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ABSTRACT 

 

 Asymmetric reaction development and synthesis of chiral building blocks are fundamental to 

the pharmaceutical and agrochemical sciences. Specifically, the field of asymmetric catalysis has 

amassed a growing body of reactions that permit the stereoselective introduction of complex 

functionalities into organic compounds. In this dissertation, the optimization of two 

enantioselective reactions catalyzed by a readily available chiral catalyst was achieved. It was 

shown that the asymmetric Reformatsky reaction between ethyl iodoacetate and aldehydes in the 

presence of a bisoxazolidine ligand, dimethylzinc and air produces ethyl 3-hydroxy-3-(4-

aryl)propanoates in high yields and in 75 to 80% ee at room temperature within one hour. The 

scalable asymmetric addition of ynamides to isatins in the presence of the same ligand and 

copper(I) triflate produces novel, highly functional, 3-hydroxy-2-oxoindolines in high yields and 

89 to 98% ee in a base-free environment. This reaction simplifies access to multifunctional 3-

hydroxyoxindoles and natural products such as (S)-Chimonamidine. 

 Green chemistry syntheses that are environmentally benign and address the increasing emphasis 

on operational safety, waste minimization and efficiency have become generally important in 

recent years. To this end, a highly diastereoselective organocatalytic method that produces 3-

fluoro-3ô-hydroxy-3,3ô-bisoxindoles in protic solvents at room temperature, without the need of 

chromatographic product purification was developed. The reaction occurs within 30 minutes in the 
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presence 10 mol% of triethylamine as catalyst and the bisoxindole formation can be scaled without 

compromising yields and diastereoselectivity. 

 The successful role of organofluorines and organochlorines in the pharmaceutical and 

agrochemical industries requires the development of new synthetic methodologies. An efficient 

organocatalytic method that achieves decarboxylative cyanomethylation using cyanoacetic acid 

and difluoromethyl and trifluoromethyketones in the presence of catalytic amounts of 

triethylamine to give ɓ-hydroxynitriles in 90-99% yields without concomitant water elimination 

was accomplished. The reaction protocol is scalable and was extended to an asymmetric Mannich 

reaction with a tert-butylsulfinyl difluoromethyl ketimine derivative. A mild catalytic procedure 

accomplished by detrifluoroacetylative in situ generation of dihalogenated enolates from readily 

available geminal diols was developed and used to prepare bromochlorofluoromethyl ketones in 

82-98% yield. The synthetic utility of these ketones was showcased with high-yielding 

dibromoalkenylations, Wittig and Horner-Wadsworth-Emmons reactions. 

 As a result of the continuing difficulty with the regulated use of atropisomeric compounds, a 

chiral DHPLC study was undertaken. The on-column enantiomerization of 1-(o-tolyl)naphthalene 

and 2-cyclohexyl-2ô-dimethylaminobiphenyl between 10 °C and 35 °C, generating characteristic 

HPLC elution profiles was investigated. Computer simulation of the experimentally obtained 

chromatograms allowed determination of the Gibbs free energies of activation, ȹGÿ, as 93.2 kJ/mol 

and 88.4 kJ/mol, respectively.  
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Chapter 1. Trends and Challenges in Medicinal Chemistry 

1.1. The Importance of Chirality  

Friedrich Wöhler challenged the philosophical idea of vitalism with the synthesis of the 

natural product urea and grounded the constituents of living organisms firmly in chemistry.1 

Although it took time for the implications of this discovery to be accepted, this past century has 

seen the syntheses of an abundance of natural products and pharmaceuticals that are essential to 

our quality of life such as 1-3 (Figure 1.1).2 Many synthetic methods have been developed to 

improve the biological activity of compounds isolated from nature and to construct entirely new 

classes of compounds. Efforts to further refine synthetic methods and to make increasingly 

challenging target compounds are ongoing.3 

 

Figure 1.1. Structures of Quinine, Progesterone and Penicillin. 

