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Thesis goal 

The aim of this thesis was to explore the possibilities of synthesizing the pure enantiomer of 

salbutamol, namely levosalbutamol, using pure enzymes or whole organisms in the chiral 

steps in the synthesis. The intention of this was to find a cost effective synthetic route in order 

to avoid using expensive and hazardous metal catalysts and reduce the amount of waste pro-

duced during the synthesis.  
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Abstract 

Asthma is one of the most common non-communicable diseases in the world, affecting almost 

4 % of the world's population. The cause behind asthma is not understood, but it is believed to 

be a combination of genetic predisposition and environmental factors. This is a condition that 

is affecting more and more people, especially in developing countries, where medication is 

less available. There are many different treatments to manage this chronic inflammation of the 

airways; β2 adrenergic receptor agonists, corticosteroids or synthetic antibodies, but during an 

acute asthma attack the short-acting β2 adrenergic receptor agonists (SABAs) are the most 

effective. The most commonly used SABA is marketed under the name Ventoline, with the 

active compound being a racemic mixture of salbutamol. It is commonly known that salbuta-

mol has one active enantiomer and one inactive enantiomer, but it has been debated whether 

the medicine with the pure active enantiomer is worth its increase in cost. 

This thesis focuses on exploring the possibilities for a biocatalytic approach in the synthesis 

of the clinically active enantiomer, levosalbutamol, in an attempt to reduce the waste and cost 

of the industrial synthesis. This topic has been approached previously by Camilla Skjærpe in 

her master thesis, on which this thesis is based. Using her work as a foundation, the synthetic 

route from salicylaldehyde to levosalbutamol was evaluated, and the biocatalytic use of 

Baker's yeast (Saccharomyces cerevisiae) and Candida antarctica lipase A (CALA) was in-

corporated. The first reaction, a Friedel-Crafts acylation, gave a decent yield (34.9 %) and 

high purity. The second step was a reduction, where both LiAlH4 and S. cerevisiae was at-

tempted. The chemical reduction had a lot of room for improvement and the yeast reduction 

was promising, but the complete workup was missing. Using LiAlH4 required enzymatic reso-

lution with CALA, which yielded very poor results. The next and last step would be 

amination with t-butyl amine, but this step was not done due to time constraints combined 

with difficulties in the workup of the preceding step. 
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Sammendrag 

Astma er en av de mest vanlige ikke-smittsomme sykdommene i verden og påvirker nesten 4 

% av verdens befolkning. Hva som forårsaker astma er ikke kjent, men det mistenkes å være 

en kombinasjon av genetiske forutsetninger og miljø. Dette er en tilstand som påvirker flere 

og flere folk, spesielt i utviklingsland, hvor medisin ofte er mindre tilgjengelig. Det finnes 

mange måter å håndtere denne kroniske betennelsen i luftveiene; β2 adrenergiske reseptor 

agonister, kortison og steroider, eller syntetiske antistoffer, men ved et akutt astmaanfall så er 

det de korttidsvirkende β2 adrenergiske reseptorene (anfallsmedisin) som er mest effektive. 

Den vanligste anfallsmedisinen er markedsført som Ventoline, hvor virkestoffet er en 

rasemisk blanding av salbutamol. Det er godt kjent at salbutamol har en aktiv enantiomer og 

en inaktiv enantiomer, men det er omstridt hvorvidt medisinen med kun den aktive 

enantiomeren er verdt den ekstra kostnaden. 

Denne oppgaven fokuserer på å utforske mulighetene til å ha en biokatalytisk tilnærming til 

syntesen av den aktive enantiomeren, levosalbutamol, i et forsøk på å redusere avfall og 

utgifter i den industrielle syntesen. Dette emnet har blitt utforsket tidligere av Camilla 

Skjærpe i hennes masteroppgave, som denne oppgaven er basert på. Ved å bruke hennes 

arbeid som fundament ble reaksjonsforløpet fra salicylaldehyd til levosalbutamol evaluert og 

biokatalytisk bruk av gjær (Saccharomyces cerevisiae) og Candida antarctica lipase A 

(CALA) ble benyttet. Den første reaksjonen, en Friedel-Crafts acylering, ga et moderat 

utbytte (34.9 %) med høy renhet. Det andre trinnet var en reduksjon, hvor både LiAlH4 og S. 

cerevisiae ble prøvd. Den kjemiske reduksjonen hadde mye rom for forbedring og 

gjærreduksjonen viste lovende resultater, men full opparbeiding manglet. Ved bruk av LiAlH4 

var det nødvendig med enzymatisk oppløsning med CALA, men dette ga veldig dårlige 

resultater. Det neste trinnet vil være aminering med t-butyl amine, men dette trinnet ble ikke 

gjort på grunn av tidspress kombinert med problemer med opparbeidelsen i reaksjonstrinnet 

før.  
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1 Introduction 

The entire premise of this thesis has already been explored in 2003 by Camilla Skjærpe (1), 

but as the synthetic route proved to be particularly difficult it was considered worthwhile to 

revisit the research question. Since many advancements has been made within the field of 

biocatalytic chemistry, as can be seen in Figure 1 by the sheer increase in publications made 

within the field of biocatalysis, it was hoped that new experimental procedures could be ex-

plored as to successfully synthesize levosalbutamol. 

 

Figure 1: Published articles containing the concept of biocatalysis, as found on SciFinder. (2) 

When reviewing Skjærpe's work, it seemed that the synthetic route chosen was appropriate, 

but some adjustments in the experimental procedure could increase yields and ultimately pro-

vide good results. Thus, the synthetic pathway chosen to be explored initially in this thesis 

can be seen below in Scheme 1. 

 

Scheme 1: Planned synthetic route to synthesize enantiomerically pure levosalbutamol. 

A chemical reduction of the ketone group, followed by an enzymatic resolution was also at-

tempted. This enzymatic resolution was not attempted by Skjærpe. 



Theory  

2 

2 Theory 

2.1 Chirality 

2.1.1 The basics of chirality 

To grasp the concept of this work, understanding some basic concepts commonly known in 

chemistry is required. First and foremost, the idea of chirality must be understood. Simply 

put, chirality in terms of chemistry can be explained as asymmetric molecules. An often-used 

definition to describe a chiral molecule would be as a molecule of which its mirror image is 

not superposable on itself. Arguably, the most common way to exemplify this would be to 

compare your right and left hand to each other. They are mirror images of each other, but 

however rotated in space, they do not superpose. The word chiral itself is derived from Greek 

cheir, meaning hand. Nature itself is chiral and can be seen many places. The DNA is a right-

handed helix, the heart is located on the left side and almost all naturally occurring amino 

acids and sugars are prevalent as just one of the mirror images. As amino acids are the build-

ing blocks for proteins, which again are the building blocks of enzymes, nature's fundamental 

machines, it is only natural that life itself is chiral. (3, 4) 

There are several ways molecules can be asymmetric, and therefore chiral, shown in Figure 2. 

For example when free rotation of the chemical bonds are hindered either by double-bonds (a) 

or sterical interaction (b), or most commonly when the molecules contain an atom with four 

different substituents (c). Asymmetric molecules are called stereoisomers, the case of (a) and 

(b) are further called diastereomers and the molecules in (c) are called enantiomers. This the-

sis will focus on the enantiomers, where the mirror images do not superpose. Enantiomers are 

denoted using the Cahn-Ingold-Prelog system, where the chiral center is denoted using R and 

S. (3) 
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(a) 

 

(b) 

 

(c) 

Figure 2: Diastereomers with rotation hindered by (a) double bounds, (b) steric hindrance, and (c) 

enantiomers with a chirality center. 

It is difficult to separate or identify stereoisomers based on the traditional physical and chemi-

cal methods, as they behave similarly and almost all of their chemical and physical properties 

are the same. The exception to this is optical rotation, as stereoisomers will rotate a plane-

polarized light in opposite directions. This will be further discussed in Section 2.4.2. In addi-

tion, isomers behave wildly different in biological settings, which is the fundamental motiva-

tion for this thesis. (3, 4)  

As mentioned, nature is built using chiral building blocks, with chiral biological machines. As 

a result, the receptors and sensors in the body are chiral and can detect and react differently to 

different stereoisomers. Common examples of this would be carvone, where the R-enantiomer 

smells like spearmint and the S-enantiomer smells like caraway (5), and limonene, where one 

enantiomer is responsible for the smell in oranges and the other in lemons. (3) 

2.1.2 Chiral synthesis 

Broken down to its fundamentals, there are three different ways to design a synthesis with the 

intention of reaching an enantiomerically pure product. The three general routes are; starting 

with a chiral compound found naturally, synthesizing a racemate and resolving it, and using a 

prochiral compound as a part of an asymmetric synthesis. (6) These routes are outlined in 

Figure 3 below, including some of the different alternatives within each approach. 
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Figure 3: Different approaches to chiral synthesis. (6) 

The first discovery of chiral molecules was done by Louis Pasteur in 1848 (7), when he inves-

tigated the crystal structure of tartaric acid. He compared the sodium ammonium crystals 

formed with a racemic mixture of tartaric salt, obtained from the owner of a chemical plant, to 

the crystals formed with a sample of tartaric acid, found as a natural byproduct of winemak-

ing. He found that the racemic mixture contained two different crystal structures. One of the 

structures resembled the tartaric acid found in wine, while the other was an exact mirror im-

age that was not superposable with the first crystal. He separated the two different crystals by 

hand and after dissolving them in water and observing them in a polarimeter, he found that 

they rotated the polarized light in different directions. In doing so, he resolved the enantio-

mers and was able to separate them, using what has become one of the most useful methods 

of doing so, resolution by crystallization. (3)  

Allowing a racemic mixture to interact with a pure enantiomer of a resolving agent results in a 

diastereomer where the chiral centers of the compound and the resolving agents interact, 

changing their physical properties. The solubility becomes different between the two isomers, 

and with careful crystallization, the two stereomers can be separated. Assuming a good selec-

tivity, dissolving the two sets of crystals will result in two enantiomerically pure solutions. (3, 

8) As a continuation of using chiral material for racemic resolution, chiral chromatography 

can be used (3), which will be further explained in Section 2.4.1.  
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Kinetic resolution can be done in two ways, the first being reacting the racemic mixture with a 

chiral catalyst where one of the enantiomers reacts faster than the other. A value used to indi-

cate the difference in reaction rate is called the E-value and is calculated using Equation 1 

below. Simply put, the E-value shows how many times faster the most reactive enantiomer 

reacts than the slower reacting enantiomer. (9)  

  

  
            
         

  
            
         

 1 

The eep and ees in Equation 1 stands for enantiomeric excess (ee). If the reaction is stopped 

before full conversion, the substrate will be enriched with one enantiomer, while the product 

will be enriched by the other enantiomer. This excess of one enantiomer is commonly called 

the enantiomeric excess and is calculated using the equation below. (3, 8) The ee is often used 

in reactions to denote the purity of the enantiomer, where 100 % ee is equal to a pure enanti-

omer and 0 % ee is equal to a racemic mixture. 

min

min

molmol

molmol
ee

maj

maj




  2 

Kinetic resolution can also be done using enzymes, which has become a widespread method 

and is often done using the enzyme group called lipases. Lipases can be used selectively in 

both hydrolysis and esterification, depending on the solvent chosen. (10) Lipases from the 

yeast Candida antarctica are very commonly used, specifically the lipases called lipase A and 

lipase B, abbreviated CALA and CALB respectively. An example of the kinetic resolution 

with CALA is shown below in Scheme 2, where Jacobsen et al. has resolved racemic 

stiripentol. (11) 
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Scheme 2: Racemic stiripentol resolved using CALA. (11) 

The main issue with kinetic resolution is the maximum yield cannot exceed 50 %. This may 

seem contradictory at first, but considering that a racemic mixture consists of equal amounts 

of two enantiomers and ideally only one of the enantiomers will react, the other enantiomer 

will remain. Therefore half of the substrate will remain unreacted. (6, 12) A possible way to 

work around this issue is by dynamic kinetic resolution, where a method is devised so that the 

remaining substrate is racemized so that the reactive enantiomer will always be present. This 

is most commonly done with enzymes or metallic catalysts, chosen so that they quickly and 

continuously racemize the substrate, but have no effect on the product. (6, 9) 

Moving on to the next section in Figure 3, asymmetric synthesis is another major aspect of 

synthesizing enantiomerically pure compounds. The concept of asymmetric synthesis is to 

direct the reaction so that the reactants ideally only produce one of the enantiomers. The reac-

tant is usually not chiral, but becomes chiral during the reaction. Such reactants are called 

prochiral, and a reaction that results in an enantiomeric excess of the product enantiomer is 

called stereoselective. (3, 8) In order to react stereoselectively, either the reaction mechanism 

must favor one enantiomer over the other, or chirality must be introduced to the reaction by 

other means, usually by a catalyst. As with kinetic resolution, the catalysts used can be chem-

ical or biological. A simple example of this could be the stereoselective reduction of the 

allylic alcohol seen in Scheme 3. 
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Scheme 3: Stereoselective reduction of an allylic alcohol, yielding 99 % of the S-enantiomer. (13) 

The importance of stereoselective reactions was shown in 2001, when William Knowles, 

Ryoji Noyori and Barry Sharpless won the Nobel Prize in Chemistry for their work in catalyt-

ic stereoselective reactions. Knowles for his discovery and application of a ruthenium com-

plex with a chelating diphosphine called DIPAMP (14), Noyori for his discovery and applica-

tion of a ruthenium complex with BINAP (15), and Sharpless for his work with epoxide oxi-

dation with titanium tetraisopropoxide. (16, 17) BINAP has already been shown in Figure 

2(b), while DIPAMP and the titanium complex can be seen below in Figure 4. The structure 

for Sharpless' titanium complex is not conclusively proven, but is thought to have the struc-

ture below based on experimental data. (18) 

   

Figure 4: The structure of DIPAMP and the proposed structure of Sharpless' titanium complex. (14, 

18) 

As illustrated in the examples above, catalysts used in stereoselective reductions are often 

complex, using transition metals. An alternative to these complex transition metal catalysts 

would be biocatalysts.  

