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Abstract 
 The synthesis of active pharmaceutical ingredients is often a time-consuming and 

expensive process. Due to the nature of pharmaceutical manufacturing, these costs are carried 

forward to the final purchase price by the consumer. Although there are many factors which are 

involved in the final costing of a pharmaceutical, the cost associated with the synthesis is the 

primary one which can be managed by chemists and engineers. 

 This work discusses the synthetic routes of four active pharmaceutical ingredients as well 

as the synthetic techniques and equipment used with an emphasis on how the application of 

specific techniques can be applied to decrease the cost of the drug. Four main factors: reagent 

cost, reaction yield, atom and step economy, and operation costs, are used to guide the work 

being performed and the routes which are chosen. 

Using these variables, we apply process intensification to the synthesis of dolutegravir, 

glycidyl pivalate, albuterol, and the fluoroquinolone class of antibiotics. Through this, we are 

able to optimize reaction conditions to improve the final yield of reactions as well as improve 

purification to allow for direct utilization of our material in solution for subsequent reactions. We 

also utilize continuous flow chemistry techniques to streamline the synthesis of pharmaceuticals 

through the application of different flow reactor vessels and peripheral devices. 

 Lastly, in order to address factors outside of science’s control, we develop an alternative 

synthesis in order to strengthen the drug synthesis against shifts in availability and costing of 

currently available reagents. By identifying a convergent synthesis using different starting 

materials and reagents early in the synthesis, the overall synthesis is protected from unexpected 

or sudden increases in the costs of the current route’s starting materials. 
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1. Preparation of Strategic Building Blocks for WHO Essential 

Medicines 

1.1. Introduction to Techniques 

1.1.1. Considerations for Cost Reduction 

 Pharmaceutical manufacturing is a billion-dollar industry which affects lives across the 

globe.1 Access to pharmaceuticals can be improved, especially in lower-income areas and 

countries, through reduction of the cost of active pharmaceutical ingredients (APIs). According 

to the United States Food and Drug Administration (FDA), active pharmaceutical ingredient is 

defined as “any substance that is intended for incorporation into a finished drug product and is 

intended to furnish pharmacological activity or other direct effect in the diagnosis, cure, 

mitigation, treatment, or prevention of disease, or to affect the structure or any function of the 

body. Active pharmaceutical ingredient does not include intermediates used in the synthesis of 

the substance.”2 Although the synthesis of APIs can be expensive throughout the entirety of their 

manufacturing process, it is also observed that specific intermediates can be major cost-drivers. 

The impact of these cost-driving intermediates (CDIs) can be attributed to a wide range of 

variables which can be broadly simplified to reagent cost, reaction yield, atom and step 

economy, and operation costs. 

1.1.1.1. Reagent Cost 

 Reagent cost is the most straightforward of the variables which affect CDIs. Higher cost of 

starting materials is, of course, important in the total synthesis of APIs and CDIs, but reagents used 

in the synthesis can be equally impactful to the final cost. In order to decrease the cost of CDIs, 

attention must be paid to the purchase price of starting materials and reagents. At a laboratory 
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scale, reagents and starting materials are often purchased from vendors at relatively low volumes 

compared to the volumes purchased for the large-scale manufacturing of APIs. These low volume 

purchases often do not accurately reflect the cost of the materials in bulk, and the use of 

import/export databases can be helpful in identifying the real-world price of large (multiple 

kilogram) shipments of desired reagents and starting materials. 

 Reagent cost can also be volatile over time, so it is good practice to consistently monitor 

the prices of reagents and starting materials within a synthesis. Not only should the cost of the 

currently defined synthesis be monitored, alternate syntheses which were more expensive should 

be monitored in case they become more economically viable. This particular volatility, which 

exists outside of a single synthetic process, is a major support for the method of identifying 

multiple syntheses to a single API. By identifying multiple syntheses, effect of price volatility can 

be minimized by switching to one of the alternate syntheses if it is advantageous. Reagent cost can 

also be volatile in situations where there is a single manufacturer or very few manufacturers of the 

material. This can lead to large and sudden price changes in material as well as higher susceptibility 

to external factors such as starting material supplies, shipping costs, natural disasters, and 

geographical location factors. 

1.1.1.2. Reaction Yield 

 Reaction yield is another straightforward variable; higher yielding reactions will result in 

more material manufactured for the same reagent cost. By performing reaction optimization, it is 

possible to increase the yield of the reactions, and therefore, lower the cost of the synthesis. 

Another aspect of reaction yield, which should be considered to lower costs is, when possible, to 

utilize more expensive reagents later in the synthesis to conserve the costs. Very few syntheses, 

especially multi-step syntheses, produce ideal one-hundred percent yield. Therefore, any yield 
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below one-hundred percent correlates to an increase in the final cost. In order to minimize the 

effect on cost that this loss of material results in, the use of more expensive reagents should be 

performed as late in the synthesis as possible. Although this may not always be possible, it can 

result in a decrease in CDI cost when applied correctly. 

1.1.1.3. Atom & Step Economy 

 Another major factor which defines a synthesis can be broken down into two main aspects, 

atom economy and step count.3 Atom economy focuses on the number of atoms being utilized in 

a synthesis and is weighed against the number of atoms that are in the final product of the 

synthesis.4 Since the generation of byproducts is an unfortunate necessity of synthesis, a goal of 

cost reduction and green chemistry is to minimize the waste generated by these byproducts.5 

Meanwhile, minimization of step count can also have an impact on the cost of the synthesis. 

Generally, each individual step of a synthesis will require its own reagents, a process for isolation 

and purification, which inherently leads to some yield loss, and will frequently have some loss of 

material if the yield is not quantitative. By developing a synthetic route which has fewer steps than 

an alternative route, the overall cost of the synthesis will likely decrease. The step count is also 

tied to the atom economy of a reaction. Installation of unnecessary atoms can increase the step 

count as in the case of protecting groups where a protection step and subsequent deprotection adds 

two additional steps to the synthesis. Optimization of these reaction economy parameters can be 

significant in driving down the cost of CDIs as well as lowering the environmental impact of the 

synthesis. 

1.1.1.4. Operation Costs 

 Since the purpose of CDI cost reduction is to make APIs more affordable, we must also 

consider how synthetic routes will scale-up to the volumes required for large-scale pharmaceutical 
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manufacturing. Due to the significant differences between lab-scale and kilo-scale manufacturing, 

such as safety concerns, reagent handling at large scale, and temperature control of reactions, it 

can be difficult to make decisions on synthetic routes with these operational factors. Some aspects, 

however, are straightforward and can also be modified to decrease costs at gram scale. In addition 

to this, developing syntheses which are robust, reproducible, and scalable is just as important. 

Reactions that require a very narrow range of operating conditions are not preferred since small 

changes in manufacturing controls could then result in batches which are low-yielding or produce 

product in lower purity that cannot be used for subsequent reaction steps. The other factor of 

operation costs that can be applied at lab-scale is a focus on safe and controllable reactions. This 

aspect can range from the use of appropriate personal protective equipment (PPE) to the use of 

safer and less volatile reagents in the synthesis as well as order of addition to consume volatile 

reagents immediately to prevent accumulation. Proper safety practices and an emphasis on running 

safe reactions can prevent lost time from accidents, and fines or shutdowns as a result of health 

and safety incidents. 

 Some aspects of operation costs are not as obvious at laboratory scale but can be important 

at larger scales. The first of this, which ties into safety, is the control of reactions, especially those 

with exotherms. At small scale, the control of exothermic reactions is much easier and the 

consequences of a “runaway” reaction are less dangerous. Syntheses that require particular care to 

prevent runaway reactions are less favored at industrial scale since additional effort and 

precautionary measures are required to safely run them. These precautions and the time to 

implement them for each reaction step will add cost to the synthesis. In addition to safety, there 

are also chemical procedures that are routinely performed at laboratory scale but are not practical 

at plant scale. Two examples are cryogenic conditions and the use of traditional column 
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chromatography for product purification. In batch reactions, cryogenic reactions and 

chromatographic purifications require large amounts of cooling or purification material 

respectively. Cooling at smaller scales is more efficient than plant scale due to higher surface to 

volume ratio. The use of these cryogens can add significant costs to reactions at manufacturing 

scale. 

Chromatographic purifications, specifically column chromatography for the purpose of 

isolating the desired product from a crude reaction mixture is expensive on large scale due to the 

cost of the silica, or other stationary phase, required for the column as well as the large volumes 

of solvents used as the mobile phase. In addition to the raw material cost of the technique, it is also 

time intensive and requires active attention, increasing the cost as well. As a result, purification 

techniques that are less resource-intensive, such as distillation and crystallization, are preferred. 

 Other factors affecting operating costs include the costs of staffing for operating and 

maintenance of the manufacturing site, rent and utilities, and waste treatment and disposal. 

Although these costs are significantly different from a laboratory synthesis set-up, it is still possible 

to decrease the associated costs when determining the best synthetic route. Shorter reaction steps 

can make the overall synthesis shorter as well, decreasing the labor costs for the synthesis. The use 

of fewer reaction vessels or vessels with a smaller footprint is another way to decrease costs. By 

decreasing the physical space occupied by one complete synthesis within a facility, more than one 

API can be manufactured in the same location, spreading the cost for the space out between them.  

 All of these considerations are indefinite and syntheses may be altered during the scale-up 

process from laboratory to manufacturing regardless of the effort put into optimization in the early 

steps. However, the synthetic decisions that are made early on in the process can also help 

determine how the scale-up proceeds and whether it is successful in addition to its financial 
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efficacy. For these reasons, operation costs are an important factor when trying to improve 

accessibility of an API. 

1.2. Dolutegravir 

1.2.1. Introduction 

 Dolutegravir (DTG) is an integrase inhibitor used 

in the treatment of human immunodeficiency virus (HIV) 

and acquired immunodeficiency syndrome (AIDS).6 

Integrase inhibitors prevent the insertion of HIV viral 

RNA into the host’s chromosomes by blocking 

transesterification which is vital for replication and spread of the disease.7 Due to its effectiveness 

in combatting HIV, DTG is included on the World Health Organization’s (WHO) list of essential 

medicines. In addition to single dose administration, DTG is also an API in combination drug 

therapies such as with rilpivirine.8 In addition to dolutegravir, there are a number of other analogs, 

for example, cabotegravir, which are being explored for HIV/AIDS treatment.9 The primary 

difference between these APIs is the size of the nitrogen and oxygen containing heterocyclic ring 

present in the molecules. 

 
Figure 1. Structure of Dolutegravir 
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1.2.2. Prior Art 

 The pharmaceutical company GlaxoSmithKline (GSK) developed DTG and some of its 

analogs. 9 They have published some of the work on their syntheses, which has allowed for external 

investigation into the optimization of the synthesis and exploration towards decreasing the cost of 

the APIs. The Roper research group at VCU identified a continuous flow synthesis over seven 

steps with an overall yield of 24%.10 During route exploration, (R)-3-aminobutanol (4), which is 

installed during the final step of a three-step telescoped synthesis to form methoxylated DTG 2 

(Scheme 1), was identified as a CDI, making up ~30% of the cost of DTG. The DTG-OMe 2 could 

then be demethylated to give the final API, dolutegravir (1). In GSK’s synthesis of cabotegravir 

(5, Scheme 2), which has a five-membered oxazole ring, they utilize a shorter chain aminoalcohol 

(7) obtained from the amino acid L-alanine. The synthesis towards dolutegravir, however, requires 

a longer-chain aminoalcohol to form the six-membered oxazine ring of the molecule. Since this 

intermediate was determined to be such a large portion of the expense for dolutegravir, we 

envisioned that it would be prudent to explore alternate syntheses toward this chiral aminoalcohol. 

 
Scheme 2. Final Step in the GSK Process of Cabotegravir 

 
Scheme 1. Three Step Synthesis to DTG-OMe using (R)-3-aminobutanol 
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1.2.3. Synthesis of (R)-3-aminobutanol 

1.2.3.1. γ-Butyrolactone Route 

 After identifying (R)-3-aminobutanol as the CDI, we approached the synthesis of the 

intermediate with the intent of decreasing its total cost. Our focus was in the use of low-cost and 

widely available starting materials and reagents. Therefore, we initially settled on a synthetic route 

beginning with γ-butyrolactone (8). Our proposed synthesis (Scheme 3) utilized cost-effective 

materials, with the exception of the palladium catalyst in step 3. However, the palladium catalyst 

was used at low catalyst loading (10 mol %) and could be recycled after filtration since it was a 

heterogenous reaction. As shown in Scheme 3, we observed high yields and moderately high 

purities for most of our reaction steps. The biggest hurdle associated with this synthesis stemmed 

from the need for high enantiopurity of the final aminoalcohol. Our developed route established 

the stereochemistry during the reduction of the exomethylene group at step three. We had been 

using palladium on carbon without any chiral ligands resulting in a racemic mixture of α-methyl-

butyrolactone 11.  

In order for our synthetic route to produce enantioenriched aminoalcohols, an additional 

step, most likely through the formation of a tartrate salt, would be required and would have a 

 
Scheme 3. Synthesis of (R)-3-aminobutanol starting with γ-butyrolactone. aIsolated Yield 
bPurity by LCMS Area % 
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maximum yield of 50%. We did begin to consider the use of chiral catalysis for an enantioselective 

hydrogenation; however, these initial screens did not provide good selectivity and drove the cost 

of the synthesis higher than we had intended. In addition, as we explored alternative stereoselective 

syntheses, we ran into trouble with the final Hofmann rearrangement step caused by issues with 

purification of amide 12.11 Since preparation of the amide was run under aqueous conditions, the 

isolation of pure amide was challenging. Initially we were able to obtain a crude mixture of the 

amide through azeotropic distillation to remove water using methanol and toluene. This crude 

mixture was subjected to the Hofmann conditions which showed no conversion of starting 

material. We also explored ion-exchange chromatography which resulted in decomposition of the 

amide product. We next proposed a modification through a Schotten-Baumann reaction with an 

acyl chloride on the crude distilled mixture.12 However, due to mounting complications and 

perceived cost increases, this route was abandoned as we identified an alternate synthetic route 

which we believed showed more promise towards lowering the cost of the aminoalcohol CDI. 

 

1.2.3.2. Chiral Pool Approach 

 Chiral pool is an effective 

synthetic strategy that can provide 

cost-effective approaches through 

exploitation of the built-in 

stereochemistry of the starting raw materials to be used. The basis for the technique is the 

utilization of enantiopure small molecules that are found in nature for installation into larger 

molecules.13 Since the stereocenter is already present in the small molecule, it can be carried 

forward in the synthesis without the use of chiral catalysts or tartrate salt formations. This 

 
Figure 2. Use of Verbenone as Precursor to the Natural Product Onoseriolide  
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technique has been applied to a variety of complex syntheses, including chemotherapy drugs such 

as onoseriolide (Figure 2).14 

 We believed that the synthesis of cabotegravir 5 was based on the chiral pool technique 

since the aminoalcohol 7 used in the final step can most likely be synthesized from the α-amino-

acid alanine. However, the β-amino-acid that we required is not natural and is therefore much more 

expensive. That led us to an initial foray into the butyrolactone route (vide supra). However, in the 

midst of our route development using butyrolactone, a collaborator informed us that they could 

provide our desired β-amino-acid 4 at a much lower cost (~$50/kg) than previously expected. 

Although the material was slightly more expensive than γ-butyrolactone, it would require far fewer 

steps to obtain our product and would not require any enantioselective reactions as the desired 

stereocenter was already present within the molecule. As such, the required amino alcohol would 

have a lower overall cost of goods when made through the β-amino-acid. 

 

1.2.3.3. (R)-3-Aminobutanoic Acid (13) 

 Using (R)-3-Aminobutanoic acid (13), or homo-β 

-alanine (HBA), we developed a procedure based on the 

single-step reduction of the carboxylic acid to the desired alcohol (Scheme 4). We began 

exploration into this reduction using lithium aluminum hydride (LAH).15 Initially, we performed 

the reaction with an excess (3 equivalents) of LAH and observed complete conversion of HBA to 

aminobutanol 4. However, this reaction had safety issues as the potentially hazardous and reactive 

reagent, LAH, was used. We also found that the quenching of the reaction and isolation of our 

material was difficult due to the formation of lithium and aluminum salts. Lastly, the high price of 

lithium led us to search for alternative reducing agents to perform this reaction. 

 
Scheme 4. Synthesis of (R)-3-aminobutanol 4 

from homo-beta-alanine 
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1.2.3.3.1. Condition Screens 

  We identified an alternative reducing agent, sodium aluminum hydride (NAH), as 

a suitable alternative. NAH ($9.7/kg) is significantly less expensive than LAH ($507/kg), resulting 

in a decrease in the synthetic cost.i In order to determine the efficacy of NAH as a replacement for 

LAH, we performed two main screens: equivalents of NAH and solvent choice. 

Our first screen focused on the equivalents of NAH that were required to observe 

high conversion of material. We began our 

screens following the literature procedure we had 

found for LAH and performed 12 experiments 

using between one and three equivalents of NAH. 

As seen in Figure 3, NAH performed well under 

the literature conditions of three equivalents, and 

we observed similar conversion of ~100% at two equivalents. There was a significant drop off in 

conversion below 1.9 equivalents which led us to establish two equivalents of NAH as the standard 

for our reaction moving forward. 

Secondly, we 

investigated solvent effect which 

would result in high-conversion 

(Figure 4). We originally performed 

this reaction using tetrahydrofuran 

(THF) as the solvent, which is 

sometimes avoided at large scale due 

                                                 
i Costing data from Indian import/export databases 

Figure 3. Equivalence screens of NAH 

Figure 4. Solvent Screens towards amino alcohol 4 
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to its propensity to form dangerous peroxides. Although THF with BHT added as a peroxide 

inhibitor can be used safely, we explored alternative ether solvents which form peroxides less 

readily. Following a screen of 3 alternative ether solvents, 2-Me THF, methyl tert-butyl ether 

(MTBE), and cyclopentyl methyl ether (CPME), as well as toluene (Figure 4), we determined that 

THF was the most effective solvent for the reaction. Using 2-Me-THF, we did observe conversion 

over 80%. The other three solvents showed significantly lower conversions (≤20%). Although this 

loss of conversion in 2-Me-THF is significant, it may be that the safety considerations of THF 

make the loss acceptable. Nevertheless, for the purpose of our small-scale work, we chose to 

continue with the use of THF for the solvent as we moved forward to isolation of the aminoalcohol 

4. 

1.2.3.3.2. Purification & Isolation 

 The work-up procedure of this reaction required quenching of unreacted NAH by the slow 

addition of 10% sodium hydroxide solution which generated sodium hydroxide, aluminum 

hydroxide, and hydrogen gas. This addition was performed slowly and at low temperatures (<10 

°C) to control the exotherm.  After all excess NAH was quenched, as confirmed by the cessation 

of effervescence from hydrogen evolution, additional sodium hydroxide solution was added to 

dissolve remaining aluminum salts. A liquid-liquid extraction (LLE) was then performed, washing 

the aqueous layer with THF two additional times before collecting the organic layers and carrying 

them toward purification. 