The presence of chirality in many biologically active compounds including agrochemicals, 

flavors, fragrances and especially pharmaceuticals, presents a synthetic challenge. Enantiomers 

may have dramatically dissimilar physiological effects. The enantiomers of a flavor molecule may 

provide an entirely distinct smell and taste. Unfortunately, the difference may be less benign with 

one enantiomer acting as a beneficial drug and the other having extremely detrimental effects. This 

latter scenario was realized in the pharmaceutical Thalidomide that was administered to pregnant 

woman in the 1960s for the relief of morning sickness. While the R enantiomer, 4a, exhibited 
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sedative properties, the S enantiomer, 4b, is teratogenic and caused severe birth defects. In 

addition, it was found that the R enantiomer racemizes under physiological conditions causing 

severe side effects regardless of which enantiomer is administered (Scheme 1.1).4 This example 

underscores the importance of chirality and dynamic stereochemistry and the necessity of synthetic 

methodology development for the construction of enantiomerically pure compounds. 

 

Scheme 1.1. Racemization of Thalidomide under physiological conditions. 

An analysis of market trends for the production of chiral molecules shows a dramatic 

increase in the development of single enantiomer drugs with a concurrent decrease in the marketing 

of racemates between 1985 and 2014.5 This is in part due to the increased efficacy and reduced 

adverse effects of some single enantiomer drug molecules as well as an increased effort to protect 

the consumer through governmental regulations for the marketing of racemates. Among the most 

successful multibillion dollar drugs including Pfizerôs Atorvastatin (Lipitor) and AstraZenecaôs 

Esomeprazole (Nexium), the majority are sold as single enantiomers (Figure 1.2).6 The synthetic 

challenges presented by these two drugs illustrates the difficulties that may be encountered and the 

ingenious solutions that were devised. 
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Figure 1.2. Multibillion dollar blockbuster drugs. 

Omeprazole (Prilosec) is a proton-pump inhibitor that was marketed in 1988 for the 

treatment of acid related diseases such as excessive gastric acid resulting in symptoms ranging 

from mild heartburn to life threatening peptic ulcers. The chemical structure contains a chiral 

sulfoxide group and the drug was synthesized and sold as a racemate. An in-vitro study of the two 

enantiomers showed identical dose-response curves for the inhibition of acid production from 

isolated gastric glands. The mechanism of action was well studied and it was found that 

omeprazole, 6, behaves as a prodrug that is converted into an achiral sulfenamide, 8, upon exposure 

to an acidic environment (Scheme 1.2).7 While this drug was proven to be a success, it also showed 

a significant variability in its efficacy amongst a range of individuals with some patients requiring 

higher or multiple doses to achieve similar results. After screening several hundred derivatives in 

an effort to increase the bioavailability of omeprazole, it was found that only a single compound 

surpassed omeprazole in its effectiveness. This compound was Esomeprazole, the S enantiomer of 

omeprazole. Even though the active form of the drug is achiral, the enantiomers of the prodrug are 

metabolized to different degrees resulting in pharmaceuticals with different therapeutic values.8 
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Scheme 1.2. Mechanism of action for Omeprazole. 

This discovery led to the need to develop a means of synthesizing the pure enantiomer of 

the chiral sulfoxide. Initial methods to obtain Esomeprazole were accomplished through the 

resolution of racemic Omeprazole.9 This process was not economically feasible on an industrial 

scale due to the 50% loss of material and the development of an enantioselective synthesis was 

required.  

In the original total synthesis of Omeprazole,10 the final oxidation makes use of mCPBA 

to convert sulfide 1 to the racemic sulfoxide (Scheme 1.3). Under the guidance of Sverker von 

Unge, the asymmetric oxidation of sulfide 1 was explored. Building upon the work of Barry 

Sharpless for the epoxidation of allylic alcohols, Henri Kagan had developed a modified procedure 

for the highly enantioselective oxidation of sulfides to sulfoxides.11 The unmodified Sharpless 

reagent resulted in racemic product while the inclusion of one equivalent of water or the use of 

two equivalents of diethyl tartrate provided enantioselectivities of up to 93%. Unfortunately, the 

use of this method for the oxidation of 1 yielded racemic product. Most reported examples of 

sulfide oxidation require the sulfide atom to bear two very differently sized groups which might 
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explain the lack of success with 13. Another important goal was to develop a catalytic method that 

would be economically feasible at industrial scales. All current literature procedures required 

stoichiometric quantities of the titanium complex. 

 

Scheme 1.3. Final steps in the total synthesis of Omeprezole. 

After careful screening of reaction variables, three innovations were introduced that 

independently increased the asymmetric induction. The preparation of the titanium complex was 

conducted in the presence of 13, the titanium complex was equilibrated at elevated temperatures 

and the oxidation was performed in the presence of an amine. The resulting sulfoxide was obtained 

catalytically in 92% yield and 94% ee after one hour and with a sulfoxide to sulfone ratio of 76:1. 