Again mirroring the situation for kinetic resolution, the conventional metallic catalysts can be 

exchanged for biocatalysts with similar enantioselectivities. In terms of catalytic activity in 

biology, enzymes are the most used tools. A commonly used enzyme is the alcohol dehydro-

genase (ADH) found in common yeast, Saccharomyces cerevisiae. An example of this can be 

seen below in Scheme 4, where an acetophenone is stereoselectively reduced to its corre-

sponding secondary alcohol. (19) Biocatalysis in general will be discussed in greater detail in 

Section 2.3.1. 
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Scheme 4: Enantioselective reduction of an acetophenone, 2,3'-dichloroacetophenone, to a secondary 

alcohol, (R)-2-chloro-1-(3-chlorophenyl)ethanol, using yeast as a biocatalyst. (19) 

The last route to achieving an enantiomerically pure product is simply to use enantiomerically 

pure compounds already available as reactants. Vast amounts of enantiomers are found natu-

rally, many from natural fermentation. The naturally found enantiomers that can be used in 

organic synthesis are collectively called the chiral pool. Alternative sources of chiral com-

pounds could be vitamins, amino acids, or even hormones. In some cases, enantiomerically 

pure compounds made on an industrial scale are considered part of the chiral pool. (20, 21) 

2.1.3 Chirality in medicine 

Returning to the idea of receptors reacting differently to different enantiomers, mentioning the 

tragic example of thalidomide is inevitable. Thalidomide is a mild sedative and was devel-

oped in the 1950s and marketed as a sleeping pill (22) and later in the 1960s to alleviate the 

symptoms of morning sickness in pregnant women (3). In 1963, it was discovered that thalid-

omide caused teratogenesis, severe birth defects, in what has been estimated to be 10 000 

fetuses. Subsequently it was found that only one of the enantiomers had this teratogenic ef-

fect, namely the S-enantiomer. The R-enantiomer did not have this effect, but still acted as a 

sedative. Further study showed that even if the pure enantiomer was administered, the mole-

cule racemized in vivo (3, 22, 23) and would still result in birth defects if given to pregnant 

women. Due to situations like these, the US government has become aware of the importance 

of chirality and as a result, both of the two enantiomers and the racemate must be studied in-

dividually during the course of the drug design. (3, 22) 

The emphasis on stereochemistry began in the 1980s, when making enantiomerically pure 

compounds in substantial amounts became possible. In this period, it was already commonly 

accepted that only one of the enantiomers in a racemate was responsible for the biological 

activity. The US Food and Drug Administration (FDA) took a clear stand in 1986 when a sen-

ior official told a large audience at an international scientific meeting that the FDA wanted 

racemic drugs to be resolved and to characterize the individual enantiomers. Doing this, the 
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FDA had chosen a clear direction in which they wanted take the drug industry and in 1992 

this became a part of their official policy statement. (23) 

When a new drug is approved and marketed, it becomes registered as a new molecular entity 

(NME). The definition of NMEs as given by the FDA is "An active ingredient that has never 

before been marketed in the United States in any form." (23) Not surprisingly, the number of 

racemic NMEs registered worldwide has declined steadily since the FDA made their state-

ment (23), as can be seen in Figure 5.  

 

Figure 5: New NMEs launched 1985-2004, divided by chiral, achiral and racemic. (24) 

Regarding registering chiral NMEs, it is important to note that something called ‘chiral 

switching’ or ‘racemic switching’ may affect the numbers. Racemic switching is when a 

company owns the patent for a drug containing the different enantiomers of a NME and starts 

marketing the single enantiomer independently, and under a different patent. (22-25) In order 

to do so, there must be evidence showing that the 'new drug' is an improvement over the pre-

vious. (22) This is a controversial topic, as the single enantiomer does not always have a clin-

ical benefit over the racemic mixture. Even though only one of the enantiomers, the eutomer, 

is biologically active and the other, the distomer, is inactive, it may be cheaper to use the ra-

cemic mixture, but in some cases, the pharmaceutical companies chose to do the chiral switch 

as to maximize the potential profit from the molecule. In other cases, the distomer may be 

responsible for unwanted side effects and developing single enantiomer drugs could increase 

both the safety and efficacy of the treatment, being a direct improvement of the original race-

mic drug. A specific example of a debated chiral switch would be omeprazole (Figure 6), 
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marketed and sold as the racemate Prilosec by AstraZeneca. The racemate was approved in 

1989 and earned the company over $6 million per year in the US by 2000. The patent ended 

in 2001 and its market exclusivity ended. Shortly after, the eutomer, (S)-omeprazole was pa-

tented with the brand name Nexium, by the same company, thus further securing the market 

share. By some, this has been regarded as a "corporate waste of healthcare resources". (25)  

  

Figure 6: (S)-omeprazole and (R)-omeprazole 

2.2 What is asthma? 

Simply stated, asthma is a condition in which the airways are chronically inflamed, causing 

irritability of the mucous membrane in the air passages. Symptomatic for this condition is 

recurring episodes of shortage of breath, wheezing and coughing, varying in intensity from 

individual to individual. (26-28) 

The cause of asthma is not completely understood, but the strongest risk factors are thought to 

be a combination of genetic predisposition and inhalation of airborne particles, such as dust, 

dust mites, tobacco smoke, pollen, chemical irritants and air pollution. (28) 

2.2.1 Prevalence and cost 

Historically, asthma has been known since ancient Egyptian times, being treated with herbs, 

as described in the Ebers Papyrus. The word asthma originates from the Greek verb aazein, 

which means panting, and the earliest text using 'asthma' in a medical context is Corpus 

Hippocraticum, by Hippocrates, although it is not known whether 'asthma' was used to de-

scribe the condition or the symptom. Closer to modern times, treatment resembling today’s 

medicine was has been used in China since around 200 AD where medicinal herbs were in-

gested to treat allergic asthma. (29) The fact that asthma was an inflammatory disease was not 

discovered until the 1960s when anti-inflammatory medication became used. (30) 

In a 2013 press release, UN estimated the world's population to be 7.2 billion (31), while the 

WHO estimated asthma to affect over 235 million people. This means that in 2013, approxi-

mately 3.3 % of the world's population suffered from asthma. Furthermore, WHO reports that 

asthma is both under-diagnosed and under-treated, which means that the real numbers are 
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probably significantly higher than the official numbers. Asthma is a common disease in all 

countries regardless of level of development and it is the most common non-communicable 

disease among children. (28)  

Figure 7 shows the increase in number of prescriptions given for asthma and chronically ob-

structed pulmonary disorder (COPD) in Norway over the last decade. Considering the similar-

ity between the symptoms of the two conditions, they are hard to separate and as such, the 

graphical representation cannot discriminate between the two. In addition, the statistics are 

only for Norway, a country that has had a high standard of living for a longer period, therefore 

excluding the developing countries of the world, where asthma is a bigger problem. (32) 

 

Figure 7: Development in number of prescribed asthma and COPD prescriptions in Norway. (33) 

A study done in 2011 found that the mean cost of asthma in patients aged 30-54 years was 

€1,583 in 2010, and when extrapolated to include the whole European population, ages 15-64, 

the total cost of asthma for 2010 was €19.3 billion. The mean cost per patient was highly in-

fluenced by the degree of control of the disease, and conditions such as chronic cough or 

phlegm as well as a high BMI all increased the cost. Perhaps not very surprisingly, the main 

contributor to the cost of asthma was the indirect costs, such as lost working days. (34) A sim-

ilar study was done in the United States of America in 2009, and they concluded that asthma 

cost the USA $56.3 billion, equal to €40.1 billion in 2009. (35) When considering the Euro-

pean and the American study, the impact and prevalence of asthma is apparent and that effi-
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cient control of asthma, e.g. with efficient medication, could reduce the huge amounts of un-

necessary expenses related to asthma. 

2.2.2 Physiological cause and effect 

To understand the effect asthma has on the human respiratory system and how to treat it, it is 

important to first gain an insight in what it is and how it functions. The following section will 

explain the pathophysiology of asthma. 

The human respiratory system (Figure 8) starts with the nasal cavity and goes down the tra-

chea. Here it branches off into two bronchi, one for each lung. These bronchi branch off into 

smaller and smaller tubes called bronchioles, and at the end of the smallest bronchioles are 

clusters of air sacs called alveoli. This is where the gas exchange in humans occurs, where 

oxygen enters the blood, and carbon dioxide leaves. (36) 

 

Figure 8: The human respiratory system, with a close-up of a terminal bronchiole with belonging alve-

oli. (36) 

The epithelial cells lining the larger bronchioles are covered in mucous and small hairs called 

cilia. The mucous is there to capture foreign particles, such as pollen and dust, and the cilia 

carry the particles towards the throat, allowing it to be swallowed. (36) 

There are two main types of asthma, atopic and non-atopic asthma. Atopic asthma can also be 

called allergic or extrinsic asthma and is caused by external stimulation, mainly by allergens. 

The second type of asthma is the non-atopic, or intrinsic asthma. Intrinsic asthma is often a 
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secondary diagnosis to chronic inflammations in the airways and exhibits the same symptoms 

as extrinsic asthma, but the immune system is not involved in the exasperation of the condi-

tion. Rather than allergens, intrinsic asthma is caused by other factors such as stress, exercise, 

dry air, smoke, or other irritants. (37) Most data on the pathophysiology of asthma examine 

the atopic type, which will also be the main focus here. 

 Atopic asthma can be considered an immune disorder, and many factors are involved, all 

related to the immune system. The immune system is based on a variety of granulocytes 

(white blood cells, Figure 9), such as leukocytes, eosinophils and basophils, that cooperate in 

order to prevent and fight diseases or infections. The immune system is based on two separate 

systems: the humoral immune system and the cellular immune system.  

