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Abstract 
Pyridines are valued structures in pharmaceutical development. Using a soft enolization 

approach, we can diversify alkyl pyridines under mild conditions via alkylidene 

dihydropyridines (ADHPs). Recent work in our group has demonstrated the utility of 

ADHPs in palladium-catalyzed reactions. However, the fundamental reactivity of ADHPs 

remains largely unexplored, with only scattered reports in the literature. We seek to further 

explore the reactivity of these electron-rich intermediates in different contexts, as new 

transformations can provide useful synthetic tools for pharmaceutical discovery. Herein 

we describe our investigations in this area, including the development of two new 

synthetic methods. Specifically, we describe the oxidation of ADHPs to the corresponding 

pyridylic ketones under mild conditions, and the iridium-catalyzed asymmetric alkylation 

of alkylidene dihydropyridines branch-allylated alkyl pyridines. 
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CHAPTER I: Introduction  
1.1 Importance of Pyridines in Pharmaceuticals 
In 2014, Vitaku conducted a structural analysis of small-molecule drugs approved by the 

U.S. Food and Drug Administration (FDA) and found that nitrogen-heterocycles were the 

most frequent structural motif, appearing in 60% of all small-molecule drugs (figure 1.1).[1] 

Of these heterocycles, pyridine was found to be the most frequent six-membered 

aromatic nitrogen heterocycle. Because of their prevalence in pharmaceuticals, research 

in our group has focused on developing synthetic methods towards alkyl-pyridines. With 

their ubiquity in pharmaceutically active ingredients, natural products, and agrochemicals, 

synthetic diversification of alkyl-pyridines would provide immense value to the 

pharmaceutical industry.[2] 

 
Figure 1.1 Frequency of pyridines in U.S. FDA approved small-molecule drugs. 
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1.2 Diversification of 4-Alkyl Pyridines via Alkylidene Dihydropyridines 
An underutilized approach to alkyl pyridine diversification utilizes alkylidene 

dihydropyridines (ADHP) intermediates. ADHPs are de-aromatized 4-alkyl pyridines, 

prepared through a soft enolization approach (scheme 1.1). [3] Activation of the pyridine 

by nucleophilic acyl substitution to a chloroformate acidifies the pyridylic protons, allowing 

for deprotonation by a mild amine base to form the semi-stable ADHP. To our knowledge, 

use of ADHPs in synthetic transformations has been scarcely reported, and their 

fundamental reactivity has not been studied or exploited.[4–6]  

 
Scheme 1.1 Preparation of alkylidene dihydropyridines from 4-alkyl pyridines. 

 
Recently, we have developed a decarboxylative allylation approach toward diverse 4-

alkyl pyridines via ADHPs (scheme 1.2). [7–9] ADHPs prepared from allyl chloroformate 

and 4-alkyl pyridines can undergo palladium-catalyzed decarboxylative allylation, forming 

4-allylated alkyl pyridines bearing a new stereogenic at the pyridylic position (scheme 1.2, 

A). In particular, 4-alkyl pyridines with stereogenic centres at the pyridylic or 

homopyridylic positions are privileged motifs in medicinal chemistry (scheme 1.3). [10,11] 

Alternatively, these ADHPs can form 4-vinyl pyridines (scheme 1.2, B), well-regarded 

intermediates towards diverse alkyl pyridine scaffolds (scheme 1.3).  

 
 

Scheme 1.2 Palladium-catalyzed A) allylation of 4-alkyl pyridines, and B) dehydrogenation of 4-alkyl 
pyridines via ADHPs. 
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Scheme 1.3 Pyridylic and homopyridylic stereogenic centers found in alkyl pyridine pharmaceuticals. 

 
1.3 Mining for Reactivity with Alkylidene Dihydropyridines. 
Over the course of our investigation of ADHPs as synthetic intermediates, we observed 

their decomposition under aerobic conditions to 4-acyl pyridines (scheme 1.4, A). Acyl 

pyridines (pyridylic ketones) are versatile functional groups that can be transformed into 

a diverse array of intermediates and are key compounds in pharmaceutical 

development.[12,13] Strikingly, the auto-oxidation of ADHPs proceeds under exceptionally 

mild conditions. In contrast to existing methods, the auto-oxidation of ADHPs is exclusive 

for 4-alkyl pyridines. In chapter 2, we report the development of the selective oxidation 

of 4-alkyl pyridines to 4-pyridylic ketones via ADHPs.  

 
Scheme 1.4 A) Oxidation of ADHPs to 4-acetyl pyridines B) Iridium-catalyzed allylation of ADHPs. 

 

Shown previously, we established pyridylic stereogenic centres can be accessed via 

palladium-catalysis (scheme 1.2, A). Currently, our group is investigating ADHPs as in 

enantioselective allylations to access homopyridylic stereogenic centers. This can be 

accomplished using ADHPs and branched allylic electrophiles under iridium-catalysis 

(scheme 1.4, B).[14]  In chapter 3, we investigate the application of ADHPs in direct 

iridium-catalyzed asymmetric alkylations to form branch allylated 4-alkyl pyridines. 
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CHAPTER II: I Development of the Sustainable Synthesis of 4-Acetyl Pyridines 
2.1 Oxidation of Alkylidene Dihydropyridines to Pyridylic Ketones 
In 2016, Pigge reported alkylidene dihydropyridines as substrates in Mizoroki—Heck 

cyclization (scheme 2.1, A).[4] During column chromatography purification of the cyclized 

alkylidene dihydropyridine, they observed oxidation at the pyridylic position. In our 

investigation of ADHPs as mild synthetic intermediates, we observed the facile oxidation 

of monosubstituted ADHPs to 4-pyridylic ketones under aerobic conditions (scheme 2.1, 
B). Pyridylic ketones are versatile intermediates in the preparation of activate 

pharmaceutical ingredients (APIs) and natural products.[13] We believe this mild oxidation 

of ADHPs to 4-pyridylic ketones could be a sustainable alternative over existing methods 

that rely on transition metals, additives, and elevated temperatures.[15]  

 
Scheme 2.1 A) ADHP oxidation reported by Pigge. B) Our observed ADHP oxidation. 

Traditionally, direct oxidation of alkyl pyridines to pyridylic ketones has been 

accomplished with stoichiometric oxidants and elevated temperatures. In 2002, Nicolaou 

reported several applications of hypervalent iodine oxidants o-iodylbenzoic acid (IBX) and 

Dess-Martin periodinane (DMP), in the oxidation of benzylic, pyridylic and alpha-carbonyl 

positions (scheme 2.2).[16,17]  

 
Scheme 2.2 Nicolaou’s oxidation of alkyl pyridines with IBX. 
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overall atom economy.[18] Since this work, pyridylic and benzylic oxidations have been 

developed with sustainability in mind, specifically, using oxygen as the terminal oxidant, 

earth abundant transition metal catalysts, and recyclable additives. Over the last decade, 

a number methods for pyridylic oxidation have been established,[15,19–22] however they 

generally exhibit poor chemoselectivity.  

In 2012, Maes reported the aerobic oxidation of 2-benzyl pyridine to 2-benzoyl pyridine 

with catalytic copper and acetic acid (scheme 2.3).[23] In their investigations into 

chemoselectivity, they found different levels of site-selectivity were achieved when using 

copper or iron transition metal catalysts (scheme 2.4).  

 
Scheme 2.3 Maes’s direct, catalytic oxidation of benzyl pyridines. 

 

 
Scheme 2.4 Maes’s iron-catalyzed chemoselective oxidation of the methylene heteroarene position. 

In 2016, mechanistic studies conducted by Maes uncovered the role of copper and 

oxygen (scheme 2.5).[24] The active copper catalyst A is formed from copper iodide by 

oxygen oxidation, ligation by 2-benzyl pyridine 1 and acetic acid. Catalyst A is intercepted 

by the enamine pyridine tautomer 2, forming pyridylic copper complex B. Oxidation of 

complex B with molecular oxygen is proposed to be the rate determining step, forming 

the short-lived copper (III) complex C, which rearranges to the organic copper (II) 

peroxide D. Heterolytic cleavage of the pyridylic protons form 2-benzoyl pyridine 3, and 

copper (II) hydroxide E.    
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Scheme 2.5 Copper catalyzed oxidation of alkyl-pyridines mechanism by Maes. 

A broader oxidation substrate scope was reported by Zhuo and Lei in 2015, 

demonstrating selective oxidation of heterobenzylic methylenes and alkanes by ⍺-

chloroacetate promoted copper catalysis (scheme 2.6).[25] Density functional theory (DFT) 

calculations suggested stronger activation of the pyridylic position is achieved with ⍺-

chloroacetate compared to acetic acid. Based on gas chromatography-mass 

spectrometry (GC-MS) and electron paramagnetic resonance (EPR) experiments, the 

authors proposed the oxidation proceeds through an organic radical intermediate.  