This remarkable achievement was extended to seven different Esomeprazole analogues (Scheme 

1.4).12 

 

Scheme 1.4. Enantioselective synthesis of Esomeprazole from the oxidation of sulfide 13. 
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Atorvastatin (Lipitor) is a member of a class of pharmaceuticals known as statins that have 

transformed the field of cardiovascular medicinal care (Figure 1.3).13 The significance of this 

achievement can be framed by recognizing that heart disease was reported by the Centers for 

Disease Control and Prevention as the leading cause of death within the United States as of 2016.14 

 

Figure 1.3. Structures of commercially available statin analogues. 

Since the 1950s, the epidemiological connection between cholesterol in the form of low density 

lipoprotein (LDL) and coronary atherosclerosis has been well studied and it was understood that 

patients with higher levels of blood cholesterol were more prone to myocardial infarction within a 

few years.15  The regulation of cholesterol metabolism within the body proceeds by the suppression 

of de novo synthesis when blood levels due to dietary sources meet the required levels. However 

even with the excessive ingestion of dietary cholesterol, it was found that liver production still 

surpasses this quantity.16 This suggested that the most effective means of lowering the cholesterol 

in blood plasma would be the disruption of its biosynthesis using its own feedback mechanism. 

Cholesterol synthesis is facilitated by the action of HMG-CoA reductase that catalyzes the rate 

limiting transformation of HMG-CoA into mevalonate (Scheme 1.5). Inhibition of this reaction 

was targeted since changes in HMG-CoA reductase activity were correlated with the overall rate 

of the thirty step synthesis of cholesterol from acetyl-coenzyme.17 
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Scheme 1.5. Rate limiting step in the biosynthesis of cholesterol. 

Statins were first isolated as natural products from fungi cultures and showed remarkable 

ability at lowering cholesterol. They exhibit motifs structurally similar to HMG-CoA in their acid 

form and behave as competitive inhibitors of HMG-CoA reductase. The original statin, Compactin 

was abandoned due to issues of toxicity, but its high potency enshrined it as a standard (Figure 1.4, 

19).18 Under the direction of A. K. Willard, research towards the development of structurally 

simplified synthetic analogues began with an analysis of the structure activity relationships for 

various statin derivatives (Figure 1.4, 20).19 While the compounds evaluated in the study only 

showed moderate efficacy as drugs, their relative potency provided insight into the structural 

features that affected the binding to the enzyme. An analysis of these simplified analogues by B. 

D. Roth et al. further suggested that the main feature required for binding was a large lipophilic 

group tethered with a specific orientation to a 4-hydroxypyran-2-one scaffold. A pyrrole ring was 

selected as the opposing terminus due to the synthetic versatility it would provide with respect to 

the introduction of various substituents (Figure 1.4, 21).20 During initial studies, positions 2 and 5 

in the pyrrole ring were varied to compare different substitution patterns. Subsequent optimization 

at positions 3 and 4 resulted in a compound with an IC50 value of 0.025 µM that slightly improved 

upon existing therapeutics such as Merckôs Mevastatin with an IC50 value of 0.030 µM. The drug 
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was synthesized as a racemate with respect to the orientation of the 4-hydroxypyran-2-one and the 

breakthrough with regard to its efficacy was only discovered upon its resolution. The (R,R) 

enantiomer now marketed as Lipitor showed an IC50 value of 0.007 µM while the (S,S) enantiomer 

showed an IC50 value of only 0.44 µM.21    

 

Figure 1.4. Compactin and the evolution of statin analogues. 

Similar to the synthesis of Esomeprazole, it was necessary to develop an asymmetric 

methodology for the large scale production of Atorvastatin. P. Bower conceived of the molecule 

as ultimately the union of two fragments connected by a tether, the pyrrole scaffold and the chiral 

side chain. The convergent synthesis of both fragments proceeded from commercially available 

starting material and underwent stepwise transformations to obtain the required intermediates. The 

initial chirality was incorporated into the side chain by using an enantiopure compound available 

from the chiral pool. The construction of the chiral side chain begins with the synthesis of 25 as 

documented by M. Sletzinger for the assembly of statin 20.22 The hydrogen peroxide degradation 

of L-ascorbic acid, 22, into L-threonic acid, 23, was followed by treatment with hydrobromic acid 

and methanol and selective hydrogenolysis yielding compound 25. Protection of 25 with TBDMS 

followed by substitution of the bromide with NaCN gave the nitrile 26 after deprotection with 

TBAF. A cross-claisen condensation with the preformed lithiated enolate, LiCH2CO2
tBu, provided 
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access to ɓ-hydroxyester 27. Diastereoselective reduction in a cryogenic reactor followed by 

protection of the chiral diol resulted in the intermediate 28 in >99.5% ee and 100:1 dr. 