 

Figure 9: Two types of granulocytes: eosinophil (left) and 

leukocyte (right). (38) 

The cellular immune system fights cells infected by viruses, and destroys parasites. The 

humoral immune system (Latin humour, "fluid") fights bacterial infections and viruses found 

in body fluids. The humoral systems works by immunoglobulins (Ig), Figure 10, binding to 

foreign bacteria, viruses or large molecules, marking them for destruction. The Ig are pro-

duced by the B cells, and make up 20 % of the blood protein. When Ig are made, they have 

two branches that bind to the specific antigens to which the B cells were exposed. The base 

fragment interacts with leukocytes that will activate and attack the antigen that triggered the 

Ig. 
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Figure 10: The structure of immunoglobulins. (39) 

In the cellular system, T cells are responsible for destroying foreign cells. This happens when 

cytotoxic T cells (TC cells) recognize the foreign cells using T-cell receptors found on the 

surface of the T cells. Another type of T cells, called helper T cells (TH cells), helps the im-

mune system by producing different cytokines, including interleukins (IL), which stimulates 

TC cells and B cells that can bind to specific antigens. (40)  

As there are two different systems working together, there are two phenotypes of TH cells 

which can stimulate either TC cells or B cells,. The TH-1 phenotype, promotes cell mediated 

immunity by stimulating T cells, and the TH-2 phenotype, promotes humoral mediated im-

munity by stimulating B cells. Normally, there is a balance between the two phenotypes de-

termined both by genetic and environmental factors, but it is found that atopic asthmatics are 

often predisposed towards the TH-2 phenotype. This is illustrated by Figure 11 below. As 

shown in the figure, the different phenotypes also influence the different IL produced. (41) 
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Figure 11: Illustration showing how the different TH phenotypes affect asthma. (41) 

As mentioned, inhaled irritants and allergens are usually cleared by the cilia lining the bron-

chioles, but sometimes the allergens bypass the mucous and penetrate the underlying epitheli-

um in the alveoli. When this happens, circulating dendritic cells, a type of messenger cell for 

the mammalian immune system, engulf the allergens and migrates to the nearby lymph nodes. 

When the dendritic cells reach the lymph nodes the allergens are presented to the T cells and 

the B cells, and the B cells start producing immunoglobulin E (IgE). This is a specific class of 

Ig that binds to mast cells. Mast cells are large mononuclear cells that stores granules filled 

with histamine, tryptase, chymase, eicosanoids and TH-2 like cytokines. In the future, expo-

sure to that specific antigen will lead to what is called mast cell activation. The IgE on the 

surface cross-links and causes a release of the granules mentioned. Normally this does not 

cause any harm to the person, but that is not the case for asthmatics and the allergic. (41) 

The issue with atopic asthmatics is that the TH-2 phenotype helper cells produce excessive 

amounts of the specific interleukins indicated in Figure 11, namely IL-4, IL-5, IL-10 and IL-

13. IL-4 and IL-13. These IL are responsible for the B cells production of IgE and due to the 

excessive amounts of these interleukins in asthmatics, there is an overproduction of IgE. It has 

been shown that blocking IL-4 during antigen sensitization completely negates the develop-

ment of atopic asthma. The exaggerated amount of IgE causes the activation of too many mast 

cells and a more severe reaction than non-asthmatics. As the chemicals in the released gran-

ules are toxic, the symptoms of an acute asthma attack present themselves. Histamine causes 

contraction of the smooth muscles in the airways (42), tryptase intensifies the effect of hista-
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mine and chymase appears to be toxic to the airway cells. These three chemicals are responsi-

ble for the initial reaction of an asthma attack. The release of eicosanoids and cytokines cause 

the late reaction phase. They recruit further eosinophils, leukocytes and macrophages, and 

when the late phase has begun, the eosinophils are mostly responsible for the inflammation. 

They do this by releasing a cocktail of harmful chemicals that cause tissue damage, constrict 

the smooth muscles, and increase the permeability of the membrane in the airway. The in-

creased permeability of the membrane leads to further more eosinophils and TH-2 type cells in 

the airway. This harmful cycle can eventually lead to chronic inflammation of the airways, 

without allergens even being present. Again, the TH-2 phenotype being more dominant in 

asthmatics exacerbate the reaction by producing more IL-5, which causes production of even 

more eosinophils. (41) 

In this thesis, we are interested in the bronchoconstricting properties of histamine and how to 

counteract it. This property comes from a chain of events that starts with histamine binding to 

a type of receptors called H1 receptors. (43) These are part of a group of receptors called G 

protein-coupled receptors (GPCRs) which are amongst the most common receptors in medi-

cine, targeted by almost half of the drugs on the market. (40) These GPCRs consist of long 

amino acid chains, crossing the cell membrane seven times, seen in Figure 12, and can have a 

variety of effects when transducing signals from the cell membrane to intracellular secondary 

messengers. (44) In the case of histamine, the H1 receptor activates phospholipase C (PLC), 

which hydrolyses phosphatidylinositol 4,5-bisphosphate (PIP2) to diacyl glycerol (DAG) and 

phosphatidylinositol 1,4,5-trisphosphate (PIP3). PIP3 then migrates through the cell membrane 

and binds to IP3 receptors that allow calcium ions through the membrane. The increase in in-

tracellular calcium ions causes airway smooth muscles to contract, causing breathing prob-

lems in asthmatics. (43) Another effect of histamine is that it increases the growth of smooth 

muscle cells in the airways, amplifying the bronchoconstricting effect of histamine. (42) 
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Figure 12: Norepinephrine shown how it fits in the active site of a GPCR, this specific GPCR being a β2-

adrenergic receptor. (45) 

2.2.3 Medication 

Based on the mechanism of histamine and the H1 receptor, histamine is the natural ligand of 

the receptor. If a synthetic compound was made to mimic the effect of histamine, it would be 

called an agonist to the H1 receptor. A synthetic compound made to bind to the active site, but 

not cause the histamines effect, thus blocking the receptor would be called a histamine antag-

onist. (40) A group of chemicals that serve as antagonists to histamine are commonly called 

antihistamines, commonly used to treat allergies. Although it seems that antihistamines would 

prevent asthmatics from having asthma attacks by blocking the effect, this is not the case. A 

meta-analysis found that antihistamines had approximately the same effect as a placebo when 

taken in order to control asthma. (46) 

In order to treat asthma it has therefore been found more effective to either use corticoster-

oids, or target another type of GPCRs, namely the adrenergic receptors. There are four differ-

ent subtypes of adrenergic receptors, divided into α1, α2, β1 and β2, separated by their affini-

ties to different agonists and antagonists, and their corresponding response. (22, 40) The α 

adrenergic receptors are responsible for smooth muscle contraction, while the β adrenergic 

receptors (βAR) are responsible for contraction in cardiac muscles and relaxation in smooth 

muscles. The βARs that most selectively targets the smooth muscles in the airways are the 

β2ARs, illustrated in Figure 12, and is therefore the most targeted receptor for asthma medica- 
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tion. The natural ligand for the β2AR is epinephrine, shown 

in Figure 13. The most common medications intended to 

treat the initial phase of an asthma attack are therefore syn-

thetic analogs to epinephrine, which are called β2AR ago-

nists. 

The mechanism that causes epinephrine and its analogs to 

cause bronchodilation is illustrated in Figure 14 below. The epinephrine, or the agonist, binds 

to the specific receptor in the β2AR, causing a conformational change in the receptor. This 

change activates the Gs subunit of the receptor by changing bound GDP to GTP, which then 

causes a part of the Gs subunit to detach and go on to activate another enzyme in the cell 

membrane, adenyl cyclase (AC). AC is vital to the synthesis of cyclic AMP (cAMP) from 

ATP, which leads to an activation of cAMP-dependent protein kinase, called protein kinase A 

(PKA). (40) The PKA then goes on to phosphorylate more protein modulators. Overall, this 

pathway inhibits the hydrolysis of IP2 by PLC and activates the K
+
-ion channel, causing a fall 

in intracellular Ca
2+

 levels and large conductance of K
+
. The inhibition of PLC counteracts the 

activation by histamine mentioned in Section 2.2.2, (47) and the opened K
+
 channel causes 

bronchodilation. (48)  

There are three main groups in terms of different medications; asthma attack relief, asthma 

attack preventives and asthma preventives, with the active molecules being mostly short-

 

Figure 13: Molecular structure of 

epinephrine. 

 

Figure 14: The GPCR pathway when activated by epinephrine. (40) 
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acting β2AR-agonists (SABA), long-acting β2AR agonists (LABA) and corticosteroids, re-

spectively. (49)  

The β2-agonists are, as previously implied structurally related to epinephrine, as can be seen 

in Figure 15 for the SABA and Figure 16 for LABA. The mechanism of both types of β2AR-

agonists have already been outlined and is visualized in Figure 14 above. The SABA are 

named so due to their fast onset and short period of action. Salbutamol has the highest affinity 

for the β2AR of the SA agonists. Salbutamol reaches maximum bronchodilation after 15 

minutes and the SABA are generally active for 4-6 hours, while the natural ligands are me-

tabolized after only 1-2 hours. The short activation time and short duration makes them effec-

tive for acute asthma attacks, but less so as a preventive measure. As such, they should be 

used on an as-needed basis, being at the lowest dose and frequency necessary. (47) An im-

portant structural difference of salbutamol, compared to epinephrine, is that the group in the 

meta position is an aldehyde, as opposed to an alcohol. This has been shown to affect the po-

sition in the active site to such an extent that the active site no longer overlaps with the cate-

cholamine group (benzene ring with two hydroxy groups) found in epinephrine. (45) Some 

marketed SABA are; salbutamol under the trade names Airomir and Buventol, and terbutaline 

under the trade names Bricanyl and Terbasmin. (49) 

 

Figure 15: Short-acting β2-agonists 

LABAs are, as the name indicates, active for longer than the SABAs. The LABAs remain 

active for about 12 hours. The cause of this change in duration is the longer and more hydro-

phobic amine chain, as can be seen in Figure 16. This chain increases the affinity to the recep-

tor, but also increases the time it takes to bind to the receptor. Salmeterol's hydrophobic chain 

causes it to diffuse in and out of the cell membrane, while moving towards the active site. Due 

to this movement it takes more than 30 minutes for salmeterol to activate the receptor, it is 

suggested that salmeterol's long chain binds to an external site and keeps the head in the ac-

tive site longer. Thus, salmeterol has a longer activation time, but after activation the effect 

lasts longer. Formoterol has a slightly higher effect than salmeterol, but lasts shorter. 

Salmeterol is marketed as Serevent, and formoterol is marketed as Foradil and Oxis. (47, 49) 
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Figure 16: Long-acting β2AR agonists 

In the last decade, some development has been done on β2AR agonists and a new, more unu-

sual type has been become increasingly common: the ultra long-acting β2AR agonist (Figure 

17). Amongst them is indicaterol. It was approved in Europe in 2009, and has become mar-

keted in several countries. Indicaterol has been found to have an activation time comparable 

to salbutamol, and with a bronchodilating effect that lasts for 24 hours, being ultimately more 

effective than other β2AR agonists. (47) Another ultra LABA, olodaterol, has been on the 

market since October 2013, under the name Striverdi. (50) Olodaterol has a potency compara-

ble to that of formoterol, but with a longer lasting effect. (47) Several other ultra LABAs are 

under development with the goal of making efficient LABAs that can be ingested on a once-a-

day basis. (51) Due to the long period of effect, LABAs are effectively used as a preventative 

measure.  

 

Figure 17: Ultra long-acting β2AR agonists 

An issue found in the group of β2AR agonists as a whole, is that resistance may be built up by 

the desensitization of the GPCR. When the receptor has been activated and the Gs subunit has 

left, the remaining subunit can be phosphorylated, which attracts a protein that binds to the 

receptor, effectively blocking further action. This leads to the entire GPCR leaving the cell 

membrane, migrating into the cell. Eventually the subunit is dephosphorylated and the GPCR 

can return to the membrane. This mechanism causes asthmatics to become progressively less 
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sensitive to β2AR agonists, but the responsiveness will return to normal after 3 days if treat-

ment is stopped. SABAs have been blamed for an increase in the mortality and morbidity of 

asthma that happened as SABAs were introduced to the market. They have also been linked to 

an increased asthmatic reaction. LABAs have been linked to deaths in asthmatics, which has 

caused the FDA to stop monotherapy with LABAs, but these effects are only seen when the 

β2AR agonists are used over a period of time and the use of LABAs have been found to be 

safe in combination therapy with corticosteroids. Another noteworthy point regarding β2AR 

agonists is that due to their selectivity towards the β2AR, they may also be selective towards 

the β1AR, which would cause an increase in heart rate. The selectiveness towards this recep-

tor varies greatly between the β2AR agonists, but care should be taken as heart related issues 

might arise, such as arrhythmia or tachycardia. (47)  

The last main group of medication is called corticosteroids (Figure 18) and they are used as a 

preventive measure for asthma. Unlike the β2AR agonists, the corticosteroids are not able to 

stop an ongoing asthma attack, but are instead used to reduce the overall reaction. This is 

done by binding to steroid receptors that suppress the transcription of genes, preventing the 

synthesis of inflammatory proteins. In short, these receptors prevent the unwinding of DNA 

so that the transcription proteins are unable to access the DNA strand. (52) 

 

Figure 18: Corticosteroids 



Theory  

22 

When these genes are inhibited, a range of changes occurs due to the nature of DNA tran-

scription. A graphical representation of these changes can be seen in Figure 19 below. 