 
Scheme 2.6 Zhuo and Lei’s ethyl chloroacetate promoted, copper-catalyzed oxidation of alkyl pyridines. 

Although sustainable transition metals and oxidants are used in both Maes, Zhuo, and 

Lei’s reports, they also require stoichiometric activating agents. In 2018, Van Humbeck 

reported the dual-catalytic, site-selective oxidation of benzylic and pyridylic 

azaheterocycles without stoichiometric activating agents (scheme 2.7).[26] Depending on 

the desired site of oxidation, a suitable catalyst system can achieve benzylic or pyridylic 

oxidation with excellent chemoselectivity.  
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Scheme 2.7 Van Humbeck’s dual-catalytic site-selective oxidation of benzylic and pyridylic positions. 

In 2019, Wu & co-workers reported the transition metal-free oxidation of heterobenzylic 

C-H bonds (scheme 2.8).[27]  

 
Scheme 2.8 Wu & co-workers transition metal free heterobenzylic oxidation.  

This exceptionally mild oxidation conducted under ambient atmosphere is believed to 

proceed through a pyridylic radical C, generated by O-N homolytic cleavage of ADHP B 

(scheme 2.9, A to C). Following a heterobenzylic oxidation pathway proposed by Ingold, 

Carlo and Jiao,[28–30] radical C combines with molecular oxygen to form D, dimerizing and 

fragmenting to the pyridylic hydroxy radical F. Solvent assisted equilibration of F to F’ and 

single electron oxidation by molecular oxygen forms oxocarbenium G.  
 

 
Scheme 2.9 Proposed oxidation mechanism by Wu & co-workers.  
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Despite the advancements in pyridylic oxidation, there is still room to develop more 

sustainable methods. Specifically, development towards a metal-free, site-selective, and 

mild oxidation of alkyl pyridines would provide a sustainable pathway to prepare valuable 

pharmaceuticals.[18] 

 
2.2 Mild Oxidation of 4-Benzyl Pyridine ADHP to 4-Benzoyl Pyridine 
In a solution of acetonitrile under oxygen atmosphere, the ADHP 2-1 prepared from 4-

benzyl pyridine, oxidized to 4-benzoyl pyridine (scheme 2.10). After concentration of the 

reaction mixture, 1H-NMR analysis showed crude 4-benzoyl pyridine 2-2 as the major 

product. Using oxygen and room temperature conditions, this ADHP oxidation to 4-

benzoyl pyridine is exceptionally mild in comparison to existing methods.[19,22]  

 

 
Scheme 2.10 Oxidation of 4-benzyl pyridine to 4-benzoyl pyridine. 

 

The free-base 4-benzoyl pyridine obtained without additional workup is speculated to form 

by the following mechanism (scheme 2.11). Single electron-transfer (SET) oxidation of 

ADHP 2-1 gives radical cation 2-1A. Superoxide displaces the acyl pyridinium, forming 

the heterobenzylic radical 2-1B, which could oxidize to ketone 2-2 following the 

mechanism proposed by Wu (scheme 2.9).[28–30] Alternatively, radical 2-1B combines with 

the ethoxy carbonyl peroxide radical, forming peroxide 2-1C. Following a similar 

mechanistic step proposed by Maes (scheme 2.5, D to 3),[24] heterolytic deprotonation of 

peroxide 2-1C forms 4-benzoyl pyridine 2-2 and ethyl carbonic acid. 
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Scheme 2.11 Proposed mechanism of ADHP auto-oxidation to 4-benzoyl pyridine. 

 

2.3 ADHP Oxidation is Selective for the 4-Pyridylic Position 
To expand the utility of this reaction, we investigated the chemoselectivity of the ADHP 

oxidation by adding additives or using substrates with competing oxidation sites. To 

demonstrate pyridylic chemoselectivity, we prepared the ADHP 2-3 from 5,6,7,8-

tetrahydroisoquinoline for oxidation (scheme 2.12). The reaction gave oxidation 

exclusively at the 4-pyridylic position (2-4). This is in contrast to existing methods, which 

are not selective when competing pyridylic and benzylic positions are present.[15] 

 
Scheme 2.12 Regioselective pyridylic oxidation of 5,6,7,8-tetrahydroisoquinoline ADHP. 

 

We investigated benzylic chemoselectivity by introducing diphenyl methylene into a 

solution of 4-benzyl pyridine ADHP 2-1 prior to oxidation (scheme 2.13). After the reaction 

was complete, quantitative 1H-NMR analysis gave diphenyl methylene in 99%.  

 

 
Scheme 2.13 Chemoselective oxidation of ADHP in the presence of diphenyl methylene. 
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In our previous work, we established that 2-alkyl pyridines could not form the 

corresponding ADHP due to the steric clash between the 2-alkyl substituent and the 

alkoxy carbonyl.[ 7,31] To investigate the possibility of 2-pyridylic oxidation in the presence 

of a 3-pyridylic position, 5,6,7,8-tetrahydroquinoline, excess triethyl amine and ethyl 

chloroformate was stirred under an oxygen atmosphere (scheme 2.14, A). If trace 

amounts of ADHP formed during the reaction, we believed oxidation could occur to give 

ketone, driving the ADHP equilibrium to completion. However, we did not observe 2-

pyridylic ketone or ADHP by 1H-NMR analysis. A similar result was obtained when 2-

benzoyl pyridine was subjected to the same conditions (scheme 2.14, B). These results 

suggest the ADHP oxidation cannot be applied to 2-alkyl pyridines. 

 
Scheme 2.14 Unsuccessful 2-pyridylic oxidation of 5,6,7,8-tetrahydroquinoline, and 2-benzyl pyridine. 

 

A peculiar result in our chemoselectivity experiments arose from the oxidation of ADHP 
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be attributed to internal C-C homolytic cleavage of D (scheme 2.16), forming pyridylic 

radical peroxide E. Homolytic O-O cleavage of E forms 4-pyridine carboxaldehyde F, and 

benzyl radical G’. Auto-oxidation of G’ following the mechanism proposed by Ingold 

provides benzaldehyde H.[29]  
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Scheme 2.15 Unsuccessful oxidation of ADHP bearing an adjacent benzylic position.  

 
Scheme 2.16 Proposed by-product formation mechanism. 

2.4 Reaction Optimization 
2.4.1 Identification of By-products 
Over the course of our investigation, we synthesized and characterized commonly 

observed semi-oxidation by-products (scheme 2.17, 2-11, 2-12). Notably, pyridone by-

product 2-13 (scheme 2.18) is observed in all oxidations in trace-amounts, potentially 

formed by intramolecular fragmentation of 2-1 (scheme 2.19).  

 
Scheme 2.17 Synthesis of pyridylic alcohol 2-11 and carbonate 2-12. 

 
Scheme 2.18 Synthesis of pyridone 2-13. 
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Scheme 2.19 Proposed mechanism for the formation of 2-13. 

 

Semi-oxidation by-products 2-11 and 2-12 could potentially be formed by intermolecular 

side-reactions between ADHP 2-1 and organic radical intermediates formed following 

Wu’s proposed mechanism (scheme 2.20).[27] 

 

 
Scheme 2.20 Proposed mechanism for the formation of 2-11 and 2-12. 
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Table 2.1 Effect of additives on ADHP oxidation. Cnd = could not determine. Quantitative NMR yields. 

 
Entry Additive Equiv. 2-1 Conv. (%) 2-2 (%) 2-11 (%) 2-12 (%) 2-13 (%) SM (%) 

1 None - 100 56 9 0 2 cnd 
2 Et3N 1 94 58 cnd cnd cnd cnd 
3 P-Sponge 1 51 19 0 0 0 cnd 
4 K2CO3 1 100 55 cnd cnd 3 cnd 
5 K2CO3 3 100 60 cnd cnd 3 cnd 
6 K2CO3 5 100 57 cnd cnd 1 cnd 
7 K2CO3 10 100 61 cnd cnd 4 cnd 
8 Na2CO3 1 100 60 cnd cnd 2 cnd 
9 NaHCO3 1 100 59 cnd cnd 2 cnd 
10 Na2SO4 1 100 58 cnd cnd 2 cnd 
11 MgSO4 1 100 59 cnd cnd 2 cnd 
12 Cs2CO3 1 100 53 3 5 cnd cnd 
13 Cs2CO3 3 100 54 2 10 cnd cnd 
14 Cs2CO3 5 93 23 cnd cnd cnd cnd 
15 Cs2CO3 10 86 32 cnd 14 cnd cnd 

Conditions: 2-1 prepared from 4-benzyl pyridine (50 mg, 0.295 mmol). Percentages based on 1H-NMR 
qNMR analysis with p-anisaldehyde. Cnd = (Could not determine). 
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2.4.3 Screening Solvents 

From qualitative observations in our group, we found that ADHP 2-1 conversion to 2-2 

under aerobic conditions was solvent dependent. In general, non-polar solvents 

(hexanes, heptanes, toluene, diethyl ether) and polar organic solvents (DMSO, 1,4-

dioxane, DMF, DMA) gave poor conversion of ADHP 2-1 to 2-2. Additionally, polar protic 

solvents (alkyl alcohols, aqueous solvents) gave poor conversion of ADHP 2-1 (data not 

included).1 After thorough screening of various solvents, we investigated polar-aprotic 

solvents known to give complete conversion of ADHP 2-1 (table 2.2). Acetone (entry 4) 

gave the cleanest oxidation with minimal side products. To avoid potential intermolecular 

side-reactions (scheme 2.20), we investigated the oxidation at a lower concentration 

(entry 5), noting no meaningful difference in yield or reduction of side products compared 

to 0.1 molar dilution (entry 4).  
Table 2.2 Effect of solvent and reaction concentration on ADHP oxidation. Quantitative NMR yields. 