Recrystallization was used to increase the dr to 350:1.23 Reduction of the nitrile to the amine 

resulted in the protected chiral side chain 29. 

 

Scheme 1.6. Synthesis of the chiral side chain from L-ascorbic acid. 

The final construction of the pyrrole ring was accomplished by a Paal-Knorr reaction between the 

diketone scaffold containing the substitution of the resultant ring and the chiral side chain 29 that 

anchors the tethered chiral side chain to the heterocycle (Scheme 1.7).24 This convergent synthesis 

features yields greater than 75% at every step, avoids the use of chromatographic purification and 

is scalable to ton quantities to meet the needs of a drug with one the highest lifetime sales.  
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Scheme 1.7. Paal-Knorr synthesis of Atorvastatin. 

1.2. Green Chemistry and Sustainable Processes 

In recent years, synthetic chemists have become increasingly aware of environmental 

consequences25 which has led to the development of sustainable processes and green chemistry 

guidelines.26 Sustainability mandates that the rate of use for a given resource cannot exceed the 

rate at which it is naturally replaced and the generation of waste cannot exceed the rate at which it 

is redressed.27 Green chemistry as defined by the Environmental Protection Agency is the 

development of products and methods that reduce or exclude the use or production of hazardous 

chemicals.28 These two disciplines are not only fields in their own right, but provide guiding 

principles applicable to all areas of chemical research. 

Despite increasingly stringent worldwide environmental regulations, concerns regarding 

the future of our biosphere have continued to rise as well.29 While many scientists have seen the 

value in pursuing a greener approach to production, it took years before clearly stated strategies 

and tactics emerged.30 In 1998, Paul Anastas and John Warner published the ñTwelve Principles 

of Green Chemistryò which has eclipsed all other proposals to become enshrined as the defining 

guide.31 A consortium of pharmaceutical companies realizing that they share green chemistry 

interests sought to foster global collaboration for the development of sustainable methodologies 
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and educational initiatives. The Green Chemistry Institute Pharmaceutical Roundtable was formed 

in 2005 and currently includes corporations such as AstraZeneca, Bristol-Myers Squibb, 

GlaxoSmithKline, Novartis, Pfizer and many others. Among other accomplishments, they have 

supported the development of many green reactions that serve to replace hazardous methods.32 

 

Scheme 1.8. Catalytic oxidation of primary and secondary alcohols.32 

 A representative example is the oxidation of alcohols to aldehydes and ketones which 

traditionally requires toxic and environmentally hazardous chemicals such as chromium salts in 

stoichiometric quantities. A range of copper catalysts using either 2,2,6,6-tetramethylpiperidine 1-

oxyl (TEMPO) or 9-azabicyclo[3.3.1]-nonane N-oxyl (ABNO), 33, with air as the stoichiometric 

oxidant were developed by Stahl to replace the conventional oxidants (Scheme 1.8).33 This method 

was then further improved by the incorporation of the more economical copper iodide and the use 

of lower catalyst loadings with its application showcased in the catalytic oxidation of a an 

intermediate in the total synthesis of Rosuvastatin (Crestor) (Scheme 1.9).34 
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Scheme 1.9. Copper catalyzed oxidation of a Rosuvastatin intermediate. 