 

Figure 19: Overview over the different effects treatment with corticosteroids have. (52) 

Some medicaments are designed to be antagonists to a GCPR called the muscarinic acetylcho-

line receptor (mAChR). These receptors stimulate bronchoconstriction, and blocking these 

receptors with antagonists cause bronchodilation. The effect of these mAChR antagonists are 

comparable to those of the β2AR agonists, and the effect is slightly slower but longer. (47) 

Examples of mAChR antagonists are ipratropium and atropine, seen in Figure 20 below. 

 

Figure 20: mAChR antagonists 

Another way to treat asthma is to use antibodies to block receptors. Some examples of this 

could be omalizumab, that binds to IgE and prevents the binding of antigens; lebrikizumab, 

that blocks IL-13; dupilumab, that blocks IL-4; mepolizumab and benzralizumab, that blocks 

IL-5; and brodalumab, that neutralizes the receptor for IL-17. (53) 
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 Last is a chemical group called xanthines, most commonly repre-

sented by theophylline (Figure 21). These compounds inhibit phos-

phodiesterase (PDE). This elevates the intracellular levels of cAMP, 

and further inhibits the synthesis of leukotriene. (54) 

There are several other methods with bronchodilating effects used 

for treating asthma that will not be visited in this thesis, including 

K
+
 channel openers, Rho kinase inhibitors, leukotriene receptor an-

tagonists, brain natriuretic peptides, nitric oxide donors, etc. (47) 

The 'ideal' treatment for asthma will probably never be found, but clinical studies have shown 

that combinational therapy using several of the methods mentioned above are very successful. 

Most commonly used is the combination of LABAs and corticosteroids, gaining most of the 

positive effects and reducing the side effects due to the smaller doses. Examples of such 

treatments could be Inuxair, using beclometasone dipropionate and formoterol; Flutiform, 

using fluticasone dipropionate and formoterol; and Symbicort, using budesonide and for-

moterol. (47, 52) A lot of development and studies are still going on, producing interesting 

results, indicating an interest for improvements in the industry. (51) The need for new and 

better asthma medication can also be seen by the market for asthma medication in the phar-

maceutical industry worldwide, being valued at $34.15 billion in 2012. (55) 

2.2.3.1 Ventoline vs. Xoponex 

As mentioned previously, it is a well-established fact that an enantiomer pair of medical com-

pounds has one eutomer and one distomer. (56) It has been found that the βAR are 

stereoselective regarding the βAR agonists and only the R-enantiomers in the medications 

used are active. (57-60) As a result, it is more favorable to optimize the synthesis of pure en-

antiomers and do a chiral switch, where possible. (61) The focus of this thesis is to successful-

ly synthesize the eutomer of salbutamol, the R-salbutamol named levosalbutamol, using effec-

tive biocatalytic methods. Salbutamol is one of the medications that has undergone a chiral 

switch, but under conflicting opinions. The chiral switch from salbutamol to levosalbutamol 

has been debated for two reasons: The clinical advantage has not been definitely proven in 

clinical trial (59, 62) and the cost of levosalbutamol is about five times higher than that of 

racemic salbutamol. Racemic salbutamol is marketed as Ventoline for $5-30 per inhaler, 

while levosalbutamol is marketed as Xopenex for $50 per inhaler. (63) This increase in cost 

might explained by the fact that the second to last step of the synthesis is resolution of the 

enantiomers by crystallization with tartaric acid, halving the possible yield. (24) 

 

Figure 21: Theophylline, 

a methylxanthine 
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However, many published articles favor the switch to levosalbutamol. Some of the articles 

have found direct advantages in the therapeutic profile that could not be matched with race-

mic salbutamol. (64) Other articles have found disadvantages with S-salbutamol, such as it 

being metabolized 12 times slower than levosalbutamol. (65) This slow metabolism might 

lead to a buildup of S-salbutamol in the body, which causes cytokine production and an in-

crease in intracellular Ca
2+

, leading to bronchoconstriction. (59) In addition, it has been 

shown to increase bronchial hyperresponsiveness, but this has not been consistently proven in 

clinical trial. (62) However, it has been found that levosalbutamol somehow decreases the 

number of admissions to the hospital (47, 66, 67) and that admissions cost generally less due 

to a higher rate of discharge. (66)  

A meta-analysis by Jat (2013) concluded that the levosalbutamol is only slightly more advan-

tageous to racemic salbutamol, but not enough for it to be worth the increased cost. This is 

shown by the fact that a double dose of racemic salbutamol has a slightly lower effect than 

levosalbutamol. Since racemic salbutamol is 50 % levosalbutamol, the doses would contain 

the same amount of levosalbutamol, which indicates that the S-salbutamol has no clinical ef-

fect apart from the slight disadvantages it offers. (59)  

Although a debated topic, it seems that salbutamol is the better choice regarding emergency 

treatment of acute asthma attacks amongst the different treatments available, and for salbuta-

mol, the enantiomerically pure levosalbutamol is an improvement on the racemic compound. 

2.3 Synthetic route  

When finding a new synthetic route to levosalbutamol, it is important to find the motivation 

for doing so. In order to improve a synthesis, the issues with the current synthesis must be 

reviewed. As mentioned, one of the issues with levosalbutamol is the price and therefore the 

cost effectiveness of the overall synthesis has been targeted. Although the cost of 

levosalbutamol is higher than comparable β2AR agonists, high production cost is prevalent 

throughout the entire pharmaceutical industry. 

The wastefulness of organic synthesis in industrial processes from an environmental point of 

view, especially in the pharmaceutical industry, becomes apparent when comparing the "E 

factor" between the different industries. The E factor was a term introduced by Roger A. 

Sheldon to describe the amount of waste produced compared to the amount of product, using 

Equation 3 below. (68) In the pharmaceutical industry, the E factor is usually 25-100, which 

is considerably higher than for bulk chemicals (<1-5) and fine chemicals (5-50). (69)  
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Considering that pharmaceutical chemistry often includes many synthetic steps, with consid-

erable workup, a lot of solvent is used and the efficacy of the synthesis is substantially lower 

than in other industries. Sheldon is a great proponent for green chemistry, the branch of chem-

istry that focuses on reducing or eliminating the amount of hazardous substances generated in 

synthesis. This has ultimately led to many environmental benefits and a strengthened econo-

my as a more sustainable industry has been developed. (70) Sustainability is the main focus of 

green chemistry and might be most aptly put in the words of the Our Common Future report, 

known as the Brundtland Report, from the UN World Commission on Environment and De-

velopment. "Sustainable development is development that meets the needs of the present 

without compromising the ability of future generations to meet their own needs." (71) Aiming 

at this goal, there are twelve main steps to consider in a synthetic procedure, amongst them; 

the number of steps, solvents used, less hazardous chemicals involved, energy efficiency and 

catalytic vs. stoichiometric. (72) A great example of improving and optimizing pharmaceuti-

cal syntheses with a focus on environment can be seen in the synthesis of sildenafil citrate, the 

active compound in Viagra, marketed by Pfizer. The vast improvement is shown in Figure 22 

below. (73) 

 

Figure 22: Waste produced in the synthesis of sildenafil citrate at various times. (73) 
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Even though this thesis does not explicitly aim to lower the E factor of the production of 

levosalbutamol, the intentions are the same.  

As mentioned, the price of racemic salbutamol can be up to five times that of levosalbutamol. 

Although the distomer of salbutamol has not been proven to have any significant detrimental 

effects, making improvements in the synthesis of levosalbutamol may shift the cost effective-

ness of the synthetic route in the favour of levosalbutamol. By improving the synthesis, using 

less solvent, water when possible, reducing the amount of synthetic steps, and using biocata-

lysts (milder conditions), the E factor could hopefully be improved to the same degree as for 

Viagra, leading to an ultimately greener synthetic route. 

2.3.1 Biocatalysis 

Records of biocatalysis as old as 400-500 B.C. has been found in Mesopotamia. These rec-

ords were themselves copies of several thousands of years old records. They outline what is 

probably the most common chemical reaction known to man. They explain how grains were 

fermented in order to yield beer, the process known as brewing. (74) Although not a 

stereoselective reaction, it implies the importance of biocatalysis in chemistry. Incidentally, 

yeast is a very common biocatalyst and can be used in a wide variety of ways within organic 

synthesis. (75-78)  

There are several reasons as to why biocatalysts are a huge asset to organic synthesis. First 

and foremost, they are incredibly effective catalysts that can work under very mild conditions. 

Due to the nature of enzymes, they are most efficient at physiological conditions, meaning 

low temperatures and neutral pH. Chemical compounds are usually stable at these conditions, 

which reduces the risk of decomposition. Several enzymes can be used in the reaction, allow-

ing for complex one-pot reactions, and by designing the reaction properly a lot of the workup 

usually required can be avoided. This can be done removing the need for other reagents, vast-

ly reducing the amount of solvent needed and reducing the amount of byproduct. Enzymes are 

not restricted to their natural substrate, and just as non-natural substrates, such as agonists and 

antagonists, can interact with the active sites of receptors, enzymes have a high tolerance of a 

large variety of substrates. Due to the large diversity of enzymes found in nature, the range of 

reactions that can be catalyzed, and their substrate tolerance, there is virtually no limit to the 

capabilities of enzymatic reactions. Different enzymes have different selectivities, and choos-

ing the right enzyme can catalyze the reaction based on the functional group 

(chemoselective); the same functional groups, but in different environments (regioselective); 
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or based on the chirality, be it only reacting on one enantiomer or only synthesizing one enan-

tiomer from a prochiral substrate (enantioselective). As catalysts, they can be washed and 

reused making them an economical choice being biological, they are biodegradable and easily 

disposed. (9)  

The experimental procedure chosen is influenced by several factors, most importantly the type 

of reaction wanted. The six main classes of enzymes are listed in Table 1, with the type of 

reaction related to each class. 

Table 1: The different classes of enzymes, and their related reactions. (9) 

Enzyme class Reaction type 

Oxidoreductases Oxidation-reduction 

Transferases Transfer of functional groups 

Hydrolases Hydrolysis 

Lyases Addition-elimination 

Isomerases Isomerizations; racemization, epimerization, rearrangement. 

Ligases Formation-cleavage of bonds with carbon. 

 Most commonly used are the hydrolases for their ability to hydrolyze esters, amides and lac-

tones. A subgroup of hydrolases are the lipases mentioned previously. The advantage when 

using hydrolases is that they do not require any cofactors and can be readily used as isolated 

enzymes. In addition, they are not selective towards specific substrates, but the functional 

group. This makes them viable for a wide range of reactions. (9) 

The second most common class of enzymes used are the oxidoreductases. The major and most 

important difference between these two classes is that oxidoreductases require a redox cofac-

tor that can act as a redox counterpart to the substrate. These redox cofactors are often expen-

sive and are recycled using other enzymes in order to use them in catalytic amounts, shown in 

Figure 23. To completely remove the need for these cofactors, whole cells are often used. As 

the biological cells have a closed system, they have redox cofactors in their cytoplasm, in ad-

dition to a method of recycling them. As a result, the only reagent needed when using whole 

cells as biocatalysts, apart from the cells and the substrate, is a source of energy, often glucose 

or a growth medium. The disadvantages of using whole cells are that there might be several 

competing enzymes in the organism, or the substrate might be toxic to the cells in the concen-

trations usually used. In addition, the presence of the substantial biomass may cause the 

workup to be cumbersome and might result in low overall yields. (9) 
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Figure 23: Example showing how enzymes require recycling of cofactors. (9) 

After finding an enzyme with the wanted selectivities, the two main options are isolated en-

zymes or whole cells. The whole cells can come from bacteria, fungi or yeast. If the substrate 

is added to cells in a growth medium, the cells are considered to be growing cells, but if the 

cells are centrifuged and washed with water or a suitable buffer, they are considered resting 

cells. (79) 

Biocatalysis has become more common in industrial processes and is for example used in 

washing powder, to enable the removal of grease stains at lower temperatures. Other industri-

al uses would be in animal food, textile production and paper production. (80) For industrial 

purposes, biocatalysts can be superior to chemical catalysts both in terms of being environ-

mentally friendly and more cost effective, economically speaking. (9) 

2.3.2 Current approach 

In the 1970s, several patents were taken out on different syntheses of salbutamol. Common 

for most of them is that they used a reducing agent, usually LiAlH4, and/or palladium cata-

lyzed hydrogenation. Reported yields were overall low, at 49 %. (81)  

In 1988, Babad et al published a new synthetic route (Scheme 5) that bypassed several of the 

issues presented in the previous syntheses. For example boron reagents were no longer used, 

eliminating the possibility of boron contamination. This synthesis did not require any protec-

tive groups, which spares the synthesis any protection-deprotection steps. The first step had a 

yield of 70 % using bromine as the halide, and 40 % when using chloride. The overall yield 

was 43 %. (82) 
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Scheme 5: Synthesis of salbutamol as published by Babad et al. (82) 

As it is well established that the R-enantiomer is the eutomer, there are also several methods 

to synthesize levosalbutamol. Attempts have been made to resolve albuterol using chiral ac-

ids; dibenzoyltartartic acid (DBTA), and ditoluoyltartaric acid (DTTA), but yields were low 

and ee was variable. (From 32.5 % yield and 98.4 % ee, to 50 % yield and 83.5 % ee.) (83) 

Other chiral catalysts have been tried, such as BMS. (58) The first synthetic steps are similar 

in many synthetic routes for β2AR agonists, and a chiral reduction, similar to those men-

tioned, have been done with BMS for salmeterol (84) and the rhodium catalyst, Rh(Cp)Cl2, 

PEG-BsDPEN for salmeterol (60) and formoterol (85).  