 
Entry Solvent Conc. 

[mol/L] 
2-1 Conv. 

(%) 2-2 (%) 2-11 (%) 2-12 (%) 2-13 (%) SM (%) 

1 MeCN 0.1 100 56 9 0 2 cnd 
2 EtOAc 0.1 100 55 3 10 3 cnd 
3 EtOAc 0.01 100 54 2 10 4 cnd 
4 Acetone 0.1 100 78 3 0 trace cnd 
5 Acetone 0.01 100 74 0 0 trace 0 
6 THF 0.1 100 44 4 3 4 0 
7 1,2-DME 0.1 100 46 8 8 1 0 
8 DCM 0.1 100 54 cnd 4 2 0 

Conditions: 2-1 prepared from 4-benzyl pyridine (50 mg, 0.295 mmol). Percentages based on 1H-NMR 
qNMR analysis with p-anisaldehyde. Cnd = (Could not determine).  

 
1 Solvent effects on ADHP 2-1 conversion observed by Matthew Puzhitsky. 
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2.4.4 Screening Temperature 
A brief temperature screen suggested 23 ˚C as the optimal temperature (table 2.3, entry 

1). At reflux (entry 2), ADHP conversion is poor compared to entry 1, likely due to the 

elevated reaction temperatures reducing the concentration of oxygen in solution. At 0 ˚C 

over 12 hours (entry 3), ADHP conversion is improved compared to reflux, however more 

side products were observed. When entries 1 and 3 (table 2.3) were returned to room 

temperature and left standing for 18 hours under oxygen atmosphere, we observed 

complete conversion of ADHP 2-1.  
Table 2.3 Effect of temperature on ADHP oxidation.  

 
Entry Temp 

(˚C) 2-1 Conv. (%) 2-2 (%) 2-11 (%) 2-12 (%) 2-13 (%) SM (%) 

1 23 100 78 3 0 trace cnd 
2 Reflux 24 12 0 0 0 0 
3 0 ˚C 78 46 11 cnd 2 11 

Conditions: 2-1 is prepared from 4-benzyl pyridine (50 mg, 0.295 mmol). Percentages based on 1H-NMR 
qNMR analysis with p-anisaldehyde. Cnd = (Could not determine).  
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2.4.5 Investigating One-Pot Oxidation Conditions 
To simplify the oxidation procedure, we proposed that under an oxygen atmosphere, 

ADHP formed from 4-alkyl pyridine SM would oxidize in situ to give ketone (table 2.4). 

Under 1-pot conditions, we found the systematic reduction of triethylamine and ethyl 

chloroformate improved the conversion of ADHP 2-14 and formation of product 2-15 
(entries 3-5). With near stoichiometric equivalents of triethyl amine and ethyl-

chloroformate, the 1-pot oxidation of 4-benzyl pyridine (entry 6) gave comparable results 

to the 2-step protocol (table 2.2, entry 4). Interestingly, a ten-fold dilution of the reaction 

solution for the oxidation of 4-ethyl pyridine ADHP 2-14 (entry 7) reduced by-product 

formation, and improved ketone 2-15 formation compared to 0.1 molar (entry 5). In 

comparison, the oxidation of ADHP 2-1 at 0.01 molar gave similar yields to 0.1 molar 

(table 2.2, entry 5 vs 4). We speculated that 4-ethyl pyridine experiences more 

intermolecular side reactions compared to 4-benzyl pyridine. This could be due to 

difference electronic effects of the -R group on ADHP and radical intermediate stability. 

This difference is observed in early 1-pot optimization experiments, where ADHP 2-14 

conversion is greater compared to ADHP 2-1 (table 2.4, entry 2 vs 1).  

 
Table 2.4 Screening 1-pot 4-alkyl pyridine oxidation conditions. Quantitative NMR yields. 

 
Entry SM Conv.  

-R, (%) 
Solvent 
[mol/L] 

Et3N  
(equiv.) 

EtO2CCl 
(equiv.) ADHP (%) Ketone (%) 

1 -Ph (96) THF [0.1] 3 2 2-1 (42) 2-2 (24) 
2 -Me (100) THF [0.1] 3 2 2-14 (0) 2-15 (56) 
3 -Me (98) Acetone [0.1] 3 2 2-14 (43) 2-15 (26) 
4 -Me (96) Acetone [0.1] 3 1.05 2-14 (17) 2-15 (43) 
5 -Me (92) Acetone [0.1] 1.2 1.05 2-14 (0) 2-15 (54) 
6 -Ph (100) Acetone [0.1] 1.2 1.05 2-1 (0) 2-2 (78) 
7 -Me (89) Acetone [0.01] 1.2 1.05 2-14 (0) 2-15 (69) 

Conditions: 2-1 prepared from 4-benzyl pyridine (50 mg, 0.295 mmol). 2-14 prepared from 4-ethyl 
pyridine (50 mg, 0.467 mmol). Percentages based on 1H-NMR qNMR analysis with p-anisaldehyde. 
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2.4.6 Screening Rates of Ethyl Chloroformate Addition 
To obtain a low reaction concentration and avoid potential intermolecular side reactions 

(scheme 2.20), we proposed the gradual addition of ethyl chloroformate would generate 

a low concentration of ADHP 2-14, oxidizing in situ to form ketone 2-15 (table 2.5). We 

found that a dilute chloroformate solution (0.1 M in acetone) added gradually over 1 hour 

improved conversion of 4-ethyl pyridine and ketone 2-15 formation (entry 3). However, 

when 4-benzyl pyridine was subjected to the slowed rate of chloroformate addition (entry 

5), we observed poorer conversion of intermediate ADHP 2-1 and less ketone 2-2 

formation compared to a rapid rate of addition (entry 4).  

 
Table 2.5 Effect of chloroformate addition rate on 1-pot 4-alkyl pyridine oxidation. Quantitative NMR 

yields. 

 
Entry SM Conv. (%) EtO2CCl 

Addition Rate ADHP (%) Ketone (%) 

1 -Me (92) ~30 s 2-14 (0) 2-15 (54) 
2 -Me (92) 0.5 hr 2-14 (0) 2-15 (66) 
3 -Me (100) 1 hr 2-14 (0) 2-15 (74) 
4 -Ph (100) ~30 s 2-1 (0) 2-2 (77) 
5 -Ph (100) 1 hr 2-1 (8) 2-2 (62) 

Conditions: 2-1 prepared from 4-benzyl pyridine (50 mg, 0.295 mmol). 2-14 prepared from 4-ethyl 
pyridine (50 mg, 0.467 mmol). Percentages based on 1H-NMR qNMR analysis with p-anisaldehyde. 
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2.5 Conclusions and Future Work 
Exploiting the electron rich nature of ADHPs, we have established the mild preparation of 

4-pyridylic ketones from 4-alkyl pyridines via ADHPs (scheme 2.21). This oxidation 

demonstrates excellent chemoselectivity in the presence of competing benzylic and 

pyridylic positions. Due to the inability to form the ADHP with 2-substitued alkyl pyridines, 

this oxidation cannot be applied to 2-alkyl pyridines or 2-substitued 4-alkyl pyridines. In 

addition, we have simplified the ADHP oxidation to a 1-pot protocol, noting a difference 

in ADHP oxidation between 4-ethyl pyridine and 4-benzyl pyridine. With optimized 

conditions established, we will perform a substrate scope to further investigate reaction 

chemoselectivity and utility. 

 

 
Scheme 2.21 1-Pot oxidation of 4-alkyl pyridines to 4-acetyl pyridines. 
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Chapter III: Development of the Iridium-Catalyzed Alkylation of 4-Methyl Pyridines  
3.1 Iridium-Catalyzed Asymmetric-Alkylation  
In 1997, Kashio and Takeuchi reported the first iridium-catalyzed allylic alkylation reaction 

(scheme 3.1, A).[32] Mechanistic studies by Helmchen and co-workers established an 

iridacyclic complex as the active catalyst (scheme 3.1, B, 3).[33] The complex is formed 

by reversible ortho C-H oxidative-addition of the phosphite ligand, driven forward by base 

assisted reductive-elimination by sodium malonate (scheme 3.1, B, 1 to 3). Coordination 

and oxidative-addition of allyl acetate by complex 3 forms the cationic allyl-iridium (III) 4, 

intercepted by sodium malonate to form the branched allylated product.  