It is important to ensure that these green methods are commercially viable on an industrial 

scale. The success of this approach can be observed by an analysis of the commercial synthetic 

route for the lifestyle drug Sildenafil (Viagra) (Figure 1.5).35 In 1998, both the United States and 

the European Union approved the drug Sildenafil for the treatment of male erectile dysfunction 

and it has since become one of the fastest selling pharmaceuticals. The drug acts as a 

phosphodiesterase (PDE) enzyme inhibitor which is itself responsible for the transformation of 

cyclic guanosine monophosphate (cGMP) to guanosine monophosphate (GMP). During sexual 

stimulation, the release of nitric oxide induces the synthesis of cGMP which reduces the 

intracellular Ca2+ ion concentration leading to decreased smooth muscle contractility. By 

inhibiting the action of PDE in the hydrolysis of cGMP, Sildenafil enhances the natural action of 

nitric oxide and allows for the treatment of any dysfunction in this process.36  

 

Figure 1.5. Structure of Sildenafil. 
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The initial synthesis of Sildenafil used for early clinical trials was an important 

achievement, but could not be used at the industrial scale due to a number of concerns including 

the use of hazardous materials such as thionyl chloride (Scheme 1.10). Chlorosulfonation of high 

molecular weight compounds requires the use of large quench volumes resulting in a large increase 

in the production of aqueous waste. The use of SOCl2 in the later synthetic stages also requires 

multiple recrystallizations for its removal from the final product which further increases waste 

production. The reduction of 39 using SnCl2, the use of SOCl2 as solvent in the amide formation 

of 39 and the sheer quantity of chlorinated solvent waste presented additional obstacles towards 

the development of a viable commercial synthesis. The largest concern was that this linear total 

synthesis resulted in only a 7.5% total yield from 37.35  

To combat these issues, a more efficient convergent synthesis was envisioned (Scheme 

1.11).26 The SnCl2 reduction was abandoned in favor of a cleaner catalytic hydrogenation of 39, 

excess use of thionyl chloride was reduced to stoichiometric amounts in toluene and chlorinated 

solvent were entirely eliminated. The use of the early-stage and therefore less expensive material 

43 for the chlorosulfonation mitigated losses from hydrolysis during extended quench time.35   

 

Scheme 1.10. Initial synthesis of Sildenafil.26  
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A comparison of the commercial and initial syntheses is striking. For the production of 

1000 kg of Sildenafil, the total solvent volume has been reduced from 125,000 L to 13,500 L while 

the range of solvents has been reduced from six including dichloromethane to two non-chlorinated 

solvents. The volume of aqueous waste produced was decreased by a factor of five and the overall 

synthetic yield was increased to 76%. In order to quantify the efficiency and sustainability of these 

methods, Reaction Mass Efficiency (RME), the ratio of the mass of product to the mass of reactants 

was analyzed.37 The RME was increased from 10% to 26%, more than doubling the efficiency. 

The environmental impact was analyzed by calculating the Process Mass Intensity (PMI) which is 

defined as the ratio of the total mass of materials to the mass of isolated product.37 This metric is 

directly related to the important Environmental Factor (E-factor), where PMI = E + 1, which serves 

to provide a quantitative measure to describe the adherence of a process to green chemistry 

principles. A comparison of the PMI calculated for the two synthetic routes resulted in a decrease 

from an initial value of 134 to 16. Previously, the need for green chemistry had been undeniable, 

but feasibility in its implementation had been questioned. The revised synthesis of Sildenafil, with 

reported sales of 1.2 billion dollars in 2017 alone, proved that it is a realistic and achievable goal.  
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Scheme 1.11. Commercial synthesis of Sildenafil.26  

1.3. Fluorinated Compounds 

In the design of medicinal agents with increased efficacy and reduced toxicity, 

bioisosterism represents a unique approach that has become prevalent in the pharmaceutical 

industry.38 This concept originates from the development of structure activity relationships and 

allows for rational modification of existing compounds.39 Bioisosters can be defined as groups of 

molecular functionalities that may be exchanged with one another to elicit similar physiological 

properties with beneficial deviations.40 Within this field, the introduction of organofluorine 

derivatives of natural products and pharmaceuticals has come to dominate one quarter of 

manufactured drugs.41 Organofluorine analogues in 2008 included 30% of the most successful 
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drugs on the market42 and have contributed to the treatment of a wide range of diseases including 

depression, cancer, bacterial and viral infections and inflammatory diseases (Figure 1.6).43 

 

Figure 1.6. Structures of important organofluorine drugs. 