A new patent published in February 2015 has gone a synthetic route similar to that of this 

thesis. The main difference being that they have chosen to reduce the ketone group with 

KBH4. Achieving a promising total yield of 80 % from start to finish proves that the approach 

chosen is potentially suitable for industrial use. Choosing the borohydride reducing agent pre-

vents the stereoselective synthesis of levosalbutamol that would have been achieved with a 

chiral catalyst. They have also chosen to aminate the α-bromine before the reduction. This is 

not advisable with the biocatalysts chosen in this thesis, as the t-butyl amine group would 

become far bulkier than preferred for the active sites in the enzymes. In addition, this was not 

synthesis of levosalbutamol, but rather racemic salbutamol and would require an additional 

step to resolve the enantiomers. (86) 

As shown, many of the current syntheses use metal catalysts and as mentioned, they are often 

expensive. Switching out the metal catalysts used in the current synthesis of levosalbutamol 

with a biocatalyst could be a tremendous improvement (69) and even though it has been 12 
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years since Skjærpe's thesis was written, any attempts of synthesizing levosalbutamol using a 

biocatalytic approach has yet to be published. 

2.3.3 Own approach 

When deciding on how to begin the synthetic route to synthesizing levosalbutamol, it was 

mentioned in Section 1 that the master's thesis from 2003 by Camilla Skjærpe was used as a 

basis. In the section called "Further progress" of Skjærpe's thesis, she suggests following the 

synthetic route shown in Scheme 6. (1) 

 

Scheme 6: Synthetic route suggested by Camilla Skjærpe. (1) 

The initial step of the synthesis was taken from Babad et al (82), and was chosen due to the 

availability of salicylaldehyde and the simplicity of the reaction, as Friedel-Crafts acylations 

are one of the staple reactions in organic synthesis. After the Friedel-Crafts acylation, there 

were two main options. The first was to reduce the secondary ketone using a chemical reduc-

ing agent, followed by an enzymatic resolution, and the second option was to use a biocatalyst 

to reduce the ketone asymmetrically. Skjærpe tried both methods, where reducing the ketone 

enzymatically, using growing S. cerevisiae gave variable results (0 % to 25 %), and the chem-

ical reducing agents gave no results. Further progress was not made by Skjærpe. 

2.3.3.1 Friedel-Crafts Acylation 

Friedel-Crafts (FC) reactions are common reactions used to create carbon-carbon bonds with 

aromatic rings. There are two different FC reactions, alkylation and acylation. Most common 

are the reactions done with alkylhalides, and acyl halides, respectively. The general method is 

outlined in Scheme 7 below. Alkylations are very straightforward reactions, attaching an alkyl 

chain to the aromatic ring, while acylations attaches acyl chains. These types of reactions are 

called electrophilic substitution reactions. The reagents are given a positive dipole by a Lewis 

acid, causing the electrons from the aromatic ring to react. Subsequently, the hydrogen pre-

sent on the aromatic ring leaves. The total reaction is a substitution of the hydrogen with the 

wanted reactant. The reagent aluminum chloride (AlCl3) seen in Scheme 7, is a very strong 

Lewis acid used to give the chain a positive dipole to start the reaction. Unfortunately, AlCl3 



2.3 Synthetic route 

31 

is used in stoichiometric amounts, resulting in metal waste that needs to be disposed of. (3, 8, 

87) 

 

Scheme 7: Mechanism for a Friedel-Crafts alkylation. (3) 

Although of great use, the FC reactions have some issues. The FC alkylations have a tendency 

to become polyalkylations, where several reagent molecules attach to the aromatic ring. An-

other issue with FC alkylations is that if a longer alkyl chain is used, they tend to rearrange 

when forming the carbocation. This makes it important to be very selective with the reagent 

used. Neither of these issues are very problematic with FC acylations. The reason for this is 

that the carbocation formed is stabilized by the neighboring carbonyl group, and 

polyacylations are not a problem due to the electron withdrawing effect of the electron with-

drawing group, an effect that will be explained in the next paragraph. If the carbonyl group is 

unwanted the acyl chain can be reduced to an alkyl chain with a zinc catalyst in a reaction 

called the Clemmensen reduction. (3) 

FC reactions are very sensitive to electron withdrawing (EWG) and electron rich groups 

(ERG). This is due to the stability of the aromatic ring. If the aromatic ring is to react, ERG 

can stabilize and sustain the aromaticity while the ring acts as a nucleophile to the reagents. 

EWG on the other hand, will draw electrons out of the aromatic system and destabilize the 

aromaticity. It is due to these effects that acylations only occur once, as the first acyl group 

will deactivate the ring system and prevent it from reacting further. Therefore, aromatic rings 

with ERG will react much faster than aromatic rings with EWG. Another important aspect of 

the ERG and EWG is that they direct the reaction. This is caused by the resonance structures 

and the delocalization of electrons. The activating ERG will supply the aromatic ring with 

electrons and resonance structures will direct the FC reactions towards the ortho or para posi-

tion. The deactivating EWG will pull electrons out of the system and the aromatic ring and the 

FC reaction will be directed towards the meta position. (3, 8) The starting reagent used in this 

thesis, salicylaldehyde (Figure 24), has two groups. The alcohol group is an ERG and will 

activate the system and direct towards ortho (Position 1) or para (Position 3). The aldehyde 



Theory  

32 

group is an EWG and will deactivate and direct towards the meta 

position (Position 1 or 3). The activating groups tend to have pri-

ority when directing the reagent and in this case, that would be 

position 1 or 3 in Figure 24. In addition to being heavily influ-

enced by ERG and EWG, steric hindrance also play an important 

part during the mechanism. So the ERG would direct the reaction 

towards position 1 or 3, but the steric hindrance in position 1 would make position 3 the most 

likely reaction site, which is the wanted position for the target molecule. (8) 

Although the length of the carbon chain wanted on the salicylaldehyde is short enough to use 

FC alkylation, the carbonyl group necessary in a FC acylation is an ideal target for enzymatic 

reduction. Generally, secondary ketones attached to a benzene ring are called acetophenones 

and they are common substrates in enzymatic synthesis. (88) As a result, the FC acylation is 

ideal in preparation for following enzymatic use. 

Because the Lewis acids used to activate FC reactions are commonly metals used in stoichio-

metric amounts, a large amount of harmful waste is produced. This is an area more than ready 

for an improvement and a lot of effort is made to find reagents that show satisfactory catalytic 

activity. These catalysts are sometimes named "True catalytic Lewis acids". (69, 89) Another 

alternative would be more environmentally friendly non-metallic reagents. An example of 

this, could be the use of methanesulfonic anhydride (MSAA) as a reagent, creating a bond 

between an aromatic ring and a carboxylic acid. MSAA is readily available in nature, and the 

method has given high yields. (90) 

2.3.3.2 Carbonyl reduction 

As mentioned in Section 2.1.2, there are several routes towards an enantiomerically pure 

product. As biocatalysis is the main focus of this thesis, two options were considered. The 

first option was to reduce the carbonyl group using a chemical reducing agent, followed by 

enzymatic resolution. The second option was to reduce the carbonyl asymmetrically using 

enzymes. The product of the FC acylation would be an ideal substrate for enzymatic use and 

as mentioned, the acetophenone structure is very common in biocatalytic synthesis. As such, 

there is a lot of published literature on similarly structured molecules. The availability of pub-

lished work on acetophenones makes it easier to find enzymes with a suitable selectivity. (10, 

19, 88, 91-96) 

 

 

Figure 24: Salicylaldehyde. 
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2.3.3.2.1 Reducing agent: Lithium aluminum hydride 

When deciding on a chemical reducing agent the options are relatively straightforward. The 

two most commonly used reducing agents are lithium aluminum hydride (LiAlH4) and sodi-

um borohydride (NaBH4). The difference between them are related to their strength as Lewis 

acids and as lithium is a stronger Lewis acid than sodium, and AlH4
-
 is a more reactive is the 

more reactive hydride donor, LiAlH4 is the stronger reducing agent of the two. They have 

similar selectivity, both readily reducing ketones and aldehydes to alcohols, but due to the 

higher strength of LiAl4, it also reduces esters. Neither of them can reduce carbon-carbon 

double bonds. They should be able to react stoichiometrically, and as they both have four 

hydrogens, the ratio to the substrate should be 4:1. Due to the high reactivity of LiAlH4, it 

must be used in anhydrous solvents such as tetrahydrofuran or ether, as it reacts violently with 

water. NaBH4, on the other hand, may be used in both water and alcohol. (87) An interesting 

use of NaBH4 has been reported using a ball mill to grind the reagent with NaBH4, without 

the use of solvents. The yields reported were all >99 % and reactions could be both stereo- 

and regiospecific. The downside of this method is that it requires a ball mill, which is an ex-

pensive and highly specialized piece of equipment, with a low capacity. (97) 

When choosing between the two reducing agents, LiAlH4 was chosen, as Skjærpe was not 

able to reduce the ketone using either of the reducing agents. Therefore, the stronger of the 

two agents were chosen in an attempt to improve the method and manage to synthesize the 

desired product. However, when comparing to other published articles involving similar re-

ductions it seems that the NaBH4 is preferred.(60, 84, 98). 

2.3.3.2.2 Bacterial reduction: L. kefiri and R. erythropolis 

Due to the abundance of hydrolases that reduces acetophenones selectively, the task was un-

dertaken to find an alternative to the baker's yeast suggested by Skjærpe. A large number of 

suitable enzymes were found, amongst them Synechoccus sp (99), Bacillus sp (94) and 

Rhodococcus erythropolis (100, 101). Conforming to the objective of the thesis, whole cells 

were chosen, due to several factors, the main reason being that it is less expensive concerning 

cofactors and that workup is significantly easier.  

Gröger et al. had very promising results when using recombinant techniques to overexpress 

the hydrolases alcohol dehydrogenase (ADH) and glucose dehydrogenase (GDH) in Esche-

richia coli. This technique allowed them to make the E. coli selectively produce both the en-

zyme and the coenzyme required to reduce the substrate and recycle the cofactor. They ex-
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pressed ADH from two different organisms in two separate sets of E. choli. The first having 

ADH from R. erythropolis and the other from Lactobacillus kefiri. (101) 

An important factor to keep in mind when working with enzymes is the nomenclature might 

not always be very intuitive. In the Cahn-Ingold-Prelog system, chemists denote the chiral 

centers R or S based on the atomic mass of the atoms around the chiral center, while biochem-

ists often use Prelog or Anti-Prelog, based on size. In the case for the FC acylation product, 

the bromine atom makes the desired product the R-enantiomer, and the size makes it Prelog. 