 
Scheme 3.1 A) First reported Ir-catalyzed allylic alkylation by Kashio and Takeuchi. B) Mechanism 

determined by Helmchen. 

Shortly after Kashio and Takeuchi’s report, the first enantioselective variant was reported 

by Helmchen and Jansen (scheme 3.2).[34] Further advancements in iridacyclic catalyst 
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phosphoramidites by Hartwig (scheme 3.3).[35]  

n-Pr OAc

n-Pr

n-Pr+
THF, rt, 3 hr

b (branched) l (linear)(1.0 equiv.)

89% [b:l] (96:04)

[Ir(cod)Cl]2 (2 mol%)
P(OPh)3 (8 mol%)

MeO

O

OMe

O O OMe

O

OMeMeO OMe

OONa

(2.0 equiv.)

+

A

B

2 P(OPh)3
[Ir(cod)Cl]2

Ir P(OPh)2

Cl
Ir

O

P(OPh)2

Cl

O
H H

NaCH(CO2Me)2

-CH2(CO2Me)2
-NaCl

Ir

O

P(OPh)2

n-Pr OAc

n-PrIr

O

P(OPh)2

OAc

MeO OMe

OONa

Ir

O

P(OPh)2

n-Pr

MeO

O

OMe

O

-NaOAc
+

1 2 3

4
3



 20 
 

 
Scheme 3.2 First enantioselective iridium-catalyzed allylation by Helmchen and Jansen. 

 

 
Scheme 3.3 Hartwig’s synthesis of Feringa ligand based iridacyclic complex. 

In 2007, Carreira reported the application of P-olefin phosphoramidite ligands (dubbed 

Carreira ligand) in the iridium-catalyzed synthesis of primary allylic amines from allylic 

alcohols (scheme 3.4).[36] Years since this report, a rich library of nucleophiles have been 

applied in Carreira-iridium catalyzed asymmetric alkylations (scheme 3.5).[37]  

 
Scheme 3.4 Carreira’s iridium-catalyzed synthesis of primary allylic amines. 

 
Scheme 3.5 Survey of nucleophiles applied in Carreira’s iridium-catalyzed asymmetric alkylation. 
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Mechanistic studies by Carreira established the formation of a cationic allyl-iridium 

complex by Lewis acid promoted oxidative-addition of ⍺-allyl benzylic alcohol (scheme 
3.6).[36] The cationic allyl-iridium complex is in equilibrium between exo and endo 

diastereomers. In one mechanistic proposal, the endo diastereomer is intercepted by a 

nucleophile at the benzylic allyl terminus through an outer-sphere approach, forming the 

branched allylated nucleophile. From X-ray crystal analysis of the cationic allyl-iridium 

diastereomers, the researchers observed a longer carbon-iridium bond at the benzylic 

allyl carbon compared to the terminal allyl carbon.[38] This difference in carbon-iridium 

bond length is postulated to be from a trans influence by the phosphorus atom of the 

ligand, resulting in the benzylic position as the favorable site of nucleophilic attack.[38] 

 

 
Scheme 3.6 Proposed mechanism of Carreira’s Ir-catalyzed asymmetric allylation method. 

 
3.2 Iridium-Catalyzed Allylation of Alkylidene Dihydropyridines 
Previously, we established ADHPs as competent nucleophiles against cationic allyl-

palladium complexes (scheme 3.7). Exploiting this reactivity, we recently demonstrated 

ADHPs as soft nucleophiles, capable of forming 1,4-conjugated addition products with 

⍺,𝛽-unsaturated ketones (scheme 3.8).[9]   
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Scheme 3.7 ADHP addition to cationic allyl-palladium. 

 
Scheme 3.8 ADHP as soft nucleophiles. 

 

We speculated that ADHPs should also be capable of intercepting cationic allyl-iridium 

complexes to form branched allylated 4-alkyl pyridines, bearing new a homopyridylic 

stereogenic center (scheme 3.9).[39] Alkylpyridines with stereogenic centres at the 

pyridylic or homopyridylic positions are privileged motifs in medicinal chemistry.[10] 

Existing methods to prepare these motifs use strongly basic or Lewis acidic reagents,[40] 

limiting functional group compatibility. By exploiting the nucleophilicity of alkylidene 

dihydropyridines and their mild preparation,[5] we can establish structurally complex 

pyridine scaffolds under accessible conditions.  

 

 
Scheme 3.9 ADHPs as nucleophiles in Carreira’s iridium-catalyzed allylation protocol. 
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3.3 Proof of Concept 
Preliminary experiments used ADHP 3-1 and para-fluorinated ⍺-allyl benzylic partners 3-
2 and 3-3 (scheme 3.10). Fluorine tagged allyl electrophiles were used to determine 

branched and linear product ratios by 19F-NMR. Reactivity was observed using the ethyl-

carbonate ester leaving group on the allyl partner, and stoichiometric BF3•OEt2, giving the 

branch allylated product 3-4 exclusively (confirmed by 1H-NMR) in 58% isolated yield 

(table 3.1, entry 7).  The reaction gave only trace amounts of branched product when 

catalytic BF3•OEt2 was used (entry 9), and in the absence of the Carreira ligand or catalyst 

system, we observed only trace amount of branched product (entry 10 & 11). These 

results suggest that the allylation is mediated by the Carreira-iridium catalyst and requires 

stoichiometric BF3•OEt2 for reaction productivity.  

 

 
Scheme 3.10 Synthesis of ADHP 3-1 and branched allyl partners 3-2, 3-3. 

  

N

Me

EtO

O

3-1

N

Me
Me

(1.0 equiv.)

Et3N (3.0 equiv.)
EtO2CCl (1.1 equiv.)

THF (0.1 M), 0 ˚C, 15 min
Quantitative

F

O

H

F

HO

F

OEtO

O

3-2 3-3

VinylMgBr (1.2 equiv.)

THF (0.3 M)
0 ˚C, 1 hr, 73 %

(1.0 equiv.)

Pyridine (4.0 equiv.)
EtO2CCl (2.0 equiv.)

DCM (0.3 M), 0 ˚C to r.t.
O/N, 85 %



 24 
 

Table 3.1 Proof of concept reactions summary.  

 

Entry 
Leaving 

group LG, 
(equiv.) 

BF3・OEt2 
(equiv.) 

Temperature 
(˚C) 

Solvent  
[0.1 M] 

Conv. 3-1 
(%) 

Product 
Yield 3-4 

(%) 
1 3-2 0.3 50 MeCN 100 Trace 
2 3-2 1.0 rt 1,2-DCE 100 Trace 
3 3-2 2.5 0 DCM 100 0 
4 3-2 1.0 0 DCM 100 Trace 
6 3-2 0.3 0 DCM 100 0 
7 3-3 1.15 0 THF 100 58 
8 3-3 0 0 THF 100 Trace 
9 3-3 0.3 0 THF 100 Trace 

10a 3-3 1.15 0 THF 100 0 
11b 3-3 1.15 0 THF 100 Trace 

Conditions: 3-1 prepared from 3,4-lutidine (100 mg, 0.932 mmol). Isolated yields. [a] No catalyst. [b] No 
Carreira ligand. 
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Based on Carreira’s mechanistic work,[38] the iridium-catalyzed allylation of ADHPs could 

proceed through a similar mechanism (scheme 3.11). After addition of the ADHP to the 

cationic allyl-iridium complex, diethyl pyrocarbonate and a BF3 – 3-4 adduct could form as 

reaction by-products. The poor reaction productivity observed with catalytic BF3•OEt2 

could be caused by the formation of the unproductive BF3 – 3-4 complex.  

 

 
Scheme 3.11 Proposed mechanism for the iridium-catalyzed allylation of ADHPs. 
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3.4 Reaction Optimization 
During reactivity screening experiments, we found that the order of ADHP 3-1 addition to 

the reaction gave different outcomes in product yield. By adding ADHP last to the reaction 

mixture, 3-4 was isolated in an improved 68% yield with 80% ee (table 3.2, entry 1). To 

improve enantioselectivity, we found that reducing the reaction temperature from 0 ˚C to 

-40 ̊ C during ADHP addition gave the best results, providing 55% yield and 99% ee (entry 

3). At -40 ˚C, increasing the equivalents of allyl carbonate and BF3•OEt2 gave branched 

product 3-4 in an improved 77% isolated yield and 98% ee (entry 5).   

 
Table 3.2 Summary of optimization experiments.  