 We isolated our desired material by removal of excess THF solvent and performing a short-

path distillation on the residual crude mixture. Following this procedure, we were able to 

reproducibly purify (R)-3-aminobutanol (4) with >60% yield and >95% purity (Figure 6, Batches 

5-10). These results showed great promise and we believe that larger-scale distillations could 
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increase the yield with minimal impact on purity. However, due to the necessity to remove THF 

prior to the distillation, we sought to explore an alternative method for reaction purification, thin-

film evaporation (Figure 5). 

 Wiped-film evaporation (WFE) is a 

technique which can provide semi-continuous 

distillation and separation of up to three 

components. The equipment has three main outlets 

for material, as seen in Figure 5. In our case, the 

organic phase of our liquid-liquid extraction (LLE), 

enters the system through the “feed” valve. From 

here, the solution drops down along the heated 

outer column, where rotating blades spread the 

mixture into a thin-film to maximize the surface 

area to heat ratio. The compounds within the heated material can now go one of three places which 

is controlled by the temperature and vacuum within the system. The most volatile component, in 

our case THF, would be expelled from the system as vapor and be removed, often using a 

condenser to collect the material. The second most volatile, in our case the aminobutanol product, 

is evaporated, but then condenses on a cooled inner column of glass, where it travels downward 

and is collected in the “distillate” collection flask as purified material. Lastly, any compounds that 

are less volatile than our product remain on the outer wall where they travel down and are collected 

in the “residue” collection flask. This technique requires a significant amount of fine tuning, but 

due to its nature, it is only inherently limited in volume by the volume of each collection flask, 

meaning it can be readily scaled-up and used for large volume reactions. 

Figure 5. Wipe Film Evaporator (WFE). Photo: 

https://www.conceptprocess.com/wiped-film-evaporator/ 
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  We explored the use 

of the TFE for purification of (R)-3-

aminobutanol directly from our 

extracted reaction mixture in THF. 

We found that the TFE purification 

(Figure 6, Batch 1-4) typically 

resulted in slightly higher yield 

compared to a short-path distillation, but gave lower product purity (80-85 mol %). Although this 

technique may be improved using a larger TFE system to allow for better differentiation of 

components within the mixture, we determined that short-path distillation was more effective for 

our application. 

1.2.3.3.3. Costing Analysis 

  The most important aspect of this synthesis was the cost of the aminoalcohol. In 

order to determine the cost ($/kg) of our synthesis, we needed to factor in all relevant aspects of 

the reaction and its conditions to provide a cost-of-goods (COG) value. As shown in Table 1, we 

have the cost per kilogram of each individual reagent and solvent and the amounts of each material 

Figure 6. Yield and Purity Comparison Between Thin-Film Evaporator 

(Batches 1-4) and Short-Path Distillation (Batches 5-10). Purity by 

QNMR. 

Table 1. Costing Analysis for the Synthesis of (R)-3-Aminobutanol using (R)-3-aminobutanoic acid. 
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used in the synthesis in relation to the final product. Some other aspects of the calculation which 

are less intuitive are the solvent recycle and conversion cost. The solvent recycle we used was an 

estimated 90% since the THF used would be recollected after its removal, presumably with high 

purity, allowing it to be used again in a subsequent reaction. This estimate is based on the 

experience our costing team members have in large-scale small molecule synthesis. The 

conversion cost, which is an estimate for the operation costs of the synthesis, was assumed to be 

on average $10/kg of product based on experience with multiple manufacturers. 

  At the time that this work was being performed, a recent transaction registered in 

an Indian import/export database listed the cost of 400 kg of (R)-3-aminobutanol at ~$345/kg. 

Using this information, and an assumed cost of $50/kg of our aminobutanoic acid starting material 

as shown in Table 1, we can manufacture the aminoalcohol for ~$107/kg. The cost for the 

aminobutanoic acid was an estimated price provided to us by our collaborators, TCG Green Chem, 

so we wanted to make sure that 

fluctuations in the price of the starting 

material would not result in increasing 

the cost of our synthesis above the 

standard synthesis. As seen in Figure 7, 

even with a cost of starting material 

double our estimate, the manufacturing cost would be about $190 per kilogram, 45% below the 

current cost of $345 per kilogram. Similarly, should the process have fluctuations in final yield, 

possibly due to issues with distillation, a lower yield of 60% would still only result in a cost around 

$220 per kilogram (36% cost reduction). One problem with this process is that currently, our 

collaborators seem to be the only suppliers of the amino-acid which can result in significant price 

Figure 7. Cost of (R)-3-aminobutanol dependent on β-amino-acid starting 

material cost and reaction yield 
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fluctuations. However, we believe that due to the drastic cost savings observed from our synthesis, 

other manufacturers will begin synthesizing the amino-acid in large quantities. Overall, we feel 

that the application of our synthetic route and purification technique to the manufacturing of the 

key CDI of dolutegravir provides an opportunity to drastically decrease the cost of the final API 

and broaden access to it around the world. 

 

1.3. S-Glycidyl Pivalate as an Intermediate Towards Pretomanid 

1.3.1. Introduction 

Tuberculosis (TB) is one of the leading 

global causes of mortality, and it is believed 

that one third of the world population suffers 

from latent TB.16,17 Pretomanid is a therapy for 

treatment of tuberculosis, and was recently 

approved by the US FDA under the Limited 

Population Pathway (LPAD Pathway) for treatment of extensively drug resistant (XDR) 

tuberculosis in combination with bedaquiline and linezolid.18  It works as a respiratory poison 

against bacteria by releasing nitric oxide under anaerobic conditions.   

Given the large quantities of drug substance that could be required to treat tuberculosis 

throughout the world, cost-effective syntheses are highly desirable. A key structural feature of 

pretomanid is the dihydro-1,3-oxazine containing an oxygen-substituted asymmetric center on the 

C3 unit (Figure 8). One could foresee installation of this fragment from an (R)-glycidol derivative, 

and not surprisingly many of the current pretomanid routes make use of functionalized 

glycidols.19–22 

 
Figure 8. Retrosynthesis of pretomanid from substituted 

glycidols  
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Glycidyl pivalate appears to be a particularly important variantii. Enantiomers of optically 

active glycidol are of considerable expense, and their construction from less expensive precursors 

would be desirable. Epichlorohydrin is a feedstock chemical, and its pure enantiomers are readily 

available. (R)-epichlorohydrin is approximately 5-6% of the costiii of (S)-glycidol and thus forms 

the basis for our more cost-effective route to this intermediate. 

Numerous reports describe reaction of racemic epichlorohydrin with carboxylates, 

particularly sterically hindered carboxylates, as the ensuing glycidyl esters are used in alkyd resins, 

paints, coatings, and acrylate monomer compositions.23–25 Fewer reports detail the reaction of 

enantiopure epichlorohydrin with carboxylic acid derivatives. This work describes the 

development of a practical route to (S)-glycidyl pivalate from low-cost and readily available (R)-

epichlorohydrin and pivalic acid. 

1.3.2. Initial Route Scouting 

Our investigation began with a 

screen of typical conditions used to couple 

acids with racemic epichlorohydrin (Table 

226–31). We explored equivalents of starting 

material, preformation of the carboxylate, 

solvent, variable temperature, and reaction 

time. We observed that introducing an 

excess of epichlorohydrin was 

advantageous. Furthermore, after removal 

                                                 
ii Private Correspondence 
iii Market costs and volumes taken from Indian import/export databases (Zauba and Datamyne) 

Table 2. Base and Condition Screens for Glycidyl Pivalate 
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of exogeneous solvent, we observed the best results, giving glycidyl ester 16 in greater than 95% 

assay yield (AY) by quantitative 1H NMR spectroscopy. While a high molar ratio of 

epichlorohydrin was employed, we were encouraged that these conditions could be rendered 

economical if excess starting material were to be recovered.  

We subsequently shifted our focus on isolation of the desired compound from the reaction 

mixture, and the reaction scale was increased to 20 g of pivalic acid and 182 g (10 Eq.) of (S)-

epichlorohydrin (Table 3). The reaction of sodium pivalate with epichlorohydrin produced one 

equivalent of sodium chloride which was easily removed by filtration. Next, epichlorohydrin (bp 

118 °C) was evaporated and collected. A high proportion (143 g, 87%) of the theoretical amount 

was collected, an important consideration in rendering an economically viable synthesis. The 

residual crude glycidyl pivalate (33 g, contained 6% epichlorohydrin) was distilled twice at 50-70 

°C under vacuum (~6-10 Torr), resulting in 74% isolated yield of the pure glycidyl pivalate. The 

compound appeared to be heat sensitive at high concentration, and thus heat history was 

minimized. The product showed high optical activity (-21.87°, CHCl3, 25 °C) as compared to 

literature values for (S)-glycidyl pivalate (20.7°)32. However, the sign of rotation was inverted 

indicating that the undesired (R)-enantiomer had been made. Starting from (R)-epichlorohydrin 

led to (S)-glycidyl pivalate samples with [α]D values of 18.8° and 18.9°. Attack of the pivalate 

Table 3. Glycidyl Pivalate Formation with Epichlorohydrin Recovery.36 
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anion on the methylene carbon of the epoxide rather than the primary chloride rationalizes this 

observation and has been observed previously.33 Despite these encouraging results, analysis of the 

recovered epichlorohydrin revealed that the epichlorohydrin racemized over the course of the 

reaction. 

1.3.3. Reaction Optimization 

 Further reaction 

optimization was required to 

identify a cost-effective system due 

to the racemization of recovered 

epichlorohydrin. Our goals were to 

suppress epichlorohydrin 

racemization and reduce the 

equivalents of epichlorohydrin to 

avoid recycling of this starting 

material (Table 4). We first 

explored suppression of 

racemization with the hypothesis 

that at lower temperatures, the rate 

of racemization might be slower. The alkylation was run at 60 °C which gave high assay yield 

(entry 2).  At this temperature, the enantiomeric ratio increased from 50:50 to 90:10 (Table 4, entry 

1 vs 2). While this was a positive development, further improvements were required. The high 

assay yield was maintained at 50 °C, and enantiomeric ratio was elevated to 95:5 (Table 4, Entry 

Table 4. Temperature and equivalent condition screens for glycidyl 

pivalate  
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3). This moved the conditions toward economic viability, however, even slight erosion of optical 

activity in epichlorohydrin limits the usefulness of its recycling.   

Removing the need for the epichlorohydrin recycle would be preferable as it would 

simplify operations. If the epichlorohydrin equivalency could be reduced, the economic driver for 

recycle of the starting material would be eliminated. However, simply reducing the equivalents of 

epichlorohydrin led to much lower yields, and a large amount of decomposition was observed 

(Table 4, Entries 4-5). The root cause was believed to be its heat sensitivity, where degradation of 

the product most likely accelerated at elevated concentrations. To evaluate this hypothesis, the 

reaction run with 3 or 6 equivalents of epichlorohydrin was simply diluted with inert 

chlorobenzene to a volume equivalent to that of 10 equivalents of epichlorohydrin. This did indeed 

provide a significant increase to yield at and above 80% (Entries 6-7). Decreasing temperature to 

60 °C (Entries 8-11) was found to be the best solution as it further increases yield, avoids the need 

for exogenous solvent, greatly increases throughput of material, and renders the system highly 

economical as compared to glycidol. 

1.3.4. Isolation 

Now that we have identified new conditions for the reaction, we sought to isolate the 

glycidyl pivalate. Our initial technique was to perform a standard vacuum distillation using a short-

path distillation head. Using this method, we observed efficient removal of epichlorohydrin, but 

low isolated yields of the glycidyl pivalate. We believe this is a result of the same bimolecular 

degradation of the product that was observed during the reactions ran with lower volumes of 

epichlorohydrin (Table 4, Entries 4-5). 

In response to these results, we identified two feasible solutions: isolate the glycidyl 

pivalate as a solution in an appropriate solvent, or modifying the distillation to yield a higher purity 
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glycidyl pivalate. Each of these solutions had benefits and drawbacks. The in solution method was 

desirable as we believed it could be accomplished in a solution of toluene, a solvent that is used in 

subsequent steps of pretomanid synthesisiv and would maximize the yield by limiting the heat 

history and concentration of the epoxide. However, this technique would not provide isolated 

glycidyl pivalate in the same way an optimized distillation would. 

1.3.4.1. In Situ Purification 

Isolation of glycidyl pivalate as a solution 

was explored first (Figure 9). A solvent swap to 

toluene was carried out as toluene could be used in 

the subsequent steps. In first attempts toward this 

goal, epichlorohydrin was directly distilled from 

the reaction mixture under vacuum, then toluene 

was added intermittently to make-up the volume lost from epichlorohydrin evaporation. Volatiles 

were then fully removed to give a glycidyl pivalate residue. The process was repeated three times. 

This led to a loss of active glycidyl pivalate in solution as observed by decrease in the assay 

strength (10-15%) and the observation of unidentified by-products (Figure 9). 

                                                 
iv Unpublished work 

Figure 9. Semi-continuous distillation of epichlorohydrin 
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Again, heat and concentration sensitivities 

were suspected to cause the loss in yield. If the 

solvent swap could be conducted while maintaining 

constant volume, the decomposition was expected 

to be mitigated by maintaining concentration and 

lower temperature. This was accomplished by 

adding toluene continuously to a stirred solution of 

the glycidyl pivalate reaction mixture which was 

under vacuum (Figure 10). Performing the solvent swap in this manner largely prevented the loss 

of active glycidyl pivalate to decomposition products. The reaction mixture had a 94% AY at the 

end of reaction and a 90% AY after removal of epichlorohydrin through a toluene solvent swap. 

This yields a solution of epoxide 16 which could then be used for the subsequent alkylation step.19 

Although this technique was effective in decreasing the loss of glycidyl pivalate and removing 

residual epichlorohydrin, its applications were limited since it did not provide pure, isolated 

glycidyl pivalate and would only be functional for subsequent synthetic steps run in toluene. 

1.3.4.2. Direct Distillation 

With the goal of broadening 

the applications of our work, we 

attempted to isolate glycidyl pivalate 

in high purity by direct distillation34 

(Table 5). First, sodium chloride was 

removed from the reaction mixture 

by filtration, and then 

Figure 10. In situ distillation of epichlorohydrin 

Table 5. Direct distillation of glycidyl pivalate 
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epichlorohydrin was evaporated from the filtrate. Care was taken to evaporate epichlorohydrin at 

minimal temperature under high vacuum (< 10 torr) so that vapors of epichlorohydrin did not 

exceed 60 °C. After evaporation, the assay yield of the crude glycidyl pivalate residue was 87%. 

The product was then distilled. Again, it was important to apply maximum levels of vacuum so 

that the temperature of glycidyl pivalate did not exceed 70 °C. At higher temperature, lower yields 

were observed as a result of product decomposition. Conditions used in this work were to distill at 

50 °C and 6 Torr. This is likely a function of system configuration which can be further optimized 

upon implementation and might benefit from a continuous distillation system such as a thin-film 

evaporator so as to minimize thermal history of the heat sensitive compound. Isolated yield reached 

76% with material of 95 wt% purity. 

Optical activity of the epoxide samples was confirmed through derivatization with 4-nitro-

2-bromo-imidazole. The derivatives synthesized from enantiopure epichlorohydrin were 

compared against those of racemic epichlorohydrin by HPLC or supercritical fluid. The 

Supercritical Fluid (SFC) traces indicated an enantiomeric ratio of 97:3, which was consistent with 

the high optical activity observed from the specific rotation. 

1.3.5. Conclusion and Next Steps 

In conclusion, we have developed an efficient method for the preparation of enantiopure 

(S)-glycidyl pivalate from (R)-epichlorohydrin and pivalic acid using readily available and 

inexpensive materials. This work provides an alternative to the synthesis of this important CDI of 

pretomanid. During the process of this work, we demonstrated the application of multiple 

techniques for CDI/API cost reduction. Although the primary focus was on the considerable cost 

savings that come from switching to epichlorohydrin from glycidol, the route would not have been 

successful without the application of other techniques as well.  



24 

 

This work demonstrated the application of high reaction yield and a consideration for the 

operation costs of the synthesis. Our high isolated yields were a direct result of our development 

of two different methods for glycidyl pivalate purification. The first could be reasonably applied 

to large scale synthesis through a direct introduction of the in situ glycidyl pivalate into the next 

reaction step towards pretomanid. Our second method allows for a broader application of our 

chemistry to syntheses that do not utilize toluene. In addition to supporting the efficacy of our 

distillation technique, we also demonstrated its ability to scale and showed an increase in isolated 

yield as we increased our scale. This technique can be readily performed in the large-scale 

synthesis of glycidyl pivalate. Further work exploring the synthesis of other glycidol derivatives 

through epichlorohydrin could provide an opportunity for application of our work to a broader 

array of APIs.20 

 

1.4. A Brief Introduction to Continuous Flow Synthesis  

Continuous flow synthesis refers to a broad range of chemical reactions and processes that 

occur in a constant stream through a system of reactors to afford a desired.35 This is in itself an 

incomplete definition as the continuous flow can refer to a single step which mixes two or more 

reagents within a line of tubing or to an entire process which passes continuously from one reactor 

to the next, behaving more similarly to batch processes rather than what is typically imagined when 

discussing flow. The following account by no means exhausts the discussion surrounding flow 

chemistry, but we hope to introduce the techniques as well as the factors that led to the decisions 

we have made.36 

The most important aspect of continuous flow is its divergence from a traditional batch 

reactor. A traditional batch reactor is typically a vessel in which discrete reaction operations are 
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completed. Once a single reaction is performed, the reaction must be ceased, and the material 

within the vessel must be completely removed before the next reaction can be performed in it. In 

a continuous flow reactor, more material can be continuously added to the reaction vessel without 

cessation of the reaction. Some of the vessels used for continuous flow are continuous stirred tank 

reactors, plug flow reactors, and packed bed reactors.35 In general, continuous stirred tank reactors 

look and perform similarly to batch reactors, while plug flow reactors perform the chemical 

interactions through constant flowing of material within small-diameter tubing. Packed-bed 

reactors are often cylindrical cartridges that contain reagents, often facilitating heterogeneous 

solid/liquid phase reactions. These three vessel types are not an exhaustive list, but are the most 

applicable to the chemistry performed in this work. 