Had this bromine been changed with a methyl group, the desired enantiomer would have been 

S, while the size stays the same and it would still be Prelog. (9) As the active sites are unaf-

fected by atom mass, and only take size into consideration, the R and S prefix is somewhat 

irrelevant compared to Prelog and Anti-Prelog. In the asymmetric reduction wanted for 

levosalbutamol, the Prelog selectivity is desired. Gröger et al. reported L. kefiri as being R-

selective, but due to the methyl group this would be Anti-Prelog, while R. erythropolis would 

be S-selective and Prelog. This illustrates the importance of considering the stereoselectivity 

in terms of both Prelog/Anti-Prelog and R/S, when searching for a suitable enzyme for the 

synthesis. 

2.3.3.2.3 Yeast reduction: S. cerevisiae 

Baker's yeast, Saccharomyces cerevisiae, is the most commonly used biocatalyst for asym-

metric reduction of ketones and the ADH is very stereoselective, always reducing according 

to Prelogs rule. (9) Amongst the reasons for baker's yeasts wide spread use, is its simplicity, 

affordability and broad substrate selectivity. Baker's yeast can be used to reduce ketones with 

a great diversity of functional groups around it, including heterocyclic- fluoro-, chloro-, 

bromo-, cyano-, and nitro groups. (9)  

A reason for its selectivity can be seen below in Figure 25. The ADH in Baker's yeast has a 

small pocket in which the substrate fits. Keeping the larger regions outside of the pocket pre-

vents the yeast from being too selective, as there is no need to accommodate the larger sub-

stituent. Yeast is highly suitable for this synthesis, for many reasons. The affordability allows 

it to be used on a large scale, (77, 78) without costs being too high, in addition to the fact that 

S. cerevisiae has been shown to effectively reduce α-halohydrins, compounds similar in struc-

ture to the substrate used in this thesis. (19) 
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Figure 25: Model for predicting the stereoselectivity of yeast. (9) 

The downside of using whole cell Baker's yeast is that being a living cell, it contains many 

enzymes and some of the enzymes might compete for the substrate. This may result in un-

wanted byproducts. (9) 

2.4 Analytic methods for analyzing chiral molecules 

As mentioned previously, enantiomers have the same physical and chemical properties and 

cannot be differentiated by conventional means. The only way to separate enantiomers or ana-

lyze the difference between them is to let them interact with other chiral substances. In this 

section, two analytical methods used to analyzed chiral molecules will be explained: chiral 

high performance liquid chromatography (HPLC) and polarimetry. 

2.4.1 Chiral High Performance Liquid Chromatography 

Chromatography is a common technique commonly used in chemistry. The principle of 

chromatography is, simply put, the separation of chemical compounds based on differences in 

properties. To do this, chemical compounds in a mixture are physically separated by moving 

through a stationary phase in a mobile phase. By choosing appropriate phases, the compounds 

will have different affinities to the mobile phase. If a compound has a high affinity to the mo-

bile phase, it will move quickly through the stationary phase and will therefore eluate quickly, 

while compounds with a higher affinity to the stationary phase will spend more time in the 

stationary phase, thus having a higher retention and will, as a result, eluate slower. The time 

taken to eluate is called the retention time, and is denoted tR.  

There are many different types of chromatography, usually based on the physical states of the 

phases used for the mobile and stationary phases. In this thesis, the mobile phase used was 

liquid, while the stationary phase was solid, and the separation was based on adsorption to the 
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stationary phase. This is called liquid-solid chromatography (LSC). Modern liquid chroma-

tography uses high-pressure pumps to keep a stable flow, and accurate on-line detectors, and 

is called high performance liquid chromatography (HPLC). (102) 

Stationary phases are usually solid materials inside a rigid tube, called a column. Different 

solid materials in the columns are chosen in order to specify by which properties the com-

pounds should be separated. Separation of compounds can be based on the size of the com-

pounds if the stationary phase has pores of a specific size. This is called size exclusion chro-

matography (SEC). Usually, separation is based on polarity and the stationary phases chosen 

are polar silica derivatives. However, as mentioned, enantiomers have the same physical and 

chemical properties and normal chromatographic techniques are not able to separate enantio-

mers. Chiral molecules are indistinguishable, except when they interact with other chiral sub-

stances, and in order to separate enantiomers using chromatographic techniques, the packing 

material in the column must be chiral. The packing material chosen for chiral HPLC is usually 

derived from natural sources, such as amino acids, cyclic saccharides, polysaccharides or pro-

teins. Figure 26 is an example of this, with the packing material being derived from amylose. 

This is the packing material used in the Chiralcel ODH columns used in this thesis. (102) 

 

Figure 26: Packing material in a chiral HPLC column, Chiralcel OD-H.  

In chiral chromatography, the separation is based on the interaction between the enantiomers 

and the chiral section of the packing material. As the enantiomers have a different spatial con-

figuration, they interact differently with the chiral selectors in the column. These effects make 

it possible to separate enantiomers. (102) 
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2.4.2 Polarimetry 

As opposed to chiral HPLC, polarimetry is a method to find a property shown by chiral mole-

cules, namely the optical rotation. Optical rotation is a measurement of how much the com-

pound rotates plane-polarized light. The optical rotation is a property that is not found in achi-

ral or racemic mixtures, but enantiomers have specific values that can be used for identifica-

tion as any other physical property, such as melting point or boiling point. In order to measure 

the optical rotation of an enantiomer, an instrument called a polarimeter is used. (3) 

The principle of a polarimeter is simple (Figure 27). A light source, usually a sodium lamp, 

shines light through a polarizer. The polarizer causes the light to oscillate only in one plane, 

as opposed to normal light that has two oscillating, perpendicular waves. The light is sent 

through a sample cell, reaching an analyzer in the other end. The analyzer is another polarizer 

that can be rotated, attached to a fixed degree scale. The analyzer is rotated until the maxi-

mum intensity of light shines through. If the sample contains an achiral substance or a race-

mic mixture, the analyzer does not need to be rotated, and the rotation measured, α, is 0°. (3) 

 

Figure 27: The concept of a polarimeter. 

When the sample cell contains a single enantiomer of a compound, the analyzer is rotated 

either clockwise (+), or counterclockwise (-) to find the angle of maximum light intensity. 

The amount of rotation is dependent on the amount of enantiomers the light travels through, 

which depends on both the travel length through the sample, and the concentration of the 

molecules in the sample. To account for this, the specific rotation of an enantiomer is calcu-
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lated using Equation 4 below, where [α]λ.is the specific rotation, α is the measured rotation, c 

is the concentration in g/100 ml, and l is the length of the sample tube. (3) 

 
lc 




   4 

A set of enantiomers will have an equal, but opposite specific rotation of each other. The dif-

ferent enantiomers of salbutamol has been resolved by crystallization with tartaric acid and 

the R-enantiomer was found to have [α]λ = -36.9° and the S-enantiomer [α]λ = +36.9° when 

dissolved in water. The rotation of an enantiomer may differ in different solvents, so when 

comparing measured rotations to literature values it is important to use the same solvent. (81) 
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3 Results and Discussion 

3.1 Synthetic approach 

3.1.1 Synthesis of 5-(2-chloroacetyl)-2-hydroxy-benzaldehyde (2) 

The synthesis of 2 was done according to the procedure described by Babad (82) and Skjærpe 

(1), and had a yield of 17.3 %. 

 

Scheme 8: Friedel-Crafts acylation of salicylaldehyde to form 2 

During quenching, when pouring the reaction mixture into water at 0 °C, fumes formed and 

flash boiling occurred, resulting in the loss of product. Although visible quantities of product 

were lost, it was not enough to explain the significantly low yield. 

The same low yield was also observed in Babad's work, as well as Skjærpe and Henriksen 

(103). It is possible that the electron-withdrawing effect of the aldehyde group is too powerful 

for the reaction to achieve a satisfying yield, as Friedel-Crafts acylations are known to be 

highly sensitive to EWG. (3) Despite the low yield, high purity was indicated by MS 

(Spectrum 1).  

 

Spectrum 1: Mass spectrum of 2. 
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The unsatisfactory yields raise the question of the efficacy of this specific synthesis, specifi-

cally the use of chloroacetyl chloride since both Babad and Henriksen reported higher yields 

when bromoacetyl chloride was used instead. It is unsure why Skjærpe chose to use 

chloroacetyl chloride, but further use was disregarded, as the higher yield from the 

bromoacetyl chloride is much preferred. 

3.1.2 Synthesis of 5-(2-bromoacetyl)-2-hydroxy-benzaldehyde (3) 

The synthesis of 3 was done based on the procedure described by Henriksen, which was based 

on Babad, and had a yield of 34.9 %. 

 

Scheme 9: Friedel-Crafts acylation of salicylaldehyde to form 3 

Preventable spillage was also present during this procedure, as unexpected flash boiling 

caused some of the limiting reagent to escape the flask during addition. The procedures de-

scribing this method usually say "pour carefully", but the volatility of the solution was vastly 

understated.  

In addition, this reaction had a high degree of purity shown by its MS spectrum (Spectrum 2), 

HPLC chromatogram (Figure 28) and NMR spectrum (Spectrum 3). The chemical shifts of 

the protons are shown in Table 2 and are used to identify the positions of the protons shown in 

Spectrum 3. The chemical shifts of the protons are consistent with literary values. (82) 
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Spectrum 2: Mass spectrum of 3 

 

 

Figure 28: HPLC chromatogram showing the retention of 3 
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Spectrum 3: NMR spectrum of 3 in CDCl3 

 

Table 2: Chemical shifts of protons in 3 

Position Observed ppm Splitting Coupling [Hz] 

1 8.3 Doublet J=2.3 

2 8.2 Double doublet J=2.3 

J=8.8 

3 7.1 Doublet J=8.8 

4 11.5 Singlet  

5 10.0 Singlet  

6 4.4 Singlet  

In a second attempt to do this procedure, water was added dropwise to the solution. This 

seemed successful, but the solution should have been stirred more vigorously as a solid pre-

cipitate formed on top resulting in slower quench than wanted. The solid formed was most 

likely AlCl3 reacting with water to form aluminum hydroxide (Al(OH)3), following the reac-
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tion pictured in Equation 5 below. (104) The intermediate stages may have been insoluble, 

creating a lid on top of the reaction solution. A slurry was also formed for Henriksen, causing 

issues with the workup.  

)(3)()()(3)( 323 aqHClaqOHAllOHsAlCl   5 

This second attempt gave a very low yield of 10 %, as the product from the first recrystalliza-

tion decomposed while drying. The product was dried at approximately 80 °C, which should 

be sufficiently within the theoretical melting point of 117-118 °C. (105) The only product left 

was that of the second recrystallization, which is less pure and was not purified or analyzed 

further. 

Even though the synthesis of 3 had a higher yield than that of 2, the same synthesis has been 

reported several times in literature with a yield of 70-80 %. (60, 82, 98) This shows that there 

is a lot of room for improvement in this step, and that both the technique and method itself 

should be improved.  

A suggestion as to why bromoacetyl chloride serves as a better acylating agent could be that 

chlorine is more electronegative than bromine. In this case, the acylated bonded to the aro-

matic ring would be more electron withdrawing if the halide is more electronegative. Follow-

ing this train of thought might lead one to believe that iodoacetyl chlorine might have been 

even better than bromoacetyl chloride, but this would most likely cause more problems in the 

enzymatic step, as iodine is significantly larger than bromine. This could make the substrate 

too large for the active site of the enzyme, shown previously in Figure 25. 

A possible solution, that would bypass many of the issues faced during this synthetic step, 

could be to use MSAA and bromoacetic acid. (90) Keeping up with the spirit of this thesis, 

this would provide a greener synthesis using reagents friendlier to the environment. Using 

acids to catalyze Friedel-Crafts acylations are relatively common. (8, 87) Although the gen-

eral reaction provided by Wilkinson combines an aromatic ring with an aromatic acid, the fact 

that acid catalyzed Friedel-Crafts acylations are fairly common (87) suggests that this could 

be a possible replacement for the AlCl3 catalyzed reactions. Not only is the MSAA derivable 

from biomass, the extensive use of halides is avoided. This could also simplify the workup. 
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3.1.3 Synthesis of 4-(2-bromo-1-hydroxyethyl)-2-(hydroxymethyl)phenol (4) with 

LiAlH4 

This synthesis was based on the procedure done by Skjærpe and resulted in a yield of 66 %, 

although this is thought to be very inaccurate the low purity indicated by the large initial peak 

in the HPLC chromatogram (Figure 29). There were difficulties during the purification, so the 

pure product was never fully isolated. As a result, the actual yield is unknown. 

