (400 MHz, CDCl3) 

d 8.44 (d, J = 5.2 Hz, 2H), 7.16 (d, J = 5.2 Hz, 2H), 5.68 – 5.60 (m, 1H), 

5.45 – 5.41 (m, 1H), 2.88 (d, J = 12.8 Hz, 1H), 2.73 (d, J = 12.8 Hz, 1H), 

2.26 – 2.17 (m, 1H), 2.17 – 2.04 (m, 1H), 1,83 – 1.68 (m, 4H), 

1.68 – 1.48 (m, 2H), 0.85 (t, J = 8.0 Hz, 9H), 0.52 (q, J = 8.0 Hz, 6H). 

13C NMR (100 MHz, CDCl3) 

d 148.9, 147.3, 139.9, 128.7, 126.6, 79.2, 46.5, 39.9, 28.1, 27.6, 24.5, 7.2, 6.8. 
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1H NMR (400 MHz, CDCl3) spectrum for 3-21: 
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13C NMR (100 MHz, CDCl3) spectrum for 3-21: 

 

  

3-21
N

O



 194 

1H NMR (400 MHz, CDCl3) spectrum for 3-21’: 
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13C NMR (100 MHz, CDCl3) spectrum for 3-21’: 
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Synthesis of compounds 3-22 and 3-22’: 

 

By following the general procedure A, the corresponding ADHP was prepared using 4-

picoline (0.12 mL, 1.2 equiv., 1.2 mmol). The final products were synthesized by following the 

general procedure B but using THF (0.2 M) to dissolve the ADHP instead of CH3CN. 3-Methyl-

2-cyclopenten-1-one (0.1 mL, 1.0 equiv. 1.0 mmol) was used as the electrophile. The resulting 

mixture was purified by flash column chromatography with EtOAc/Hexanes/Et3N to afford 

compound 3-22 as light-yellow oil (92 mg, 48% yield) alongside 1,2-addition product 3-22’ as 

colorless oil (19 mg, 6% yield). 

Data for 1,4-addition product 3-22: 

Chromatography: 50% EtOAc in Hexanes with 2% Et3N (Rf = 0.24). 

1H NMR (400 MHz, CDCl3) 

d 8.51 (d, J = 6.0 Hz, 2H), 7.05 (d, J = 6.0 Hz, 2H), 2.73 – 2.64 (m, 2H), 

2.32 – 2.27 (m, 2H), 2.21 – 2.15 (m, 1H), 2.03 – 1.96 (m, 1H), 1.95 – 1.86 (m, 1H), 

1.79 – 1.71 (m, 1H), 1.02 (s, 3H). 

13C NMR (100 MHz, CDCl3) 

d 218.1, 149.6, 146.9, 125.4, 51.6, 46.7, 40.3, 36.4, 34.7, 25.2. 

IR  Alpha-Platinum ATR, Bruker, diamond crystal 

u = 3026, 2957, 2928, 1735, 1599, 1415 cm-1. 

HRMS ESI-TOF 

 (M+H)+ Calcd for C12H16NO 190.1227; Found 190.1238.  

2) 1.0 equiv.

    1.1 equiv. TESOTf
    CH3CN/THF, —40 °C
    3 hours

N

CH3

1.2 equiv.

N

O O

H H

1) 2.4 equiv. ClCO2Et
3.6 equiv. Et3N
THF, 0 °C to r.t, 30 min

O

N
3-22
48%

N

TESO

3-22’
6%

O
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Data for 1,2-addition product 3-22’: 

1H NMR (400 MHz, CDCl3) 

d 8.45 (d, J = 6.0 Hz, 2H), 7.15 (d, J = 6.0 Hz, 2H), 5.26– 5.23 (m, 1H), 

2.83 (d, J = 12.8 Hz, 1H), 2.78 (d, J = 12.8 Hz, 1H), 2.36 – 2.26 (m, 1H), 

2.11 – 1.99 (m, 2H), 1.91 – 1.82 (m, 1H), 1.71 (s, 3H), 0.85 (t, J = 8.0 Hz, 9H), 

0.46 (q, J = 8.0 Hz, 6H). 

13C NMR (100 MHz, CDCl3) 

d 149.1, 147.9, 143.6, 130.5, 126.2, 87.8, 48.7, 39.2, 35.3, 16.9, 7.1, 6.4. 
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1H NMR (400 MHz, CDCl3) spectrum for 3-22: 
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13C NMR (100 MHz, CDCl3) spectrum for 3-22: 
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1H NMR (400 MHz, CDCl3) spectrum for 3-22’: 
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13C NMR (100 MHz, CDCl3) spectrum for 3-22’: 
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Synthesis of compound 3-23: 

 

By following the general procedure A, the corresponding ADHP was prepared using 4-

picoline (0.12 mL, 1.2 equiv., 1.2 mmol). The final product was synthesized by following the 

general procedure B but using THF (0.2 M) to dissolve the ADHP instead of CH3CN. 2-

Isopropylidene-cyclohexanone (0.15 mL, 1.0 equiv. 1.0 mmol) was used as the electrophile. The 

resulting residue was purified by flash column chromatography with EtOAc/Hexanes to afford 

compound 3-23 as colorless oil (129 mg, 58% yield). 

Chromatography: 70% EtOAc in Hexanes (Rf = 0.37). 

1H NMR (400 MHz, CDCl3) 

d 8.46 (d, J = 6.0 Hz, 2H), 7.02 (d, J = 6.0 Hz, 2H), 3.02 (d, J = 12.8 Hz, 1H), 

2.58 (d, J = 12.8 Hz, 1H), 2.37 – 2.30 (m, 1H), 2.29 – 2.21 (m, 1H), 

2.21 – 2.13 (m, 1H), 2.10 – 2.02 (m, 2H), 1.95 – 1.88 (m, 1H), 

1.75 – 1.61 (m, 1H), 1.61 – 1.45 (m, 2H), 1.03 (s, 3H), 0.92 (s, 3H). 

13C NMR (100 MHz, CDCl3) 

d 213.1, 149.4, 148.5, 126.1, 58.0, 45.0, 44.5, 35.9, 29.7, 28.8, 26.1, 26.0, 24.2. 

IR  Alpha-Platinum ATR, Bruker, diamond crystal 

u = 3024, 2935, 2866, 1703, 1598, 1448 cm-1. 

HRMS ESI-TOF 

  (M+H)+ Calcd for C15H22NO 232.1696; Found 232.1703.  

2) 1.0 equiv.

    1.1 equiv. TESOTf
    CH3CN/THF, —40 °C
    3 hours

N

CH3

1.2 equiv.

N

O O

H H

1) 2.4 equiv. ClCO2Et
3.6 equiv. Et3N
THF, 0 °C to r.t, 30 min

O

N
3-23
58%

O
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1H NMR (400 MHz, CDCl3) spectrum for 3-23: 
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13C NMR (100 MHz, CDCl3) spectrum for 3-23: 
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Synthesis of compound 3-24’: 

 

By following the general procedure A, the corresponding ADHP was prepared using 4-

picoline (0.12 mL, 1.2 equiv., 1.2 mmol). The final product was synthesized by following the 

general procedure B but using THF (0.2 M) to dissolve the ADHP instead of CH3CN. Compound 

S-3-24 (225.1 mg, 1.0 equiv. 1.0 mmol) was used as the electrophile. The resulting residue was 

purified by flash column chromatography with EtOAc/Hexanes to afford product 3-24’ as colorless 

oil (270 mg, 62% yield). 

Chromatography: 30% EtOAc in Hexanes (Rf = 0.36). 

1H NMR (300 MHz, CDCl3) 

d 8.47 (d, J = 6.0 Hz, 2H), 7.43 (d, J = 8.4 Hz, 2H), 7.17 (d, J = 8.4 Hz, 2H), 

7.12 (d, J = 6.0 Hz, 2H), 6.34 (d, J = 16.2 Hz, 1H), 6.17 (d, J = 16.2 Hz, 1H), 

2.82 (s, 2H), 1.43 (s, 3H), 0.89 (t, J = 7.8 Hz, 9H), 0.55 (q, J = 7.8 Hz, 6H). 

13C NMR (75 MHz, CDCl3) 

d 149.2, 146.7, 137.1, 135.9, 131.9, 128.0, 126.9, 126.4, 121.5, 74.9, 50.5, 27.1, 

7.2, 6.8. 

IR  Alpha-Platinum ATR, Bruker, diamond crystal 

u = 3027, 2953, 2874, 1599, 1005, 788 cm-1. 

HRMS ESI-TOF 

  (M+H)+ Calcd for C22H31BrNOSi 432.1353; Found 432.1379.  

  

2) 1.0 equiv.

    1.1 equiv. TESOTf
    CH3CN/THF, —40 °C
    3 hours

N

CH3

1.2 equiv.

N

O O

H H

Br

O

3-24’
62%

BrN

OTES

S-3-241) 2.4 equiv. ClCO2Et
3.6 equiv. Et3N
THF, 0 °C to r.t, 30 min
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1H NMR (300 MHz, CDCl3) spectrum for 3-24’: 
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13C NMR (75 MHz, CDCl3) spectrum for 3-24’: 
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Synthesis of compounds 3-25 and 3-25’: 

 

By following the general procedure A, the corresponding ADHP was prepared using 4-

picoline (0.12 mL, 1.2 equiv., 1.2 mmol). The final products were synthesized by following the 

general procedure B but using THF (0.2 M) to dissolve the ADHP instead of CH3CN. Mesityl 

oxide (0.12 mL, 1.0 equiv. 1.0 mmol) was used as the electrophile. The resulting mixture was 

purified by flash column chromatography with EtOAc/Hexanes/Et3N to afford compound 1,4-

addition product 3-25 as colorless oil (41 mg, 21% yield) alongside 1,2-addition product 3-25’ as 

colorless oil (126 mg, 41% yield). 

Data for 1,4-addition product 3-25: 

Chromatography: 50% EtOAc in Hexanes with 2% Et3N (Rf = 0.33). 

1H NMR (400 MHz, CDCl3) 

d 8.47 (d, J = 5.6 Hz, 2H), 7.05 (d, J = 5.6 Hz, 2H), 2.70 (s, 2H), 2.27 (s, 2H), 

2.11 (s, 3H), 1.00 (s, 6H). 

13C NMR (100 MHz, CDCl3) 

d 208.5, 149.5, 147.9, 126.1, 52.9, 46.6, 34.4, 32.5, 27.6. 

IR  Alpha-Platinum ATR, Bruker, diamond crystal 

u = 3069, 3024, 2960, 2929, 1709, 1600, 1416 cm-1. 