1.4.1. Continuous Stirred Tank Reactors 

 Continuous Stirred Tank reactors 

(CSTRs) are one class of reactors that are 

utilized in multi-step continuous flow 

syntheses. CSTRs, such as in Figure 11 are 

applied similarly to a traditional batch 

reactor, with the primary difference being 

the presence of an outlet for product to 

flow out of the reactor and into subsequent 

steps.37 Similar to batch reactors, CSTRs 

achieve their mixing through an internal 

stirring mechanism whether it be an 

overhead stirring device or an internal 
Figure 11. Example of a Continuous Stirred Tank Reactor. Image 

source: Wikipedia (https://en.wikipedia.org/wiki/Continuous_stirred-

tank_reactor) 
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magnetic stirrer. Reagents are continuously added to the CSTR and allowed to react in an 

environment of controlled temperature, pressure, atmosphere, and mixing. Material is 

continuously removed at an equal rate to maintain a consistent reactor volume.37 

 A major benefit of CSTRs is its similarity to batch reactors, which often results in minimal 

changes in the reaction when transferring the process from batch into continuous flow. In CSTRs, 

residence time can be equated to the time it takes the traditional batch reaction to occur. Starting 

material feed and product removal rates are equal to preserve the reactor volume.  Flow rate is 

determined based on the reactor volume and the time required for the desired reaction. Initial 

conditions for reaction in a CSTR can easily be based on batch conditions but optimization should 

always be expected to be necessary.38 

 CSTRs offer an opportunity to perform continuous flow on reaction steps which are 

otherwise difficult to perform continuously. One of the major advantages of using a CSTR for 

continuous flow over plug-flow reactors is the ability of the reactor to handle heterogeneous 

mixtures and generation of precipitates during the course of a reaction.39 Since the CSTR is 

designed similarly to a standard batch reactor, heterogeneous mixtures can be stirred in the same 

way, and if necessary, solids can be filtered out prior to removal from the CSTR or, using 

appropriate pathways, can be carried through to membrane filters.  

The use of filtration following a CSTR can allow for a wider variety of reactions to be 

transferred to continuous flow including those where the desired product precipitates out of 

solution and can be washed by solvent addition at the subsequent filtration step. This process is 

preferable to precipitation within standard flow tubing as it allows for a slurry to be formed prior 

to moving through the tubing instead of precipitation occurring within the tubing itself causing 
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blockages. Although plug flow reactors can handle some precipitation, it requires a much more 

tightly controlled system.40 

The ability to filter reaction mixtures as they are being removed from the CSTR also 

provides an advantage when working with heterogeneous catalytic reactions. Catalyst is charged 

to the CSTR prior to the addition of solvent or other reagents. Due to regeneration of the catalyst 

during the reaction process, it can be maintained in the CSTR as reactive material for extended 

periods of time. When the catalyst has become deactivated, it can be removed from the CSTR for 

regeneration.41 

Although CSTRs can provide a simpler transfer of a synthesis from batch into continuous 

flow, they do not typically offer the same control over the reaction or safety benefits that are 

observed in tubing-based continuous processes. Due to these short-comings, it is beneficial to 

perform continuous flow reactions in plug flow reactors when possible. 
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1.4.2. Plug Flow Reactors 

 Traditionally, when imagining a 

continuous flow system, one would expect to 

see the use of plug flow reactors (PFRs). PFRs 

can be broad in their complexities, ranging 

from a simple tubing setup with syringe pumps, 

all the way up to complex large-scale 

manufacturing reactors with hundreds of feet of 

tubing inside of them.35 Some systems do not 

involve tubing at all, but are instead composed 

of glass mixing plates where the reactions are 

performed. However, all of these systems offer 

the same basic ability: flowing material through 

a system and allowing for reaction to take place 

within. PFRs offer a wide range of controls to this basic set-up which can provide monumental 

differences in the transfer of a batch process into continuous flow.35 

 Reaction conditions such as temperature, time, and mixing can be altered based on the type 

of flow reactor being used and better control over these variables is provided in PFR systems than 

in some batch and CSTR systems.35,37 Temperature is a factor which can be significantly different 

between batch systems and PFRs, due to the higher surface to volume ratio for tubing compared 

to a traditional batch reactor. A PFR tubing system immersed in a heated oil bath is more evenly 

heated throughout the reaction than a round bottom flask of the same total volume immersed in 

the same bath. This is due to the fact that the oil bath is only heating the outer “skin” of the reaction 

Figure 12. Image of an Example Plug Flow Reaction 

Instrument used in the Gupton Lab 
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flask and is in direct contact with a much lower volume at any time point than in the PFR system. 

Although stirring within the flask reaction can help to improve heat distribution, it is still not as 

efficient as a PFR system. This improved heat distribution in PFRs can result in faster reactions 

and greater overall temperature control.42,43 

 Reaction time is another variable that can be precisely controlled within a PFR system 

using a combination of two main factors, flow rate and reactor volume. Flow rate refers to the 

speed that the material is flowing through the tubing system and can be measured generally using 

volume per time. Reactor volume is the internal volume of the portion of the reactor where the 

reaction is occurring, such as a heated zone. Together, these two variables determine the residence 

time (TR) of the reaction in the system.  

The residence time can be controlled by altering either of the two variables, which allows 

for very fine tuning of reaction conditions and closely ties into the mixing that is observed within 

the reaction system. Mixing in flow, under ideal conditions, is assumed to occur in only the radial 

direction and not axially through diffusion.35 However, as flow rates decrease, this assumption 

becomes less true and there can be more diffusion-based mixing than radial mixing. Diffusion-

based mixing can decrease the precision of the residence time calculation since it can occur in both 

the forward and backward direction, extending or shortening a particular plug’s residence time. 

Therefore, when making significant changes to TR, it is preferable to change the reactor volume 

rather than the flow rate, especially for increasing TR. 

 Although reactor volume is the most important for determining reaction conditions, the 

total system volume, which includes the reactor volume as well as non-reactor volume, must be 

𝑇𝑅 =
𝑅𝑒𝑎𝑐𝑡𝑜𝑟 𝑉𝑜𝑙𝑢𝑚𝑒

𝐹𝑙𝑜𝑤 𝑅𝑎𝑡𝑒
 

Equation 1. Equation for Residence Time 
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considered. Typically, there is some transfer tubing to carry the materials from their source flasks 

to where they mix, as well as tubing leading into and out of the reactor. At reactions which occur 

at or near room temperature, the lead-in tube volume can be important since it is likely there is 

some reaction occurring between mixing and where heat is applied. In these situations, minimizing 

the tube volume between mixing and reactor is important for having accurate reaction control. 

 Understanding of these variables allows for more accurate fine-tuning of reaction 

conditions and can be combined with peripheral devices to improve the reaction profile or achieve 

otherwise unavailable reactions. One such peripheral device is a static mixer, which can be added 

within a flow line to promote turbidity within the line.44 Static mixers often consist of a stationary, 

helical structure within a wide tube which causes material flowing through the line to mix better 

than would occur within a standard flow tube. This can help to prevent the formation of small 

pockets of unreacted reagents forming.  

 Peripheral devices can also be used to allow for the transfer of syntheses into flow that 

would be difficult to do in a standard system. One such peripheral is an in-line membrane separator. 

The membrane separator is an in-line porous filter which can perform liquid-liquid separations, 

solid-liquid separations, and gas-liquid separations.45 This separation technique is a potent tool for 

the isolation of desired material and removal of undesired precipitates, reagents, or side-products 

which could hinder later steps of the reaction. 

 Altogether, PFRs can be customized to support a wide range of reactions and novel 

techniques. Devices are commonly being added as the field increases in popularity. In addition to 

reactions that require precise control, PFRs can also provide a safer alternative to conducting 

hazardous reactions in batch conditions, especially on industrial scale. This advantage is related to 

the temperature control of the flow system and the high surface to volume ratio in PFRs.43 Highly 
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exothermic reactions, with the risk of runaway reactions, must be carefully controlled on large-

scale. Due to the nature of PFRs, the risk of runaway reactions is greatly decreased, as an 

exothermic reaction is less likely to initiate nearby exotherms since axial mixing through diffusion 

is decreased, localizing the reaction to a single “plug” within the tubing. In addition, the small 

volume and the higher surface to volume ratio in a PFR system allows for more efficient cooling 

and heat dissipation of the reaction, making it less likely to pose a safety problem.46  

The use of PFRs does not only mitigate the risk of running exothermic reactions. Chemistry 

which involves the generation of dangerous, hazardous, or unstable intermediates can be 

performed safely in continuous flow. For example, flash chemistry, which is chemistry which 

generates or requires unstable intermediates is amenable to PFRs.47 PFRs allow for these unstable 

intermediates that would otherwise collapse or react in an undesired way to be trapped by the 

desired reactant. Intermediates such as aziridines48,49 and benzynes50 which are difficult or unsafe 

to generate in large scale batch reactions can be utilized in a PFR where fast subsequent reactions 

can occur. 

  

1.4.3. Packed Bed Reactors 

 Packed bed reactors (PBRs) are a type of continuous reaction vessel which can be used 

for assisting in different applications within continuous flow. In our work, we focus on applying 

PBRs to heterogeneous catalysis reactions and in-line filtrations. In general, a packed bed reactor 

consists of a cylinder which is filled with some sort of material or solid support, and most 

importantly with a filter to prevent the carrying of material out of the cartridge.35 

 For use in heterogeneous catalysis or reactions with solid-supports, the PBR cartridge is 

packed with catalyst or other reagent, and the reaction mixture is flowed through the cartridge 
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similarly to a PFR reaction. The use of regenerating catalysts for PBRs is beneficial as a large 

volume of reaction mixture can be passed through the cartridge with a small loading of the 

catalyst, helping to keep costs down. Eventually, the catalyst will need to be removed for 

regeneration, at which point a new cartridge can be installed.51 

 Filtration using a packed bed is less common, but can be useful for isolating small 

amounts of insoluble side-products from a flowing reaction mixture. This process can be 

employed by preparing an empty cartridge with a frit of some sort which can stop flow of the 

solid particulates within the reaction. This can be modified to include specific filter material such 

as silica, celite, charcoal, or other solids. These filter designs are commonly used in at-home 

water filtrations.52 The filter will need to be regularly replaced and cleaned for continued 

application. This can cause down-time within the flow system and remove some of the benefits 

of flow including automation and lack of operation processes. 

1.4.3. Picking Your Poison 

 Continuous flow synthesis provides an opportunity to allow traditional batch syntheses to 

be streamlined in favor of a more controllable, safer, and cost-effective technique.53 However, 

continuous flow is not always the right answer, especially for very slow (multi-day) reactions. 

Once the transition to flow begins, it is important to keep in mind the benefits and disadvantages 

that come with the two reactor types discussed. CSTRs provide a more similar environment to 

batch, but they are still limited in their application to continuous flow. Transfer from batch into a 

CSTR can be relatively simple, but CSTRs do not mitigate dangerous or high-energy reactions as 

well as PFRs. CSTRs do allow for some level of filtration depending on the reaction, but it must 

also be kept in mind that excessive precipitation or inert solids in the reaction vessel can result in 

clogging of the tubing or the filter and thus require constant cleaning, negating the benefits of 
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continuous flow. PFRs offer many improvements and opportunities for cost savings compared to 

many batch and CSTR syntheses, but a range of factors can limit their efficacy. For instance, it is 

difficult to carry crude material forward without purification to subsequent synthetic steps. 

Although some in-line work-ups are possible, such as continuous extractions, continuous 

distillations, and in-line filtrations, these techniques are not perfect and must be applied judiciously 

for what is best for each individual synthetic route. Overall, continuous flow is a powerful tool 

when applied appropriately, but significant consideration must be taken to begin the process. 

 

1.5. Application of Continuous Flow to the Synthesis of Albuterol Sulfate 

1.5.1. Background 

 A powerful technique for cost reduction of APIs is in the 

identification of major cost-driving intermediates involved in their 

synthesis followed by process intensification on that specific molecule. 

However, some APIs are simpler than others and may not have a specific 

CDI. In these cases, one can take the considerations for cost reduction to 

CDIs and instead apply them to the entire API synthesis. This is 

particularly effective when the synthesis of the API is short and does not involve a large number 

of different reagents or multiple intermediates. One such API that we have applied these principles 

to is albuterol sulfate. 

 Albuterol sulfate, also known as salbutamol sulfate, is a potent β2-adrenergic receptor 

agonist which is used in the treatment of asthma and chronic obstructive pulmonary disease 

(COPD).54 Albuterol is listed as an essential medicine by the WHO and it is used across the globe.55 

It is widely available and is synthesized through a traditional batch chemistry process which 

 
Figure 13. Structure of 

rac-Albuterol Sulfate 
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completes in the addition of sulfuric acid to a solution of the intermediate compound 20 (Scheme 

5) to form the API, albuterol sulfate (Figure 13).56 We identified this process as having potential 

for transference into a continuous flow synthesis which will facilitate the manufacturing and 

formulation of the final drug product for distribution. 

 

1.5.2. Current Synthesis and Improvements 

 The current synthesis56 of albuterol sulfate utilizes bromo-keto-aldehyde 17 as its starting 

material (Scheme 5). Amination of this starting material with stoichiometric tert-butylamine 

results in an undesired imine formation at the aldehyde. Subsequent addition of excess tert-

butylamine and mixing at reflux results in the desired SN2 reaction of the α-bromide. We found 

that these two steps could be completed in a single unit operation using a large excess of tert-

butylamine (4 equiv) and heating the mixture to reflux (Scheme 5, Step 1) to provide 18. The imine 

functional group can be cleaved using hydrochloric acid, which reverts the imine back to the 

aldehyde, at the same time forming the amine hydrochloride (19). This salt showed low solubility 

in isopropyl alcohol (IPA), resulting in precipitation of high purity 19 (54% yield, 90% purity). 

After isolation, salt break was performed using NaOMe/MeOH followed by direct carbonyl 

reduction Pd/C and H2. This reaction resulted in the racemic free base of albuterol (20). Although 

there is some evidence showing the activity of (R)-albuterol to be higher than (S)-albuterol, the 

current standard for albuterol API is as a racemic mixture.57 Addition of sulfuric acid results in the 

 
Scheme 5. Traditional synthesis of albuterol. 
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formation of the final API, albuterol sulfate. Albuterol sulfate can then be made into solutions in 

water, and is often prepared in a pressurized vial for use as an inhalant.   

 

1.5.4. Transfer of Synthesis into Continuous Flow 

 Based on its short synthesis, we embarked upon the adjustment of the synthesis into a 

continuous flow process. Based on literature techniques56 and our own initial reaction screens, we 

observed that formation of the HCl salt intermediate could be accomplished in a single-pot reaction 

where the imine formation and amination were allowed to occur followed by addition of 

concentrated HCl to form the salt intermediate as a precipitate (vide supra). The following 

neutralization of the salt and subsequent hydrogenation could also occur in a single pot together, 

leaving us with two individual reaction steps followed by an addition of sulfuric acid to form the 

API. Since these steps require few reagents and unit operations and have been demonstrated in 

separate single-pot systems, the synthesis could be made compatible with continuous flow. 
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1.5.4.1. Continuous Stirred Tank Reactor Process 

 As we began this endeavor, we identified the formation of the HCl salt intermediate as a 

major factor in how we would be able to proceed. Since the precipitation of this salt is spontaneous 

upon addition of hydrochloric acid, we projected that the best way to transfer this synthesis would 

be through the use of CSTRs. Using CSTRs provides the easiest transition of the process and 

allows some control over the precipitation of the salt. During the designing of our CSTR process, 

a process flow diagram (PFD) of the process was created (Figure 14). In this figure, each of the 

colored boxes indicates a different type of reaction or unit operation within the process. Red is the 

amination and HCl salt formation step, green is the hydrogenation, blue is the crystallization, and 

the yellow boxes are the filtration, solvent swap, and solvent removal steps. 

The development of this process was predicated by the low solubility of the intermediate 

HCl salt 19 in IPA. Therefore, our proposed plan was to generate the imine-amine product 18 in a 

CSTR and then combine the imine-amine product 18 with HCl in a second CSTR at room 

temperature. After initial formation of the salt, the slurry of material would be transferred to 

Figure 14. Process Flow Diagram (PFD) for the continuous flow synthesis of albuterol sulfate. Red = Amination and HCl Salt 

formation; Green = hydrogenation; Blue = crystallization; and Yellow = filtrations, solvent swaps, and solvent removal. 
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another CSTR that is cooled to 0 °C, decreasing the solubility of the salt and promoting more 

precipitation and increasing yield. The slurry would then be moved into our second module (Figure 

14, 1B) where the salt would be washed three times with additional IPA through the use of a 

membrane filter. The purified material would undergo a solvent swap from IPA to methanol 

through the use of another membrane filter before being carried forward to the next module for 

hydrogenation. In the next module, the synthesis again requires the use of CSTRs since the salt 

and the sodium methoxide added to the reaction mixture are not fully soluble in methanol. The 

neutralization of the salt occurs in one CSTR, and the mixture is then moved forward to a second 

CSTR pre-charged with palladium on carbon. Hydrogen is introduced at this stage and 

hydrogenation is allowed to occur. After the required residence time, which is calculated based on 

batch conditions, but would be fine-tuned based on experimental results, the reaction mixture is 

carried forward to the third module. In the third module, we introduce sulfuric acid and IPA at 

room temperature and then carry the sulfate salt material into a cooled reactor where further 

precipitation of albuterol sulfate can occur. This material is transferred to our final module, 

undergoing a similar filtration as in 1B followed by a filter dryer which aims to remove all volatile 

organic solvents so that the sulfate salt can be suspended in water and carried forward to the 

formulation modules being explored by our collaborators. 

 This process is expected to be effective in continuous flow and offers additional 

opportunities for optimization and streamlining. There are multiple unit operations that can be 

condensed, especially the triple wash of methanol in 1B that is used as a solvent swap. Although 

the literature procedure utilized IPA for the amination and methanol for the hydrogenation, we 

believed we could utilize a single solvent throughout the synthesis. Initial results demonstrated 

that the amination and HCl salt formation steps could be performed in methanol and resulted in 
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high purity, albeit slightly lower yields (54% yield, 90% purity). The processing point where we 

would need to see a switch to a single solvent is in the sulfate salt formation, which was planned 

to occur with addition of IPA along with the sulfuric acid. This IPA addition added complexity 

due to the formation of a two-solvent reaction system as well as decreasing the concentration of 

the salt mixture, resulting in a loss of more material as albuterol sulfate has some solubility in both 

methanol and IPA. Experiments were performed to determine that albuterol sulfate, although 

slightly less soluble in IPA (0.0225 mg/g), could still be precipitated out of a neat methanol (0.85 

mg/g) system, allowing us to change our synthetic design to use methanol throughout the entire 

synthesis. 

 The second, and perhaps more important, opportunity for improvement of the process was 

removing the requirement for CSTRs and transferring the process, or at least the amination and 

hydrogenation steps into PFRs. This alteration would help to streamline the synthesis and address 

the long residence time required by some of the reaction steps. 

 

1.5.4.2. Modification of the Route 

 Our first step towards transfer into plug flow reactors was bypassing the HCl salt 

intermediate as that precipitation product and its subsequent neutralization are the primary reasons 

for requiring CSTRs to perform the synthesis. We found that we could utilize an alternate starting 

 
Scheme 6. Streamlined synthesis of albuterol starting from bromo-keto-diol 21 
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material, a bromo-keto-diol (21, Scheme 6), for the amination reaction due to its lack of a 

competing site for imine formation. This step resulted in no major precipitation of material 22 and 

gave high conversion (75%) by LC area percent (LCAP). Since no HCl salt was formed in this 

process, the hydrogenation could also be transferred into a PFR through the use of a packed bed 

of palladium on carbon and the use of a flow hydrogenation unit which generates H2 through 

electrolysis of water. The initial conversion of the flow hydrogenation was low (~5% LCAP), but 

we believed we could improve the results through optimization. 