Fluoxetine (Prozac), 48, is an antidepressant marketed for the treatment of obsessive 

compulsive disorder and bulimia. These diseases have been linked to low levels of the 

neurotransmitter serotonin and this drug acts as a selective serotonin reuptake inhibitor that allows 

the neurotransmitter to continue to activate its receptor. In a comparison of Fluoxetine to its non-

fluorinated analogue, the presence of the trifluoromethyl group in the phenolic ring yields a six 

time increase in the inhibition of the reuptake mechanism.44 Erythromycin, a highly effective 

antibiotic used for the treatment of severe infections, is incompatible with the treatment of gastritis 

caused by an infection with Helicobacter pylori. This compound decomposes under the highly 

acidic conditions present in the stomach and concentrations of the drug in tissues are too low to be 

effective. Flurithromycin (Pharmacia), 49, the fluorinated analogue of Erythromycin, possesses 

enhanced stability under acidic conditions resulting in longer biological half-life, higher 

bioavailability and increased tissue concentrations.45 Efavirenz (Sustiva), 50, is a reverse 
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transcriptase inhibitor used in the treatment of HIV infections by suppressing replication of the 

virus. The trifluormethyl group in the molecule lowers the pKa of the cyclic carbamate N-H which 

increases the hydrogen bonding interactions and therefore the binding to the target protein.46 Each 

of these drugs presents different mechanisms by which fluorine contributes to superior therapeutic 

effects. 

Fluorinated functionalities owe their unique properties to the elementôs high 

electronegativity and small van der Waals radius. With a van der Waals radius of 1.47 Å, the 

element has been used to replace both hydrogen and oxygen with radii of 1.20 Å and 1.52 Å, 

respectively.47 These fluorinated analogues have been shown to possess greater metabolic stability, 

distinct physiochemical properties, increased binding affinity and bioavailability.42 Metabolic 

stability is achieved by decreasing the moleculeôs vulnerability to oxidation by cytochrome P450 

monooxygenases or by reduced reactivity at a metabolically active neighboring site.48 Unique 

properties are a direct result of the high electronegativity that can alter the polarity of nearby groups 

and induce a conformational bias in the compound. Binding of the molecule with a target protein 

is not interrupted due to the similarity in size, but the dissimilarity of the C-F motif may improve 

the affinity and selectivity for this interaction by affecting hydrogen bonding interactions. The 

effect on pKa and increased lipophilicity can also impact bioavailability by allowing the molecule 

to better permeate certain membranes enhancing its absorption and distribution.43 The primary 

limitations in the development of fluorine containing drugs are the synthetic challenges they 

present.  

The pharmaceutical significance of organofluorine compounds has stimulated the 

development of novel methods for the construction of fluorinated compounds. The two main 

classifications of synthetic methods are direct fluorinations and the use of fluorine containing 
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building blocks.49 Direct methods involve the transformation of a C-H bond into a C-F bond 

through the use of either an electrophilic or nucleophilic fluorinating reagent. Nucleophilic 

fluorinating reagents can be alkali metal fluorides, tetrasubstituted ammonium salts or 

deoxyfluorination reagents such as diethylaminosulfur trifluoride (DAST), 54, (Scheme 1.12). The 

latter require careful handling as they are highly reactive.50 

 

Scheme 1.12. Synthesis of fluorinated precursors of gibberellins.51 

Electrophilic fluorinating reagents are usually N-fluoro species and behave as a formal source of 

F+. Two of the most commonly used reagents are the commercially available Selectfluor and N-

fluorobisphenylsulfonimide (NFSI) (Figure 1.7). The use of building blocks for the construction 

of organofluorines theoretically involves traditional chemical transformation, but with the caveat 

that the fluorine substitutions tends to introduce uncharacteristic behavior. Reactions that may 

work for non-fluorinated analogues may need to be optimized for these substrates.49  

 

Figure 1.7. Electrophilic fluorinating reagents. 
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Fluticasone propionate is a glucocorticoid steroid developed for use against a wide range 

of anti-inflammatory diseases.52 It is one of two active ingredients marketed as part of the Advair 

Diskus inhaler for the treatment of asthma and it has earned fourth place in the top selling 

pharmaceuticals of 2008 with 3.6 billion dollars in sales. It has also been used topically for the 

treatment of inflammation in patients with psoriasis and dermatoses.41 The structure contains a 

steroid scaffold with three distinct fluorine substituents, two located on chiral centers. The 

construction of this organofluorine pharmaceutical uses both types of direct fluorination as well as 

the inclusion of fluorine through building blocks (Scheme 1.13). The introduction of fluorine into 

58 proceeds through electrophilic fluorination by the reaction of Selectfluor with an in-situ 

generated conjugated enol acetate.  