HRMS ESI-TOF 

  (M+H)+ Calcd for C12H18NO 192.1383; Found 192.1390. 

  

1) 2.4 equiv. ClCO2Et
2) 1.0 equiv.

    1.1 equiv. TESOTf
    CH3CN/THF, —40 °C
    3 hours

3.6 equiv. Et3N 
THF, 0 °C to r.t, 30 min

N

CH3

1.2 equiv.

N

O O

H H
O

N
3-25
21%

O

N
3-25’
41%

TESO
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Data for 1,2-addition product 3-25’: 

1H NMR (400 MHz, CDCl3) 

d 8.41 (d, J = 6.0 Hz, 2H), 7.09 (d, J = 6.0 Hz, 2H), 5.16 – 5.14 (m, 1H), 

2.86 (d, J = 12.8 Hz, 1H), 2.71 (d, J = 12.8 Hz, 1H), 1.68 (d, J = 1.2 Hz, 3H), 

1.64 (d, J = 1.2 Hz, 3H), 1.26 (s, 3H), 0.85 (t, J = 8.0 Hz, 9H), 

0.50 (q, J = 8.0 Hz, 6H).  

13C NMR (100 MHz, CDCl3) 

d 148.9, 147.5, 133.9, 131.6, 126.4, 75.0, 49.7, 29.6, 27.3, 19.0, 7.1, 6.7. 
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1H NMR (400 MHz, CDCl3) spectrum for 3-25: 
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13C NMR (100 MHz, CDCl3) spectrum for 3-25: 
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1H NMR (400 MHz, CDCl3) spectrum for 3-25’: 
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13C NMR (100 MHz, CDCl3) spectrum for 3-25’: 
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Synthesis of compound 3-27: 

 

By following the general procedure A, the corresponding ADHP was prepared from 4-(3-

buten-1-yl)-pyridine (80 mg, 1.2 equiv., 0.6 mmol), and allyl chloroformate (0.13 mL, 2.4 equiv., 

1.2 mmol) was used instead of ethyl chloroformate. The crude conjugate addition product 3-26 

was synthesized by following general procedure B but with neutral aqueous work-up using a pH 

= 7 buffer. 2-Cyclohexen-1-one (0.05 mL, 1.0 equiv., 0.5 mmol) was used as the electrophile. The 

resulting residue 3-26 was obtained and used in the next step without further purification. 

Compound 3-26 was converted into its corresponding ADHP by following the general 

procedure A by using allyl chloroformate (0.12 mL, 2.0 equiv., 1.0 mmol) instead of ethyl 

chloroformate. In another 25 mL round-bottomed flask Pd2(dba)3·CHCl3 (25.9 mg, 5 mol%, 0.025 

mmol) and XantPhos (34.8 mg, 12 mol%, 0.06 mmol) were dissolved in 3 mL of anhydrous THF. 

The mixture was stirred for 30 minutes at ambient temperature. The second ADHP intermediate 

prepared from 3-26 was dissolved in THF (3 mL) and added to the palladium catalyst solution in 

a dropwise manner. The resulting mixture was stirred at ambient temperature overnight, then 

concentrated using a rotary evaporator. The resulting residue was purified by flash column 

N
1.2 equivs.

2) 1.0 equiv.

    1.1 equivs. TESOTf
    CH3CN, —40 °C
    3 hours

N

O O

H

O

N

OTES

4) 5 mol% Pd2(dba)3·CHCl3
    12 mol% XantPhos

N

3-27
71% after 4 steps

OTES

3-26

    3.6 equiv. Et3N
    THF, 0 °C to r.t, 30 min

N

O O

OTES

3) 2.4 equiv. allyl chloroformate
 THF, overnight, r.t.

1) 2.4 equiv. ClCO2Et
3.6 equiv. Et3N
THF, 0 °C to r.t, 30 min
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chromatography with EtOAc/Hexanes to afford product 3-27 as colorless oil (137 mg, 71% overall 

yield). 

Data for 3-27: 

Chromatography: 30% EtOAc in Hexanes (Rf = 0.28). 

1H NMR (400 MHz, CDCl3) 

d 8.50 (d, J = 6.4 Hz, 2H), 7.23 (d, J = 6.4 Hz, 2H), 5.81 – 5.69 (m, 1H), 

5.69 – 5.57 (m, 1H), 5.14 – 5.01 (m, 4H), 4.86 (s, 1H), 2.66 – 2.52 (m, 5H), 

1.88 – 1.83 (m, 2H), 1.68 – 1.59 (m, 2H), 1.48 – 1.37 (m, 1H), 

1.09 – 0.97 (m, 1H), 0.94 (t, J = 8.0 Hz, 9H), 0.60 (q, J = 8.0 Hz, 6H). 

13C NMR (100 MHz, CDCl3) 

d 154.1, 152.4, 149.4, 134.7, 134.5, 123.3, 118.2, 118.1, 104.5, 46.6, 43.3, 39.6, 

38.5, 29.8, 24.1, 22.7, 6.8, 5.3. 

IR  Alpha-Platinum ATR, Bruker, diamond crystal 

u = 3076, 3019, 2935, 1657, 1594, 1192 cm-1. 

HRMS ESI-TOF 

 (M+H)+ Calcd for C24H38NOSi 384.2717; Found 384.2721. 
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1H NMR (400 MHz, CDCl3) spectrum for 3-27: 
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13C NMR (100 MHz, CDCl3) spectrum for 3-27: 
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Synthesis of compound 3-28: 

 

By following the general procedure A, the corresponding ADHP was synthesized using 

4-picoline (0.12 mL, 1.2 equiv., 1.2 mmol).  

A 0.2 M solution of 2-cyclohexen-1-one (0.1 mL, 1 equiv., 1.0 mmol) in CH3CN was 

prepared in an oven-dried round-bottomed flask. The solution was cooled to –40 °C and TESOTf 

(0.25 mL, 1.1 equiv., 1.1 mmol) was added in a dropwise manner. The resulting mixture was 

stirred for 15 minutes. The freshly prepared ADHP was dissolved in THF (0.2 M) and added 

dropwise to the above reaction mixture while maintaining the temperature at –40 °C. The mixture 

was stirred under –40 °C for 3 hours. The reaction mixture was placed in an ice-water bath and 

quenched with a pH = 7 buffer (10 mL) followed by 5 drops of triethylamine. The resulting mixture 

was stirred vigorously for 30 minutes and extracted with EtOAc (4 x 10 mL). The combined organic 

layer was washed with brine, dried with MgSO4, filtered through a cotton plug, and the filtrate was 

concentrated using a rotary evaporator. The resulting mixture was purified by flash column 

chromatography with EtOAc/Hexanes to afford product 3-28 as colorless oil (281 mg, 93% yield). 

Chromatography: 20% EtOAc in Hexanes (Rf = 0.33). 

1H NMR (400 MHz, CDCl3) 

d 8.46 (d, J = 6.0 Hz, 2H), 7.05 (d, J = 6.0 Hz, 2H), 4.68 – 4.66 (m, 1H), 

2.56 – 2.49 (m, 2H), 2.48 – 2.39 (m, 1H), 2.26 – 1.91 (m, 2H), 

1.79 – 1.69 (m, 1H), 1.65 – 1.56 (m, 1H), 1.56 – 1.46 (m, 1H), 

1.16 – 1.05 (m, 1H), 0.92 (t, J = 8.0 Hz, 9H), 0.59 (q, J = 8.0 Hz, 6H). 

N

1) 2.4 equiv. ClCO2Et

O

N

OTES

3-28
93%

CH3

1.2 equiv.

2) 1.0 equiv.

    1.1 equiv. TESOTf
    CH3CN/THF, —40 °C
    3 hours

N

O O

H H

3.6 equiv. Et3N
THF, 0 °C to r.t, 30 min
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13C NMR (100 MHz, CDCl3) 

d 151.7, 149.9, 149.6, 124.6, 107.3, 42.8, 36.1, 29.9, 28.7, 21.5, 6.8, 5.1. 

IR  Alpha-Platinum ATR, Bruker, diamond crystal 

u = 3068, 2933, 2875, 1662, 1601, 1188 cm-1. 

HRMS ESI-TOF 

  (M+H)+ Calcd for C18H30NOSi 304.2091; Found 304.2092 
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1H NMR (400 MHz, CDCl3) spectrum for 3-28: 
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13C NMR (100 MHz, CDCl3) spectrum for 3-28: 
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Synthesis of compound 3-29: 

 

An oven-dried round-bottomed flask equipped with a stir bar was charged with compund 

3-28 (82 mg, 1.0 equiv., 0.27 mmol) and 3 mL of anhydrous THF. The mixture was cooled to –

78 °C. Allyl chloroformate (0.06 mL, 2 equivs. 0.54 mmol) was added in a dropwise manner, and 

the resulting solution was stirred for 1 hour at –78 °C. Methylmagnesium iodide (0.68 mL, 2.5 

equivs., 0.68 mmol, 1 M in diethyl ether) was added to the above mixture in a dropwise manner. 

The resulting mixture was stirred for 1 hour at –78 °C and an additional hour at ambient 

temperature. The reaction mixture was quenched with dropwise addition of water (20 mL) and 

extracted with EtOAc (3 x 20 mL). The combined organic layer was washed with brine, dried with 

MgSO4, filtered through a cotton plug, and concentrated using a rotary evaporator. The 

methylated dihydropyridine product was obtained and used without purification. 

An oven-dried round-bottomed flask equipped with a stir bar was charged with 1.5 mL of 

anhydrous THF, Pd2(dba)3·CHCl3 (7 mg, 2.5 mol%, 0.00675 mmol) and 2,2'-bipyridine (2.1 mg, 5 

mol%, 0.0135 mmol). The resulting mixture was stirred for 30 min. A 0.1 M solution of methylated 

dihydropyridine product in THF was prepared and added dropwise to the above palladium catalyst 

solution. The resulting mixture was placed in an oil bath, stirred, and heated to reflux overnight. 

The mixture was then cooled to ambient temperature and concentrated using a rotary evaporator. 

The resulting residue was purified by flash column chromatography with EtOAc/Hexanes to afford 

product 3-29 as colorless oil (58 mg, 68 % yield). 

Chromatography: 30% EtOAc in Hexanes (Rf = 0.25). 

N

OTES

THF, —78°C, 1 h 
then r.t., 1 h

N

OTES

OO
N

OTES

2) 2.5 mol% Pd2(dba)3·CHCl3
    5 mol% Bipy

3-29
68%

3-28
1 equiv.