 For our initial exploration into flow hydrogenation, the ThalesNano H-Cube Mini packed-

bed reactor system was used. This system is a “kit system” which is user friendly and allows for 

simple walk-up use of the instrument. Other than internal variable controls, the only external 

operation is preparation of the catalyst cartridge which must be packed with the desired catalyst, 

in our case palladium on carbon. This easier use also helps make the system safer than custom 

equipment for the typical user. Ease of use is beneficial in the unit operation, but it does sacrifice 

some control over the reaction process. 

 As transition of the hydrogenation into flow is performed, considerations must be taken for 

the technical restriction of flow hydrogenation. In a standard PFR system, if modifications need to 

be made, changes such as altering temperature, flow rate, and pressure can be performed. However, 

due to the fixed size of the packed bed, other variables of PFR conditions such as tube volume and 

tube diameter cannot be easily changed in this flow hydrogenation equipment. The system is also 

limited in catalyst loading as a result of the fixed cartridge size. Because of these factors, the use 

of in-line packed bed hydrogenation units is heavily reliant on the specific equipment that is 

chosen. Using our ThalesNano H-Cube Mini, we have been able to successfully consume all 

starting material, however, with major production (50% LCAP) of an unknown impurity which 
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was speculated to be a side-reaction of our amino-keto-diol intermediate (22) with oxygen or 

water. This is attributed to oxygen or water due to the observation of increased degradation 

following aqueous workups or after sitting under atmospheric conditions. We have performed a 

number of experiments to determine the cause and circumvent this side-product. These 

experiments focused on reaction kinetics, utilizing the crude reaction mixture immediately upon 

amination completion, and maintaining air and water-free environments. We have observed 

success in mitigating the presence of the impurity using these techniques but have still been unable 

to characterize it. Attempts at isolation through chromatography were unsuccessful as the product 

further degraded into another unknown impurity. 

 

1.5.4.3. Batch Synthesis 

 Our modified synthetic route was initially performed in batch experiments in order to 

provide us with a better understanding of the reaction conditions and to determine its viability in 

continuous flow. We performed our amination step following the same procedure as the imine-

forming literature route. These conditions showed promising results as we observed ~75% LCAP 

of our desired product 22, with the major impurity (~15% 

LCAP) being the formation of a tertiary amine 22b caused 

by reaction of our starting material with the product of the 

reaction. The remainder of material seemed to be a result 

of polymerization that also occurred between our product 

and starting material (<2% LCAP). Lastly, though not 

detectable using LCMS analysis due to extremely low 

solubility, we observed some precipitation over the course 

 
Figure 15. Tertiary Amine Impurity 22b and 

its reduced counterpart 20b in the Synthesis of 

Albuterol 
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of the reaction. These results were promising, and as a result we decided to move forward to 

exploring the hydrogenation. 

 The hydrogenation of compound 22 initially led to low conversion as a result of a side 

product observed by LCMS (168 m/z), though further characterization of the product has been 

unsuccessful. In addition, some tertiary amine side-product 22b was carried forward from the 

amination and reduced to 20b. Initial reaction conditions performed following the literature 

hydrogenation of the HCl salt intermediate, without neutralization, resulted in low yielding 

reactions (0-5%). These experiments showed low conversion to product, and primarily starting 

material was observed following the completion of the reaction. To address this, we ran the 

reaction under more rigorous conditions by increasing the temperature and the hydrogen pressure. 

Initial experiments showed formation of product, and at times, complete conversion of starting 

material. It was at this point that we started observing the mass which we later attributed to an 

oxidation side-reaction of our amine-keto-diol intermediate 22. Under our best batch conditions, 

we observed total consumption of starting material and significant generation of product 20 (45% 

LCAP), but also some of the side-product (20% LCAP). Unfortunately, during the process of 

optimizing conditions, our batch hydrogenation equipment failed, and we could no longer explore 

this in batch. Since we had observed conversion to product, we were confident in transferring this 

procedure into continuous flow and perform our optimization there.  
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1.5.4.4. H-Cube Hydrogenation and Continuous Amination 

 Due to the loss of our batch 

hydrogenation system, we decided to first 

explore the hydrogenation in continuous 

flow and work our way backwards to the 

amination step. For continuous 

hydrogenation, we utilized a ThalesNano 

H-Cube Mini system (Figure 16) which 

carries reaction mixture through tubing and 

through a packed cartridge of catalyst. In our case, we continued to use 10 wt% palladium on 

carbon as our catalyst and for the purpose of maintaining continuity between experiments, used a 

loading mass of 150 mg. Our initial runs, mimicking conditions from our early batch 

hydrogenations, resulted in no conversion to product. Through a wide variety of conditions, we 

eventually observed full conversion of starting material 22 to ~25% (LCAP) of our desired product 

20, and ~47% (LCAP) of the product of the side-reaction. Prior to using the H-Cube, we believed 

this impurity to be a side-product of the hydrogenation itself and not an independent reaction. 

During the conducting of the H-Cube experiments, we realized that this side-product was being 

generated spontaneously in our amination reaction mixtures, and was therefore, independent from 

the hydrogenation. Further discussion of this impurity and potential solutions will be addressed in 

the troubleshooting section.  

 After confirming that the hydrogenation could be accomplished in continuous flow, though 

needing optimization, we began to perform the amination step in continuous flow as well. Initially, 

we performed the reaction as close to our batch conditions as possible, flowing our diol starting 

Figure 16. ThalesNano H-Cube Mini 
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material 21 in methanol at a rate of 1.61 mL/min and the tert-butylamine neat at a rate of 0.06 

mL/min with a residence time of one hour. This reaction was unsuccessful and only showed a 

conversion to ~5% of product 22. We assumed that this was due to poor mixing and the lack of 

axial diffusion within the flow tubing during the reaction. In order to promote improved mixing of 

the reagents, we performed another experiment where both reagents were in solution in methanol 

and were programmed to flow together at the same rate. This initial experiment was much more 

successful and resulted in an LCAP of ~55%. The remainder of material in the mixture consists of 

~30% starting material 21, ~9% tertiary amine impurity 22b, and small amounts of dimers, trimers, 

and other polymers which are also observed in our batch conditions.  

The considerable increase in conversion is most likely due 

to improved mixing of the reagents within the flow system. In 

order to further improve this system, the use of an in-line static 

mixer (Figure 17) would further improve the mixing and result in 

better conversion, possibly complete consumption of the starting 

material like in our batch conditions. In-line static mixers are tubular pieces of equipment which 

contain some sort of regular or spiral structure within that impedes the flow of the system. This 

flow impediment results in axial mixing within a flow system and can be effective in improving 

interactions between reagents. The use of a static mixer may also decrease the presence of the 

tertiary amine impurity, which appears to be formed through the reaction between product and 

residual starting material. Therefore, improvement of the conversion to product and decreasing the 

interaction time between product and unreacted starting material would result in less generation of 

the impurity. Unfortunately, we have been unable to purchase a static mixer that works in our 

current system due to cost restraints and thus have been unable to test our theory.  

Figure 17. Example of an In-line 

Static Mixer. (Photo: koflo.com) 
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1.5.4.5. Plug Flow and Packed Bed Reactors 

 With our initial condition screens completed, we determined that by using the bromo-keto-

diol as our starting material, we had the opportunity to transfer part of the synthesis of albuterol 

into plug flow reactors instead of CSTRs (Figure 18). By using PFRs, we were able to remove five 

CSTRs from the required setup and remove both of the washing and solvent swap operations, 

greatly decreasing the footprint of our equipment, and the impact of high initial costs for the 

multiple CSTRs. We did require the addition of an in-line filtration set-up (Figure 18, 1B) to 

remove the polymer precipitate from the amination, but due to its low level of formation, this 

should not add excessive strain into our system. Following the filtration, our reaction mixture could 

proceed into the packed-bed reactor for hydrogenation before converging with the original route 

with sulfuric acid addition and filter-drying. Unfortunately, the final two modules (3A & 3B) 

cannot be altered as the formation of the sulfate salt is a necessary step and the filtration is required 

to produce the purest possible material before transfer to our collaborators.  

 

Figure 18. PFD Diagram for our PFR Synthesis of Albuterol 
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1.5.4.6. Addressing Synthetic Challenges 

 An initial observation of our synthetic route leaves much to be desired since we have 

relatively low yields of our albuterol product in solution and a large excess of an undesired side-

product after our second reaction step. In order to address these issues, we must take a closer look 

at the experiments which helped us understand these problems, the initial steps we have taken to 

mitigate them, and how we are looking to continue the optimization of both reaction steps. 

1.5.4.6.1. Amination Troubleshooting & Understanding 

 The amination reaction performed well under batch conditions (~75% LCAP) with the 

major impurity being the tertiary amine which forms when the amine product reacts with the 

starting material. Other impurities consisted of polymers generated from the starting material and 

product. It was hypothesized that a slow addition of the diol to a solution of tert-butylamine would 

decrease the presence of the tertiary amine at the end of the reaction system. This technique is 

achievable in batch conditions, since diol can be added slowly into a reaction flask, but this 

becomes challenging when transferring into a PFR system. One technique to adapt this into flow 

is to incorporate multiple additions of diol in series (Figure 19). Ideally, the addressing of the 

tertiary amine impurity issue will also address the issue of polymeric impurities as well since we 

should hopefully see a decrease in interactions between the starting material and product which 

we believe are forming the polymers.  

 
Figure 19. Additions of Diol in Series 
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Another problem for our transfer into continuous flow, as we have seen in our batch studies, 

is a precipitate which forms during the course of the reaction. Initially, we attempted to identify 

the precipitate using LCMS and NMR spectroscopy. Our working theory was that the precipitate 

was the HBr salt of tert-butylamine from acid/base reaction with the HBr generated during the 

reaction. However, the precipitate was a brown color, in dissonance with the literature reported 

white solid of tert-butylamine HBr. More importantly, the tert-butylamine salt was reported to be 

soluble in water, which our precipitate was not. In addition to insolubility in water, we found that 

it was insoluble in dichloromethane, dimethyl sulfoxide, chloroform, hexanes, toluene, 

acetonitrile, methanol, isopropanol, and ethyl acetate. As a result of this extreme insolubility, we 

were unable to identify it via LCMS or NMR. At this time, we believe the precipitate is a polymer 

of our starting material and dimer. During our attempts at identification, we determined that it was 

a minor impurity as the collected mass through filtration was only ~40 mg in a reaction using 3 g 

of our diol starting material. Since the precipitate could be easily removed through filtration, we 

decided that we could incorporate an in-line filtration between the amination and hydrogenation 

steps in continuous flow. Although this is not desired, it is a technique that is known to address 

issues in flow like we are anticipating.  

The main drawback of incorporating an in-line filter is the buildup of material 

within it requiring more hand-on interaction between the operator and the equipment than is 

typically the goal when transferring a synthesis into continuous flow. This problem has been 

addressed using a split-line filtration technique where two or more filters are placed in parallel 

with a flow controller directing flow to only a 

single filter line at one time (Figure 20). Once one 

filter is filled with the filtered-out precipitate, 
 

Figure 20. Split-line Filtration 
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then the flow direction can be switched to the next filter in the process. This allows for more time 

in between filter swaps and all of the filters can be swapped at one time instead of switching them 

individually as they fill. Since we are seeing such a small amount of precipitate during our reaction, 

this technique should be effective in removing the undesired precipitate from the reaction mixture 

before moving to the next step using only a fritted filter and possibly a small celite plug in each 

filter. Assuming the conditions occur similarly in flow, we would only need to filter ~13 g for 

every kilogram of starting material that is reacted. This should be the maximum amount of material 

we see, since our efforts to decrease the tertiary amine and other polymers will also decrease the 

presence of this precipitate, which we believe is a polymer of the starting material and product. 

Overall, the amination performs well in batch conditions and our efforts to transfer 

the synthesis into continuous flow have made significant headway towards an efficient reaction 

process. Although our conversion is low, we have a specific plan towards addressing the issues 

that are causing the problems and the integration of these techniques will continue as the project 

progresses. 

1.5.4.6.2. Hydrogenation Troubleshooting & Reaction Understanding 

  Our main issue with the reaction process has come from the transfer of the 

hydrogenation step into continuous flow. As I mentioned before, the breakdown of our batch 

hydrogenation equipment prevented us from further exploring the optimization of the conditions 

before transferring them into continuous flow. During our initial transfer of the process into 

continuous flow, we have been utilizing an H-Cube which supplies hydrogen through the 

electrolysis of water, a technique which will be relevant later on. In our first H-Cube experiments, 

we ran using the conditions of the literature route to albuterol, which was room temperature and 

60 PSI (~4 bar) of hydrogen. The batch literature reaction was run for 10 hours, but due to the 
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nature of flow, we used our first experiment to attempt flow rates for the reaction of 0.3 mL/min 

(the lowest the instrument can go), 0.8 mL/min, and 1.3 mL/min. We saw no generation of product 

from any of these flow rates, but we also did not see any of the impurity (LCMS - 168 m/z) present. 

 In order to determine whether the issue was reaction kinetics, we decided to run another 

reaction using the lowest flow rate (0.3 mL/min) and increasing the temperature to 60 °C. We once 

again wanted to observe different conditions so we collected fractions that passed through the H-

Cube with hydrogen pressures of 10 bar, 30 bar, and 50 bar. For this reaction, to conserve material, 

we used the combined fractions from the previous H-cube run since no reaction had been observed. 

When we ran the variable pressure conditions, we saw ~5% (LCAP) of our desired product in all 

three fractions, residual starting material, and most interestingly, a significant amount of the 

impurity identified by its mass of 168 m/z. When we took samples of each fraction, we also took 

a sample of the starting reaction mixture as the fractions were combined from the previous reaction 

that had sat for a few days, and we observed the same impurity present which had not been present 

in the analysis of the prior experiment. This led us to realize that the impurity was not a direct side 

product of the hydrogenation as we had originally thought, but was instead the result of degradation 

of the amine-keto-diol intermediate 22. 

 In order to better understand the conditions that led to this impurity, we performed a 

complete work-up of our amination product. This workup consisted of filtering off the precipitate, 

removing the methanol solvent via rotary evaporator, dissolving the residual oil in ethyl acetate, 

then performing a liquid-liquid extraction with deionized (DI) water. After the organic fractions 

were collected, anhydrous sodium sulfate and activated charcoal was added, and then removed via 

filtration. Ethyl acetate was then removed using the rotary evaporator again and the residual oil 

was dissolved back into methanol for use in another H-Cube experiment. The entirety of the work-
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up took ~2 hours. This material was passed through the H-Cube again using conditions of 60 °C, 

30 bar H2 pressure, and 0.3 mL/min flow rate. We also performed a recirculation of the material 

instead of collecting separate fractions. This was achieved by passing material through the H-

Cube, collecting it, and then passing it through again. During this run, we saw complete 

consumption of our starting material and ~25% (LCAP) of our product. The vast majority of 

material observed (~55% LCAP), however, was the impurity. Based on these results, we believe 

the impurity is the result of a side-reaction of the amination product with air or water. This would 

explain why the impurity was only observed after longer periods of time, since it gave more time 

for moisture or oxygen in the air to react with the material. In our work-up procedure, we 

performed an extraction with water which would’ve introduced moisture into the system and 

caused the impurity. 

 To test whether this was a viable theory, instead of performing the full work-up, we 

performed an amination reaction, removed the methanol solvent and residual tert-butylamine on 

the rotary evaporator, and then dissolved the crude reaction back into methanol and performed an 

experiment on the H-Cube. This resulted in similar observation of product, some starting material 

still remaining, and only ~25% of the impurity. This supported our theory, but we were unsure 

why we were still seeing such large amounts of the impurity. After controlling for every other 

source of water into the system, we determined that the H-Cube itself must be responsible for 

allowing water to pass into the system. The equipment is supposed to be designed in a way that 

prevents most moisture from passing into the reaction, but since the hydrogen is isolated through 

the electrolysis of water, we knew there was a chance that excess water was being carried through 

with the hydrogen gas. In order to determine to what extent this was occurring, we ran a test 

experiment using dichloromethane on its own and setting the instrument to the same parameters 
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as our prior reaction. We observed that in the course of collecting ~15 mL of dichloromethane 

from the instrument, we also collected 2-3 mL of water, which was immediately visible as the two 

separated in our collection vial. This showed that a significant amount of water was entering into 

our system from the electrolytic cell and the oxidation reaction to the impurity was most likely 

catalyzed by the high heat in the system causing its prevalence in all of our experiments. 

 Once again, we found ourselves unable to use a piece of equipment for hydrogenation, 

although for a much different reason. Now that we have identified the source of the impurity and 

can thus better account for the factors which cause it, we are looking into alternative flow 

hydrogenation techniques which use canisters of hydrogen gas instead of electrolysis. We believe 

that these instruments will provide us with an improved hydrogenation process and allow us to 

form the albuterol API in high yield.  

 

1.5.5. Albuterol Conclusions and Next Steps 

 The transfer of a synthesis for albuterol sulfate into continuous flow has been difficult and 

required significant time and effort into identifying novel conditions in batch and transferring them 

into flow. Although the project is not complete, we have made significant headway towards the 

flow process and identifying both the problems involved and solutions which will address them. 

Now that we have determined the synthetic route, continued work will be assisted by chemical 

engineers who will be able to choose and modify the best instruments to perform the chemical 

transformations within the process as well as carry the material forward to its salt formation and 

subsequent purifications.  
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1.6. Cost Mitigation of WHO Essential Medicines 

 In this chapter a number of techniques have been introduced which can be used to decrease 

the costs of APIs and CDIs in the synthesis of essential medicines. Throughout the three projects 

I have discussed, we have applied these techniques throughout the synthetic process in the pursuit 

of more cost-effective medicines. One of the best techniques, which we applied for the synthesis 

of dolutegravir and S-glycidyl pivalate is the use of cost-effective starting materials. By opting for 

more cost-effective starting materials and reagents, we immediately put ourselves in a better 

position for cost decreases than in trying to just increase yields and perform other optimizations of 

an already established synthetic route. Although we used more available starting materials, the 

choice of reagents is also important and finding similar reagents that are less expensive as in our 

dolutegravir work when we modified the synthesis to use sodium aluminum hydride instead of the 

significantly more expensive lithium aluminum hydride. 

Although these projects are still recent, and it is difficult to see direct effects of cost 

mitigation in the cost of manufactured pharmaceuticals, we have seen some decrease in the price 

of dolutegravir since our route to the aminoalcohol 4 was developed. Through communications 

with our industry partners, we have been made aware that our route to the aminoalcohol was being 

applied to the synthesis of dolutegravir. Since the date of our information transfer, there has been 

a significant drop in the cost of dolutegravir from $750-800 per kilogram to as low as $247 per 

kilogram based on the Datamyne import/export database. Although the decrease in cost cannot be 

exclusively attributed to our work, it is reasonable to believe that the decrease in cost of a major 

CDI resulted in the lowered price of the API itself as well as the possible utilization of the previous 

continuous flow work performed by the Roper lab at VCU.10  



52 

 

 Although cost of materials is an extremely important factor in cost mitigation, it is also a 

factor of the synthesis which must be continuously reevaluated in order to make sure that the 

current synthesis remains the most cost-effective. New techniques, new industrial processes, and 

new trends both in the realm of synthetic chemistry and in the world as a whole can alter the 

availability of starting materials and reagents of a synthesis, resulting in significant cost changes 

over time. For example, although lithium may have been a reasonable choice as a reagent, the 

increase in electric vehicle technologies has put a larger strain on lithium sources for use in vehicle 

batteries. This change in vehicle trends and other battery technologies has resulted in a high uptick 

in the cost of lithium making it a poor choice in reagent if another alkali metal reagent will work, 

even at the cost of conversion or yield.58 For this reason, it is important to not only have a cost-

effective synthetic route, but to also have multiple known routes using different starting materials 

and reagents in order to be less affected by changes in the cost of reagents. Although a process 

may not be economically viable at its inception, changes in circumstances can make it a better 

choice. 