 

Entry Allyl Carbonate 
(equiv.) 

BF3・OEt2 
(equiv.) Temp (˚C) Conv. 3-1 

(%) 3-4 (%)[a] 3-4 ee 
(%) 

1[b] 1.5 1.05 0 100 68 80 
2 1.5 1.05 -20 100 68 90 
3 1.5 1.05 -40 100 55 99 
4 1.5 1.5 -40 100 69 95 
5 2.25 1.5 -40 100 77 98 

Conditions: 3-1 prepared from 3,4-lutidine (50 mg, 0.467 mmol). [a] Isolated yields. [b] ADHP added last. 
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3.5 Method Reproducibility 
During our optimization experiments, efforts to reproduce our best result of 77% isolated 

yield and 98% ee were unsuccessful, as multiple attempts consistently gave 52% isolated 

yield and 91% ee (scheme 3.12, A & B). After a thorough investigation, we found that the 

quality of BF3•OEt2 used at different points in the optimization contributed to the variance 

observed in product yield. Summarized in table 3.3, new sources of BF3•OEt2 used in 

later reproducibility experiments gave lower product yield (entry 1 & 2) compared to the 

older source of BF3•OEt2 (entry 3). This older source of BF3 • OEt2 was used extensively 

in early optimization experiments. We speculated that the older source of BF3•OEt2 lost 

Et2O overtime, increasing the concentration of BF3 relative to Et2O. Following this idea, 

we found that using 3.0 equivalents of new BF3•OEt2 gave a similar yield compared to 1.5 

equivalents of the older BF3•OEt2 source (entry 4 vs 3).  

 

 
Scheme 3.12 A) Best optimization conditions B) Best reproduced results.  
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Table 3.3 Impact of BF3•OEt2 quality on product yield. 

 

Entry 
BF3 • OEt2 
Quality and 

(equiv.) 
Conv. 3-1 (%) 3-4 (%) 3,4-Lutidine 

SM (%) 

1 New – 01 (1.5) 100 52 - 
2 New – 02 (1.5) 100 46 33 
3 Old (1.5) 100 61 12 
4 New – 01 (3.0) 100 59 15 

Conditions: 3-1 prepared from 3,4-lutidine (25 mg, 0.233 mmol). Percentages based on 1H-NMR qNMR 
analysis with p-anisaldehyde. 

 
3.6 Effect of Boron Trifluoride Etherate 
Investigating further, we found that a super stoichiometric excess of BF3•OEt2 greatly 

improved reaction productivity without the need for excess carbonate (table 3.4, entry 4). 

At excess equivalents of BF3•OEt2, pyridylic allylation of ADHP 3-1 could be occurring in 

the absence of catalyst. However, when the allylation was conducted without catalyst 

present, only trace amounts of branched product were observed (entry 5), suggesting 

that a non-catalyzed allylation pathway is not dominant. 
Table 3.4 Effect of BF3•OEt2 on product yield.  

 

Entry BF3 • OEt2 
(equiv.) Conv. 3-1 (%) 3-4 (%) 3,4-Lutidine 

SM (%) 
1 1 100 40 11 
2 2 100 56 26 
3 3 100 51 20 
4 4 100 70 20 

5[a] 4 100 trace 80 
Conditions: 3-1 prepared from 3,4-lutidine (25 mg, 0.233 mmol). Percentages based on 1H-NMR qNMR 

analysis with p-anisaldehyde. [a] No catalyst. 
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From our previous work, we established that ADHPs prepared with allyl-chloroformate 

can form allylated 4-alkyl pyridines when treated with a Xantphos-palladium catalyst 

system (scheme 1.2, A).[7] We speculated that these ADHPs could be suitable substrates 

in iridium-catalyzed asymmetric alkylations with the Carreira catalyst system. From our 

proof of concept, a modest amount of allylated product B was formed when ADHP A 

treated with the Carreira iridium-catalyst system (table 3.5).  
Table 3.5 Iridium-catalyzed allylation of allyl-ADHPs, proof of concept.  

 

Entry BF3 • OEt2 
(equiv.) Conv. A (%) B (%) 

1 0 100 17 
2 4 100 22 

Conditions: A prepared from 3,4-lutidine (50 mg, 0.467 mmol). Percentages based on 1H-NMR qNMR 
analysis with p-anisaldehyde. 

 

From this preliminary result, we believed that a cinnamyl-ADHP could provide the 

branched allylated alkyl-pyridine (scheme 3.13). However, when the cinnamyl-ADHP 3-5 

was treated with the iridium-catalyst and BF3•OEt2, we did not observe any formation of 

product 3-6 by 1H-NMR. 

 
Scheme 3.13 Unsuccessful allylation of 3-6.  
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To improve reactivity, we believed that the branched cinnamyl-ADHP would accelerate 

oxidative addition at the ⍺-allylic benzylic carbon-oxygen by the iridium catalyst (scheme 

3.14). However, attempts to prepare the branched ADHP 3-7 were unsuccessful due to 

the poor stability of the branched cinnamyl-chloroformate and ADHP 3-7. 

 

 
Scheme 3.14 Unsuccessful synthesis of ADHP 3-7.  
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3.8 Conclusions and Future Work 
Exploiting the nucleophilicity of ADHPs, we have established the iridium-catalyzed 

enantioselective allylation of 4-alkyl pyridines via ADHPs (scheme 3.15). Early 

optimization experiments showed excess ⍺-allyl benzylic carbonate, stoichiometric 

BF3•OEt2, and low reaction temperatures are necessary for reaction productivity and 

enantioselectivity. Variance of product yield in method reproducibility experiments was 

highly dependent on the quality of BF3•OEt2. Further investigation found that 

stoichiometric ⍺-allyl benzylic carbonate and super stoichiometric BF3•OEt2 improved 

product yield. Future optimization experiments will investigate the impact of excess 

BF3•OEt2 on reaction enantioselectivity and viability. 

 
Scheme 3.15 Iridium-catalyzed enantioselective allylation of 4-alkyl pyridines via ADHPs. 
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4.0 Experimental 
4.1.1 Chapter 2 Experimental 
General Considerations  
All reactions were conducted in flame- or oven-dried glassware under an atmosphere of 

argon using anhydrous solvents unless specified otherwise. Tetrahydrofuran (THF) and 

acetonitrile (MeCN) were dried using an INERT® PureSolv solvent purification system. 

Commercial 4-alkyl pyridines were used as received. Thin-layer chromatography was 

performed on SiliCycle® silica gel 60 F254 plates. Visualization was carried out using UV 

light (254 nm) and/or KMnO4. Auto-flash column chromatography was carried out using 

a Buchi Pure C-810 Flash Pure Chromatography System. 1H-NMR and 13C-NMR spectra 

were recorded on a Bruker 400 AV or Bruker 300 AV spectrometer in chloroform-d (99.8% 

deuterated). p-Anisaldehyde was used as internal standard for quantitative 1H NMR 

analysis (d1 30s). All alkylidene dihydropyridines were prepared and verified following our 

previous procedures.[7,9,41] Spectra recorded using chloroform were calibrated to 7.26 

ppm 1H and 77.16 ppm 13C. Chemical shifts (δ) are reported in ppm and multiplicities 

are indicated by s (singlet), d (doublet), t (triplet), q (quartet), m (multiplet) and br (broad). 

Coupling constants J are reported in Hertz (Hz).  
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4.1.2 Chapter 2 General Procedures 
General Procedure 1: Alkylidene Dihydropyridine Synthesis from 4-Alkyl Pyridines 

 
Following our modified procedure,[8] under argon atmosphere, a 25 mL round-bottom flask 

equipped with a 1 cm stir-bar was charged with 4-Alkyl Pyridine A (1 eq), triethyl amine 

(3.0 eq), and anhydrous THF ([0.1 M] w.r.t. A). After stirring at 0 ˚C for 5 minutes, neat 

ethyl chloroformate (2.0 eq) was added dropwise, and the solution was stirred at 

temperature for 30 minutes. The heterogeneous yellow mixture was warmed to room 

temperature and concentrated in vacuo to remove solvent and excess reagents. The 

concentrate was diluted with ACS grade hexanes and filtered through a cotton plug into 

a 100 mL round-bottom flask. Concentration of the filtrate in vacuo furnished crude 

alkylidene dihydropyridine B which was used immediately without further purification. 