1) 2 equiv. allyl chloroformate
    2.5 equiv. MeMgI

THF, 55 °C, overnight
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1H NMR (400 MHz, CDCl3) 

d 8.36 (d, J = 5.2 Hz, 1H), 6.95 (s, 1H), 6.89 (d, J = 5.2 Hz, 1H), 4.69 (s, 1H), 

2.51 (s, 3H), 2.51 – 2.47 (m, 2H), 2.47 – 2.42 (m, 1H), 2.09 – 1.91 (m, 2H), 

1,81 – 1.72 (m, 1H), 1.68 – 1.59 (m, 1H), 1.59 – 1.48 (m, 1H), 1.18 – 1.08 (m, 1H), 

0.95 (t, J = 8.0 Hz, 9H), 0.62 (q, J = 8.0 Hz, 6H). 

13C NMR (100 MHz, CDCl3) 

d 158.2, 151.7, 150.2, 149.0, 124.3, 121.8, 107.5, 42.9, 36.2, 30.0, 28.9, 24.5, 21.6, 

6.8, 5.2. 

IR  Alpha-Platinum ATR, Bruker, diamond crystal 

u = 3010. 2952. 2874, 1663, 1604, 1190 cm-1. 

HRMS ESI-TOF 

 (M+H)+ Calcd for C19H32NOSi 318.2248; Found 318.2247. 
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1H NMR (400 MHz, CDCl3) spectrum for 3-29: 
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13C NMR (100 MHz, CDCl3) spectrum for 3-29: 
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6.5 Piperidine installation on 4-pyridylic carbon 

6.5.1 General procedure (C) for addition of ADHP to activated pyridines 

An oven-dried round-bottomed flask equipped with a stir bar was charged with a 0.4 M 

solution of pyridine (2.0 equiv.) in anhydrous CH3CN. The solution was cooled to –20 °C. 

Hydrogen chloride (4 M in dioxane, 1.5 equiv.) was added in a dropwise manner, and the resulting 

mixture was stirred for 15 minutes at –20 °C. Unless otherwise stated, the ADHP was dissolved 

in anhydrous CH3CN (0.2 M) and added dropwise to the reaction mixture, while maintaining the 

temperature at –20 °C. The reaction progress was monitored by TLC and 1H-NMR. Upon 

consumption of the ADHP, Et3N (4.0 equiv.) was added dropwise at –20 °C. The mixture was 

allowed to slowly warm to ambient temperature while stirring for at least 1 hour, and then 

concentrated using a rotary evaporator. The resulting residue was suspended in diethyl ether for 

2 – 3 minutes and filtered through a cotton plug to remove the precipitated triethylammonium 

chloride salt. The filtrate was concentrated using a rotary evaporator to obtain the crude 

dihydropyridine (DHP), which was used in the next step without further purification. 

6.5.2 General procedure (D) for reduction of dihydropyridines 

A round-bottomed flask equipped with a stir bar was charged with a 1 M solution of DHP 

in anhydrous THF. A 1.25 M solution of ammonium formate (20 equiv.) in methanol was added 

slowly, followed by a slurry of Pd/C (10% w/w, 10 mol%) in methanol while stirring. Additional 

methanol or THF should be added to the mixture to achieve a 19:1 ratio of methanol to THF. The 

flask was sealed with electrical tape and the mixture was stirred overnight at ambient temperature. 

Upon depressurizing the flask to ambient pressure, the mixture was filtered through a pad of 

Celite®. The filtrate was concentrated using a rotary evaporator. Unless otherwise stated, the 

residue was suspended in EtOAc for 2 – 3 minutes and filtered through a cotton plug. The filtrate 

was concentrated using a rotary evaporator, and the resulting residue was purified using flash 

column chromatography to obtain the final product.  
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6.5.3 Synthesis and characterization of compounds 

Synthesis of compound 4-4: 

 

The piperidine product was synthesized by following general procedures A, C, and D 

using 4-ethylpyridine (0.12 mL, 1.0 equiv., 1.0 mmol) as the starting material. Product 4-4 was 

obtained as colorless oil (220.3 mg, 84% yield). 

Chromatography: 70% EtOAc in hexanes (Rf = 0.27). 

1H NMR (400 MHz, CDCl3): 

d 8.49 (d, J = 6.0 Hz, 2H), 7.05 (d, J = 6.0 Hz, 2H), 4.30 – 3.90 (m, 2H), 

4.09 (q, J = 7.2 Hz, 2H), 2.69 (t, J = 12.4 Hz, 1H), 2.59 (t, J = 12.4 Hz, 1H), 

2.45 (p, J = 7.2 Hz, 1H), 1.81 (d, J = 12.4 Hz, 1H), 1.61 – 1.49 (m, 1H), 

1.33 (d, J = 12.4 Hz, 1H), 1.24 (d, J = 7.2 Hz, 3H), 1.22 (t, J = 7.2 Hz, 3H), 

1.19 – 1.09 (m, 1H), 1.02 (qd, J = 12.4, 4.0 Hz, 1H). 

13C NMR (100 MHz, CDCl3): 

d 155.5, 154.9, 149.9, 123.2, 61.3, 45.0, 44.1, 44.0, 42.1, 30.4, 29.6, 18.1, 14.8. 

IR  Alpha-Platinum ATR, Bruker, diamond crystal 

u = 3067, 2975, 2859, 1688, 1429, 1223 cm-1. 

HRMS  ESI-TOF 

  (M+H)+ Calcd for C15H23N2O2 263.1754; Found 263.1742. 

  

N

N

N O

O

Et

1 equiv.
N

N O

O

Et
3) 20 equiv. HCOONH4
    10 mol% Pd/C

4-4
84%

    MeOH:THF = 19:1
    r.t., overnight

1) 2 equiv. ClCO2Et
    3 equiv. Et3N
    THF, 0 °C, 30 min
2) 2 equiv. pyridine
    1.5 equiv. HCl
    CH3CN, —20 °C
    3 hours
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COSY (400 MHz, CDCl3) for 4-4: 

 

Proton No. 1H d (ppm) (multi; J (Hz)) COSY correlations 

H-1 8.49 (d, J = 6.0 Hz) H-2 

H-2 7.05 (d, J = 6.0 Hz) H-1 

H-4 2.45 (p, J = 7.2 Hz) H-5, H-6 

H-5 1.24 (d, J = 7.2 Hz) H-4 

H-6 1.61 – 1.49 (m, 1H) H-4 

H-7a, H-7’a 
1.19 – 1.09 (m) 

1.02 (qd, J = 12.4, 4.0 Hz) 
H-8a, H-8’a 

H-7e, H-7’e 
1.81 (d, J = 12.4 Hz), 
1.33 (d, J = 12.4 Hz) 

- 

H-8a, H-8’a 
2.69 (t, J = 12.4 Hz) 
2.59 (t, J = 12.4 Hz) 

H-7a, H-7’a 

H-8e, H-8’e 4.30 – 3.90 (m) - 

H-10 4.09 (q, J = 7.2 Hz) H-11 

H-11 1.22 (t, J = 7.2 Hz) H-10 
Methylene carbons are designated C-X and C-X’ arbitrarily. Axial methylene protons are 

designated H-Xa and H-X’a, and equatorial protons are designated H-Xe and H-X’e arbitrarily. 

Only those correlations which could be unambiguously assigned are reported.  

1

2
3

4
5

6
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11

N

N O

O
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HMBC (400 MHz, CDCl3) for 4-4:  

 

Carbon 
No. 

13C d (ppm) 1H d (ppm) (multi; J (Hz)) HMBC 
correlations 

C-1 149.9 8.49 (d, J = 6.0 Hz), 7.05 (d, J = 6.0 Hz) H-1, H-2 

C-2 123.2 8.49 (d, J = 6.0 Hz), 7.05 (d, J = 6.0 Hz), 2.45 
(p, J = 7.2 Hz) H-1, H-2, H-4 

C-3 154.9 8.49 (d, J = 6.0 Hz), 2.45 (p, J = 7.2 Hz), 1.24 
(d, J = 7.2 Hz), 1.61 – 1.49 (m, 1H) 

H-1, H-4, H-5, H-
6 

C-4 45.0 
8.49 (d, J = 6.0 Hz), 7.05 (d, J = 6.0 Hz), 1.24 

(d, J = 7.2 Hz), 1.61 – 1.49 (m, 1H), 1.19 – 
1.09 (m),1.02 (qd, J = 12.4, 4.0 Hz) 

H-1, H-2, H-5, H-
6, H-7a, H-7’a 

C-5 18.1 1.61 – 1.49 (m, 1H) H-6 

C-6 42.1 1.24 (d, J = 7.2 Hz), H-5 

C-7 30.4 - - 

C-7’ 29.6 - - 

C-8 44.1 - - 

C-8’ 44.0 - - 

C-9 155.5 4.09 (q, J = 7.2 Hz) H-10 

C-10 61.3 1.22 (t, J = 7.2 Hz) H-11 

C-11 14.8 4.09 (q, J = 7.2 Hz) H-10 
Carbons are designated C-X and C-X’ arbitrarily. Axial protons are designated H-Xa and 

H-X’a, and equatorial protons are designated H-Xe and H-X’e arbitrarily. 

Only those correlations which could be unambiguously assigned are reported.  

1
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1H NMR (400 MHz, CDCl3) spectrum for 4-4: 
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13C NMR (100 MHz, CDCl3) spectrum for 4-4: 
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COSY (400 MHz, CDCl3) Spectrum for 4-4: 
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DEPT-135 (400 MHz, CDCl3) Spectrum for 4-4: 
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HSQC (400 MHz, CDCl3) Spectrum for 4-4: 
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HMBC (400 MHz, CDCl3) Spectrum for 4-4:  

 

  

N

N O

O

Et

4-4



 236 

Synthesis of compound 4-5: 

 

The piperidine product was synthesized by following general procedures A, C, and D 

using 3-methyl-4-ethylpyridine53 (122.2 mg, 1.0 equiv., 1.0 mmol) as the starting material. Product 

4-5 was obtained as colorless oil (205.8 mg, 74% yield). 

Chromatography: 100% EtOAc. (Rf = 0.22) 

1H NMR (400 MHz, CDCl3): 

d 8.36 (d, J = 5.2 Hz, 1H), 8.34 (s, 1H), 7.03 (d, J = 5.2 Hz, 1H), 

4.30 – 3.95 (m, 2H), 4.09 (q, J = 7.2 Hz, 2H), 2.78 – 2.64 (m, 2H), 

2.58 (t, J = 12.4 Hz, 1H), 2.25 (s, 3H), 1.87 (d, J = 12.4 Hz, 1H), 

1.64 – 1.52 (m, 1H), 1.31 (d, J = 13.2 Hz, 1H), 1.23 (t, J = 7.2 Hz, 3H), 

1.17 (d, J = 7.2 Hz, 3H), 1.20 – 1.12 (m, 1H), 1.03 (qd, J = 12.4, 4.0 Hz, 1H). 