 

1.7. General Procedures and Experimental Data 

1.7.1. General Information 

 All commercially available reagents and solvents were purchased from Acros Organics, 

Sigma-Aldrich, TCI, Alfa Aesar, Combi-Blocks, or Oakwood Chemical and used as received. All 

ether solvents, unless otherwise noted contained trace BHT as a peroxide inhibitor. Proton nuclear 

magnetic resonance (1H NMR) spectra and carbon nuclear magnetic resonance (13C NMR) were 

recorder on a Bruker Ascend-600MHz. Chemical shifts for protons are reported in parts per million 

(ppm) downfield from tetramethylsilane (TMS) or referenced to residual solvent. Chemical shifts 
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for carbon are reported in ppm downfield from TMS or referenced to residual solvent. Data are 

represented as follows: chemical shift, multiplicity (br = broad, s = singlet, d = doublet, t = triplet, 

q = quartet, m = multiplet), coupling constant in Hertz (Hz), integration. 

 

1.7.2. Procedures and Data towards (R)-3-Aminobutanol 

1.7.2.1. γ-Butyrolactone Route 

γ-butyrolactone sodium enolate 9: A suspension of sodium hydride (9.0 g, 0.225 mol) (60% wt 

dispersion in mineral oil) and THF (125mL) was prepared under nitrogen and ethanol (0.9 mL) 

was added to the stirring suspension. In an addition funnel, γ-butyrolactone (12 mL, 0.15 mol) (8) 

and ethyl formate (12.1 mL, 0.15 mol) were combined. This solution was then added over one 

hour to the stirring suspension allowing for a steady formation of H2. After addition of the 

butyrolactone solution competed, the suspension was allowed to stir for an additional hour. Upon 

completion, the suspension was filtered, washed with THF and dried to yield the sodium formyl 

salt as a white powder (100.3% yield, 86% purity by LCMS Area %). This solid is then moved to 

the next step without further purification. 

 

1H NMR (600 MHz, Chloroform-d) δ 3.7 (t, J= 6.4 Hz, 2H), 1.82-1.78 (m, 2H). 
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NMR Spectra 1. 1H NMR Spectra of γ-butyrolactone sodium enolate 9. 
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α-methylene-γ-butyrolactone 10: The sodium formyl salt (9) (14.3g, 0.105 mol) was combined 

with paraformaldehyde (14.2g, 0.473 mol) and THF (150 mL) under nitrogen. The suspension was 

heated to reflux and allowed to reflux for one hour. After one hour, the reaction was cooled to 

10oC. Once cooled, a mixture of 1M potassium carbonate (25 mL) and MTBE (75mL) was added. 

The organic layer was separated, dried with magnesium sulfate, and the solvent was evaporated to 

give a yellow oil (8.003 g, 78% yield). The oil was vacuum distilled and pure methylene 

butyrolactone (10) was obtained (1.73g, 17% yield, 97% purity by LCMS).  

 

1H NMR (600 MHz, Chloroform-d) δ 6.15 (t, J= 2.9 Hz, 1H), 5.60 (t, J= 2.6 Hz, 1H), 4.30 (t, J= 

7.4 Hz, 2H), 2.94-2.91 (m, 2H). Spectra recorded was in agreement with prior literature.59 
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NMR Spectra 2. 1H NMR Spectra of α-methylene-γ-butyrolactone 10. 
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 3-methyltetrahydro-2-furanone 11: α-methylene-γ-butyrolactone (10) (0.5 g, 5.1 mmol) was 

combined in a reactor vial with 0.1 equivalent of 10 wt% Pd/C catalyst (54 mg, 0.5 mmol) in 

methanol (8 mL). The vial was attached to an HEL hydrogenation unit where it was set to run at 

room temperature at a pressure of 35 bar and stirring at a rate of 250 RPM for 8 hours. After 8 

hours, the reaction mixture was filtered to remove palladium on carbon and then the methanol was 

removed. The crude reaction was used without further purification. 

 

1H NMR (600 MHz, Chloroform-d) δ 4.31 (td, J= 8.7, 2.7 Hz, 1H), 4.15 (td, J= 6.71, 6.56 Hz, 1H), 

2.63-2.55 (m, 2H), 2.43-2.38 (m, 1H), 1.93-1.86 (m, 2H), 1.68-1.62 (m, 1H), 1.25 (d, J= 7.08 Hz, 

3H), 1.15 (d, J= 7.08 Hz, 2H).  

13C NMR (150 MHz, Chloroform-d) δ 180.3, 177.41, 66.35, 60.55, 51.75, 36.38, 34.23, 30.77, 

17.19, 15.23. Spectra agrees with literature.60 
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NMR Spectra 4. 13C NMR Spectra of 3-methyltetrahydro-2-furanone 11 

NMR Spectra 3. 1H NMR Spectra of 3-methyltetrahydro-2-furanone 11 
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4-hydroxy-2-methylbutanamide 12: To a 50 mL flask was added 11 (4.25 mL, 44.9 mmol, 1 eq), 

followed by 16 mL of 28% NH4OH (112.3 mmol, 2.5 eq). After the mixture had stirred for 24h at 

25 °C, the mixture was passed through an ion-exchange column (100 g, Dowex 5-WX8) to remove 

the remaining NH4OH. The material was used in the next step without further purification. The 

structure of 12 was confirmed by 1H-NMR and purity was found to be 99.3% via LC/MS (M/Z = 

118.2)  

1H NMR (600 MHz, D2O) δ 3.49 (m, 2H), 2.43 (m, 1H), 1.69 (m, 1H), 1.54 (m, 1H), 1.02 (d, J= 

6.93 Hz, 3H). 
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NMR Spectra 5. 1H NMR Spectra of 4-hydroxy-2-methylbutanamide 12. 
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Rac-3-aminobutanol 4: NaOH (11.2 g, 280 mmol, 6.2 eq) was dissolved in 86 mL of DI H2O and 

stirred in an ice-water/NaCl bath. Once the internal temperature of the NaOH solution reached 0 

°C, Br2 (2.76 mL, 53.9 mmol, 1.2 eq) was added dropwise via syringe. The mixture was stirred at 

0 °C for 30 min. 12 (5.22 g, 44.9 mmol, 1 eq) was added via an addition funnel. After addition, 

the reaction was heated at 80 °C to an internal temperature of 76.5 °C for 2h.  

 

Unfortunately, 4 was unable to be isolated for analysis. We performed initial explorations 

into purification using ion-exchange chromatography, salting out, enzymatic isolation, Schotten-

Baumann, and solvent exchange. However, these routes were unsuccessful in providing clean 

material and we switched to our route using the amino acid before any optimization was performed.  

 

1.7.2.2. Amino Acid Route 

 

(R)-3-Aminobutanol 4: To a 1000 mL 3-neck round bottom flask was fitted a temperature probe, 

reflux condenser, and stir bar. The flask was flushed with N2. Anhydrous THF (200 mL) was then 

added. The flask was placed in an ice/NaCl bath and cooled to an internal temperature of -10 °C. 

Sodium Aluminum Hydride (26.1g, 484 mmol, 2.0 eq.) was added using a solid addition funnel 

and the mixture was allowed to stir. (R)-3-aminobutanoic acid (13) was added slowly so as to 
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maintain an internal temperature below 5.2 °C. After stirring for 1 hour, the flask was removed 

from the ice bath and allowed to warm to room temperature. After 1 hour at room temperature, the 

reaction was heated to reflux (internal temperature: 67 °C) with continued stirring. After 4 hours 

at reflux, the reaction was cooled back to < 0 °C. 10% NaOH in water (50mL) was added dropwise 

to quench excess NAH. Addition of NaOH solution was done slowly so as to keep internal 

temperature below 10 °C. Additional NaOH solution (200 mL) was then added to dissolve 

remaining aluminum salts and the mixture was stirred for 30 min. The reaction mixture was 

transferred to a separatory funnel and the organic and aqueous layers were separated. The basic 

aqueous layer (pH ~11) was extracted twice more with recycled THF (200 mL each, 400 mL total). 

 

 Following combination of the organic layers, the material was distilled through either a 

Pope Scientific Thin Film Evaporator (70% yield, 84 wt% purity), or through traditional short-

path distillation (66% yield, 99 wt% purity) (Figure 6.). Purity was determined by quantitative 1H 

NMR (QNMR) spectrsocopy using mesitylene as an internal standard. 

 

1H NMR (600 MHz, DMSO-d6) δ 3.47 (m, 2H), 2.86 (m, 1H), 1.38 (m, 2H), 0.96 (d, J= 6.42, 3H) 

13C NMR (150 MHz, DMSO-d6) δ 59.01, 44.45, 42.13, 24.56. 

 

Chiral Analysis was performed using a carboxybenzyl (CBZ) protecting group to better 

differentiate the enantiomers and provide a chromophore for chiral supercritical fluid (SFC) 

instrument: 

 Derivatization procedure: (R)-3-aminobutanol (500 mg, 1 eq.), sodium carbonate (1.78 g, 

3 eq.), and 20 mL of a 1:1 dioxane:H2O mixture were stirred at 25 °C. Benzyl chloroformate 
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(881 μL, 1.1 eq.) was added and the reaction stirred for 12 h. The reaction mixture was 

concentrated and then partitioned between H2O (50 mL) and ethyl acetate (50 mL). The aqueous 

layer was extracted twice with ethyl acetate (50 mL each, 100 mL total). The organics were dried 

over sodium sulfate, filtered and concentrated. Upon concentration the viscous oil solidified into 

white crystals. 

 The CBZ-derivatized (R)-3-aminobutan-1-ol sample was dissolved in ethanol and analyzed 

by chiral SFC. A ChiralPak IB-N5 column (4.6 X 100mm; 5uM, Chiral Technologies, Inc.) was 

used with a 10% isopropanol (90% CO2) mobile phase at 3 mL/min. Under these conditions the 

desired (R) enantiomer elutes at 3.1 minutes while the undesired enantiomer elutes at 3.6 minutes 

(Figure 21). 

 

 

 

 

 

 

 

 

 

 

 

Figure 21. Chromatograms of the desired Aminoalcohol enantiomer (A) and the racemic 

mixture (B). 
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NMR Spectra 7. 13C NMR Spectra of (R)-3-aminobutanol 4. 

NMR Spectra 6. 1H NMR Spectra of (R)-3-aminobutanol 4. 
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1.7.3. Procedures and Data Towards (S)-Glycidyl Pivalate 
  

 (S)-glycidyl pivalate 16: To a solution of pivalic acid 1 (20 g, 196 mmol, 1 equiv) in (R)-

epichlorohydrin 2 (54.4 g, 587 mmol, 46.1 mL, 3 equiv) were added NaOH (7.8 g, 196 mmol, 1 

equiv, pellets) and tetramethyl ammonium chloride (TMAC) (430 mg, 4 mmol, 0.02 equiv) in one 

portion at room temperature. The suspension was then stirred at 50 °C until the reaction was 

complete as monitored by quantitative 1H NMR spectroscopy. 1,3,5-trimethoxybenzene was used 

as an internal standard. Once complete, the reaction suspension was filtered and washed with ~30 

mL of DCM. The DCM was then removed by rotary evaporation and the reaction mixture was 

purified by vacuum distillation. 

 

 Vacuum Distillation Procedure: After removal of the majority of the DCM, a short path 

distillation apparatus was attached to the RBF containing the reaction. The excess epichlorohydrin 

was removed first at vacuum pressures < 10 torr and at a temperature of ~40-50 °C. After 

epichlorohydrin was completed distilling, the bottoms of the distillation were transferred to a 

smaller volume RBF and once again connected to the short path distillation apparatus. (S)-Glycidyl 

Pivalate 16 was then distilled with high purity (>95 wt %) and moderate yield (63%). 

 

1H NMR (600 MHz, DMSO-d6) δ 4.38 (dd, J = 2.26, 12.46 Hz, 1H), 3.85 (dd, J = 5.92, 12.50 Hz, 

1H), 3.17 (m, 1H), 2.77 (t, J = 4.42 Hz, 1H), 2.62 (dd, J = 2.38, 4.86, 1H), 1.17 (s, 9H) 

 

13C NMR (151 MHz, DMSO-d6) δ 177.11, 64.41, 48.94, 43.54, 38.22, 26.79 
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[α]D +19.1 (c 1.8, CHCl3, 25 °C) 

 

Continuous Distillation of Epichlorohydrin in Toluene: To a three-neck round bottom flask 

containing glycidyl pivalate (~62 g) and excess racemic epichlorohydrin (~62 mL) was added 120 

mL of toluene. The outer two necks were fitted with rubber stoppers and a short path distillation 

apparatus was connected to the center neck. The flask was then heated and the reaction mixture 

was distilled under vacuum (67-94 torr). Periodically throughout the distillation process, additional 

toluene was added via syringe to the round bottom flask in an attempt to maintain the reaction 

volume in the flask. Using 1,3,5-Trimethoxy benzene as an internal standard, the presence of 

epichlorohydrin was observed to decrease over the course of the distillation with minimal 

decomposition of the target glycidyl pivalate material (Figure 10). 

 

Determination of Enantiomeric Ratio by HPLC: 

Derivatization procedure (Scheme 7): Water (5 mL) and potassium carbonate (720 mg, 5.2 mmol, 

1 eq.) were combined in a vial and stirred at RT for 5-10 minutes until the solution was clear. 4-

nitro-2-bromo-imidazole (1.0 g, 5.2 mmol, 1 eq.) was then added to the vial followed by glycidyl 

pivalate (1.15 g, 7.3 mmol, 1.4 eq.). The reaction was then stirred for another 5-10 min at RT. The 

vials were then warmed to 65 °C and the solution allowed to react until complete (monitored by 

LCMS).  

 
Scheme 7. Derivatization of Glycidyl Pivalate for Analysis of Enantiomeric Purity. 
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Enantiomeric ratio determination: Upon completion of the above reaction as monitored by LCMS, 

the samples were analyzed using SFC. This data showed an enantiomeric ratio of 97:3 of our 

desired product 43 as well as a small amount of 44 which also exhibited an enantiomeric ratio of 

97:3. (S)-43: 8.423 min, 83.37%; (R)-43: 6.720 min, 2.8%; 44: 7.94 min, 13.4%; ent-44: 7.64 min, 

0.4%. Our desired enantiomer was confirmed by following the same synthesis shown in Scheme 

7, but using (S)-glycidyl pivalate from a known32 route starting from glycidol and pivaloyl 

chloride. 
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Figure 23. Chromatogram for Derivatized products 43 and 44 from Racemic Glycidyl Pivalate 

Figure 22. Chromatogram for Derivatized products 43 and 44 from Enantioenriched Glycidyl Pivalate 

Entry RT (min) Area % at 290 nm Compounds 

From Racemic 
glycidyl pivalate 

6.653 
7.603 
7.946 
8.433 

43.2% 
6.7% 
6.9% 

43.2% 

(R)-43 
Regioisomer ent-44 

Regioisomer 44 
(S)-43 

From 
enantioenriched 

(S)-glycidyl 
pivalate 

6.720 
7.643 
7.944 
8.423 

2.8% 
0.4% 

13.4% 
83.4% 

(R)-43 
Regioisomer ent-44 

Regioisomer 44 
(S)-43 

 

Table 6. Retention times, Area % and Assigned Compounds for the Chromatograms. 
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NMR Spectra 8. 1H NMR of Glycidyl Pivalate 16. 

NMR Spectra 9. 13C NMR of Glycidyl Pivalate 16. 
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1.7.4. Procedures and Data Towards Albuterol 

1.7.4.1. Traditional Route 

 Amino-keto-aldehyde salt 19: To a suspension of 17 (500mg, 2.06 mmol) in isopropanol 

(5 mL) was added tert-butyl amine (865 μL, 8.23 mmol). The reaction was then stirred and heated 

to reflux for 18 hours. The reaction was cooled to room temperature and then 12M HCl (1 mL) 

was added slowly to the reaction mixture. After addition of HCl, the mixture is cooled to ~-10 °C 

and a white precipitate is formed. The precipitate is filtered, washed with 5 mL of cold isopropanol 

and 19 is given in high purity (54% yield, 99 wt% purity by QNMR). 

 

1H NMR (600 MHz, DMSO-d6) δ 10.38 (s, 1H), 8.42 (d, J= 2.33, 1H), 8.25 (dd, J= 2.33, 8.73 Hz, 

1H), 7.39 (d, J= 8.77, 1H), 4.68 (s, 2H), 1.40 (s, 9H). Spectra agrees with prior literature.56 
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NMR Spectra 10. 1H NMR Spectra of Amino-keto-aldehyde salt 19. 
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 Albuterol 20: To a suspension of HCl salt 19 (500 mg, 1.85 mmol) in methanol was added 

sodium methoxide (NaOMe) (100 mg, 1.85 mmol) at room temperature. The reaction mixture was 

allowed to stir for 5 minutes. After 5 minutes, 10 wt% palladium on carbon (197 mg, 185 μmol) 

was added to the reaction mixture. The reaction mixture was transferred to a steel vessel for use 

on an HEL Chemscan instrument. The instrument was programmed to supply 80 psi of H2 pressure 

and stir at 750 rpm for 10 hours. After completion of the reaction, the mixture was analyzed by 

LCMS (24% (Area %)).  

 

 

1.7.4.2. Modified Route 

 

 Amino-keto-diol 22: 

 Batch: To a solution of bromo-keto-diol 21 (500 mg, 2.04 mmol) in methanol (5 mL) was 

added tert-butyl amine (858 μL, 8.16 mmol). The reaction mixture was stirred and heated to reflux 
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for 3 hours. After 3 hours, the reaction mixture was allowed to cool and a sample of 22 in solution 

was taken for LCMS analysis (75% (area %)), no residual starting material). 

  Continuous Flow: In separate Erlenmeyer flasks were prepared solutions of bromo-

keto-diol 21 (500 mg, 2.04 mmol) in methanol (25 mL) and tert-butylamine (858 μL, 8.16 mmol) 

in methanol (25 mL). The two solutions were drawn through tubing at a rate of 1.6 mL/min and 

mixed using a Y-connector which led to the reaction tubing and resulted in an estimated flow rate 

of 3.2 mL/min. The reaction tubing had an inner volume of 100 mL, resulting in a residence time 

of ~30 min. After passing through the reactor, a sample of 22 in solution was taken for LCMS 

analysis (54% AY (area %), 28% (area %) residual starting material).  