 

Scheme 1.13. Synthesis of fluticasone propionate.41 

The addition of the second fluorine into 59 is accomplished by a nucleophilic fluorination of the 

epoxide ring with hydrofluoric acid. The third fluorine is introduced to 62 as part of a fluoromethyl 

building block to give the final drug 63.  
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Chapter 2. Objectives 

The continued development of synthetic methods has allowed chemists to construct natural 

products and synthetic analogues with a wide variety of applications in the health and natural 

sciences. Often the complex structure displaying several functional groups and chirality centers 

creates a major synthetic challenge. The disparity between biological effects of enantiomers 

generally requires that drugs be synthesized in enantiopure form. The incorporation of fluorine 

into medicinal compounds provides an important means for increasing the efficacy of a drug 

without compromising existing interactions. However, the synthesis of organofluorines remains 

difficult because the fluorine moiety can drastically affect the reactivity and stability of organic 

compounds. The introduction of green chemistry methods presents another challenge. Traditional 

methods often include the use of hazardous materials and may generate large amounts of waste. 

For environmental protection, it is essential for chemists to develop alternative syntheses that are 

sustainable and adhere to green chemistry principles. 

The main objectives of this thesis were: 

(1) The development of catalytic enantioselective procedures for the synthesis of 

important chiral building blocks  

a. At the beginning of this work, existing methods for the catalytic enantioselective 

Reformatsky reaction were limited to two procedures using commercially available 

chiral ligands. It was envisioned that the development of an inexpensive high yielding 

procedure with high stereoselectivity would advance this important C-C bond forming 

reaction. 
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b. The catalytic asymmetric addition of terminal ynamides had only been accomplished 

with aldehydes and trifluoromethyl ketones. Given the synthetic versatility of the 

polarized triple bond and the biological significance of 3-hydroxyoxindoles, the 

addition of terminal ynamides to isatins would allow new access to biologically 

important classes of compounds. 

c. Atropisomerism presents unique difficulties in the development of single enantiomer 

drugs partly because of the possibility of racemization reactions. DHPLC studies can 

illuminate rotational energy barriers that can be used to design confrontationally stable 

compounds. 

(2) The establishment of synthetic methods using fluorine and other halogen containing 

compounds 

a. At the onset of this work, the use of cyanomethylation for the synthesis of fluorinated 

ɓ-hydroxynitriles was elusive due to uncontrolled formation of elimination products. 

The development of a procedure that resolves this issue would provide a route to these 

highly functionalized compounds. 

b. Perhalogenated compounds are important for the synthesis of future drugs and can 

provide an incredible amount of synthetic versatility. A streamlined synthesis of 

compounds exhibiting fluorine, chlorine and bromine and the development of their 

utility would introduce new building blocks for synthetic chemistry. 

  



22 
 

(3) The application of green chemistry principles towards the development of important 

compounds 

a. Bisoxindoles represent a biologically significant scaffold and the construction of 

fluorinated analogues may expand the existing library of medicinal compounds. The 

development of a green synthesis method would provide further momentum towards 

safe and environmentally benign production of pharmaceutically relevant targets. 
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Chapter 3. Bisoxazolidine Catalyzed Enantioselective Reformatsky Reactioni 

3.1. Introduction 

The classical Reformatsky reaction produces ɓ-hydroxy esters through insertion of zinc 

into Ŭ-halo esters and subsequent nucleophilic addition of the zinc enolate to aldehydes or ketones. 

Since its introduction in 1887, this reaction has become one of the most successful carbon-carbon 

bond formations and it has found numerous synthetic applications which can certainly be attributed 

to its remarkable functional group tolerance and generally mild reaction conditions.53 The advance 

of procedures that generate zinc enolates under homogeneous conditions, for example in the 

presence of dimethylzinc, set the stage for asymmetric variants.54 Prior to 2008, few examples of 

diastereoselective55 and enantioselective56 Reformatsky reactions were known and eeôs obtained 

were generally low unless stoichiometric amounts of chiral ligands were used. A breakthrough in 

the development of catalytic enantioselective procedures was made when Cozzi and Feringa 

reported that ephedrine and BINOL derivatives 1 and 2 effectively catalyze the Me2Zn-promoted 

addition of ethyl iodoacetate to aromatic aldehydes in the presence of air or tert-butyl 

hydroperoxide which accelerate the zinc enolate generation.57 Employing 25 mol% of N-

pyrrolidinylephedrine and catalytic amounts of triphenylphosphine oxide in the Reformatsky 

reaction between ethyl iodoacetate and benzaldehyde, Cozziôs group obtained ethyl 3-hydroxy-3-