13C NMR  (100 MHz, CDCl3): 

d 155.6, 153.5, 151.2, 147.9, 131.3, 120.9, 61.3, 44.1(4), 44.1(3), 41.9, 39.7, 30.5, 

29.6, 18.1, 16.7, 14.8. 

IR  Alpha-Platinum ATR, Bruker, diamond crystal 

u = 3054, 2974, 2853, 1689, 1429, 1215 cm-1. 

HRMS   ESI-TOF 

  (M+H)+ Calcd for C16H25N2O2 277.1911; Found 277.1900.  

N

N

N O

O

Et

1 equiv.
N

N O

O

Et
3) 20 equiv. HCOONH4
    10 mol% Pd/C

4-5
74%

    MeOH:THF = 19:1
    r.t., overnight

1) 2 equiv. ClCO2Et
    3 equiv. Et3N
    THF, 0 °C, 30 min
2) 2 equiv. pyridine
    1.5 equiv. HCl
    CH3CN, —20 °C
    3 hours
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1H NMR (400 MHz, CDCl3) spectrum for 4-5: 
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13C NMR (100 MHz, CDCl3) spectrum for 4-5: 
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Synthesis of compound 4-6: 

 

The piperidine product was synthesized by following general procedures A, C, and D 

using 4-n-pentylpyridine31 (149.2 mg, 1.0 equiv., 1.0 mmol) as the starting material. Product 4-6 

was obtained as colorless oil (252.4 mg, 83% yield). 

Chromatography: 70% EtOAc in hexanes (Rf = 0.32). 

1H NMR (400 MHz, CDCl3): 

d 8.49 (d, J = 6.0 Hz, 2H), 7.01 (d, J = 6.0 Hz, 2H), 4.30 – 3.95 (m, 2H), 

4.07 (q, J = 7.2 Hz, 2H), 2.69 (t, J = 12.4 Hz, 1H), 2.58 (t, J = 12.4 Hz, 1H), 

2.29 (ddd, J = 11.6, 8.4, 4.0 Hz, 1H), 1.90 – 1.81 (m, 1H), 1.81 – 1.72 (m, 1H), 

1.66 – 1.48 (m, 2H), 1.34 – 1.06 (m, 4H), 1.21 (t, J = 7.2 Hz, 3H), 

1.06 – 0.92 (m, 3H), 0.79 (t, J = 7.2 Hz, 3H). 

13C NMR (100 MHz, CDCl3): 

d 155.5, 153.1, 149.9, 124.1, 61.3, 51.3, 44.1(4), 44.1(1), 41.3, 31.6, 30.3, 30.2, 

29.8, 22.8, 14.8, 14.0. 

IR  Alpha-Platinum ATR, Bruker, diamond crystal 

u = 3067, 2931, 2858, 1691, 1430, 1234 cm-1. 

HRMS  ESI-TOF 

  (M+H)+ Calcd for C18H29N2O2 305.2224; Found 305.2211.  

N

n-Bu

N

N O

O

Et

n-Bu

1 equiv.
N

n-Bu

N O

O

Et
3) 20 equiv. HCOONH4
    10 mol% Pd/C

4-6
83%

    MeOH:THF = 19:1
    r.t., overnight

1) 2 equiv. ClCO2Et
    3 equiv. Et3N
    THF, 0 °C, 30 min
2) 2 equiv. pyridine
    1.5 equiv. HCl
    CH3CN, —20 °C
    3 hours
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1H NMR (400 MHz, CDCl3) spectrum for 4-6: 
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13C NMR (100 MHz, CDCl3) spectrum for 4-6: 
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Synthesis of compound 4-7: 

 

The piperidine product was synthesized by following general procedures A, C, and D 

using 4-phenethylpyridine31 (183.3 mg, 1.0 equiv., 1.0 mmol) as the starting material. Final 

product 4-7 was obtained as colorless oil (220.1 mg, 65% yield). 

Chromatography: 40% EtOAc in hexanes (Rf = 0.24). 

1H NMR (400 MHz, CDCl3): 

d 8.41 (d, J = 6.0 Hz, 2H), 7.17 – 7.06 (m, 3H), 6.95 – 6.87 (m, 4H), 

4.36 – 4.00 (m, 2H), 4.09 (q, J = 7.2 Hz, 2H), 3.19 (dd, J = 13.6, 4.8 Hz, 1H), 

2.83 – 2.69 (m, 2H), 2.69 – 2.54 (m, 2H), 1.95 (m, 1H), 1.83 – 1.70 (m, 1H), 

1.47 – 1.36 (m, 1H), 1.32 – 1.17 (m, 1H), 1.23 (t, J = 7.2 Hz, 3H), 

1.03 (qd, J = 12.4, 3.2 Hz, 1H). 

13C NMR (100 MHz, CDCl3): 

d 155.5, 151.9, 149.7, 139.6, 129.0, 128.4, 126.2, 124.2, 61.3, 53.4, 44.0(9), 

44.0(5), 40.5, 38.6, 30.6, 30.0, 14.8. 

IR  Alpha-Platinum ATR, Bruker, diamond crystal 

u = 3064, 2981, 2852, 1687, 1430, 1235 cm-1. 

HRMS  ESI-TOF 

  (M+H)+ Calcd for C21H27N2O2 339.2067; Found 339.2053.  

N
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Et

1 equiv. N

N O
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Et
3) 20 equiv. HCOONH4
    10 mol% Pd/C

4-7
65%

Ph Ph

MeOH:THF = 19:1
r.t., overnight

Ph
1) 2 equiv. ClCO2Et
    3 equiv. Et3N
    THF, 0 °C, 30 min
2) 2 equiv. pyridine
    1.5 equiv. HCl
    CH3CN, —20 °C
    3 hours
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1H NMR (400 MHz, CDCl3) spectrum for 4-7: 
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13C NMR (100 MHz, CDCl3) spectrum for 4-7: 
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Synthesis of compound 4-8: 

 

The ADHP was synthesized by following general procedure A using 5,6,7,8-

tetrahydroisoquinoline (0.13 mL, 1.0 equiv., 1.0 mmol) as the starting material. This ADHP 

intermediate was converted to its corresponding DHP following a slightly modified version of 

general procedure C, where catalytic amount of hydrogen chloride (0.05 mL, 0.2 equiv., 0.2 

mmol, 4 M in dioxane) were used. The hydrogenation of DHP was performed by following general 

procedure D, and product 4-8 was obtained as colorless oil (142.9 mg, 50% yield). 

Chromatography: 30% EtOAc in hexanes (Rf = 0.16). 

1H NMR (400 MHz, CDCl3): 

d 8.36 – 8.28 (m, 2H), 7.05 (d, J = 5.2 Hz, 1H), 4.30 – 4.05 (m, 2H), 

4.10 (q, J = 7.2 Hz, 2H), 2.76 – 2.55 (m, 5H), 2.00 – 1.85 (m, 2H), 

1.83 – 1.72 (m, 1H), 1.72 – 1.60 (m, 2H), 1.60 – 1.50 (m, 1H), 1.50 – 1.39 (m, 1H), 

1.39 – 1.30 (m, 1H), 1.23 (t, J = 7.2 Hz, 3H), 1.21 – 1.11 (m, 1H). 

13C NMR (100 MHz, CDCl3): 

d 155.6, 150.7, 147.9, 146.7, 133.8, 122.9, 61.3, 44.5, 44.4, 41.9, 40.1, 30.6, 27.2, 

26.5, 23.7, 20.7, 14.8. 

IR  Alpha-Platinum ATR, Bruker, diamond crystal 

u = 3054, 2980, 2859, 1690, 1430, 1228 cm-1. 

HRMS  ESI-TOF 

  (M+H)+ Calcd for C17H25N2O2 289.1911; Found 289.1895.  
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1 equiv.
N

N O

O

Et
3) 20 equiv. HCOONH4
    10 mol% Pd/C

4-8
50%

MeOH:THF = 19:1
r.t., overnight

1) 2 equiv. ClCO2Et
    3 equiv. Et3N
    THF, 0 °C, 30 min
2) 2 equiv. pyridine
    1.5 equiv. HCl
    CH3CN, —20 °C
    3 hours
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1H NMR (400 MHz, CDCl3) spectrum for 4-8: 
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13C NMR (100 MHz, CDCl3) spectrum for 4-8: 
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Synthesis of compound 4-9: 

 

The piperidine product was synthesized by following general procedures A, C, and D 

using compound S-4-9 (150.2 mg, 1.0 equiv., 1.0 mmol) as the starting material. Product 4-9 was 

obtained as light-yellow oil (216.7 mg, 71% yield). 

Chromatography: 100% EtOAc (Rf = 0.22). 

1H NMR (400 MHz, CDCl3): 

d 8.50 (d, J = 6.0 Hz, 2H), 7.04 (d, J = 6.0 Hz, 2H), 4.35 – 3.97 (m, 2H), 

4.07 (q, J = 7.2 Hz, 2H), 3.18 (s, 3H), 3.17 – 3.12 (m, 1H), 

2.97 (dt, J = 8.8, 6.4 Hz, 1H), 2.77 – 2.53 (m, 2H), 2.53 – 2.45 (m, 1H), 

2.19 – 2.08 (m, 1H), 1.85 (d, J = 12.4 Hz, 1H), 1.79 – 1.67 (m, 1H), 

1.67 – 1.55 (m, 1H), 1.29 (d, J = 12.4 Hz, 1H), 1.21 (t, J = 7.2 Hz, 3H), 

1.18 – 1.06 (m, 1H), 0.99 (qd, J = 12.4, 4.0 Hz, 1H). 

13C NMR (100 MHz, CDCl3): 

d 155.5, 152.3, 150.0, 124.0, 70.3, 61.3, 58.7, 47.5, 44.1, 44.0, 41.1, 32.0, 30.2(1), 

30.2, 14.8. 

IR  Alpha-Platinum ATR, Bruker, diamond crystal 

u = 3068, 2981, 2869, 1692, 1430 cm-1. 

HRMS  ESI-TOF 

  (M+H)+ Calcd for C17H27N2O3 307.2016; Found 307.2009.  