 

1H NMR (600 MHz, Chloroform-d) δ 7.45 (d, J= 1.79 Hz, 1H), 7.39 (dd, J= 1.85, 8.51 Hz, 1H), 

6.64 (d, J= 8.47 Hz, 1H), 4.66 (s, 2H) 3.78 (s, 2H), 1.15 (s, 9H).  
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NMR Spectra 11. 1H NMR Spectra for Amino-keto-diol 22. 
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 Albuterol Free Base 20:  

 Batch: To an HEL Chemscan reactor vial was added amino-keto-diol 22 (500mg, 2.11 

mmol) and 10 wt% palladium on carbon (224 mg, 0.211 mmol). The HEL instrument was 

programmed to heat to 40 °C, pressurize to 80 psi H2 gas, and stir at 750 rpm for 10 hours. After 

10 hours, the reaction was removed from the instrument and a sample was taken for LCMS (area 

%) analysis (46%, 18% unknown impurity (168 m/z)). 

 ThalesNano H-Cube Mini: A reaction mixture from the synthesis of 22 was diluted from 

~5 mL to ~25 mL. The solution was then passed through the H-Cube Mini at a rate of 0.3 mL/min. 

The instrument was programmed to have a H2 pressure of 30 bar and a temperature of 60 °C. After 

passing through the H-cube, the material was cycled through the system 3 more times and LCMS 

(area %) analysis was performed (9.9% AY, 18% 22, 47% unknown impurity (168 m/z)). 

 H-Cube with Prior Work-up: After completion of amination reaction to form 22, the 

solvent was removed under vacuum by rotary evaporator and the crude oil reconstituted in 10 mL 

of ethyl acetate. The ethyl acetate was then washed 3 times with DI water (3 X 10 mL) and brine 

(1 x 10 mL). The organic layer was collected and anhydrous sodium sulfate (~1g) and activated 

charcoal (~1g) were added. The mixture was filtered and washed with additional ethyl acetate (10 

mL). The ethyl acetate was then removed under vacuum by rotary evaporator, and the crude oil 

was reconstituted in methanol (25mL). The solution was then run through the H-Cube under the 
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same conditions as above. LCMS analysis was performed and starting material was no longer 

observed after 2 cycles through the H-Cube. The LCMS did show high amounts of the undesired 

168 m/z impurity which is believe to be an undesired reaction between 22 and water. This method 

gave 20 in solution (25% (area %), 0% 22, 47% unknown impurity (168 m/z). 
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2. Applying the Principles of Process Intensification to 

Fluoroquinolone Antibiotics 

2.1. Background 

2.1.1. Process Intensification 

 Process intensification (PI) can be broadly defined as a method with the goal of making 

chemical processes cheaper, smaller, safer, and less energy intensive.61 This definition is one of 

many, but it is congruent with the way we approach process intensification and has the eventual 

goal of applying this method to manufacturing. PI is closely related to the techniques I discussed 

in Chapter 1.1. and is generally the overarching method with which those techniques are applied 

to a chemical synthesis. 

 Previously, our primary aim was in the cost-reduction of pharmaceutical ingredients, which 

was achieved through modifications of synthetic routes, optimization of reactions, and use of safer 

or more available starting materials. This chapter will explore how the synthesis of 

fluoroquinolones can be improved using process intensification with the goal of forming a new, 

convergent synthesis. In addition to performing optimization of the current route, it is also 

important to identify alternate routes towards API synthesis to improve its robustness against 

economic factors and supply chain vulnerabilities. Reagents are typically chosen as a result of their 

efficacy in a reaction as well as their cost compared to other similar reagents. For example, in our 

work on DTG, we transitioned from lithium aluminum hydride to the less expensive sodium 

aluminum hydride and were able to obtain similar yields of the reaction. Due to market uncertainty 

and strong dependencies on changes in volume and synthesis costs, the identification of alternate 

reagents and synthetic routes is crucial to maintaining low API costs. 
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 In order to maintain consistent prices for API manufacturing, it can be helpful to perform 

exploration into alternate routes with different starting materials and reagents to determine the best 

available route. Although this technique would result in additional operation costs to address 

regulatory issues, the long term offset of identifying cheaper starting materials and reactions can 

be beneficial. It is additionally helpful for the “back-up” synthesis to share a common intermediate 

with the standard synthesis so that the final step(s) can continue to be performed in the same way, 

including purification and formulation of the final compound. This also is beneficial to API 

synthesis as the analytical methods and impurity profiles of the new synthesis will be closer to the 

standard route, allowing for easier transition. 

 Process intensification has the capability of greatly improving manufacturing towards 

cheaper and more accessible APIs. By applying techniques of PI, synthetic routes can be made to 

be more efficient, safer, and more robust, all aspects which can help to lower the costs of essential 

medicines.  

  

2.1.2. Fluoroquinolone Antibiotics 

 Fluoroquinolones (Figure 24), based on the 4-

quinolone substructure, have been studied for almost sixty 

years with regard to their bioactivity as an antibiotic.62,63 In 

1962, nalidixic acid (Figure 25) was first developed as part of 

a group of naphthyridones screened at the Sterling-Winthrop 

Research Institute.64 Initial uses for nalidixic acid were limited to fighting Gram-negative bacteria 

responsible for urinary tract infections (UTIs). However, due to its narrow spectrum of use and 

associated adverse side effects, the development of an improved antibiotic was necessary.65 

 
Figure 24. General Structure of 

Fluoroquinolones 
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Although nalidixic acid is technically a naphthyridone in structure, its development resulted in 

further screens which identified the bioactivity of quinolones and led to further studies on this new 

class of drugs.  

During the 1970s and 1980s, the study of quinolone-based antibiotics began to develop and 

a number of improvements were made to increase the activity of the drugs. Flumequine, first 

patented in 1973, incorporated a fluorine substitution on the C6 position. This development greatly 

increased the spectrum of activity of quinolones and the vast majority of subsequent drugs include 

the same fluorine substitution.66 Other fluoroquinolones in the second generation continued to 

improve on the Gram-negative activity through the addition of a piperazine ring at the C7 

position.67 The second-generation also introduced ciprofloxacin, which, through the addition of a 

cyclopropyl moiety on the amine of the quinolone, increased the overall activity of the 

compound.68 Ciprofloxacin remains an effective and widely used antibiotic for the treatment of 

UTIs, respiratory tract infections (RTIs), and gastrointestinal infections.65,69–73 Due to its efficacy 

and wide range of uses, ciprofloxacin is listed on the World Health Organization’s (WHO) list of 

Essential Medicines.55  

Further research resulted in the fluoroquinolone ofloxacin which added a methyl 

substituent to the second nitrogen of the piperazine ring resulting in increased activity against 

Gram-positive bacteria.74 This was further developed by the addition of an ether group at the C8 
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carbon.75 In the case of ofloxacin, a morpholine ring is incorporated as the ether component (R3) 

in a fused ring system through the quinolone nitrogen. Ofloxacin contains a single chiral center, 

of which the L-isomer is the only biologically active one. This has resulted in the isolation of this 

enantiomer as its own, more potent drug, levofloxacin.76,77 Both ofloxacin and levofloxacin are 

listed as WHO Essential Medicines. 

As the development of quinolone antibiotics makes its way into the third generation, further 

substitutions to the quinolone backbone such as amino, methyl, and alcohol groups on C5 as well 

as replacing the N-methyl piperazine seen in ofloxacin with other alkylated piperazines and 

pyrollidinyl rings, have been performed, greatly increasing the available library of biologically 

active FQAs. Modifications to alternate sites of the benzene such as halogenation of C8 with 

chlorine or fluorine resulted in some improvement against Gram-positive bacteria.75 

 
Figure 25. Select Collection of Fluoroquinolone Antibiotics 
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The fourth generation provided a large leap in efficacy as compared to the third.78 While 

retaining the ability to remain active against both Gram-positive and Gram-negative bacteria, the 

fourth generation also improved their ability to inhibit anaerobic organisms. This was 

accomplished by returning to the 

naphthyridone core structure as 

observed in compounds such as 

gemifloxacin.79 Moxifloxacin, currently 

listed as a WHO Essential Medicine, 

incorporates an azabicyclic group at C7. This replaces previously used heterocyclic amines such 

as piperazine and its presence was found to greatly improve the Gram-positive activity.68 This 

effect can be observed by comparing the enhanced activity of moxifloxacin which contains the 

azabicyclic group and gatifloxacin which is identical except for the presence of an alkylated 

piperazine instead (Table 7)80. 

 Over time, small changes to the substituents of 4-quinolone have revealed a wide array of 

bioactive antibiotics. In order to continue development and expedite the transition from bioactivity 

testing to drug synthesis, a streamlined synthesis of quinolones which tolerates the installation of 

multiple interchangeable functional groups at the three major substitution locations is desirable. A 

convergent synthetic route to multiple fluoroquinolones will help in decreasing their respective 

costs and broaden access to them around the world. 

 

MIC90 (mg L-1)

Gram-negative pathogens Gram-positive pathogens

E. Coli P. aeruginosa S. aureus S. pneumoniae

Nalidixic acid 8 >64 >64 >64

Ciprofloxacin 0.03 1 1 2

Ofloxacin 0.12 4 0.5 2

Moxifloxacin 0.06 8 0.06 0.12

Gatifloxacin 0.06 4 0.25 0.25

Table 7. MIC90 Values of Selected Fluoroquinolone Antibiotics. 
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2.2. Prior Art 

 The synthesis of fluoroquinolone antibiotics (FQAs) has been explored significantly over 

the last 60 years, with many synthetic routes developed for a single antibiotic as well as general 

routes to multiple fluoroquinolones.81 In 2017, in a paper focusing on the synthesis of the FQA 

ciprofloxacin, the Jamison group identified a route to ciprofloxacin (Scheme 8) through a C-

acylation reaction of trifluorobenzoyl chloride 23a ($179/kgv) to vinylogous carbamate 24 which 

provided the β-ketoester 25.82 The dimethylamine moiety could then be replaced with 

cyclopropylamine, 

one of the amines in 

ciprofloxacin. At this 

step, the ring can be 

closed through an 

intramolecular 

nucleophilic aromatic substitution (SNAr), displacing a fluorine. An intermolecular SNAr reaction 

can then be performed to install the piperazine ring at the C7 position. Hydrolysis of the ester to 

the carboxylic acid forms the final product ciprofloxacin. This route, although relatively 

streamlined, does contain a few problems that lead to high cost of the API. First, the major cost 

driver of the reaction is the starting material, trifluorobenzoyl chloride which is expensive and 

drives up the cost of the API accordingly. The trifluoro-substituted aromatic ring is costly, that 

provides an opportunity for alternate starting materials having fewer fluorine substituents to 

decrease costs. Second, the use of the dimethylamine as a leaving group could be replaced with a 

more direct addition of the cyclopropylamine moiety to help decrease costs. 

                                                 
v Costing from Indian Import/Export databases Zauba and Datamyne 

 
Scheme 8. Chemical Transformations in the Synthesis towards Ciprofloxacin 
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 After reviewing this synthetic route, the Gupton group believed they could optimize the 

reactions and modify the starting materials and the steps to decrease the cost of the API.  

 

2.3. Early Gupton Work83 

 The first action that was taken towards improving the synthesis of ciprofloxacin was 

identifying an alternative starting material, the current cost-driver for the route. The prior route 

used trifluorobenzoyl chloride 23a which is helpful as it establishes the fluorine substituent very 

early on in the synthesis, negating the need for harsh fluorination conditions at a later step. 

However, only a single 

fluorine is present in the 

final molecule, and the 

two additional ones in 

the starting material are 

simply present to 

facilitate the two SNAr 

reactions during the synthesis. In order to address the cost, the Gupton group proposed the idea of 

using a lower cost trihalogenated benzoyl chloride, 2,4-dichloro-5-fluorobenzoyl chloride 23b 

($9.78/kgvi) for the synthesis. In SNAr reactions, fluorine is the most reactive halogen, followed by 

chlorine.84 This is due to fluorine’s higher electronegativity and the greater dipole moment that 

exists between fluorine and the benzene. Since chlorine is also a reactive halogen, the use of 

dichlorofluorobenzoyl chloride (DCFBC) 23b was expected to provide adequate reactivity to 

perform the desired substitutions. 

                                                 
vi Costing from Indian Import/Export databases 

 
 

Scheme 9. Gupton Route to Ciprofloxacin 
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 The second change to the proposed chemistry was the direct addition of the required amine 

moiety prior to the acylation step between the benzoyl chloride and vinylogous carbamate. The 

established route utilized a vinylogous carbamate bearing a dimethylamine group. Due to the lack 

of a free proton on the nitrogen, the formation of the undesired N-acylation side product is not 

possible and results in exclusive formation of the desired C-acylation to give the β-ketoester (25). 

However, if the goal is to install the cyclopropylamine during the formation of the vinylogous 

carbamate, there would be an 

available free proton on the nitrogen 

that could result in undesired N-

acylation. During initial screens of this reaction, following the conditions outlined in the published 

route, it was observed that there was a preference for the undesired N-acylation reaction compared 

to the desired C-acylation reaction (10:1). Through a series of base screens, it was determined that 

lithium bases provided high specificity for the C-acylation (>100:1). LiHMDS showed the most 

promising result with high conversion and isolated yield prompting the continuation of the work 

using LiHMDS. Beginning with DCFBC, ciprofloxacin could be synthesized in 4 chemical steps 

(Scheme 9), and an additional step to form the API as an HCl salt. The group demonstrated this 

route through transfer into a continuous flow process with an overall yield of 83% compared to 

the prior literature route of 60%. The decrease in cost from switching to DCFBC made up for the 

cost of the LiHMDS used for the acylation step. However, in the years since this work was 

performed, lithium prices have increased drastically in large part due to its use in the batteries for 

electric vehicles (EVs). This increase in the cost of a vital reagent has prompted us to take another 

look at the synthesis of ciprofloxacin to determine if there are ways to decrease the cost further 

and utilize more available and cost-effective starting materials. 

 
Figure 26. C-acylation and N-acylation Products 
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2.4. Friedel-Crafts Acylation for the Synthesis of Fluoroquinolone Antibiotics 

2.4.1. Introduction 

 Initially, one of the steps that was studied to decrease the cost of the synthesis towards 

ciprofloxacin was to switch 

from a trifluorinated starting 

material to a dichlorofluoro 

equivalent. In response to this 

change, we also wanted to 

explore the use of 2,4-dichlorofluorobenzene (38, Scheme 13) in ciprofloxacin synthesis instead 

of the benzoyl chlorides that were being used in the literature. Although the cost difference was 

not drastic between the chlorinated benzene and benzoyl chloride, it did allow for a different 

approach. Our first idea (Scheme 10) was to generate the β-ketoester with vinylogous ether 

separately and perform a Friedel-Crafts acylation (FCA) onto the halogenated benzene to form the 

backbone of our product. From this point, the synthesis would be similar to other developed 

syntheses where the ether is replaced with the desired amine moiety and then an SNAr is performed 

to close the ring. In order to form the desired vinylogous ether, we looked for a route that utilized 

widely available starting materials and reagents.  

 
Scheme 10. Initial Retrosynthetic Strategy to Ciprofloxacin 
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2.4.2. Meldrum’s Acid 

 In our search for a cost-effective synthesis, we identified Meldrum’s Acid 

(MA)($18.5/kgvii) as a viable starting material. This material could be reacted with trialkyl 

orthoformates to form a vinyl ether at the α-carbon between the two carbonyl groups. 

Subsequently, we planned to perform a ring opening using an alcohol solvent, forming the general 

backbone of our keto-ester 33. From there, we projected the carboxylic acid could be chlorinated 

to give the acid chloride 34 and then proceed forward with the Friedel-Crafts acylation with a 

halogenated benzene. Unfortunately, although the initial reaction performed well, the standard ring 

opening conditions resulted in no reaction on the vinyl ether using an alcohol solvent85 or resulted 

in hydrolysis of the ether to form the alcohol under acidic conditions86. In order to facilitate the 

ring opening, we changed the sequence of reactions and install the cyclopropylamine earlier in the 

synthesis (Scheme 12). Previously, the installation of cyclopropylamine was planned to take place 

after the Friedel-Crafts reaction, but 

our inability to open the Meldrum’s 

acid ether led us to identify literature 

report which suggested the presence 

of an amine group would allow for the 

ring opening.87 The amination of the 

vinyl ether went smoothly to 35 and 

                                                 
vii Costing Determined from Indian Import/Export Databases Zauba and Datamyne 

 
Scheme 11. Proposed Synthesis Towards Vinyl Ether from Meldrum’s Acid 

 

 
Scheme 12. Reassessed Meldrum’s Acid Route 
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we were able to open the MA ring to form 36 (85% crude yield).88 However, attempts at 

chlorination and subsequent Friedel-Crafts were unsuccessful, most likely due to competing, 

undesired chlorination of the amine. We decided against protection of the amine to prevent 

chlorination as it was not economically efficient. Once again, we found ourselves returning to the 

drawing board to explore additional alternate routes. 

 

2.4.3. Step by Step Formation of the Backbone 

 In lieu of our attempts to form the vinylogous ether or vinylogous carbamate backbone and 

install it directly on a halogenated benzene, we decided we would start directly from the 

halogenated benzene and build out the backbone of our FQA from simple aromatic compounds 

(Scheme 13). This route could be accomplished by the Friedel-Crafts acylation of 2,4-

dichlorofluorobenzene (DCFB) with acetyl chloride. Subsequent reaction with dimethyl carbonate 

and sodium methoxide 

gives the β-ketoester 40. 

Similar to our route 

using MA, we could 

react with triethyl 

orthoformate followed 

by a primary amine to 

afford a common 

intermediate (26) with 

the other syntheses of ciprofloxacin and other FQAs. The formation of this common intermediate 

provides the first opportunity for the generation of a broad range of FQAs. During the amination 

 
Scheme 13. Friedel-Crafts Acylation Route Towards Stepwise Formation of the 

Fluoroquinolone Backbone 
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reaction, any desired amine moieties present in other FQAs can be installed, with minimal 

expected changes in the chemical procedure. This route also provides us with the opportunity to 

make ciprofloxacin without the use of an expensive benzoyl chloride and without installing the 

dimethylamine group as the leaving group.  

2.4.3.1. Friedel-Crafts Optimization 

The key step is the Friedel-Crafts acylation of our desired halogenated benzene. To keep 

our work in line with the earlier work performed in our group, we decided to use a similarly 

substituted 2,4-dichloro-5-fluorobenzene 38 as its corresponding benzoyl chloride 23b was used 

previously. Initial experiments that were performed following literature conditions utilized 

dichloromethane89 (DCM) or nitrobenzene90 as a solvent with slight excesses of aluminum 

chloride as Lewis acid catalyst, which functions by activating the acylating agent. These 

experiments were unsuccessful and showed low consumption of the starting material. We 

attempted the reaction in alternative conditions utilizing neat acid chloride as the reaction solvent 

in lieu of any traditional solvents to increase interactions between the reagents.91 Our initial 

explorations into this reaction yielded low conversion of starting material (~10-15%) which we 

attributed to the high reaction temperature. The reaction was performed at 110 °C, well above the 

boiling point of acetyl chloride (52 °C). As a result, even with a condenser to reduce loss through 

evaporation, there was a significant loss of reagent from the flask which resulted in high viscosity 

of the reaction mixture and poor stirring. We concluded the lack of reagent was a major factor 

causing reaction failure, and therefore performed the reaction with large excess (10 eq.) of acetyl 

chloride to facilitate the stirring of the reaction mixture. This adaptation did not show any 

improvements. 
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 Stepping back from the specific chemistry, we viewed the reaction set-up under the lens of 

large-scale manufacturing and what equipment they would utilize under these conditions. We 

realized that the most effective way to prevent reactant loss through evaporation was to run the 

reaction in a sealed reaction vessel. The main issue with this setup is the generation of pressure 

within the reactor during the course of the reaction.  