(4-bromophenyl)propanoate, 3, in 40% yield and 84% ee after 100 hours. Feringa et al. were able 

to produce 3 in the presence of 20 mol% of 2 in 70% yield and 80% ee (Scheme 3.1).58 

 

                                                           
i Reproduced with permission from J. Org. Chem. 2011, 76, 6372-6376. Copyright 2011 American Chemical 

Society. 
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3.2. Results and Discussion 

The synthesis of bisoxazolidine 4 from aminoindanol and cyclohexadione was reported by 

Wolf et al. in 2006 and since then several applications of this C2-symmetric N,O-diketal in 

asymmetric catalysis have been shown (Figure 3.1).59 This ligand catalyzes the  

 

Scheme 3.1. Asymmetric Reformatsky reaction using 1 and 2. 

dimethylzinc-mediated enantioselective alkynylation of a wide range of aldehydes towards 

propargylic alcohols with excellent yields and eeôs.60 It has also been used successfully in the 

alkylation of aldehydes with Me2Zn and Et2Zn,61 in the asymmetric Henry reaction which can be 

performed either in the presence of excess of dimethylzinc or catalytic amounts of copper(I) 

acetate,62 in the nitroaldol reaction of trifluoromethyl ketones and Ŭ-keto esters and in an 

asymmetric Friedel-Crafts reaction.63 
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 Based on the success with asymmetric reactions involving organozinc species, it was 

decided to introduce 4 into the Reformatsky reaction. During optimization, it was realized that 4-

bromobenzaldehyde is significantly less prone to decomposition than benzaldehyde and is, 

therefore, a better choice for method development. 

 

Figure 3.1. Structure of bisoxazolidine 4. 

The Reformatsky reaction proved to be very sensitive to unusual parameters, such as the size of 

the flask used, the timing of the exposure to air and the addition sequence of dimethylzinc. It is 

generally assumed that dimethyl zinc and oxygen generate a methyl radical which initiates the 

formation of the Reformatsky reagent (Figure 3.2).64 Since dioxygen has to diffuse into the reaction 

mixture to affect the radical process, the subsequent production of the intermediate methylzinc 

enolate is dependent on several parameters including flask size and reaction volume which 

determine the surface area at the gas-liquid interface. It was found that a change in the parameters 

mentioned above and in the rate of addition of the aldehyde or in the amount of ethyl iodoacetate 

strongly affect yields. For example, when the amount of ethyl iodoacetate was reduced from two 

to one equivalent no product was isolated. Addition of stoichiometric amounts of 

trimethoxyborane led to a 10% increase in yield which may be attributed to formation of a borate 

complex with the Reformatsky product. This transmetalation process should facilitate catalyst 

turnover and avoid interference of the alkoxide formed with the catalytically active zinc complex. 
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By contrast, it was observed that the enantioselectivity of this reaction was considerably less 

sensitive and variation of the reaction temperature between 0 and 35 ÁC did not change eeôs. 

 

Figure 3.2. Radical generation and subsequent formation of the methylzinc enolate. 

Careful optimization of solvent, catalyst loading, introduction of air, concentration of ethyl 

iodoacetate, amount of dimethylzinc and trimethoxyborane, and the addition sequence of the latter 

and the substrate resulted in a procedure that gives ethyl 3-hydroxy-3-(4-bromophenyl)propanoate, 

3, in 90% yield and 78% ee (Scheme 3.2). This method involves only 10 mol% of the ligand and 

is completed at room temperature within one hour. 

 

Scheme 3.2. Bisoxazolidine catalyzed Reformatsky reaction with 4-bromobenzaldehyde. 

The scope of this method was explored by screening various aldehyde substrates (Table 

3.1). Benzaldehyde gave ethyl 3-hydroxy-3-(4-bromophenyl)propanoate, 5, in 79% yield and 77% 

ee (Table 3.1, entry 1) and similar results were obtained with a range of other aromatic aldehydes. 

In general, yields up to 94% were achieved with this method while eeôs varied between 75 and 






























































































































































































