3) 20 equiv. HCOONH4
    10 mol% Pd/C

MeOH:THF = 19:1
r.t., overnight

1) 2 equiv. ClCO2Et
    3 equiv. Et3N
    THF, 0 °C, 30 min
2) 2 equiv. pyridine
    1.5 equiv. HCl
    CH3CN, —20 °C
    3 hoursN

N

N O

O

Et

S-4-9
1 equiv.
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MeOMeO
MeO
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1H NMR (400 MHz, CDCl3) spectrum for 4-9: 
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13C NMR (100 MHz, CDCl3) spectrum for 4-9: 
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Synthesis of compound 4-10: 

 

The piperidine product was synthesized by following general procedures A, C, and D 

using 4-(3-(1,3-dioxolan-2-yl)propyl)pyridine31 (193.3 mg, 1.0 equiv., 1.0 mmol) as the starting 

material. Product 4-10 was obtained as light-yellow oil (259.1 mg, 74% yield). 

Chromatography: 5% Et3N in EtOAc (Rf = 0.29). 

1H NMR (400 MHz, CDCl3): 

d 8.49 (d, J = 6.0 Hz, 2H), 7.02 (d, J = 6.0 Hz, 2H), 4.76 (t, J = 4.4 Hz, 1H), 

4.30 – 3.95 (m, 2H), 4.07 (q, J = 7.2 Hz, 2H), 3.95 – 3.75 (m, 4H), 

2.69 (t, J = 12.4 Hz, 1H), 2.57 (t, J = 12.4 Hz, 1H), 

2.34 (ddd, J = 11.6, 8.4, 4.0 Hz, 1H), 2.01 – 1.92 (m, 1H), 1.89 – 1.82 (m, 1H), 

1.72 – 1.57 (m, 2H), 1.47 – 1.33 (m, 2H), 1.33 – 1.26 (m, 1H), 

1.21 (t, J = 7.2 Hz, 3H), 1.18 – 1.07 (m, 1H), 0.97 (qd, J = 12.4, 3.2 Hz, 1H). 

13C NMR (100 MHz, CDCl3): 

d 155.6, 152.4, 150.0, 124.0, 104.2, 65.0(4), 65.0, 61.3, 51.1, 44.1(1), 44.1, 41.3, 

31.9, 30.3, 26.0, 14.8. 

IR  Alpha-Platinum ATR, Bruker, diamond crystal 

u = 3067, 2931, 2866, 1688, 1416, 1233 cm-1. 

HRMS  ESI-TOF 

  (M+H)+ Calcd for C19H29N2O4 349.2122; Found 349.2113.  

3) 20 equiv. HCOONH4
    10 mol% Pd/C

MeOH:THF = 19:1
r.t., overnight

1) 2 equiv. ClCO2Et
    3 equiv. Et3N
    THF, 0 °C, 30 min
2) 2 equiv. pyridine
    1.5 equiv. HCl
    CH3CN, —20 °C
    3 hours
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1H NMR (400 MHz, CDCl3) spectrum for 4-10: 
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13C NMR (100 MHz, CDCl3) spectrum for 4-10: 
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Synthesis of compound 4-11: 

 

The piperidine product was synthesized by following general procedures A, C, and D 

using ethyl 3-(pyridin-4-yl)propanoate31 (179.2 mg, 1.0 equiv., 1.0 mmol) as the starting material. 

Product 4-11 was obtained as light-yellow oil (212 mg, 62% yield). 

Chromatography: 100% EtOAc (Rf = 0.26). 

1H NMR (400 MHz, CDCl3): 

d 8.51 (d, J = 6.0 Hz, 2H), 7.06 (d, J = 6.0 Hz, 2H), 4.31 – 4.01 (m, 2H), 

4.08 (q, J = 7.2 Hz, 2H), 3.97 (qd, J = 12.8, 1.6 Hz, 2H), 2.98 – 2.88 (m, 1H), 

2.78 (dd, J = 15.6, 5.2 Hz, 1H), 2.75 – 2.64 (m, 1H), 2.64 – 2.53 (m, 2H), 

1.76 (d, J = 12.8 Hz, 1H), 1.72 – 1.60 (m, 1H), 1.41 – 1.29 (m, 1H), 

1.22 (t, J = 7.2 Hz, 3H), 1.19 – 1.11 (m, 1H), 1.08 (t, J = 7.2 Hz, 3H), 

1.06 – 0.96 (m, 1H). 

13C NMR (100 MHz, CDCl3): 

d 171.8, 155.5, 151.3, 150.0, 123.7, 61.4, 60.7, 47.0, 43.9, 40.8, 37.4, 29.9, 14.8, 

14.1. 

IR  Alpha-Platinum ATR, Bruker, diamond crystal 

u = 3070, 2980, 2857, 1731, 1689, 1430, 1250 cm-1. 

HRMS  ESI-TOF 

  (M+H)+ Calcd for C18H27N2O4 335.1966; Found 335.1955.  

3) 20 equiv. HCOONH4
    10 mol% Pd/C

MeOH:THF = 19:1
r.t., overnight

1) 2 equiv. ClCO2Et
    3 equiv. Et3N
    THF, 0 °C, 30 min
2) 2 equiv. pyridine
    1.5 equiv. HCl
    CH3CN, —20 °C
    3 hours 4-11

62%N N
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Et O O

Et
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1H NMR (400 MHz, CDCl3) spectrum for 4-11: 
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13C NMR (100 MHz, CDCl3) spectrum for 4-11:  
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Synthesis of compound 4-12: 

 

The piperidine product was synthesized by following general procedures A, C, and D 

using compound S-4-12 (97.2 mg, 1.0 equiv., 0.5 mmol) as the starting material. Product 4-12 

was obtained as light-yellow oil (114.5 mg, 66% yield). 

Chromatography: 5% Et3N in EtOAc (Rf = 0.26). 

1H NMR (400 MHz, CDCl3): 

d 8.50 (d, J = 6.0 Hz, 2H), 7.10 (d, J = 6.0 Hz, 2H), 4.30 – 3.98 (m, 2H), 

4.08 (q, J = 7.2 Hz, 2H), 3.61 (s, 3H), 3.13 – 3.06 (m, 1H), 3.05 (s, 3H), 

2.82 (d, J = 7.2 Hz, 2H), 2.70 (t, J = 12.4 Hz, 1H), 2.60 (t, J = 12.4 Hz, 1H), 

1.82 – 1.75 (m, 1H), 1.72 – 1.65 (m, 1H), 1.43 – 1.32 (m, 1H), 1.28 – 1.12 (m, 1H), 

1.22 (t, J = 7.2 Hz, 3H), 1.04 (qd, J = 12.4, 4.0 Hz, 1H). 

13C NMR (100 MHz, CDCl3): 

d 172.3, 155.5, 152.1, 149.9, 123.9, 61.4, 61.3, 46.1, 44.0(1), 44.0, 40.7, 34.3, 32.2, 

30.0, 29.9, 14.8. 

IR  Alpha-Platinum ATR, Bruker, diamond crystal 

u = 3067, 2931, 2857, 1686, 1634, 1418, 1252 cm-1. 

HRMS  ESI-TOF 

  (M+H)+ Calcd for C18H28N3O4 350.2075; Found 350.2065.  

3) 20 equiv. HCOONH4
    10 mol% Pd/C

MeOH:THF = 19:1
r.t., overnight

1) 2 equiv. ClCO2Et
    3 equiv. Et3N
    THF, 0 °C, 30 min
2) 2 equiv. pyridine
    1.5 equiv. HCl
    CH3CN, —20 °C
    3 hours

N N

N O

O

Et

S-4-12
1 equiv. N

N O

O

Et

4-12
66%

NN O
O

N O
O

O
O
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1H NMR (400 MHz, CDCl3) spectrum for 4-12: 
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13C NMR (100 MHz, CDCl3) spectrum for 4-12: 
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Synthesis of compound 4-13: 

 

The piperidine product was synthesized by following general procedures A, C, and D 

using compound S-4-13 (100 mg, 1.0 equiv., 0.34 mmol) as the starting material. Product 4-13 

was obtained as colorless oil (95.1 mg, 61% yield). 

Chromatography: 100% EtOAc (Rf = 0.38). 

1H NMR (400 MHz, CDCl3):  

d 8.40 (d, J = 5.2 Hz, 1H), 8.22 (s, 1H), 7.79 (dt, J = 7.6, 1.2 Hz, 1H), 

7.67 – 7.63 (m, 1H), 7.50 (t, J = 7.6 Hz, 1H), 7.41 (d, J = 7.6, 1.2 Hz, 1H), 

7.10 (d, J = 5.2 Hz, 1H), 4.39 – 3.95 (m, 2H), 4.10 (q, J = 7.2 Hz, 2H), 

3.07 – 2.98 (m, 1H), 3.02 (s, 3H), 2.98 – 2.84 (m, 3H), 2.77 – 2.63 (m, 2H), 

2.57 (t, J = 12.4 Hz, 1H), 2.00 – 1.87 (m, 1H), 1.68 – 1.52 (m, 1H), 

1.32 – 1.27 (m, 1H), 1.27 – 1.12 (m, 1H), 1.23 (t, J = 7.2 Hz, 3H), 

1.18 (d, J = 6.8 Hz, 3H), 1.00 (qd, J = 12.4, 3.6 Hz,1H). 

13C NMR (100 MHz, CDCl3): 

d 155.5, 153.7, 150.8, 148.1, 142.5, 140.9, 134.0, 134.0, 129.8, 127.3, 125.6, 

121.4, 61.4, 44.6, 44.1, 42.2, 39.5, 37.3, 31.8, 30.8, 29.9, 19.1, 14.8. 

IR  Alpha-Platinum ATR, Bruker, diamond crystal 

u = 3087, 2980, 2866, 1682, 1435, 1302, 1146, 759 cm-1. 

HRMS  ESI-TOF 

  (M+H)+ Calcd for C24H33N2O4S 445.2156; Found 445.2150.  

3) 20 equiv. HCOONH4
    10 mol% Pd/C

MeOH:THF = 19:1
r.t., overnight

1) 2 equiv. ClCO2Et
    3 equiv. Et3N
    THF, 0 °C, 30 min
2) 2 equiv. pyridine
    1.5 equiv. HCl
    CH3CN, —20 °C
    3 hours

SO2Me

N

N O

O

Et

S-4-13
1.0 equiv.

N

N O

O

Et

4-13
61%

N
SO2Me SO2Me
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1H NMR (400 MHz, CDCl3) spectrum for 4-13: 
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13C NMR (100 MHz, CDCl3) spectrum for 4-13: 

 

  

N

N O

O

Et

4-13
SO2Me



 263 

Synthesis of compound 4-14: 

 

The piperidine product was synthesized by following general procedures A, C, and D 

using compound S-4-14 (106.2 mg, 1.0 equiv., 0.5 mmol) as the starting material. Product 4-14 

was obtained as colorless oil (113.2 mg, 62% yield). 