 

General Procedure 2: Mild ADHP Oxidation to Pyridylic Ketones 

 
A 25 mL round-bottom flask equipped with a 1 cm stir-bar was purged with an oxygen 

balloon for 5 minutes, followed by addition of crude alkylidene dihydropyridine B in ACS 

grade acetone ([0.1 M] w.r.t. A). The solution was stirred at room temperature overnight 

(>18 hr) under oxygen atmosphere. After overnight stirring, the mixture was concentrated 

in vacuo to give crude pyridylic ketone C. The crude ketone was dry loaded on to silica 

(500 mg) and purified by auto-flash chromatography (12g FlashPure EcoFlex, 

EtOAc/Hexanes, 0 – 100% over 12 column volumes) to give pyridylic ketone C. 
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General Procedure 3: Mild 1-Pot Oxidation of 4-Alkyl Pyridines  

 
3.1 Slow chloroformate addition: Under oxygen atmosphere, a 25 mL round-bottom 

flask equipped with a 1 cm stir-bar was charged with 4-Alkyl Pyridine A (1 eq), triethyl 

amine (1.2 eq) and ACS grade acetone ([0.1 M] w.r.t. A). Concurrently, ethyl 

chloroformate (1.05 eq) was weighed into a 20 mL vial and diluted with ACS grade 

acetone ([0.1 M] w.r.t. A). To the room temperature alkyl pyridine mixture, the dilute 

chloroformate solution was added dropwise over 60 minutes using a syringe pump or 

addition funnel. After the addition was complete, the heterogenous solution was stirred at 

room temperature overnight (> 18 hr). After overnight stirring, the mixture is diluted with 

ethyl acetate and filtered through a cotton plug into a 100 mL round-bottom flask. The 

filtrate was concentrated in vacuo to give crude pyridylic ketone C. The crude ketone was 

dry loaded on to silica (500 mg) and purified by auto-flash chromatography (12g 

FlashPure EcoFlex, EtOAc/Hexanes, 0 – 100% over 12 column volumes) to give pyridylic 

ketone C. 

 

3.2 Fast chloroformate addition: Under oxygen atmosphere, a 25 mL round-bottom 

flask equipped with a 1 cm stir-bar was charged with 4-Alkyl Pyridine A (1 eq), triethyl 

amine (1.2 eq) and ACS grade acetone ([0.1 M] w.r.t. A). Ethyl chloroformate (1.05 eq) 

was added to the room temperature alkyl pyridine mixture dropwise, rinsing with ACS 

grade acetone ([0.3 M] w.r.t. A). After the addition was complete, the heterogenous 

solution was stirred at room temperature overnight (> 18 hr). After overnight stirring, the 

mixture is diluted with ethyl acetate and filtered through a cotton plug into a 100 mL round-

bottom flask. The filtrate was concentrated in vacuo to give crude pyridylic ketone C. The 

crude ketone was dry loaded on to silica (500 mg) and purified by auto-flash 

chromatography (12g FlashPure EcoFlex, EtOAc/Hexanes, 0 – 100% over 12 column 

volumes) to give pyridylic ketone C. 
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4.1.3 Pyridylic Ketones (2-2, 2-4, 2-15) 
Synthesis of 2-2 (4-Benzoyl Pyridine):  

 
Following general procedure 3.2 (fast addition), oxidation of 4-benzyl pyridine (100 mg, 

0.591 mmol) gave 4-benzoyl pyridine 2-2 as a white solid (78%, 84 mg, 0.461 mmol) and 

is consistent with reported data.25 

 

Data for 2-2 
1H NMR (400 MHz, CDCl3)  δ 8.85 – 8.79 (m, 2H), 7.86 – 7.79 (m, 2H), 7.70 – 

7.48 (m, 5H). 

13C NMR (101 MHz, CDCl3)  δ 195.19, 150.42, 144.43, 135.95, 133.60, 130.20, 

128.72, 122.93. 
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2-2 1H NMR (400 MHz, CDCl3) 
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2-2 13C NMR (101 MHz, CDCl3)  
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Synthesis of 2-15 (4-Acetyl Pyridine):  

 
Following general procedure 3.1 (slow addition), oxidation of 4-ethyl pyridine (50 mg, 

0.591 mmol) gave 4-acetyl pyridine 2-15 in 77% qNMR yield and is consistent with 

reported data.25 

 

Data for 2-15 
1H NMR (400 MHz, CDCl3)  δ 8.82 (d, J = 6.1 Hz, 2H), 7.73 (d, J = 6.1 Hz, 2H), 

2.63 (s, 3H). 

 

Identification of 2-4: 

 
Appearance of 2-4 in quantitative 1H-NMR (scheme 2.12) is consistent with reported 

data.26 

 

Data for 2-4 
1H NMR (300 MHz, CDCl3)  δ 8.64 (s, 1H), 8.59 (d, J = 5.0 Hz, 1H), 7.72 (d, J = 

5.0 Hz, 1H), 2.95 (t, J = 6.1 Hz, 2H), 2.68 (dd, J = 7.3, 

5.7 Hz, 2H), 2.17 (m, J = 6.3 Hz, 2H). 

 

  

N
Me

O

2-15

N

O

42% qNMR
K2
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4.1.4 By-Product Synthesis (2-11, 2-12, 2-13) 

 
Synthesis of 2-11 

Under open atmosphere, a 100 mL round-bottom flask equipped with a 3 cm stir-bar was 

charged with 4-benzoyl pyridine (1 eq, 500 mg, 2.73 mmol) and methanol (9 mL, [0.3 M] 

w.r.t. 4-benzoyl pyridine). After cooling the solution to 0 ˚C, sodium borohydride (4 eq, 

413 mg, 10.9 mmol) was added in portions over 3 minutes and stirred at temperature for 

1 hour. The reaction was quenched with 10 mL of saturated NH4Cl(aq) and stirred for 15 

minutes. The heterogeneous mixture was diluted with EtOAc (15 mL), and the aqueous 

phase was extracted with EtOAc (x2 10 mL). The organic phases were dried over Na2SO4 

and concentrated in vacuo. The crude alcohol was dry loaded on silica (1 g) and purified 

by auto-flash chromatography (12g FlashPure EcoFlex, MeOH/EtOAc, 0 – 100% over 6 

column volumes) to give 2-11 as a white solid (386 mg, 77%) found to be consistent with 

reported literature.[42] 

 

Data for 2-11 
 

1H NMR (300 MHz, CDCl3)  δ 8.62 – 8.47 (m, 2H), 7.45 – 7.28 (m, 7H), 5.81  

(d, J = 3.22 Hz, 1H), 2.44 (d, J = 3.22 Hz, 1H). 

 

13C NMR (101 MHz, CDCl3)  δ 153.28, 149.47, 143.05, 128.89, 128.26, 126.95, 

121.48, 74.91. 

  

N

OH

N

O

O

OEt
NaH (1.1 equiv.)

ClCO2Et (1 equiv.)

THF (0.1 M)
0 ˚C to rt, 1 hr

30%

2-12

N

O
NaBH4 (4 equiv.)

MeOH (0.3 M)
0 ˚C, 1 hr, 77%

1 equiv.
2-11

H
H
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2-11 1H NMR (300 MHz, CDCl3) 
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2-11 13C NMR (101 MHz, CDCl3) 
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Synthesis of 2-12 

In an atmosphere-controlled glove box, a 20 mL vial equipped with a 1 cm stir-bar was 

charged with NaH (1.1 eq, 11 mg, 0.439 mmol) and sealed with a septum. The vial was 

removed from the glove box and purged with argon. A solution of 2-11 (74 mg, 1 eq, 0.399 

mmol) in anhydrous THF (4 mL, [0.1 M] w.r.t. 2-11) was added to the vial slowly at room 

temperature and stirred for 30 minutes. The solution was cooled to 0 ˚C, after which, neat 

ethyl chloroformate (1 eq, 0.04 mL, 0.399 mmol) was added dropwise. The solution was 

warmed to room temperature and stirred for an additional 30 minutes before being 

quenched with distilled water (10 mL). The mixture was diluted with EtOAc (10 mL) and 

the aqueous phase was extracted with EtOAc (x2 5 mL). The organic phases were dried 

over Na2SO4 and concentrated in vacuo. The crude carbonate ester was dry loaded on 

silica (300 mg) and purified by auto-flash chromatography (4g FlashPure EcoFlex, 

EtOAc/Hexanes, 0 – 60% over 12 column volumes) to give an inseparable mixture of 2-
12 and 4-benzoyl pyridine (30% mass). 

 

Data for 2-12 
 
1H NMR (300 MHz, CDCl3)  δ 8.66 – 8.45 (m, 2H), 7.40 – 7.31 (m, 5H), 7.31 – 

7.26 (m, 2H), 6.63 (s, 1H), 4.22 (d, J = 7.14 Hz, 2H), 

1.32 (t, J = 7.14 Hz, 3H). 

 

Unsuccessful attempts to synthesize pure 2-12 

 
  

O

N N

O

O

OEtn-BuLi (1 equiv.)
ClCO2Et (1.1 equiv.)

THF (0.1 M), -78 ˚C

Complex mixture

OH

N

KOtBu (1 equiv.)
ClCO2Et (1.1 equiv.)