At large-scale, this experiment would be performed in steel reaction vessels with glass 

linings capable of withstanding high pressures. However, generation of HCl during the reaction 

prevented the use of the available steel vessels in our labs. The vessels are made with Hastelloy 

C276, a nickel-chromium-molybdenum alloy, which has resistance to corrosion and would most 

likely be unaffected by the HCl generated. However, the tubing and fittings that are connected to 

the vessel manifold are not corrosive resistant and would be rendered inoperable through 

continuous use for this reaction. 

Thus, the best course, though not 

ideal, was to run the experiments in 

glass reaction vessels rated for 

high pressures (150 psi @ 120 °C). 

As an additional safety precaution, 

the reactions were run behind a 

blast-shield in case of a rupture. 

Initially, using 10 equivalents of acetyl chloride resulted in low conversion at both 80 °C 

(18%) and 110 °C (8%). We observed that the transfer of reactions in a sealed tube reactor worked 

as expected and observed improved stirring compared to our reactions using a condenser. With 

improved stirring, we decided to explore conditions with fewer equivalents of acetyl chloride. 

Figure 27. Friedel-Crafts Acylation of DCFB Performed in a Sealed Tube 
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Curiously, we observed that as we decreased the equivalents of acetyl chloride, the conversion of 

starting material (DCFB) to product (dichlorofluoro acetophenone) increased (Figure 27).  

A closer look at the proposed mechanism for Friedel-Crafts acylation92–99 revealed that the 

reaction proceeds through an initial coordination between the Lewis acid (LA) and the acylating 

agent, in our case acetyl chloride. This 

is followed by the coordination of a 

second equivalent of the LA with the 

chloride of acetyl chloride (Figure 28). 

This results in dissociation of the acetyl chloride chlorine from the molecule, forming a second 

donor-acceptor complex. This partial positive charge (δ+) allows for a typical electrophilic 

aromatic substitution reaction (SEAr) which gives rise to an aromatic ketone-Lewis acid complex 

and at which point, there is only a single LA coordinating with the molecule. The LA complex can 

be hydrolyzed to form the desired acetophenone. Prior to hydrolysis, only one of the aluminum 

(III) chloride molecules remains coordinated to the oxygen, while the other is regenerated during 

the SEAr and continues to react with additional acylating agent. 

The main takeaway in regards to our neat reaction is that large excess of the acetyl chloride 

resulted in coordination with only a single equivalent of the aluminum chloride instead of two. 

Therefore, dissociation of the chlorine, which creates the partial positive charge (δ+) at the 

carbonyl, is less likely to occur, resulting in low reaction conversion.  This is supported by our 

results which showed a large increase in conversion to product when the equivalents of acetyl 

chloride were near or below the equivalents of aluminum chloride. Using this information, we 

continued further FCA reactions using only one equivalent of acylating agent and running at 110 

°C. 

 
Figure 28. Initial Coordination of AlCl3 with Acetyl Chloride in a 

Friedel-Crafts Acylation Mechanism 
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2.4.3.1.1. Alternate Halogenated Benzenes 

In addition to DCFB, we wanted to determine whether we could perform Friedel-Crafts 

acylations on alternatively halogenated benzenes. The most desired was 1,2,4-trifluorobenzene as 

the cost difference between trifluorobenzene and DCFB is nominal unlike the difference between 

the two benzoyl 

chlorides. Having a 

fluorine in the C7 

position of the 

quinolone backbone 

facilitates the final 

SNAr reaction to 

install the piperazine 

present in ciprofloxacin. Acylation of other halogenated benzenes to form additional 

acetophenones could also be used in the synthesis of a wider variety of FQAs (Figure 29). Two 

such examples of this were 2,3,6-trifluorophenol and 1,2,3,4-tetrafluorobenzene. 

Initial reactions focused on the trifluorobenzene 43 and trifluorophenol 44 and followed 

the same reaction conditions as our DCFB acylation. These reactions showed no conversion to 

starting material. We believed that the lack of reaction 

was a result of these benzenes being electron deficient as 

a result of the three fluorines on the ring which prevented 

the reaction with acetyl chloride. Due to these initial 

results, we did not explore this reaction with tetrafluorophenol 45. Instead, we looked to our 

 
Figure 29. Proposed FQAs from Different Halogenated Acetophenones 

 

 
Figure 30. Alternate Halobenzenes for Friedel-

Crafts Acylation 
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acylating reagent to see if we could improve its reactivity and therefore account for decreased 

activity of the aromatic ring. 

We performed the FCA following the same conditions as we had established, but with the 

replacement of acetyl chloride with acetyl bromide, which has an improved reactivity.100 An 

additional benefit of the switch to acetyl bromide was also its higher boiling point (77 °C). 

Although the boiling point is still 

below the reaction temperature, it 

results in less pressure build-up and 

safer operation. Due to the 

decreased pressure build-up, this 

reaction would also be less 

dangerous on large scale compared 

to the reaction with acetyl chloride. The reaction was performed using acetyl bromide on the three 

alternative halogenated benzenes which gave improved results (Figure 31). Trifluorophenol 44 

showed the highest conversion (87%) to product, but unfortunately, trifluorobenzene 43 and 

tetrafluorobenzene 45 each showed less than 10% conversion. This opened up the opportunity for 

possible routes to FQAs such as moxifloxacin, gatifloxacin, levofloxacin, and ofloxacin. Due to 

its better activity as a leaving group, we hypothesized that the use of acetyl iodide could improve 

the conversion of trifluorobenzene 43 and tetrafluorobenzene 45, but due to its cost we chose not 

to explore those reactions.100 Due to the high conversion of our trifluorophenol reaction, we 

explored the use of acetyl bromide for our DCFB starting material. This reaction showed high 

conversion, but large amounts of regioisomer was observed which led to dismissal of those 

conditions. 
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Figure 31. Acylation of Halobenzenes Using Acetyl Bromide 
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Further investigations into the acetyl bromide 

reaction with trifluorophenol 44 were disappointing, as 

the spectroscopic data suggested that instead of 

synthesizing the desired acetophenol 46a, we 

synthesized its regioisomer 46b (Figure 33). This was 

determined using the splitting pattern of the remaining 

aromatic proton that is observed when performing 1H 

NMR spectroscopy. First, to better understand this, the 

splitting observed in our trifluorophenol starting 

material 44 must be observed. The splitting patterns of Ha and Hb are dependent on their coupling 

with neighboring protons as well as coupling with each of the three fluorines on the aromatic ring. 

Assuming the splitting effect from each of the fluorines was different, we would see a total of 12 

peaks for each proton. This is a result of splitting from 3 distinct fluorines and from the other 

 
Figure 33. Possible Products of FCA of 

Trifluorophenol 44 with Acetyl Bromide. 

 

Figure 32. 1H NMR Spectra Zoom (6.63-6.88 ppm) for the Aromatic Protons of 2,3,6-trifluorophenol 44. 
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hydrogen (1→2→4→8→12). However, when we look at the NMR spectra for 44, we see one set 

of aromatic peaks with 12 distinct peaks (6.83 ppm), and one set of aromatic peaks with 8 distinct 

peaks (6.67 ppm) (Figure 32). Closer inspection of the set with 8 peaks shows that the four central 

peaks each have a small shoulder which is not separate enough to form its own peak. This can be 

attributed to the splitting caused by the fluorine para to Hb. The proton para to fluorine on an 

unsubstituted benzene ring presents with a coupling constant of 0.2 Hz and a range from 0-4 Hz 

in substituted benzenes, which would result in the shoulders of the central peaks in the peaks 

centered at 6.68 ppm.101 Therefore, the peaks centered at 6.83 ppm with 12 distinct peaks are most 

likely attributed to Ha, and the peaks centered at 6.67 ppm with 8 distinct peaks are most likely 

attributed to Hb. 

Based on the spectra of 44, close inspection of the NMR spectra of the reaction between 

acetyl bromide and trifluorophenol 44 should show a splitting pattern with 8 distinct peaks if the 

desired product 46a is produced. This is because there is no longer splitting from a neighboring 

proton in addition to the fluorines, so we no longer observe the 12 distinct peaks from the starting 

material. The 8 distinct peaks are present in the NMR, leading to the initial conclusion that the 

proton is Hc and the desired product has been made. 

However, closer inspection of the coupling constants (Figure 34) of the outer peaks to be 

2.28 Hz. This small of a coupling constant is only possible if the proton is coupling with a fluorine 
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in the para position, as is the case for Hb where we observe indistinct shoulders on the central four 

peaks (Figure 32). Although we saw extremely low coupling from the fluorine para to Hb in the 

starting material, the acetyl substituent on the reaction product must be causing a change in the 

para-fluorine’s splitting effect and resulting in a higher coupling constant for Hd. As mentioned 

before, the range of coupling for a proton with a para fluorine is 0-4 Hz. As a result, the corrected 

conclusion is that the observed proton is Hd and the reaction formed the undesired regioisomer 

46b. 

Although this is an unfortunate result, it is by no means an end to the exploration that can 

be done on this reaction process. Alcohol substituents are strong para directors for FCA which is 

most likely causing the undesired regioisomer.102 The effects of this electron configuration can be 

Figure 34. 1H NMR Spectra Zoom (7.47-7.53 ppm) for the Aromatic Proton of Crude Reaction Mixture Believed to Contain 

46b. 
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mitigated by the use of alternately substituted benzenes, perhaps those with ethers instead of 

alcohols, which are less electron withdrawing due to the alkyl group providing electron density to 

the oxygen. In addition, the use of meta-directing groups such as carboxylic acids, esters, nitro 

groups, or a nitrile could be used to promote acylation at the desired site. Unfortunately, these 

groups are innately electron withdrawing and will further decrease the activity of the aromatic ring 

for the purposes of the reaction. Therefore, if the use of any meta-directing groups should be 

balanced out with the use of a dichloro-substituted benzene instead of the trifluoro and acetyl 

bromide will most likely still be required to improve reactivity. 

One positive from our formation of 46b, was also derived from the NMR spectra. When 

looking at the data, we observed that the signal for the methyl group of the acetophenone presented 

as a doublet.103 Further investigation of this led us to literature which suggested that the protons in 

the α-position of an acetophenone, where there is a fluorine on the neighboring benzene site, shows 

splitting. This through-space coupling that we observe in our spectra of 46b helps to confirm that 

we have formed the acetophenone, but the lack of splitting supports that in our other synthesis of 

DCFA 39, the acylation occurred at the desired site. If the acylation had occurred at the undesired 

site ortho to the single fluorine substituent, we would have observed splitting in the 1H NMR 

spectra of 39.  

2.4.3.2. β-Ketoester Backbone Formation 

 After successful formation of the desired acetophenone, it was reacted with a dialkyl 

carbonate and base to form a β-ketoester (Scheme 13, Step 2) which will act as part of the backbone 

of our final FQA product. The final structure of FQAs includes a carboxylic acid, not an ester, but 

the ester can be easily hydrolyzed to the acid at a later stage as is demonstrated in other syntheses.82 

For our experiments, we determined that sodium methoxide (NaOMe) acted as a strong enough 
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base to deprotonate at the beta carbon of the acetophenone which can then react with alkyl 

carbonates. 

 This step currently shows low isolated yield 

(IY) (7% IY, 95% purity) and due to generation 

of side products, requires purification using 

column chromatography to purify the reaction 

mixture. However, fractions collected after 

column chromatography have the potential to 

spontaneously form crystals (Figure 35). As a 

result we hypothesize that a crystallization 

method for the crude reaction mixture could be 

developed as a more economical purification 

technique. In addition, further exploration into 

reaction optimization as well as alkyl carbonate selection could improve the results. 

 

2.4.3.3. Continuation to a Convergent Synthesis 

 The main purpose of this synthetic route is to obtain the acyclic intermediate (26). This 

intermediate is present in a wide variety of fluoroquinolone antibiotic syntheses and can proceed 

to the final API through three well-known steps: cyclization, SNAr, and hydrolysis of the ester to 

 
Scheme 14. Synthesis of Common Intermediate 26c towards Norfloxacin over Two Steps 

 

Figure 35. Crystal formation of β-ketoester 40 after Column 

Chromatography 
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the carboxylic acid. In the case of ciprofloxacin, the API is most often formulated as an HCl salt, 

which can be formed at the end of the synthesis. In order to bring our β-ketoester forward to the 

intermediate, we must first install the vinyl ether and then replace the ether with our desired amine 

group. This can be achieved using triethyl orthoformate followed by installation of the desired 

amine group. Following amination, the material converges with other FQA syntheses and can be 

carried forward to the desired antibiotic. The application of these steps to the synthesis of 

norfloxacin, in particular, is amenable as the vinylogous carbamate 26c has low solubility in 

methanol and crashes out from solution. Using these two steps in sequence, we were able to 

produce 26c in 15% yield over 2 steps from 40. 

 

2.5. SNAr of Fluoroquinolone Antibiotic Intermediates 

 Fluoroquinolone antibiotics all share a 

cyclic amine ring substituent off of C7 which 

helps to promote their bioactivity. For FQAs 

such as ciprofloxacin and norfloxacin, this 

cyclic amine is piperazine. Substituted piperazines are also seen in other FQAs like levofloxacin, 

gatifloxacin, and fleroxacin among others. Therefore, the installation of this substituent is an 

important step in the synthesis of FQAs and it also provides an opportunity for expanding the 

scope of our synthesis to a wider range of antibiotics. 

 
Figure 36. Ciprofloxacin (29) and the Undesired Side-

product of SNAr (42) 
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 During the initial work performed by the Gupton group towards ciprofloxacin, it was 

realized that an undesired side product occurred during the course of the final SNAr reaction when 

the piperazine reacted at the fluorine substituent instead of at the intended chlorine substituent. 

Under our standard reaction conditions, this impurity was about 9-10% compared to the desired 

product. We believe this is due to higher reactivity of fluorine in SNAr than chlorine.84 Since the 

new synthesis through Friedel-Crafts acylation also requires a chlorine substituent, we decided to 

look into possible improvements on this SNAr reaction. 

 As shown in Figure 37, the halogen at C7 is more activated as a result of the electron 

withdrawing and donating properties of the ketone and amine substituents. The C7 site is activated 

by resonance with the electronic withdrawing effect of the ketone, there is also a relatively minor 

activation of the C6 site by the fluorine substituent due to the more polarized C-F bond. In addition, 

the C6 site is deactivated by the electron donating effect of the amine group. 

 
Figure 37. Resonance Structures Showing Activation of C7 and C6 Sites of Fluoroquinolone Precursor 
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 As expected, 

when the reaction is 

performed with a 

fluorine at the C7 

position as in prior 

syntheses, there is 

little to no 

generation of 

undesired 

substitution product 

since the C7 is 

activated by 

resonance and the 

polarized C-F bond. However, when the desired site for substitution is chlorinated, there is 

competition between the more electronically favorable position through resonance (C7) and the 

more electronically favorable site due to the polarized C-F bond, yielding a higher partial positive 

charge (δ+) on C6 and resulting in nucleophilic substitution at C6. Although this is not a major 

product of the reaction, it does result in up to 10% loss of desired product which can be a significant 

loss. In order to address this issue, we explored the use of Lewis acids to improve the electron 

withdrawing of the ketone and increase the δ+ at the C7 position (Table 8).  

 We explored a broad array of Lewis acids (Table 8) where we saw that some LA catalysts 

resulted in significant decrease of the undesired regioisomer, for example, tin (IV) chloride (entry 

1.20) and aluminum (III) chloride (1.1). In order to fully explore this chemistry, we studied the 

Exp. LA Catalyst Area % 42
a

Exp. LA Catalyst Area % 42
a

1.0 -- 9-10 1.12 FeCl3 4.2

1.1 AlCl3 3.1* 1.13 Er(OTf)3 4.9

1.2 ZnSO4*7H2O 22.9 1.14 ZrCl4 5.8

1.3 FeSO4*7H2O 16.5 1.15 TiCl4 7.3/3.3
b

1.4 Co(OAc)2 30.4 1.16 In(OTf)3 4.6

1.5 FeCl2*4H2O 14.1 1.17 ZnCl2 8.8

1.6 CoCl2*6H2O 6.8 1.18 TTIP 9.9/4.4
b

1.7 CuSO4*5H2O 9.0 1.19 MgCl2 7

1.8 CuCl 8.7 1.20 SnCl4 2.3

1.9 CuCl2 7.6 1.21 La(OTf)3 5.2

1.10 CeCl3 6.9 1.22 Fe(NO3)3*9H2O 5.2

1.11 SnCl2*2H2O 5.3 -- -- --

Catalyst Screen in DMSO

a) Area % is measured at 210nm. b) LCMS peaks were poorly defined and integration of peak 

areas was difficult

Table 8. LA Catalyst Screens in DMSO 
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solvent effects from using DMSO and pyridine. In order to expedite results, we only performed 

this solvent experiment with the LA catalysts that showed promise in the DMSO reactions. As 

shown in Table 9, aluminum (III) chloride and tin (IV) chloride were among the best performing 

LAs. In light of the good results from tin (IV) chloride, we explored tin (IV) iodide as an alternative 

LA catalyst. Tin (IV) iodide also performed very well, even better than tin (IV) chloride and 

aluminum (III) chloride with the undesired side-product at only 1.1%.  

 During our studies using uncatalyzed SNAr reactions, we observed that the final 

crystallization process yielded a 9-10% loss of desired product in addition to the purging of the 

regioisomeric impurity, resulting in only ~80% yield of product. Therefore, the decrease of the 

impurity to 1.1% is expected to result in a final yield of >95% after crystallization and purging of 

the impurity. This increase in yield would make significant impact into the final cost of the API. 

Due to these promising results, we continued our exploration into the reaction using SnCl4 and 

SnI4. 