Chromatography: 2% methanol in EtOAc (Rf = 0.27). 

1H NMR (400 MHz, CDCl3): 

d 8.57 (dd, J = 4.8, 0.8 Hz, 1H), 8.37 (d, J = 5.2 Hz, 1H), 8.34 (s, 1H), 

7.56 (td, J = 7.6, 1.8 Hz, 1H), 7.17 – 7.10 (m, 1H), 7.06 (d, J = 5.2 Hz, 1H), 

7.02 (d, J = 8.0 Hz, 1H), 4.37 – 4.15 (br, 1H), 4.10 (q, J = 7.2 Hz, 2H), 

4.07 – 3.94 (br, 1H), 3.19 – 3.08 (m, 1H), 3.08 – 2.97 (m, 3H), 

2.83 – 2.73 (m, 1H), 2.73 – 2.49 (m, 2H), 1.97 – 1.84 (m, 1H), 

1.65 – 1.52 (m, 1H), 1.32 – 1.26 (m, 1H), 1.23 (t, J = 7.2 Hz, 3H), 

1.21 – 1.08 (m, 1H), 1.15 (d, J = 6.8 Hz, 3H), 1.03 (dq, J = 12.4, 4.0 Hz, 1H). 

13C NMR (100 MHz, CDCl3): 

d 160.4, 155.6, 153.4, 151.1, 149.7, 148.0, 136.6, 134.9, 123.1, 121.6, 121.1, 61.3, 

44.2, 42.2, 39.9, 39.2, 30.7(2), 30.7, 30.1, 29.8, 19.0, 14.8. 

IR  Alpha-Platinum ATR, Bruker, diamond crystal 

u = 3054, 2971, 2881, 1693, 1591, 1434, 1411, 1221, 751 cm-1. 

HRMS  ESI-TOF 

  (M+H)+ Calcd for C22H30N3O2 368.2333; Found 368.2321.  

3) 20 equiv. HCOONH4
    10 mol% Pd/C

MeOH:THF = 19:1
r.t., overnight

1) 2 equiv. ClCO2Et
    3 equiv. Et3N
    THF, 0 °C, 30 min
2) 2 equiv. pyridine
    1.5 equiv. HCl
    CH3CN, —20 °C
    3 hours

N

N

N O

O

Et

S-4-14
1 equiv. N

N O

O

Et

4-14
62%

N
N N
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1H NMR (400 MHz, CDCl3) spectrum for 4-14: 
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13C NMR (100 MHz, CDCl3) spectrum for 4-14: 
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Synthesis of compounds 4-15a and 4-15b: 

 

The ADHP intermediate was synthesized by following general procedure A using 4-

picoline (93.2 mg, 1.0 equiv., 1.0 mmol) as the starting material. The DHP intermediates were 

synthesized by following general procedure C but using anhydrous THF to dissolve the ADHP 

instead of CH3CN. The DHP intermediates were hydrogenated by following general procedure 

D. Product mixture of 4-15a and 4-15b was obtained as colorless oil (158.4 mg, ~ 1:2 ratio, 64% 

overall yield). 

  

2) 2 equiv. pyridine
    1.5 equiv. HCl
    CH3CN:THF = 1:1
    —20 °C, 3 hours

3) 20 equiv. HCOONH4
    10 mol% Pd/C

MeOH:THF = 19:1
r.t., overnight

1) 2 equiv. ClCO2Et
    3 equiv. Et3N
    THF, 0 °C, 30 min

N

N

O

ON

1 equiv.

N O

O

Et

N

Et

N

O

ONN O

O

Et

N

64%, ~ 1:2
4-15a 4-15b

Et
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1H NMR (400 MHz, CDCl3) spectrum for 4-15a and 4-15b: 
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Synthesis of compounds 4-16a and 4-16b: 

 

The ADHP intermediate was synthesized by following general procedure A using 3,4-

lutidine (107.2 mg, 1.0 equiv., 1.0 mmol,) as the starting material. The DHP intermediates were 

synthesized by following general procedure C but using anhydrous THF to dissolve the ADHP 

instead of CH3CN. The DHP intermediates were hydrogenated by following general procedure 

D. Product mixture of 4-16a and 4-16b was obtained as colorless oil (166.0 mg, ~ 1:2 ratio, 63% 

overall yield). 

  

3) 20 equiv. HCOONH4
    10 mol% Pd/C

MeOH:THF = 19:1
r.t., overnight

1) 2 equiv. ClCO2Et
    3 equiv. Et3N
    THF, 0 °C, 30 min
2) 2 equiv. pyridine
    1.5 equiv. HCl
    CH3CN:THF = 1:1
    —20 °C, 3 hours

N

N

O

ON

1 equiv.

N O

O

Et

N

Et

N

O

ONN O

O

Et

N

63%, ~ 1:2
4-16a 4-16b

Et
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1H NMR (400 MHz, CDCl3) spectrum for 4-16a and 4-16b: 
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Synthesis of compound 4-17: 

 

The ADHP intermediate was synthesized by following general procedure A using 3,4-

lutidine (107.2 mg, 1.0 equiv., 1.0 mmol), Et3N (0.42 mL, 3.0 equiv., 3 mmol) and phenyl 

chloroformate (0.13 mL, 1.0 equiv., 1.0 mmol). The DHP intermediate was synthesized by 

following general procedure C but using anhydrous THF to dissolve the ADHP instead of CH3CN. 

The DHP was hydrogenated by following general procedure D. Product 4-17 was obtained as 

white solid (168.6 mg, 58% yield). 

Melting point: 69.2 – 70.0 °C 

Chromatography: 100% EtOAc (Rf = 0.28). 

1H NMR (400 MHz, DCM-d2): 

d 8.35 (s, 1H), 8.31 (d, J = 4.8 Hz, 1H), 7.41 – 7.33 (m, 2H), 

7.20 (tt, J = 7.2, 0.8 Hz, 1H), 7.12 – 7.07 (m, 2H), 7.03 (d, J = 4.8 Hz, 1H), 

4.34 – 4.13 (m, 2H), 2.97 – 2.72 (m, 2H), 2.58 (d, J = 7.2 Hz, 2H), 2.30 (s, 3H), 

1.84 – 1.74 (m, 1H), 1.70 (d, J = 12.8 Hz, 2H), 1.41 – 1.26 (m, 2H). 

13C NMR (100 MHz, DCM-d2): 

d 153.9, 152.1, 151.4, 147.6, 147.5, 132.3, 129.5, 125.4, 124.8, 122.2, 45.1, 44.7, 

39.6, 36.7, 32.5, 32.2, 16.5. 

IR  Alpha-Platinum ATR, Bruker, diamond crystal 

u = 3044, 2935, 2866, 1704, 1421, 1197 cm-1. 

HRMS  ESI-TOF 

  (M+H)+ Calcd for C19H23N2O2 311.1754; Found 311.1746.  

N
2) 2 equiv. pyridine
    1.5 equiv. HCl
    CH3CN:THF = 1:1
    —20 °C, 3 hours

N

N O

O

Ph

1 equiv.
N

N O

O

Ph

4-17
58%

3) 20 equiv. HCOONH4
    10 mol% Pd/C
    MeOH:THF = 19:1 
    r.t., overnight

1) 2 equiv. ClCO2Ph
    3 equiv. Et3N
    THF, 0 °C, 30 min
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1H NMR (400 MHz, DCM-d2) spectrum for 4-17: 

 

  

N

N O

O

Ph

4-17



 272 

13C NMR (100 MHz, DCM-d2) spectrum for 4-17: 
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Synthesis of compound 4-15b: 

 

 The ADHP intermediate was synthesized by following general procedure A using 4-

picoline (0.1 mL, 1.0 equiv., 1.0 mmol) as the starting material.  

An oven-dried round-bottomed flask equipped with a stir bar was charged with 4-

chloropyridine hydrochloride (225.1 mg, 1.5 equiv., 1.5 mmol) and 5 mL of anhydrous CH3CN. 

The mixture was cooled to –20 °C. The ADHP was dissolved in 5 mL anhydrous THF and added 

dropwise to the reaction mixture while maintaining the temperature at –20 °C. The mixture was 

kept being stirred at –20 °C for 3 hours. Et3N (0.84 mL, 4.0 equiv., 4.0 mmol) was added dropwise 

to the mixture at –20 °C, and the resulting mixture was allowed to warm to ambient temperature 

while stirring for 1 hour. The mixture was then concentrated using a rotary evaporator. The 

resulting residue was washed with 10 mL saturated NaHCO3 solution and extracted with EtOAc 

(4 x 10 mL). The combined organic layer was washed with brine, dried with Na2SO4, filtered 

through a cotton plug, and concentrated using a rotary evaporator. The DHP intermediate was 

collected and hydrogenated by following general procedure D. Product 4-15b was obtained as 

colorless oil (115.3 mg, 46% yield). 

Chromatography: 60% EtOAc in hexanes (Rf = 0.29). 

1H NMR (300 MHz, CDCl3, 43 °C): 

d 8.47 (d, J = 5.7 Hz, 2H), 7.09 (d, J = 5.7 Hz, 2H), 4.62 – 4.39 (m, 1H), 

4.13 – 4.02 (m, 1H), 4.02 – 3.86 (m, 2H), 2.98 – 2.84 (m, 2H), 

2.81 – 2.67 (m, 1H), 1.73 – 1.51 (m, 5H), 1.51 – 1.33 (m, 1H), 

N

1) 2 equiv. ClCO2Et
    3 equiv. Et3N
    THF, 0 °C, 30 min

N

N

1 equiv.
N

N20 equiv. HCOONH4
10 mol% Pd/C

4-15b
46%

O

O

Cl

O

O

N+

Cl

H

Cl—
2)

   1.5 equiv. 

   CH3CN:THF = 1:1
   —20 °C, 3 hours

MeOH:THF = 19:1
r.t., overnight
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1.11 (t, J = 7.2 Hz, 3H). 

13C NMR (75 MHz, CDCl3, 43 °C): 

d 155.7, 149.9, 148.2, 124.6, 61.2, 51.8, 39.5, 35.8, 27.6, 25.5, 19.0, 14.6. 

IR  Alpha-Platinum ATR, Bruker, diamond crystal 

u = 3068, 2980, 2863, 1683, 1416, 1244 cm-1. 