THF (0.1 M), 0 ˚C

Complex mixture

O

OEt
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Synthesis of 2-13 

 
In an atmosphere-controlled glove box, a 20 mL vial equipped with a 1 cm stir-bar was 

charged with NaH (1.3 eq, 93 mg, 3.88 mmol) and sealed with a septum. The vial was 

removed from the glove box and purged with argon. A solution of 4-hydroxy pyridine (284 

mg, 1.0 eq, 2.99 mmol) in t-butanol (3 mL, [1 M] w.r.t. 4-hydroxy pyridine) was added to 

the vial slowly at room temperature and stirred for 10 minutes. The solution was warmed 

to 50 ˚C and stirred for 15 minutes, after which, neat ethyl chloroformate (1.3 eq, 0.37 

mL, 3.8 mmol) was added dropwise. The solution was stirred at temperature for 1 hour 

and left to cool to room temperature overnight. The mixture was quenched with distilled 

water (5 mL) and diluted with EtOAc (15 mL). The aqueous phase was extracted with 

EtOAc (x2 10 mL). The organic phases were dried over Na2SO4 and concentrated in 

vacuo. The crude carbamate dry loaded on silica (1 g) and purified by auto-flash 

chromatography (12g FlashPure EcoFlex, MeOH/EtOAc, 0 – 100% over 6 column 

volumes) to give 2-13 as an off-white solid (56%, 280 mg) found to be consistent with 

reported literature.[43] 

 
Data for 2-13 
 
1H NMR (400 MHz, CDCl3)  δ 8.16 – 8.08 (m, 2H), 6.38 – 6.29 (m, 2H), 4.50 (q, J 

= 7.13 Hz, 2H), 1.45 (t, J = 7.13 Hz, 3H). 

 

13C NMR (75 MHz, CDCl3)  δ 180.58, 149.85, 134.92, 118.69, 65.91, 14.21. 

 

 

 

 

  

N

OH
N

ONaH (1.3 equiv.)
EtO2CCl (1.3 equiv.)

t-BuOH (1 M), 50 ˚C
1 hr, r.t. overnight, 56%

EtO

O
1 equiv.

2-13

H

H
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2-13 1H NMR (400 MHz, CDCl3)  
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2-13 13C NMR (75 MHz, CDCl3)  
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4.2.1 Chapter 3 Experimental 
General Considerations  
All reactions were conducted in flame- or oven-dried glassware under an atmosphere of 

argon using anhydrous solvents unless specified otherwise. Tetrahydrofuran (THF) and 

diethylether (Et2O) were dried using an INERT® PureSolv solvent purification system. 

Commercial reagents were used as received. Thin-layer chromatography was performed 

on SiliCycle® silica gel 60 F254 plates. Visualization was carried out using UV light (254 

nm) and/or KMnO4. Flash column chromatography was carried out using SiliCycle® 

SiliaFlash® silica gel (230-400 mesh, 40- 63 μ, 60 Å pore size). Hexanes (ACS grade), 

Toluene (ACS grade) and ethyl acetate (ACS grade) were used as received. 1H-NMR and 
13C-NMR spectra were recorded on a Bruker 400 AV or Bruker 300 AV spectrometer in 

chloroform-d (99.8% deuterated). Spectra recorded using chloroform were calibrated to 

7.26 ppm 1H and 77.16 ppm 13C. p-Anisaldehyde was used as internal standard for 

quantitative 1H NMR analysis (d1 30s).  Chemical shifts (δ) are reported in ppm and 

multiplicities are indicated by s (singlet), d (doublet), t (triplet), q (quartet), p (quintet), sext 

(sextet), sept (septet), dd (doublet of doublets), dt (doublet of triplets), td (triplet of 

doublets), tt (triplet of triplets), qd (quartet of doublets), ddd (doublet of doublet of 

doublets), tdd (triplet of doublet of doublets), dddd (doublet of doublet of doublet of 

doublets), m (multiplet) and br (broad). Coupling constants J are reported in Hertz (Hz).  
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4.2.2 Starting Material Synthesis (S1, 3-1, 3-2, 3-3) 
Synthesis of Carreira Ligand S1 (+/-) or (-) 

 
To a 100 mL round-bottom flask equipped with a stir bar, BINOL-(S or S/R) (564 mg, 1.97 

mmol), NMP (9.8 mg, 0.0985 mmol) was dissolved in 5 mL of anhydrous THF. The flask 

was vented with argon at which point PCl3 (2.6 mL, 29.5 mmol) was added dropwise. The 

reaction was heated to 50 ˚C for 1 hr, after which the mixture was concentrated in vacuo 

to remove excess PCl3. Concurrently, to a 100 mL round-bottom flask equipped with a 

stir bar, iminostilbene (457 mg, 2.36 mmol) was dissolved in 10 mL of anhydrous THF 

and cooled to – 78 ˚C. After stirring at – 78 ˚C for 5 minutes, n-BuLi (1.35 mL, 2.16 mmol, 

1.6 M) was added dropwise to form an intensely dark colored solution and stirred at 

temperature for 30 minutes. Crude BINOL phosphorus chloride was dissolved in 10 mL 

of anhydrous THF and added dropwise to the lithiated iminostilbene at -78 ˚C and stirred 

at temperature for 30 minutes. The mixture is warmed to room temperature overnight and 

concentrated in vacuo crude foamy solid which was dry loaded on to 1500 mg of silica. 

The dry load was purified by flash-column chromatography (30:70, Toluene:Hexanes) to 

give S1-(-) or (+/-) as an off white solid (30%, 300 mg, 0.591 mmol), found to be consistent 

with reported literature.[36] 

  

O
O

P N
OH
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PCl3

N

O
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+

BINOL-(S)
(1.0 equiv.)

(15 equiv.)

THF (0.3 M), 50 ˚C 1 hr THF (0.3 M), -78 ˚C to r.t.
overnight

(3 mol%)

H
N

n-BuLi (1.1 equiv.)
(1.2 equiv.)

30% (300 mg)
S1-(-)
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Data for S1 
1H NMR (400 MHz, CDCl3)  δ 7.99 (d, J = 8.8 Hz, 1H), 7.91 (dd, J = 8.1, 1.2 Hz, 

1H), 7.76 (dt, J = 8.1, 0.9 Hz, 1H), 7.62 (dd, J = 8.8, 0.9 

Hz, 1H), 7.46 – 7.32 (m, 3H), 7.30 – 7.14 (m, 10H), 

7.14 – 7.07 (m, 1H), 7.03 – 6.89 (m, 3H), 6.85 (dd, J = 

8.8, 0.8 Hz, 1H), 6.53 (td, J = 7.7, 1.6 Hz, 1H). 

 

31P NMR (162 MHz, CDCl3)  δ 137.89. 

 
S1 1H NMR (400 MHz, CDCl3) 
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S1 31P NMR (162 MHz, CDCl3)  
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Synthesis of ADHP 3-1 

 
Following our general procedure for ADHP synthesis,[7] A round-bottom flask (25 mL) was 

charged with 3,4-Lutidine (50 mg, 0.47 mmol, 1 equiv.), THF (4.7 mL) and triethyl amine 

(0.20 mL, 1.4 mmol, 3 equiv.). The flask was cooled with an ice bath for 5 minutes, 

followed by drop wise addition of ethyl chloroformate (0.05 mL, 0.5 mmol, 1.1 equiv.). 

After 15 minutes, the mixture was concentrated in vacuo and triturated with ether (15 mL). 

Ether was removed in vacuo to give the crude ADHP (3-1) as a yellow oil and used 

immediately without further purification. 

 

Data for 3-1 
 
1H-NMR  (300 MHz, CDCl3) 

δ 6.9 (br d, 2H), 5.8 (br s, 1H), 4.4 (s, 1H), 4.3 – 4.2 (m, 3H), 1.7 (s, 3H), 

1.4 – 1.3 (m, 3H). 

 

  

N

Me

EtO

O

3-1

N

Me
Me

(1.0 equiv.)

Et3N (3.0 equiv.)
EtO2CCl (1.1 equiv.)

THF (0.1 M), 0 ˚C, 15 min
Quantitative
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3-1 1H NMR (300 MHz, CDCl3) 
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Synthesis of 3-2 

 
 

To a 200 mL round bottom flask equipped with a stir bar, 4-fluoro benzaldehyde (2.44 g, 

19.66 mmol) was dissolved in anhydrous THF (100 mL) and cooled to 0 ˚C. VinylMgBr 

(23.6 mmol, 23.6 mL, 1M in THF) was added dropwise over 5 minutes and the reaction 

was warmed to room temperature to stir for 30 minutes. After checking with TLC, 50 mL 

of saturated aqueous NH4Cl was added and the aqueous phase is extracted with EtOAc 

(3x 40 mL). The organics were collected and dried over Na2SO4 and concentrated in 

vacuo to give crude 3-2. The crude alcohol was purified by flash-column chromatography 

(20:80 EtOAc:Hexanes) to give 3-2 as a pale yellow oil (83%, 2.48 g, 16.32 mmol) that is 

consistent with reported literature.[44] 

 

Data for 3-2 
 

1H NMR (400 MHz, CDCl3)  δ 7.39 – 7.31 (m, 2H), 7.04 (t, J = 8.7 Hz, 2H), 6.03 

(ddd, J = 17.2, 10.1, 6.1 Hz, 1H), 5.39 – 5.31 (m, 1H), 

5.25 – 5.16 (m, 2H), 1.91 (bs, 1H). 