Exp. LA Catalyst Area % 42
a Δ Area %

b
Exp. LA Catalyst Area % 42

a Δ Area %
b

2.1 AlCl3 1.2 -1.9 2.18 TTIP 2.8 -1.6

2.11 SnCl2*2H2O 5.50 0.20 2.20 SnCl4 1.6 -0.70

2.12 FeCl3 5.4 1.2 2.21 La(OTf)3 3.1 -2.1

2.13 Er(OTf)3 3.9 -1.0 2.22 Fe(NO3)3*9H2O 7.6 2.4

2.15 TiCl4 NR - 2.23 SnI4 1.1 --

2.16 In(OTf)3 4.0 -0.6 -- -- -- --

Catalyst Screen in Pyridine

a) Area % is measured at 210 nm. b) Δ Area % is the change in area % of 42 observed compared to the results in Table 8. NR 

means no reaction was observed

Table 9. LA catalyst Screens in Pyridine 
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 A study of 

the effect of LA 

loading was next 

examined (Table 

10). From these 

studies, pyridine and 

0.5 equivalents of 

either tin (IV) LA 

catalyst afforded the 

lowest amount of the 

regioisomer impurity 42 (1.1 %, entries 3.5 & 4.0). We have demonstrated an efficient method for 

final-step optimization towards ciprofloxacin. Although further studies with alternative benzene 

substitutions may be needed, we believe this technique will be effective for use in the syntheses of 

other FQAs. This is especially important since we have seen low activity of fluorine substituted 

benzenes for our Friedel-Crafts acylation reaction at the beginning of the synthesis. The use of 

chlorine substituted benzenes for FCA should provide more activity of the ring and allow for 

reaction to occur. Should the chlorine substituted benzenes be utilized, this SNAr optimization 

should help in increasing the yield of the final FQA. 

 

2.6. Conclusions and Next Steps 

 Our research group has developed an efficient, high yielding synthesis for ciprofloxacin, 

an important fluoroquinolone antibiotic. We have further expanded on this work to remove the 

major cost-driver of our own synthesis, the expensive lithium-based reagent, LiHMDS. Across 

LA Cat. LA Cat. Eq. of Cat. Solvent Area % 42
a

3.1 1 DMSO 2.1

3.2 0.5 DMSO 2.30

3.3 0.5 Pyridine 1.6

3.4 0.5 DMSO 2.8

3.5 0.5 Pyridine 1.1

3.6 0.25 Pyridine 2.5

3.7 0.25 DMSO 2.2

3.8 0.25 DMSO 2.0

3.9 0.1 Pyridine 18.2

4.0 0.5 Pyridine 1.1

4.1 0.5 DMSO 1.5

4.2 0.25 Pyridine 5.7

4.3 0.25 DMSO 2.6

4.4 0.1 Pyridine 1.7

SnCl4

SnI4

a) Area % is measured at 210 nm

Table 10. Equivalent screens of Tin (IV) LA Catalysts 
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this work, we have demonstrated that FQAs can be achieved through an alternate synthesis which 

begins with a Friedel-Crafts acylation of a halogenated benzene. During the FCA, different 

halogenated benzenes can be utilized in order to synthesize multiple FQAs. Although the 

subsequent formation of the β-ketoester is currently low yielding, this reaction can most likely be 

optimized to obtain higher yield and avoid purification by column chromatography. Subsequent 

steps towards the common intermediate can also be improved through a wider range of screens 

(temperature, time, equivalents) and by using a design of experiment analysis. These steps will 

also require further exploration into the effect of different amine moieties on the reaction and 

purification through precipitation or crystallization. Once the common intermediate is synthesized, 

the ring closure and ester hydrolysis can be performed in the same manner as other fluoroquinolone 

syntheses.82 Lastly, the SNAr reaction to install the cyclic amine at the C7 position will require 

additional studies to determine the efficacy of the reaction with cyclic amines other than 

piperazine. Although the standard reaction without LA catalysts is effective in itself, the use of tin 

(IV) iodide, tin (IV) chloride, or aluminum (III) chloride can help to improve the overall yield and 

decrease loss of product during the crystallization of the API due to minimization of undesired 

regioisomers. 

 Our synthesis of fluoroquinolone antibiotics provides a convergent route which can be 

modified to manufacture multiple FQAs through modification of the amine and cyclic amine 

moieties at the time of their respective installations. In addition, the route provides an opportunity 

for broadening the scope to more fluoroquinolones through modification of the halogenated 

benzene to establish functional groups or reactive sites early in the synthesis. Currently, the biggest 

problem with this technique is working with multi-fluorinated benzenes which have electron-poor 

aromatic rings, and hence low acylation. Due to availability, cost, or both, we were unable to 
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explore as wide of a range of halogenated benzenes as we wanted to. However, as new techniques 

and supply volumes are constantly shifting, the exploration of those halobenzenes may be easier 

and more economically viable in the future. 

 In conclusion, a framework for alternative synthesis to fluoroquinolone antibiotics was 

established. This synthetic route can be developed to be integrated into large-scale manufacturing 

and with further exploration can be used in the synthesis of multiple fluoroquinolone antibiotics. 

 

2.7. General Procedures and Experimental Data 
 

2.7.1. General Information 
 All commercially available reagents were purchased from Acros Organics, Sigma-Aldrich, 

TCI, Alfa Aesar, Combi-Blocks, or Oakwood Chemical and used as received. Proton nuclear 

magnetic resonance (1H NMR) spectra and carbon nuclear magnetic resonance (13C NMR) were 

recorder on a Bruker Ascend-600MHz. Chemical shifts for protons are reported in parts per million 

(ppm) downfield from tetramethylsilane (TMS) or referenced to residual solvent. Chemical shifts 

for carbon are reported in ppm downfield from TMS or referenced to residual solvent. Data are 

represented as follows: chemical shift, multiplicity (br = broad, s = singlet, d = doublet, t = triplet, 

q = quartet, m = multiplet), coupling constant in hertz (Hz), integration. 
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2.7.2. Procedures and Data Towards the Synthesis of Fluoroquinolone Antibiotics 
 

2.7.2.1. Meldrum’s Acid Route 

 Meldrum’s Acid Vinyl Ether 32: Meldrum’s Acid 31 (7.5 g, 52 mmol) was added to a 

50mL round bottom flask. To the flask was added trialkyl orthoformate (R=Me, 26 mL, 234 mmol) 

(R=Et, 39 mL, 234 mmol). The reaction mixture was heated to 95 °C and allowed to stir for 3 

hours. After 3 hours, the reaction mixture was allowed to cool and the excess trialkyl orthoformate 

was removed by rotary evaporation. This material was used in the next step with no further 

purification. 

 

R = Methyl: 92% Crude Yield 

 1H NMR (600 MHz, Chloroform-d) δ 8.16 (s, 1H), 4.28 (s, 3H), 1.73 (s, 6H).  

 13C NMR (151 MHz, Chloroform-d) δ 175.26, 163.17, 158.60, 104.65, 96.65, 66.16, 

27.11 

NMR agrees with literature spectra.104 

 

R = Ethyl: 86% Crude Yield 

 1H NMR (600 MHz, Chloroform-d) δ 8.23 (s, 1H), 4.51 (q, J = 7.1 Hz, 2H), 1.72 (s, 6H), 

1.52 (t, J = 7.1 Hz, 3H).  

 NMR agrees with literature spectra.105    
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NMR Spectra 12. 1H NMR of Meldrum’s Acid Vinyl Methyl Ether 32 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

NMR Spectra 13. 13C NMR of Meldrum’s Acid Vinyl Methyl Ether 32 
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NMR Spectra 14. 1H NMR of Meldrum’s Acid Vinyl Ethyl Ether 32 
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 Meldrum’s Acid Vinyl Cyclopropylamide 35: Meldrum’s acid vinyl ether 32 (R = Methyl) 

(19.4g, 0.100 mol) was added to a 500 mL round bottom flask with ethanol (100 mL) and the 

mixture was allowed to stir. In a separate flask were combined cyclopropylamine (8.67 mL, 0.130 

mol) and ethanol (100 mL). The cyclopropylamine solution was then added to the stirring mixture 

and the reaction was allowed to run for 1 hour at room temperature. After 1 hour, the solvent was 

removed by rotary evaporation. The product was used without any further purification (140% 

crude yield, 60% purity by QNMR). 

 
1H NMR (600 MHz, Chloroform-d) δ 9.66 (br, 1H), 8.26 (d, J = 14.3 Hz, 1H), 2.99 (s, 1H), 1.72 

(s, 6H), 0.90 (m, 4H). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



109 

 

NMR Spectra 15. 1H of Meldrum’s Acid Vinyl Cyclopropylamide 35. 
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 Cyclopropyl Vinylogous Carbamate 36: Meldrum’s acid derivative 35 (500 mg, 2.4 mmol) 

was added to a 20 mL scintillation vial with methanol (15 mL). Potassium Hydroxide (133 mg, 

2.4 mmol) was added to the vial and the reaction mixture was allowed to stir at room temperature 

overnight. After stirring overnight, the solvent was removed by rotary evaporation, reconstituted 

in ethyl acetate (10 mL), and washed 3x with DI water (5 mL). The organic layer was collected 

and solvent removed by rotary evaporation and the product was given in moderate yield (85% 

crude yield). 

 
1H NMR (600 MHz, Chloroform-d) δ 12.79 (br, 1H), 9.94 (br, 1H), 8.07 (d, J = 13.93 Hz, 1H), 

3.8 (s, 3H), 2.90 (br, 1H), 0.88-0.76 (m, 4H).  
13C NMR (151 MHz, Chloroform-d) δ 171.20, 170.15, 159.58, 87.16, 52.08, 30.30, 6.59. 
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NMR Spectra 16. 1H of Cyclopropyl Vinylogous Carbamate 36. 

NMR Spectra 17. 13C of Cyclopropyl Vinylogous Carbamate 36. 
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2.7.2.2. Friedel-Crafts Acylation Route 

  

 

Halogenated Acetophenone General Method: 

 

 

 The synthetic method for Friedel-Crafts acylation of halobenzenes was the same for each 

of the halobenzenes and the acylating agents that was chosen. Aluminum chloride was used for all 

of our FCAs as well. This method was adapted from literature.91 

 To a sealed tube flask (rated for 150 psi @ 120 °C) with a stir bar was added aluminum 

chloride (1.5 equiv) and halogenated benzene or halogenated phenol (1.0 equiv). Acylating agent 

(acetyl chloride or acetyl bromide) (1.0 equiv) was then added to the flask and the flask was sealed. 

The flask was submerged in a silicone oil bath and allowed to stir. *Note: In acetyl chloride 

reactions, stirring did not occur until reaction temperature was elevated to at least 70 °C. The 

reaction was slowly heated in stepwise fashion to make sure the flask was properly sealed and 

would not burst. The flask was heated to 110 °C and allowed to stir for 18 hours. After 18 hours, 

the reaction was allowed to cool to room temperature. Once the flask reached room temperature, 

it was opened slowly, taking care that expulsion of the generated HX gas remained in the fume 

hood. Once the flask was fully opened, a sample of the reaction mixture may be taken for analysis. 

Five volumes of 1M HCl was then added slowly to the reaction flask, the flask was resealed, and 

the reaction was heated to 80 °C with stirring for 2 hours. After 2 hours, the reaction was cooled 

to room temperature again. After cooling, 10 volumes of ethyl acetate (or isopropyl acetate) was 

added to the reaction mixture, followed by 10 volumes of DI water. The aqueous layer was washed 
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Figure 38. GCMS of Crude Reaction Mixture in the Synthesis of 2,4-dichloro-5-fluoroacetophenone 39. 

2 more times with ethyl acetate (or isopropyl acetate), the organic layers were collected, and the 

solvent was removed by rotary evaporation. The material could then be distilled using short-path 

distillation. 

 

2,4-dichloro-5-fluoroacetophenone 39: 

 Reaction performed starting from 2,4-dichlorofluorobenzene 38 (10g, 60 mmol) using 

acetyl chloride (4.3 mL, 60 mmol) as the acylating reagent. ~75% conversion from starting 

material (GCMS) 

1H NMR (600 MHz, Chloroform-d) δ 7.50 (d, J = 6.37 Hz, 1H), 7.41 (d, J = 8.79, 1H), 2.65 (s, 

1H).  
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NMR Spectra 18. 1H NMR of 2,4-dichloro-5-fluoroacetophenone 39. 
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1-(2,3,5-trifluoro-4-hydroxyphenyl)ethan-1-one 46b:  

 Reaction performed using 2,3,5-trifluorophenol 44 (10g, 67 mmol) and using acetyl 

bromide (5 mL, 67 mmol) as the acylating reagent. 

 
1H NMR (600 MHz, Chloroform-d) δ 7.50 (ddd, J = 2.28, 2.48, 3.72 Hz, 1H), 2.64 (d, J = 5.28 

Hz, 3H) 

 

 

 
Figure 39. GCMS of Crude Reaction Mixture in the Attempted Synthesis of 1-(2,3,5-trifluoro-4-hydroxyphenyl)ethan-1-one 

46b.  
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NMR Spectra 19. 1H NMR of 1-(2,3,5-trifluoro-4-hydroxyphenyl)ethan-1-one 46b. 
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NMR Spectra 20. 19F NMR of 1-(2,3,5-trifluoro-4-hydroxyphenyl)ethan-1-one 46b. 
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Figure 40. GCMS of Crude reaction mixture in the Attempted Synthesis of 1,3,4-Trifluoroacetophenone 43b. 

 

 

 

1,3,4-trifluoroacetophenone 43b:  

 Material was believed to be made in extremely low conversion (~2%) from starting 

material 43b (2.0 g, 15 mmol) as determined by GCMS (174 m/z).  
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1,2,3,4-tetrafluoroacetophenone 45b: 

 Material was believed to be made (~5%) as determined by GCMS (192 m/z) from 

starting material 45b (2.0 g, 13 mmol). 

 

 

 

 

 
Figure 41. GCMS of Crude reaction mixture in the Attempted Synthesis of 1,2,3,4-Tetrafluoroacetophenone 45b 
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2,4-dichloro-5-fluorobenzene-β-ketoester 40:106  

 To a 50 mL round bottom flask containing toluene (10 mL) was added sodium methoxide 

(0.73g, 14 mmol), and dimethyl carbonate (0.81 mL, 9.7 mmol). The mixture was stirred and 

heated to 100 °C and allowed to stir for 5 min. Meanwhile, dichloro-fluoro-acetophenone 39 

(DCFA) (1.0g, 4.8 mmol) was dissolved in toluene (10 mL). The DCFA and toluene solution was 

then added dropwise to the stirring mixture. After addition was complete, the reaction was stirred 

for 2 hours. After 2 hours, the reaction was cooled to room temperature and acetic acid (0.83 mL, 

14 mmol) was added dropwise as a solid precipitated out of the solution. Ice water (~20 mL) was 

added to dissolve the solid. The mixture was then transferred to a separatory funnel. The toluene 

layer was collected and the aqueous layer was extracted with ethyl acetate (3 X 20 mL). The 

combined organic layers were washed with brine, dried using anhydrous sodium sulfate, and 

filtered. The solvents were then removed using a rotary evaporator. The residual crude oil was then 

purified using column chromatography. Upon collection from the column, spontaneous 

precipitation of crystals was observed. (90 mg, 7% yield, 95% purity) 

 
1H NMR (600 MHz, Chloroform-d) δ 12.40 (s, 1H), 7.51 (dd, J = 6.34, 6.52 Hz, 2H), 7.47 (d, J = 

8.65 Hz, 1H), 7.44 (d, J = 9.36 Hz, 1H), 5.65 (s, 1H), 4.04 (s, 2H), 3.82 (s, 3H) 3.75 (s, 3H) 

 
13C NMR (151 MHz, Chloroform-d) δ 192.25, 172.94, 167.77, 167.19, 157.84, 157.66, 156.16, 

156.00, 132.63, 118.34, 118.18, 118.08, 117.92, 93.87, 52.75, 51.93, 48.76, 31.73, 22.80, 14.26. 

 
1F NMR (565 MHz, Chloroform-d) δ -115.49, -116.53  
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NMR Spectra 21. 1H NMR of 2,4-dichloro-5-fluorobenzene-β-ketoester 40. 
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NMR Spectra 22. 13C NMR of 2,4-dichloro-5-fluorobenzene-β-ketoester 40. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



123 

 

NMR Spectra 23. 19F NMR of 2,4-dichloro-5-fluorobenzene-β-ketoester 40. 
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General Procedure for 2,4-Dichloro-5-fluorobenzene Vinylogous Carbamate 26:107 

 β-ketoester 40 (1.0 equiv.) was added to a flask with triethyl orthoformate (1.5 equiv.). 

Acetic anhydride (2.5 equiv.) was then added. The reaction mixture was heated to 90 °C for 3 

hours. After 3 hours, the reaction was cooled and the excess triethyl orthoformate and acetic 

anhydride were removed by rotary evaporation. The crude material 41 was then moved directly to 

the next step. 

 To the flask containing crude 41 was added methanol (2.5 volumes). In a separate flask, 

alkyl amine (ethylamine or cyclopropylamine) (1.0 equiv) was combined with methanol (2.5 

volumes). The amine solution was added to the reaction flask and the mixture was stirred at room 

temperature for one hour. After one hour, the methanol was removed by rotary evaporation. 

 

*Note: In the case of using ethylamine, the product precipitated out of reaction and was collected 

by filtration instead. 

 

 

 

Cyclopropyl vinylogous amide 26a: 

 26a was made in crude yield of 16% over 2 steps from 40. 

 

 



125 

 

NMR Spectra 24. 1H NMR of Cyclopropyl Vinylogous Amide 26a. 

1H NMR (600 MHz, Chloroform-d) δ 11.06 (br, 1H), 8.25 (d, J = 13.8 Hz, 1H), 7.39 (d, J = 6.46 

Hz, 1H), 6.97 (d, J = 8.61 Hz, 1H), 3.56 (s, 3H), 3.00 (m, 1H), 0.97-0.93 (m, 2H), 0.90-0.86 (m, 

2H).  
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NMR Spectra 25. 1H NMR of Ethyl Vinylogous Amide 26b. 

 

 

Ethyl vinylogous amide 26b:  

 26b was made in crude yield of 15% (320 mg, 95% purity) over 2 steps from 40. 

 
1H NMR (600 MHz, Chloroform-d) δ 11.05 (br, 1H), 8.15 (d, J = 14.7 Hz, 1H), 7.39 (d, J = 6.4 

Hz, 1H), 6.99 (d, J = 8.53 Hz, 1H), 3.56 (s, 3H), 3.52 (m, 2H), 1.38 (t, J = 7.3 Hz, 3H).  
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2.7.2.3. General Procedure for the SNAr Reaction towards Ciprofloxacin (29): 

 

 All reactions were performed in glass reinforced sealed pressure tubes. 

To a solution of 7-chloro-1-cyclopropyl-6-fluoro-4-oxo-1,4-dihydroquinoline-3-

carboxylic acid (27b) (5.0 g, 0.018 mol) in DMSO (25 mL) was added piperazine (7.5 g, 0.09 

mol). The contents were shaken at room temperature to mix, then Lewis acid catalyst (0.5 equiv.) 

was added. The reactor vessel was then sealed and placed in an oil bath to stir at 135 °C for 2 h. 

After stirring for 2 h, the reaction was allowed to cool to room temperature. 

 An equal volume of 1M aq. NaOH compared to the volume of solvent was added. The 

reaction mixture was filtered through a plug of celite and charcoal (10 g/10 g), washed twice with 

2 plug volumes of water, and the filtrate was neutralized to a pH of 7 with 2M aqueous HCl. The 

product was collected by vacuum filtration and dried in a vacuum oven. 29 and 42 were identified 

by HPLC using a method developed from standards of the material. 
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