HRMS  ESI-TOF 

  (M+H)+ Calcd for C14H21N2O2 249.1598; Found 249.1591. 
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1H NMR (300 MHz, CDCl3, 43 °C) spectrum for 4-15b: 
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13C NMR (75 MHz, CDCl3, 43 °C) spectrum for 4-15b: 
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Synthesis of compound 4-18: 

 

The ADHP intermediate was synthesized by following general procedure A using 4-

picoline (0.1 mL, 1.0 equiv., 1.0 mmol) as the starting material. 

An oven-dried round-bottomed flask equipped with a stir bar was charged with 4-picoline 

(0.19 mL, 2.0 equiv., 2 mmol) and 5 mL of anhydrous CH3CN. The mixture was cooled to –20 °C. 

Hydrogen chloride (0.37 mL, 1.5 equiv., 1.5 mmol, 4 M in dioxane) was added in a dropwise 

manner, and the resulting mixture was stirred for 15 minutes at –20 °C. The ADHP was dissolved 

in 5 mL anhydrous THF and added dropwise to the reaction mixture while maintaining the 

temperature at –20 °C. The mixture was kept being stirred at –20 °C for 3 hours. Et3N (0.84 mL, 

4.0 equiv., 4.0 mmol) was added dropwise to the mixture at –20 °C, and the resulting mixture was 

allowed to warm to ambient temperature while stirring for 1 hour. The mixture was then 

concentrated using a rotary evaporator. The resulting residue was suspended in diethyl ether for 

2 – 3 minutes and filtered through a cotton plug. The filtrate was concentrated using a rotary 

evaporator to afford crude DHP intermediate, which was then hydrogenated by following general 

procedure D. Product 4-18 was obtained as colorless oil (84.1 mg, 30% yield). 

Chromatography: 100% EtOAc (Rf = 0.29). 

1H NMR (400 MHz, CDCl3): 

d 8.49 (d, J = 5.8 Hz, 2H), 7.12 (d, J = 5.8 Hz, 2H), 4.13 – 3.99 (m, 3H), 

3.79 (ddd, J = 13.6, 7.2, 2.8 Hz, 1H), 3.09 – 2.95 (m, 2H), 2.78 – 2.68 (m, 1H), 

1.97 – 1.83 (m, 1H), 1.71 – 1.56 (m, 2H), 1.19 (t, J = 7.2 Hz, 3H), 

1.17 – 1.07 (m, 2H), 0.97 (d, J = 6.8 Hz, 3H). 

N

1) 2 equiv. ClCO2Et
3 equiv. Et3N
THF, 0 °C, 30 min

N

N

1 equiv.
N

N20 equiv. HCOONH4
10 mol% Pd/C

4-18
30%

O

O

O

O

H

H2) 2 equiv. 4-picoline
1.5 equiv. HCl
CH3CN:THF = 1:1
—20 °C, 3 hours

MeOH:THF = 19:1
r.t., overnight
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13C NMR (100 MHz, CDCl3): 

d 156.1, 149.8, 148.1, 124.9, 61.2, 54.6, 40.2, 37.9, 34.9, 31.1, 26.3, 21.7, 14.8. 

IR  Alpha-Platinum ATR, Bruker, diamond crystal 

u = 3068, 2951, 2870, 1686, 1418, 1219 cm-1. 

HRMS  ESI-TOF 

  (M+H)+ Calcd for C15H23N2O2 263.1754; Found 263.1746. 
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COSY (600 MHz, CDCl3, 5 °C) for 4-18: 

 

Proton No. 1H d (ppm) (multi; J (Hz)) COSY correlations 

H-1 8.49 (d, J = 5.8 Hz) H-2 

H-2 7.12 (d, J = 5.8 Hz) H-1 

H-4 3.07 – 2.95 (m), 2.78 – 2.68 (m) H-4, H-5 

H-5 4.12 – 3.99 (m) H-4a, H-4b, H-6a, H-6b 

H-6a 1.17 – 1.07 (m) H-5, H-6b, H-7 

H-6b 1.71 – 1.56 (m) H-5, H-6a, H-7 

H-7 1.71 – 1.56 (m) H-6a, H-6b, H-8, H-9a, H-9b 

H-8 0.97 (d, J = 6.8 Hz) H-7 

H-9a 1.71 – 1.07(m) H-7, H-9b, H-10a, H-10b 

H-9b 1.96 – 1.83 (m) H-7, H-9a, H-10a, H-10b 

H-10a 3.07 – 2.95 (m) H-9a, H-9b, H-10b 

H-10b 3.79 (ddd, J = 13.6, 7.2, 2.8 Hz) H-9a, H-9b, H-10a 

H-12 4.12 – 3.99 (m) H-13 

H-13 1.19 (t, J = 7.2 Hz) H-12 
Methylene carbons are designated C-X and C-X’ arbitrarily. Axial methylene protons are 

designated H-Xa and H-X’a, and equatorial protons are designated H-Xe and H-X’e arbitrarily. 

Only those correlations which could be unambiguously assigned are reported.  
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NOSEY (600 MHz, CDCl3, 5 °C) for 4-18: 

 

Proton No. 1H d (ppm) (multi; J (Hz)) NOSEY correlations 

H-1 8.49 (d, J = 5.8 Hz) H-2 

H-2 7.12 (d, J = 5.8 Hz) H-1 

H-4 3.07 – 2.95 (m), 2.78 – 2.68 (m) H-6b 

H-5 4.12 – 3.99 (m) H-7, H-10b 

H-6a 1.17 – 1.07 (m) H-9a 

H-6b 1.71 – 1.56 (m) H-4 

H-7 1.71 – 1.56 (m) H-5 

H-8 0.97 (d, J = 6.8 Hz) H-10a 

H-9a 1.71 – 1.07(m) - 

H-9b 1.96 – 1.83 (m) - 

H-10a 3.07 – 2.95 (m) H-8 

H-10b 3.79 (ddd, J = 13.6, 7.2, 2.8 Hz) H-5 

H-12 4.12 – 3.99 (m) - 

H-13 1.19 (t, J = 7.2 Hz) - 
Methylene carbons are designated C-X and C-X’ arbitrarily. Axial methylene protons are 

designated H-Xa and H-X’a, and equatorial protons are designated H-Xe and H-X’e arbitrarily. 

Only those correlations which could be unambiguously assigned are reported.  
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1H NMR (400 MHz, CDCl3) spectrum for 4-18: 
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13C NMR (100 MHz, CDCl3) spectrum for 4-18: 
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COSY (600 MHz, CDCl3, 5 °C) spectrum for 4-18: 
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COSY (600 MHz, CDCl3, 5 °C) spectrum for 4-18 (enlarged): 
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NOESY (600 MHz, CDCl3, 5 °C) spectrum for 4-18:  
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NOESY (600 MHz, CDCl3, 5 °C) spectrum for 4-18 (enlarged):  
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Synthesis of compound 4-19’: 

 

 The ADHP intermediate was synthesized by following general procedure A using 4-

benzylpyridine (0.16 mL, 1.0 equiv., 1.0 mmol) as the starting material. The resulting residue 4-

19’ was characterized without further purification. 

1H NMR  (400 MHz, CDCl3): 

d 7.36 – 7.27 (m, 4H), 7.19 – 7.09 (m, 1H), 7.09 – 6.86 (br, 2H), 

6.56 – 6.22 (br, 1H), 5.94 – 5.81 (br, 1H), 5.80 (s, 1H), 4.32 (q, J = 7.2 Hz, 2H), 

1.35 (t, J = 7.2 Hz, 3H). 

  

N

OO

2 equiv. ClCO2Et
3 equiv. Et3N

N
4-19’

THF, 0 °C, 30 min
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1H NMR (400 MHz, CDCl3) spectrum for 4-19’ (crude): 
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Reaction between ADHP and 4-benzylpyridine hydrochloride: 

 

The ADHP intermediate was synthesized by following general procedure A using 4-

picoline (0.1 mL, 1.0 equiv., 1.0 mmol) as the starting material.  

An oven-dried round-bottomed flask equipped with a stir bar was charged with 4-

benzylpyridine (0.32 mL, 2.0 equiv., 2 mmol) and 5 mL of anhydrous CH3CN. The mixture was 

cooled to –20 °C. Hydrogen chloride (0.37 mL, 1.5 equiv., 1.5 mmol, 4 M in dioxane) was added 

in a dropwise manner, and the resulting mixture was stirred for 15 minutes at –20 °C. The ADHP 

was dissolved in 5 mL anhydrous THF and added dropwise to the reaction mixture while 

maintaining the temperature at –20 °C. The mixture was kept being stirred at –20 °C for 3 hours. 

Et3N (0.84 mL, 4.0 equiv., 4.0 mmol) was added dropwise to the mixture at –20 °C, and the 

resulting mixture was allowed to warm to ambient temperature while stirring for 1 hour. The 

mixture was then concentrated using a rotary evaporator. The resulting residue was suspended 

in diethyl ether for 2 – 3 minutes and filtered through a cotton plug. The filtrate was concentrated 

using a rotary evaporator. The resulting residue was analyzed by quantitative 1H NMR, and a total 

of 220.1 mg (91% qNMR yield) of product 4-19’ was calculated to had been formed. 

  

N

OO

N

N

OO

N

+
1.5 equiv. HCl
CH3CN:THF = 1:1
—20 °C, 3 hours

+

N

unreacted 
benzylpyridine4-19’

91% qNMR yield

2 equiv. ClCO2Et
3 equiv. Et3N

N

1 equiv.

2 equiv.

THF, 0 °C, 30 min
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1H NMR (400 MHz, CDCl3) spectrum for attempted addition of 4-picoline to 4-benzylpyridine: 
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Synthesis of compound 4-21: 

 

The ADHP intermediate was synthesized by following general procedure A using 

piperidine 4-4 (97 mg, 1.0 equiv., 0.37 mmol), Et3N (112.3 mg, 3.0 equiv. 1.11 mmol) and allyl 

chloroformate (89.1 mg, 2.0 equiv., 0.74 mmol). 

An oven-dried round-bottomed flask equipped with a stir bar was charged with 

Pd2(dba)3·CHCl3 (13.4 mg, 3.5 mol%, 0.013 mmol) and 1.5 mL of anhydrous THF. The resulting 

mixture was stirred for 10 min at ambient temperature. The ADHP intermediate was dissolved in 

4 mL anhydrous THF and added to the palladium catalyst solution in a dropwise manner. The 

resulting mixture was placed in an oil bath, stirred, and heated to reflux overnight. The mixture 

was then cooled to ambient temperature and concentrated using a rotary evaporator. The 

resulting residue was purified by flash column chromatography using EtOAc/hexanes to afford 

product 4-21 as light-yellow oil (79.8 mg, 83% yield). 

Chromatography: 40% EtOAc in hexanes (Rf = 0.37). 