 

13C NMR (101 MHz, CDCl3)  δ 163.60, 161.16, 140.20, 138.43, 138.40, 128.20, 

128.12, 115.52, 115.41, 115.31, 74.72. 

 

19F NMR (377 MHz, CDCl3)  δ -114.83.  

HO

F

O

F

EtO

O
O

F VinylMgBr
(1.2 equiv.)

THF (0.2 M)
0 ˚C to r.t., 30 min

83%

Pyridine (5.0 equiv.)
EtO2CCl (3.0 equiv.)

DCM (0.2 M)
0 ˚C to r.t., O/N

87%
(1.0 equiv.) 3-2 3-3
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3-2 1H NMR (400 MHz, CDCl3)  
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3-2 13C NMR (101 MHz, CDCl3)
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3-2 19F NMR (377 MHz, CDCl3) 

  -220-210-200-190-180-170-160-150-140-130-120-110-100-90-80-70-60-50-40-30-20-1001020
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Synthesis of 3-3  

 
 

To a 100 mL round bottom flask equipped with a stir bar, 3-2 (1.45 g, 9.54 mmol) and 

pyridine (3.8 mL, 47.7 mmol) was dissolved in anhydrous DCM (48 mL) and cooled to 0 

˚C. Ethyl chloroformate (28.6 mmol, 2.74 mL) was added dropwise over 3 minutes and 

the reaction was warmed to room temperature to stir overnight. After checking with TLC, 

100 mL of distilled water was added, and organic phase was extracted with distilled water 

(3x 50 mL). The organic layer was dried over Na2SO4 and concentrated in vacuo to give 

crude 3-3. The crude carbonate was purified by flash-column chromatography (05:95 

EtOAc:Hexanes) to give 3-3 as a clear oil (87%, 1.85 g, 8.31 mmol) that is consistent with 

reported literature.[45] 

 

Data for 3-3 
 

1H NMR (400 MHz, CDCl3)  δ 7.41 – 7.30 (m, 2H), 7.11 – 6.97 (m, 2H), 6.14 – 5.93 

(m, 2H), 5.40 – 5.23 (m, 2H), 4.25 – 4.15 (m, 2H), 1.34 

– 1.27 (m, 3H). 

 

13C NMR (101 MHz, CDCl3)  δ 163.95, 161.50, 154.39, 135.76, 134.34, 134.31, 

129.15, 129.06, 117.54, 115.67, 115.46, 79.21, 64.19, 

14.25. 

 

19F NMR (377 MHz, CDCl3)  δ -113.51.  
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F VinylMgBr
(1.2 equiv.)

THF (0.2 M)
0 ˚C to r.t., 30 min

83%

Pyridine (5.0 equiv.)
EtO2CCl (3.0 equiv.)

DCM (0.2 M)
0 ˚C to r.t., O/N

87%
(1.0 equiv.) 3-2 3-3
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3-3 1H NMR 

 
Ethyl acetate Impurity: 1H NMR (400 MHz, CDCl3) δ 4.13-4.09, 2.04, 1.26-1.24.  
 
1H NMR (400 MHz, CDCl3)  δ 7.41 – 7.30 (m, 2H), 7.11 – 6.97 (m, 2H), 6.14 – 

5.93 (m, 2H), 5.40 – 5.23 (m, 2H), 4.25 – 4.15 (m, 
2H), 1.34 – 1.27 (m, 3H).  
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3-3 13C NMR 

 
Ethyl acetate Impurity: 13C NMR (101 MHz, CDCl3) δ 171.10, 63.78, 60.39, 21.02. 
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3-3 19F NMR (377 MHz, CDCl3) δ -113.51. 
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4.2.3 Iridium-catalyzed Allylation of ADHPs General Procedure 
Synthesis of 3-4 

 
Alongside the preparation of ADHP (3-1, 0.467 mmol), [Ir(cod)Cl]2 (7.8 mg, 0.0117 mmol, 

2.5 mol%) and Carreira Ligand S1 (S)-(-)-99% (23.7 mg, 0.0467 mmol, 10 mol%) is 

weighed into a round-bottom flask (10 mL) under a blanket of argon. Allyl carbonate 3-3 

(235.6 mg, 1.05 mmol, 2.25 equiv.) was added as a solution in THF (2.5 mL), and the 

bright orange solution was stirred for 20 minutes, at which point turned clear yellow. The 

reaction was cooled to -40 ˚C with acetonitrile/dry ice or ethylene glycol/ethanol/dry ice 

bath for 5 minutes. BF3 •OEt2 (0.09 mL, 0.7 mmol, 1.5 equiv.) was added drop wise to the 

reaction and stirred for 15 minutes. Freshly prepared ADHP (3-1) was added dropwise to 

the reaction in a solution of THF (2 mL), resulting in a slow change in color to orange. The 

reaction was stirred at -40 ˚C for 1 hr and left to warm up to room temperature over 1 

hour. The reaction was quenched with 4 mL of aqueous NH3 solution (28% w/w). The 

reaction mixture was extracted with DCM (3 x 5 mL) and the collected organic extracts 

are dried over sodium sulphate. After filtration and concentration in vacuo, the crude 

mixture was dry loaded on to 2.5 mL of silica and purified by flash column chromatography 

(20:80 EtOAc:Toluene) to give the branched allylated product (3-4, 87 mg, 0.36 mmol, 

Yield 52 %, 91 ee). 

 

Data for 3-4 
 

1H-NMR (300 MHz, CDCl3)  δ 8.4 – 8.2 (m, 2H), 7.1 (ddd, J = 8.4, 5.4, 2.6 Hz, 2H), 

7.0 – 6.9 (m, 2H), 6.8 (d, J = 5.0 Hz, 1H), 6.0 (ddd, J 

= 17.3, 10.3, 7.1 Hz, 1H), 5.2 – 4.9 (m, 2H), 3.5 (q, J 

= 7.4 Hz, 1H), 3.1 – 2.8 (m, 2H), 2.17 (s, 3H). 

 

13C-NMR (75 MHz, CDCl3) δ 163.3, 160.1, 150.9, 147.3, 146.9, 140.4, 138.5, 

N

Me
F

(S1)-(-) (10 mol%)
[Ir(cod)Cl]2 (2.5 mol%)

THF (0.1 M)

BF3 • OEt2 (1.5 equiv.)

-40 ˚C 1 hr, to r.t., 1 hr

F

OEtO

O

+
N

Me

EtO

O

3-3
(2.25 equiv.)

3-1
(1.0 equiv.)

3-4
52%, 91 ee

N

Me
Me

(1.0 equiv.)

Et3N (3.0 equiv.)
EtO2CCl (1.1 equiv.)

THF (0.1 M), 0 ˚C, 15 min
Quantitative
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138.5, 131.9, 129.2, 129.1, 124.5, 115.5 -115.2 (m), 

48.8, 38.6, 16.2. 

 

19F-NMR (282 MHz, CDCl3) δ -116.2 ppm. 
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3-4 1H NMR (300 MHz, CDCl3) 

  
Unknown Impurity: 1H NMR (400 MHz, CDCl3) δ 4.13-4.09, 1.26-1.24.  
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3-4 13C NMR (75 MHz, CDCl3) 
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3-4 19F NMR (282 MHz, CDCl3) 

19F-NMR (282 MHz, CDCl3) δ -116.2 ppm. 

  

-130-129-128-127-126-125-124-123-122-121-120-119-118-117-116-115-114-113-112-111-110-109-108-107-106-105-104-103-102-101

-1
16
.2
6
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4.2.4 Optimization Experiments HPLC Trace 
General HPLC Method 
Enantiomer resolution was performed with an Agilent 1200 series HPLC and chiral 

resolution column is a Daicel CHIRALPAK-IC, with Internal diameter 4.6 mm, length 180 

mm and particle size 3.0 µm. Ideal flow rate and solvent composition for enantiomer 

resolution at 0.750mL/min 90% Heptane (HPLC Grade), 10% Isopropyl Alcohol (HPLC 

Grade). HPLC samples are diluted to 1mg/mL in HPLC grade Heptane: Isopropanol 

(90:10) with a 5.0µL injection volume. 
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Table 3.2, Entry 1. 
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Table 3.2, Entry 2. 
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Table 3.2, Entry 3. 
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Table 3.2, Entry 4. 
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Table 3.2, Entry 5. 
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