 

Scheme 10: Reduction of 3 with LiAlH4 to its corresponding triol, 4 

This synthetic step was done in order to prepare a suitable substrate for enzymatic resolution. 

Henriksen had attempted this synthesis in advance, but had only achieved a yield of 11 %. In 

an attempt to improve yield, several changes were made in the procedure, including an at-

tempt to quench the reaction mixture with diluted sulfuric acid. This was done in an attempt 

to protonate the aluminum complexes formed, making them ionic and thus soluble in water. 

This was intended to make the aluminum salts easy to remove, as this had been an issue for 

Henriksen, as she had difficulties during the workup of a slurry formed during the quench. 

The yield was adequate (66 %), but due to the low purity, the reaction cannot be considered 

very successful. Since the chemical reducing agent LiAlH4 was used the alcohol product 

should be racemic, which would show up as two equally large peaks in a chromatogram due 

to the two enantiomers. Two equal peaks were observed at tR=38 and 42 min, which would 

suggest that the reduction itself was successful. Later, project student Sigrid Løvland attempt-

ed to reproduce the results that Henriksen had achieved, but once again the workup proved 

difficult and the resulting purity was low. During the workup of Løvlands product, however, 

two almost equal peaks appeared in the chiral HPLC chromatogram at tR=48.3 and 50.2 min. 

The discrepancy between the retention time in the two reactions may be explained by the fact 

that Løvlands HPLC program was run with 0.5 ml/min flow, as opposed to 0.7 ml/min.  
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Figure 29: HPLC chromatogram showing the retention of the suspected racemic 4. 

When comparing the procedure used here with procedures found in the literature, it appears 

that being the stronger reagent may not have been beneficial. If NaBH4 could be used in 

methanol, the workup might be considerably easier. The polarity of the triol product was a 

detriment to the procedure, especially since the specific structure of 4 never has been pub-

lished. Due to the lack of information, very little was known about the properties of the prod-

uct and how to purify it. As a result, a substantial amount of product might have been lost 

when changing solvents or trying to find a suitable experimental procedure. 

The lack of published information and the difficulty of handling might be a coincidence, but 

considering the issues when working with the substance it might be that no one has managed 

to produce results satisfactory enough for publication. As can be seen in other publications, 

protective groups are often used. The most relevant exception is the latest patent, published in 

February 2015. They report that they have successfully reduced both the ketone and the alde-

hyde, using NaBH4 in alcohol, with an 80 % yield. However, they aminated the substance 

before reduction, leaving 4, drawn in Scheme 10, unpublished. 

Searching for this exact structure in different databases yields no results other than as a sug-

gested molecule for a hypothetic synthetic step in a patent from 2009. (106)  

Because of the difficulties handling the product, it was chosen not to purify the product before 

further use. As can be seen by the chromatogram (Figure 29), the product had significant im-

purities which were difficult to remove. The product was kept as a solution, as it was difficult 
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to isolate the product, despite being filtered and attempted to be dissolved in a large range of 

solvents. As the amount of product in the solution was hard to quantify and suspected to be 

highly impure, it was further used as the impure mixture. This was due to the suspicion that 

further purification would reduce the amount of product down to undetectable concentrations 

when used during the chiral resolution in the next step. 

3.1.4 Enzymatic reduction of 5-(2-bromoacetyl)-2-hydroxy-benzaldehyde (4) with 

C. antarctica 

This procedure was done as a test to see if the substrate was suitable for chiral resolution by 

Candida antarctica lipase A (CALA). 

This step was done based on information received orally from Associate professor Jacobsen, 

based on her previous work and experiences. The yield could not be determined due to the 

large amount of impurities. 

 

Scheme 11: Enzymatic resolution of 4 with C. antarctica Lipase A 

After an attempt to analyze the product on HPLC, it was apparent that the substrate did not 

react as hoped and the product could not be positively identified. The focus was shifted over 

to chiral reduction, due to the fact that the preceding step gave an uncertain and probably in-

accurate yield of 66 % and that this step had maximum theoretical yield of 50 %, due to the 

nature of chiral resolution. It was decided not to pursue this route and focus on enzymatic 

asymmetric reduction instead. The difficulties in handling the triol as both the substrate and 

the product did not seem as a feasible option on an industrial scale compared to the reagents 

used in the asymmetric reduction.  

3.1.5 Yeast reduction of 5-(2-bromoacetyl)-2-hydroxy-benzaldehyde (3) with S. 

cerevisiae 

This procedure was based on the procedure written for S. cerevisiae in "Practical 

Biotransformations: A Beginners Guide" (79) and the work done by Skjærpe. The product has 

not been fully purified and contains large amounts of impurities. The reported yield is there-
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fore currently 915 %, which is clearly inaccurate and should not be considered valid data, 

although it is the only acquired data for the reaction yield. This was an issue with the polarity 

of the product, as it would not eluate from the flash column even after 7-8 days and the purifi-

cation was discontinued to due time constraints. 

Optical rotation of the product was measure to be α=-0.064° in DMSO and α=0.003° in water. 

Note that this was not absolute rotation, as the actual concentration of the product was un-

known. 

 

Scheme 12: Reduction of 3 to the enantiomeric R-alcohol, (R)-4 using S. cerevisiae 

In an attempt to optimize the reaction, 5 % v/v of t-butanol was added to the sugar water 

growth medium. This is based on Lin et al., as they tried to optimize the effect of a S. cere-

visiae strain. (19) This should increase the yield, and enantioselectivity of the enzymes com-

pared to using pure sugar water. 

During the incubation period of the reaction, preliminary results looked promising when ana-

lyzed on chiral HPLC. When a sample was taken from the reaction solution, the chroma-

togram seen in Figure 30 was the result. The flow was slightly lower than for the other chro-

matograms, being 0.5 ml/min as opposed to 0.7 ml/min, causing a slightly slower retention. 
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Figure 30: HPLC chromatogram of the yeast reduction after 24h. 

Comparing Figure 30 to Figure 28 it is seems that one of the two peaks at tR=32.8 and 34.5 

min is most likely the starting substrate. Further comparison with Figure 29 and Figure 32 

indicates that the peaks at tR=42.3 and 44.4 min might be the two enantiomers of the product 

produced in different amounts. The unidentified major peak at tR=32.5 or 34.5 min could pos-

sibly be a monoreduced substrate where only one of the two carbonyl groups have been re-

duced. This would be reasonable considering the fact that the substrate would become more 

polar with one more hydroxyl group, thus more polar than the substrate and less polar than the 

product. After a few days, two of the peaks were no longer visible. This could be related to 

either a more complete conversion of the substrate, or the continuous addition of sugar water 

might have diluted the sample to such an extent that it was no longer visible. A third option 

could be that enzymes made unwanted by-products by breaking down the reagents. 

An attempt was made to filter out the suspended yeast using a celite disk, but the filtration 

was extremely slow. Pressure was added using nitrogen, but when the solution was left for 

filtration, the suspended yeast settled out and plugged the celite disk, Figure 31, preventing 

filtration. The solution was then decanted instead, leaving most of the yeast behind. 

When evaporating the solvents after the decantation, dark oil was formed. This was thought to 

be pyrolysis of the residual sugar from the reaction. Pyrolysis of the sugar may have given 

several compounds that could be difficult to separate from the wanted product. (107)  
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Depending on the pressure used to evaporate the sol-

vent, it is also possible that the Maillard-reaction can 

have occurred, yielding products which would give 

similar problems as those created by pyrolysis. (108) 

Using flash chromatography to purify the product be-

fore drying might have avoided the problem, although 

the amount of solvent might cause issues. This might 

be circumvented by freeze-drying the reaction mixture 

before purification. This was done by Skjærpe in one 

of her attempts. 

After the possible pyrolysis of the reaction, it was dif-

ficult to dissolve the solids, but some was dissolved in 

methanol and an effort was made to purify the remains 

on a flash column. The column was run for more than a 

week and many hundred fractions were collected. The 

product only appeared in the late stages, without being 

completely separated, after several liters of solvent had 

been used. Due to the time spent, it is likely that the 

product had diffused throughout the column, causing 

most compounds to overlap. After draining the col-

umn, the later fractions were collected and analyzed, 

which appears in Figure 32. After evaporating the solvent from the fractions, a new attempt 

was made to find a mobile phase system that could separate the compounds. The attempts 

were not successful, as the spots would not migrate on the TLC sheet, even in 50/50 methanol 

water.  

The difficulties when dissolving the dark oil after evaporation, combined with the slow elu-

tion from the column may indicate that the product is more polar than thought. It seems as if 

normal phase (NP) chromatography, where the stationary phase is more polar than the mobile 

phase, is unsuitable to purify the product, as the polarity of the product causes it to remain 

stationary on the polar silica sheet/column. It is therefore suggested that separation and purifi-

cation should be done on a C18 column, using reverse phase (RP) chromatography, where the 

mobile phase is more polar than the stationary phase. 

 

Figure 31: Column with the suspended 

yeast settling out and plugging the 

celite disk. 
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After realizing that the product might be more polar than expected, a few errors made by 

Skjærpe during her procedure became apparent. Her solvent of choice was consistently di-

chloromethane, (DCM), which would be far too non-polar when extracting 4. Attempts to 

dissolve 4 in different solvents showed that the molecule was insoluble in DCM and during 

her procedure DCM was used to extract the product, resulting in a concentration that was too 

low to analyze. This is more than likely due to the triol product being left in the water phase. 

She assumed that only one of the carbonyl groups were reduced, but again this may be accred-

ited to the triol product of 4 remaining in the water phase and only the trace amount of mon-

oreduced substrate was non-polar enough to be extracted with DCM. As Skjærpe consistently 

used DCM for extraction without finding the product, using a more polar solvent, such as 

methanol or acetonitrile might be better.  

Extraction of the samples taken during the reaction was done with DCM, but when the reac-

tion was done the entire bulk liquid was filtered without extraction. As a result the product 

was luckily not lost in an extraction step. 

As purification of this product was also the issue in the source material, it seems that the po-

larity of the product was underestimated and the experimental procedure should be changed to 

accommodate that fact. The polarity did not seem to be a problem during the HPLC analyses, 

which might be due to the packing material in the chiral column is less polar than the silica 

used in the flash column and during TLC, causing less retention to the column. 

 

Figure 32: HPLC chromatogram of the collected and concentrated fractions of the yeast reaction 
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The largest peak in the HPLC chromatogram at tR=41 min indicates that the reaction itself 

was successful, but further purification has proven difficult and time consuming and could not 

be completed due to time constraints.  

Optical rotation of the product was measured and gave α=-0.064° in dimethyl sulfoxide 

(DMSO), but α=+0.003° in water. Due to the impurities it was impossible to determine the 

specific rotation, but the fact that the rotation was negative in DMSO might indicate that there 

was an enantiomeric excess of the R-enantiomer. The low degree of rotation can be explained 

by the amount of impurities, as a large degree of impurities will result in a low concentration 

of the enantiomer and therefore a low rotation. As the impurities where most likely achiral 

and would not affect the rotation, but as the rotation was so low it was impossible to positive-

ly determine that only one enantiomer was present. 

3.1.6 Bacterial reduction of 5-(2-bromoacetyl)-2-hydroxy-benzaldehyde (3) with L. 

kefiri 

This procedure was intended as a parallel reaction to the reduction with S. cerevisiae, but was 

never attempted due to time constraints. 

 

Scheme 13: Reduction of (3) to the enantiomeric S-alcohol, (S)-4 using L. kefiri 

The stereoselectivity was found in Gröger et al. (101) and was very good (>99 %) for similar 

compounds, and producing a high yield (>94 %). The use of L. kefiri would, if successful, 

produce the S-enantiomer of salbutamol, which would provide great analytical value despite 

being the medically inactive distomer. Based on literature, the products from the two different 

organisms (L. kefiri and S. cerevisiae) would be the two separate enantiomers of salbutamol, 

which would allow the enantiomers to be easily analyzed separately. This would remove 

speculation when analyzing HPLC chromatograms for related reactions. Practically speaking, 

this means that the products from the two organisms would appear as the two separate peaks 

in Figure 29. As literature shows that the ADH from L. kefiri is selective towards Anti-Prelog 

and the ADH from S. cerevisiae is selective towards Prelog, it could be presented as evidence 
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of the stereochemistry, proving that S. cerevisiae would provide the wanted selectivity in the 

synthesis of levosalbutamol. 
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4 Future Work 

As far as improvements and further work on the synthesis at hand goes, there are several in-

teresting points to change. Regarding the FC acylation, it would probably be beneficial to 

attempt the synthesis with NaBH4, or to attempt a FC acylation with methanesulfonic anhy-

dride and a α-bromoacetic acid, using the general outline provided by Wilkinson et al. (90)  

The enantioselective reduction of the ketone should be attempted with the Rhodococcus 

erythropolis, as the ADH from this organism would be R-selective in the same manner as S. 

cerevisiae. (101) This organism should have been the one attempted in this thesis, but the 

wrong organism was ordered by mistake.  