1H NMR (400 MHz, CDCl3): 

d 8.54 (d, J = 6.0 Hz, 2H), 7.21 (d, J = 6.0 Hz, 2H), 5.33 (s, 1H), 

5.14 (d, J = 0.6 Hz, 1H), 4.36 – 4.15 (m, 2H), 4.11 (q, J = 7.2 Hz, 2H), 

2.89 – 2.68 (m, 2H), 2.63 – 2.48 (m, 1H), 1.82 – 1.69 (m, 2H), 

1.37 (qd, J = 12.0, 3.2 Hz, 2H), 1.24 (t, J = 7.2 Hz, 3H). 

13C NMR (100 MHz, CDCl3): 

d 155.6, 150.7, 150.1, 149.5, 121.5, 114.1, 61.4, 44.3, 40.0, 31.3, 14.8. 

4-4
1 equiv.N

N O

O
Et

3 equiv. Et3N
THF, 0 °C, 30 min

N

N O

O
Et

O O

3.5 mol% Pd2(dba)3·CHCl3

N

N O

O
Et

4-21
83%

THF, reflux, overnight
2 equiv. Alloc-Cl



 292 

IR  Alpha-Platinum ATR, Bruker, diamond crystal  

u = 3069, 2980, 2855, 1687, 1429, 1221 cm-1. 

HRMS  ESI-TOF 

  (M+H)+ Calcd for C15H21N2O2 261.1598; Found 261.1591. 
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1H NMR (400 MHz, CDCl3) spectrum for 4-21: 
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13C NMR (100 MHz, CDCl3) spectrum for 4-21: 
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Synthesis of compound 4-22: 

 

 The ADHP intermediate was synthesized by following general procedure A using 

piperidine 4-4 (131.2 mg, 1.0 equiv., 1.0 mmol), Et3N (0.42 mL, 3.0 equiv., 3.0 mmol) and allyl 

chloroformate (0.21 mL, 2.0 equiv., 1.0 mmol). 

An oven-dried round-bottomed flask equipped with a stir bar was charged with 

Pd2(dba)3·CHCl3 (51.8 mg, 5 mol%, 0.05 mmol), XantPhos (69.4 mg, 12 mol%, 0.12 mmol) and 

5 mL of anhydrous THF. The mixture was stirred for 30 minutes at ambient temperature. The 

ADHP intermediate was dissolved in 5 mL of anhydrous THF and added dropwise to the palladium 

catalyst solution. The resulting mixture was stirred at ambient temperature overnight. The mixture 

was then concentrated using a rotary evaporator. The resulting residue was purified by flash 

column chromatography using EtOAc/hexanes to afford product 4-22 as colorless oil (288.3 mg, 

95% yield). 

Chromatography: 70% EtOAc in hexanes (Rf = 0.25). 

1H NMR (400 MHz, CDCl3): 

d 8.48 (d, J = 6.0 Hz, 2H), 7.12 (d, J = 6.0 Hz, 2H), 5.38 – 5.22 (m, 1H), 

4.97 – 4.82 (m, 2H), 4.33 – 3.90 (m, 2H), 4.04 (q, J = 7.2 Hz, 2H), 

2.62 (t, J = 12.4 Hz, 1H), 2.57 – 2.43 (m, 2H), 2.37 – 2.25 (m, 1H), 

1.70 (d, J = 12.8 Hz, 1H), 1.62 (tt, J = 11.6, 3.2 Hz, 1H), 1.27 – 1.12 (m, 7H), 

1.12 – 0.96 (m, 2H). 

 

4-4
1 equiv.N

N O

O

Et

3 equiv. Et3N
THF, 0 °C, 30 min

N

N O

O

Et

O O

2 equiv. Alloc-Cl
5 mol% Pd2(dba)3·CHCl3
12 mol% XantPhos

N

N O

O

Et
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13C NMR (100 MHz, CDCl3): 

d 155.5, 155.3, 149.7, 134.0, 122.4, 118.1, 61.2, 46.8, 44.4, 44.3, 43.7, 43.5, 27.0, 

26.7, 18.6, 14.7. 

IR  Alpha-Platinum ATR, Bruker, diamond crystal 

u = 3077, 2976, 2858, 1690, 1430, 1227 cm-1. 

HRMS   ESI-TOF 

  (M+H)+ Calcd for C18H27N2O2 303.2067; Found 303.2059. 
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1H NMR (400 MHz, CDCl3) spectrum for 4-22: 
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13C NMR (100 MHz, CDCl3) spectrum for 4-22: 
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Synthesis of compound 4-23: 

 

 A dry round-bottomed flask equipped with a stir bar was charged with a 0.1 M solution of 

piperidine 4-4 (262.4 mg 1.0 equiv., 1.0 mmol) in anhydrous THF. The solution was cooled to –

78 °C. Allyl chloroformate (0.21 mL, 2.0 equiv., 2.0 mmol) was added in a dropwise manner, and 

the resulting solution was stirred for 1 hour at –78 °C. Methylmagnesium bromide (0.83 mL, 2.5 

equiv., 2.5 mmol, 3 M in diethyl ether) was added to the mixture in a dropwise manner. The 

resulting mixture was stirred for 1 hour at –78 °C. The mixture was allowed to warm to ambient 

temperature while stirring for 1 hour. The reaction was quenched by dropwise addition of ice-cold 

water (20 mL). After stirring for 15 minutes, the resulting mixture was extracted with EtOAc (3 x 

20 mL). The combined organic layer was washed with brine, dried with Na2SO4, filtered through 

a cotton plug, and concentrated using a rotary evaporator. The crude methylated dihydropyridine 

intermediate was obtained and used in the next step without further purification. 

A dry round-bottomed flask equipped with a stir bar was charged with Pd2(dba)3·CHCl3 

(25.9 mg, 2.5 mol%, 0.025 mmol), 2,2’-bipyridine (7.8 mg, 5 mol%, 0.05 mmol) and 5 mL of 

anhydrous THF. The resulting mixture was stirred for 30 minutes at ambient temperature. The 

methylated dihydropyridine intermediate was dissolved in 5 mL of anhydrous THF and added 

slowly to the palladium catalyst solution. The resulting mixture was placed in an oil bath, stirred, 

and heated to 55 °C overnight. The mixture was then cooled to ambient temperature and 

concentrated using a rotary evaporator. The resulting residue was purified by flash column 

4-4
1 equiv.N

N O

O

Et

2.5 equiv. MeMgBr
THF, 0 °C, 30 min

N

N O
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O O

2 equiv. Alloc-Cl
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5 mol% 2,2’-Bipy

N

N O

O

Et

4-23
62%

THF, 55 °C, overnight



 300 

chromatography using EtOAc/hexanes to afford product 4-23 as colorless oil (170.7 mg, 62% 

yield). 

Chromatography: 100% EtOAc (Rf = 0.36). 

1H NMR (400 MHz, CDCl3): 

d 8.35 (d, J = 5.2 Hz, 1H), 6.89 (s, 1H), 6.84 (d, J = 5.2 Hz, 1H), 

4.38 – 3.95 (m, 2H), 4.07 (q, J = 7.2 Hz, 2H), 2.73 – 2.62 (m, 1H), 

2.58 (t, J = 12.8 Hz, 1H), 2.50 (s, 3H), 2.38 (p, J = 7.2 Hz, 1H), 

1.87 – 1.72 (m, 1H), 1.59 – 1.46 (m, 1H), 1.37 – 1.27 (m, 1H), 

1.26 – 1.18 (m, 6H), 1.18 – 1.07 (m, 1H), 1.07 – 0.93 (m, 1H). 

13C NMR (100 MHz, CDCl3): 

d 158.4, 155.5, 155.2, 149.2, 122.7, 120.2, 61.3, 44.9, 44.0(9), 44.0(6), 42.0, 30.5, 

29.6, 24.5, 18.1, 14.8. 

IR  Alpha-Platinum ATR, Bruker, diamond crystal 

u = 3080, 2976, 2855, 1691, 1429, 1229 cm-1. 

HRMS  ESI-TOF 

  (M+H)+ Calcd for C16H25N2O2 277.1911; Found 277.1901. 
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1H NMR (400 MHz, CDCl3) spectrum for 4-23: 
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13C NMR (100 MHz, CDCl3) spectrum for 4-23: 
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Synthesis of compound 4-24: 

 

 A round-bottomed flask was charged with a 0.05 M solution of piperidine 4-4 (78.7 mg, 

1.0 equiv., 0.3 mmol) in ethanol. A 0.15 M solution of potassium hydroxide (50.5 mg, 3.0 equiv., 

0.9 mmol) in water was added to the piperidine solution, and the resulting mixture was placed in 

an oil bath, stirred, and heated to reflux for 24 hours. The mixture was then cooled to ambient 

temperature and then concentrated using a rotary evaporator to remove ethanol. The resulting 

mixture was extracted with DCM (4 x 10 mL). The combined organic layer was washed with brine, 

dried with Na2SO4, filtered through a cotton plug, and concentrated using a rotary evaporator. The 

resulting residue was purified by flash column chromatography using EtOAc/methanol/Et3N to 

afford product 4-24 as colorless oil (53.7 mg, 94% yield). 

Chromatography: 58% methanol, 2% Et3N in EtOAc (Rf = 0.34). 

1H NMR (400 MHz, CDCl3): 

d 8.48 (d, J = 6.0 Hz, 2H), 7.06 (d, J = 6.0 Hz, 2H), 3.18 – 3.09 (m, 1H), 

3.06 – 2.95 (m, 1H), 2.58 (td, J = 12.4, 2.8 Hz, 1H), 2.53 – 2.39 (m, 2H), 

1.83 (dp, J = 12.4, 2.8 Hz, 1H), 1.58 – 1.45 (m, 1H), 1.38 – 1.29 (m, 1H), 

1.23 (d, J = 7.2 Hz, 3H), 1.22 – 1.12 (m, 1H), 1.06 (qd, J = 12.0, 4.0 Hz, 1H). 

13C NMR (100 MHz, CDCl3): 

d 155.3, 149.8, 123.3, 46.7(4), 46.7, 45.5, 42.3, 31.6, 30.7, 18.0. 

IR  Alpha-Platinum ATR, Bruker, diamond crystal 

u = 3270, 3066, 2964, 2932, 1599, 1413 cm-1. 

HRMS  ESI-TOF 

4-4
1 equiv.N

N O
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3 equiv. KOH
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  (M+H)+ Calcd for C12H19N2 191.1543; Found 191.1536. 
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1H NMR (400 MHz, CDCl3) spectrum for 4-24: 
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13C NMR (100 MHz, CDCl3) spectrum for 4-24: 
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