The ketone reduction using S. cerevisiae should also be attempted again, but with a procedure 

based on more relevant and specific guidelines, such as the information gathered during this 

thesis. After the reaction has been stopped, the solution with the yeast biomass should be cen-

trifuged and the supernatant freeze-dried. Purification should be done using RP chromatog-

raphy, due to the polar nature of the triol product. This would avoid the issues with decom-

posing glucose, allowing a simple removal of the yeast and an easier purification. 

If cooperation with the Institute of Biotechnology was feasible, it would be possible to over-

express the ADH and GDH enzymes in E. coli, making an efficient designer cell, specifically 

for ketone reduction similar to that of Gröger. (101) This would require a significant cross 

institutional effort, but might provide an organism useful in a synthesis on an industrial scale.  

In regards to the reduction, using a protecting group to connect the aldehyde and the alcohol 

might solve the issues had with the workup of the polar triol product. (60) On the other hand, 

this might not be necessary if more polar solvents are used, and RP chromatography is used 

for purification. 

Lastly, the final step should be attempted in order to complete the synthetic route. This would 

only require a novel SN2 reaction, with t-butyl amine as the nucleophile and the bromine as a 

leaving group, producing levosalbutamol as the final product. 

These overall steps should culminate in the synthetic route suggested in Scheme 14, providing 

an overall greener synthetic route to levosalbutamol. 
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Scheme 14: Suggested synthetic route, from salicylaldehyde to levosalbutamol. 
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5 Experimental Setup 

5.1 General 

All tests, experiments and laboratory work were done at the Department of Chemistry, Facul-

ty of Natural Sciences and Technology, Norwegian University of Science and Technology, 

Trondheim, Norway.  

5.1.1 Chemicals and solvents 

5.1.1.1 Chemicals and reagents 

Chemicals and solvents used in the syntheses are commercially available and of analytical 

grade. The chemicals were purchased from Sigma Aldrich Norway, Oslo, Norway. 

Solvents of HPLC-grade were used for HPLC-analyses. 

5.1.1.2 Dry solvents 

Dry solvents (Dichloromethane and tetrahydrofuran) were acquired from a solvent purifier, 

MBraun MD-SPS800, München, Germany 

5.1.1.3 Enzymes 

Candida antarctica lipase A (CALA) (Viazym; activity 725 U/g, VZ1030-12, batch number 

080116) immobilized on microporous beads. Gift from Viazym B, Delft, Netherlands. 

5.1.1.4 Bacteria 

Lactobacillus kefiri, DSM 20587 [A/K] was acquired as a freeze-dried culture from ATCC 

(ATCC
®
 33541™) purchased from LGC Standards GmbH, Wesel, Germany. 

5.1.1.5 Yeast 

Saccharomyces cerevisiae was purchased as freeze-dried dry yeast from commercial grocery 

stores under the name "Idun Tørrgjær", Skjetten, Norway. 

5.1.2 Chromatographic analyses 

5.1.2.1 High Performance Liquid Chromatography (HPLC) 

HPLC-analyses were performed on an Agilent-HPLC 1100. Manual injector (Rheodyne 

77245i/Agilent 10 µl loop). Two different Chiralcel OD-H columns were used (Purchased 

2004 and 2015, Daicel, Chiral Technologies Europe, 250x4.6 mm ID). 

Unless stated otherwise, the solvent program used for HPLC was as stated in Table 3 below. 
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Table 3: Gradient program for HPLC, Flow: 0.7 ml/min 

Time [min] Hexane [%] Isopropanol [%] 

0 95 5 

5 90 10 

60 60 40 

5.1.2.2 Thin layer chromatography (TLC) 

TLC was done on Merck Silica 60 F254 sheets and detected in UV-light, λ=254 nm. 

5.1.2.3 Flash Chromatography 

Flash chromatography was done with Silica gel from Sigma Aldrich Norway, Oslo, Norway. 

Pore size 60 Å, 230 mesh particle size, 40-63 µm particle size. 

5.1.3 Spectroscopic methods 

5.1.3.1 Nuclear Magnetic Resonance (NMR) 

All NMR analyses were done on a 400 MHz Bruker Advance DPX 400 instrument.  

5.1.3.2 Mass Spectroscopy (MS) 

Accurate mass determination in positive and negative mode was performed on a "Synapt G2-

S" Q-TOF instrument from Waters™. Samples were ionized by the use of ASAP probe 

(APCI). Calculated exact mass and spectra processing was done by Waters™ Software 

(Masslynxs V4.1 SCN871). 

5.1.4 Other analytical methods, and instruments used 

5.1.4.1 Optical rotation 

Optical rotation was measured on a PerkinElmer (Model 341) polarimeter, using a 10 cm long 

1 ml cell. Samples were dissolved in DMSO or water at room temperature (23 °C). The light 

measured had a wavelength of λ=589 nm. 

5.1.4.2 Melting point 

Melting point studies were done on a Sanyo Gallenkamp MPD350.BM3.5 melting point appa-

ratus, USA 
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5.1.4.3 Orbital shaker 

For the enzymatic and whole organism reactions, a New Brunswick G24 Environmental Incu-

bator Shaker was used. New Brunswick Co. Inc., Edison, New Jersey, USA. 

5.2 Synthesis of Compounds 

5.2.1 Synthesis of 5-(2-chloroacetyl)-2-hydroxy-benzaldehyde 

Dry aluminum chloride (AlCl3, 25.0041 g, 0.1875 mol) suspended in dichloromethane (40 ml) 

was added chloroacetyl chloride (7.1224 g, 0.0631 mol). The reaction mixture refluxed for 30 

minutes before salicylaldehyde (6.1177 g, 0.0501 mol) in dichloromethane (5 ml) was added 

dropwise. After 16 hours, the reaction mixture was quenched in ice (250 g), water (25 ml) and 

dichloromethane (25 ml) and was stirred for 30 minutes. The water phase was extracted with 

dichloromethane (3x30 ml) and the resulting organic phase was washed with water (3x30 ml) 

and brine (50 ml). The organic phase was then dried with MgSO4, filtered and evaporated to 

give light brown crystals. The crude product was recrystallized in 2-butanone. 

Yield:  17.3 % 

Purity:  93 % 

5.2.2 Synthesis of 5-(2-bromoacetyl)-2-hydroxy-benzaldehyde 

Dry aluminum chloride (AlCl3, 33.307g, 0.25 mol) suspended in dichloromethane (35 ml) was 

added bromoacetyl chloride (9.966 g, 0.63 mol) in dichloromethane (7.5 ml). The reaction 

mixture refluxed for 30 minutes before salicylaldehyde (6.132 g, 0.05 mol) in dichloro-

methane (7.5 ml) was added dropwise. After 20 hours, the reaction mixture was quenched in 

ice (300 g), water (30 ml) and dichloromethane (50 ml) and was stirred for 30 minutes. The 

water phase was extracted with dichloromethane (3x30 ml) and the resulting organic phase 

was washed with water (3x30 ml) and brine (50 ml). The organic phase was then dried with 

MgSO4, filtered and evaporated. The product was recrystallized in dichloromethane and hex-

ane to give brown crystals.  

Yield:  34.9 % 

Purity:  94 % 

Melting point: 120-122° C 

MS(TOF-ASAP): M+H 242.96/244.9 m/z 



Experimental Setup  

58 

1
H-NMR: 4.4 ppm (s, 2H), 7.1 ppm (d, 8.8 Hz, 1H), 8.2 ppm (dd, 8.8 Hz, 2.3 Hz, 1H), 8.3 

ppm (d, 2.3 Hz, 1H), 10.0 ppm (s, 1H), 11.5 ppm (s, 1H) 

5.2.3 Synthesis of 4-(2-bromo-1-hydroxyethyl)-2-(hydroxymethyl)phenol with 

LiAlH4 

LiAlH4 (0.1518g, 4.0 mmol) was added to dry THF (10 ml). 5-(2-bromoacetyl)-2-hydroxy-

benzaldehyde (0.506 g, 1.953 mmol) was dissolved separately in THF (5 ml). The substrate 

solution was then added dropwise to the LiAlH4 solution through a condenser while stirring. 

After 2 hours, the reaction was quenched with 15 ml of a 50/50 mixture of THF and water, 

and H2SO4 (10 ml, 5 %). The product was then extracted with ethyl acetate (3x10 ml) and 

washed with brine (NaCl(aq), 2x10 ml) before being dried with MgSO4, filtrated and evapo-

rated. For GC-analysis, a sample of the product was derivatized by adding DMSO, pyrimidine 

and acetic anhydride 

Yield:  66 % 

Purity:  Low 

5.2.4 Enzymatic reduction of 5-(2-bromoacetyl)-2-hydroxy-benzaldehyde with C. 

antarctica 

A solution of 4-(2-bromo-1-hydroxyethyl)-2-(hydroxymethyl)-phenol (~0.5 mmol) in di-

chloromethane was added vinyl butyrate (0.411 g) and CAL A (0.003 g) and the reaction mix-

ture was incubated on an orbital shaker at 30°C and 200 rpm for 3 days. No conclusive results 

achieved due to high impurity. 

5.2.5 Yeast reduction of 5-(2-bromoacetyl)-2-hydroxy-benzaldehyde with S. 

cerevisiae 

Glucose (7 g) was dissolved in water (50 ml) and autoclaved. The solution was added dry 

yeast (14 g, S. cerevisiae) and tert-butanol (2.5 ml). The solution was incubated on an orbital 

shaker for 30 minutes at 30 °C at 200 rpm. After incubation, the solution was added 5-(2-

bromoacetyl)-2-hydroxy-benzaldehyde (1.205 mmol, 0.3122 g) and put in the incubator. After 

24, 48, 72, 96, 132 and 168 hours the following procedure was done: A 3 ml sample was tak-

en out and a solution of water (22.5 ml), yeast (7 g) and tert-butanol (1.3 ml) was added. The 

3 ml sample was added dichloromethane (7 ml), mixed with a whirlmixer and centrifuged. 

The dichloromethane was then pipetted out and analyzed with HPLC. 
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After 190 hours, the reaction mixture was taken out and filtration through a celite disk was 

attempted. The solution was left for filtration for 4-5 days. After 4-5 days, the yeast had set-

tled out and the water phase was pipetted out and filtrated through a new celite disk. The fil-

trate was then evaporated on a rotating evaporator. The solids formed were attempted dis-

solved in methanol and purified on a silica flash column. After 7-9 days, the column was 

emptied and the likely product, as compared with previous HPLC, was found in the late frac-

tions and in the remaining bulk liquid in the column. These fractions were collected and 

evaporated on a rotor vapor. The remaining product was a yellow-brown oil. HPLC showed 

large amounts of impurities. A sample of the product (0.074 g) was dissolved in dimethyl 

sulfoxide (10 ml, DMSO) and analyzed on a polarimeter. A new sample (0.045 g) was dis-

solved in water (1.5 ml) and analyzed on a polarimeter. 

Yield:    Not determined (915 % calculated, but too impure to be accurate) 

Purity:   Low 

Optical rotation +0.003° in H2O, -0.064° in DMSO 
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5.2.6 Bacterial reduction of 5-(2-bromoacetyl)-2-hydroxy-benzaldehyde with L. 

kefiri 

A MRS growth medium was prepared according to Table 4 below.  

Table 4: Chemicals used to create MRS growth medium. (109) 

Compound g/l 

Proteose peptone 10 

Beef extract 10 

Yeast extract 5 

D-glucose 20 

Ammonium citrate 2 

Manganese sulfate 0.02 

Disodium phosphate 2 

Sodium acetate 5 

Sorbitan monooleate 2 

Two 250 ml Erlenmeyer flasks were added MRS powder (5.6 g) and DI water (105 ml). The 

flasks were autoclaved. This medium was not used, as focus was shifted towards the yeast 

reduction due to time constraints. 
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