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Abstract

Beta blockers are medications used to reduce blood pressure. In commercial beta blockers, the
active pharmaceutical ingredient (API) is always a chiral molecule, and is usually present as a
racemic mixture. Usually, one enantiomer of the API, called the eutomer, has most of the beta-
blocking properties, while the other can be responsible for unwanted side effects. This thesis
concerns the chemo-enzymatic synthesis of enantiopure (R)-sotalol, (S)-penbutolol and (S)-
bisoprolol, the eutomers of the beta-blockers sotalol, penbutolol and bisoprolol. The aim was
to synthesize them and their precursors in an environmentally friendly and efficient way, and

with an enantiomeric excess of at least 96%.

All the reaction performed to synthesize (R)-sotalol precursor (R)-N-(4-(2-chloro-1-
hydroxyethyl)phenyl)methanesulfonamide ((R)-5) and other derivatives, as well as the yields
obtained, are shown in Scheme 0.1.1. Compound (R)-5 was synthesized from aniline in three

steps with a combined yield of 53%.
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Scheme 0.1.1: Summary of the reactions carried out to synthesize (R)-N-(4-(2-chloro-1-

hydroxyethyl)phenyl)methanesulfonamide ((R)-5)
All the reaction performed to synthesize (S)-penbutolol ((S)-10), as well as the yields obtained,
are shown in Scheme 0.1.2. (S)-Penbutolol hydrochloride ((S)-10HCI) was obtained from 2-
cyclopentylphenol in five steps with a combined yield of 20%.
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Scheme 0.1.2: Summary of the reactions carried out to synthesize (S)-penbutolol.

All the reaction performed to synthesize (S)-bisoprolol ((S)-17), as well as the yields obtained,

are shown in Scheme 0.1.3. (S)-bisoprolol hemifumarate ((S)-17salt) was synthesized from 4-

(hydroxymethyl)phenol in six steps with a combined yield of 19%.
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1. Introduction

1.1. Aim of the thesis

The main aim of this thesis was to synthesize enantiopure (R)-sotalol, (S)-penbutolol, and (S)-
bisoprolol in an efficient and environmentally friendly way, by enzyme-catalyzed reduction of
ketones and kinetic resolution of racemic secondary alcohols. Enantiopure beta blockers should

be obtained with an enantiomeric excess of at least 96%.
1.2. Enantiopure drugs in the pharmaceutical industry

The active substance in drugs is called the active pharmaceutical ingredient (API). When drugs
are mentioned in this thesis, it always refers to their AP1. More than half of the drugs currently
in use are chiral, but the majority of them are sold as a racemic mixture 1. And even if two
enantiomers of a racemic drug have the same 2D chemical structure, most of them exhibit
significant differences in biological activities such as pharmacology, toxicology,
pharmacokinetics and metabolism. It is common for chiral drugs to have one enantiomer mainly
responsible for the desired effect, while the other is useless, or even harmful. For this type of
drug, the enantiomer having higher pharmacological activity is called eutomer, while the other

one is called distomer 2.

A famous example of this is thalidomide, sold between 1957 and 1961 as a racemic drug and
promoted for morning sickness in pregnant women. The S-enantiomer of this drug had strong
teratogenic effects, and the consumption of this drug led to the death of thousands of children.
In this case, prescribing only the R-enantiomer is not a solution either, because the molecule

rapidly racemizes in the body °.

Since the late 1990°s, more and more chiral drugs that were developed as a racemic mixture are
switched to their enantiopure form 4. The term “chiral switch” was introduced in 1999 by
Agranat and Caner to describe this phenomenon °. To be marketed as enantiopure, drugs need
to have an enantiomeric excess of at least 96%. Ibuprofen was one of the first commercial drugs
to undergo such a switch, in 1994. The use of its enantiopure eutomer gave, among others, faster
onset of action ©. Overall, potential advantages of using an enantiopure drug over its racemic
mixture include decreased side effects, a faster onset of action, less drug-drug interaction, and

the use of a lower dosage for the same effects *.



A main limitation to the development and commercialization of enantiopure drugs is the
increased production cost it goes with 7. Three main pathways are available for the production
of enantiopure drugs. The synthesis can start from an enantiopure starting material, include the
use a chiral catalyst to form only one enantiomer, or rely on chiral resolution. The latter method
is not ideal, because it means that both enantiomers are synthesized before being separated .
The unwanted enantiomer is therefore also isolated, and can result in increased waste. Ideally,
the direct synthesis of only one enantiomer is desired.

In some cases, both enantiomers of a chiral drug have similar pharmacological effects, or the
slightly superior efficacy of an enantiopure version of a drug is outweighed by the increased
production costs. Commercializing enantiopure drugs instead of their racemic mixture is not
always done to optimize their pharmaceutical effect. “Chiral switch” can allow pharmaceutical
companies to maintain market exclusivity on drugs that would otherwise lose soon their patent
protection. Most newly marketed single-enantiomer drugs are not directly compared to their

racemic counterpart, suggesting that the switches were mainly done for financial reasons 8.

In the case of beta blockers, however, pharmacological activities of eutomers are usually
significantly higher than the ones of their racemic mixtures.

1.3. Beta blockers

Beta-adrenoreceptor antagonists (beta blockers) are an important class of drugs used for
decades for the treatment of arterial hypertension, chronic heart failure, coronary artery disease,
as well as in the management of anxiety, migraine and glaucoma. Those drugs have proven
their efficiency to reduce hospitalization and mortality in patients diagnosed with heart failure
°. Recently, probable anticancer properties have been discovered and studied, expanding the

potential of beta blockers in the pharmaceutical world *°.

They act through the blockade of beta-receptors such as betal-, beta2- and beta3- receptors °.
Betal receptors are located mainly in the heart and beta2 receptors in bronchial smooth muscle,
cardiac myocytes and vascular smooth muscle cells. Epinephrine and norepinephrine are their
most important endogenous ligands and they interact with the receptors to, among others,
mediate alterations in heart rate 1. Structures of epinephrine and norepinephrine are shown in
Figure 1.3.1.



OH H OH
HO HO
Epinephrine Norepinephrine

Figure 1.3.1: Structures of epinephrine and norepinephrine

Beta blocking drugs usually have similar structures to the ones of epinephrine and

norepinephrine. This explains their affinity with beta receptors.

The effect of such drugs depends on the type of beta-receptors blocked. Some beta blockers,
such as bisoprolol, are betal-selective and result mainly in a decreased heart rate and a reduced
heart oxygen requirement. Others, such as sotalol and penbutolol, are non-selective beta
blockers, and have in addition to the previously mentioned effects vasodilating effects ® and
negative side effects such as bronchospasm 2. Due to the negative side effects of beta2-
antagonism, selective betal-antagonism is preferred in most treatments using beta blockers.
Most of the clinically approved beta blockers have nevertheless a relatively low betal-
selectivity, and the development and commercialization of more selective beta blockers is

therefore needed 2.

Beta blockers contain one or more chiral centers, and the effects of their chirality have been
extensively studied. For most of those drugs, one enantiomer has a lot more beta blocking
properties than the other. Depending on their structure, beta blockers can be classified as
arylaminoethanols or aryloxyaminopropanols (Figure 1.3.2). In both groups, the isomers
presenting a negative specific rotation value have the most beta blocking properties. This
corresponds to the R-enantiomers for the arylaminoethanol group and S-enantiomers for the

aryloxyaminopropanol group .

R> OH H R, OH H
N. N.
|\\ R4 |\\ O\)\/ R,
= =
arylaminoethanols aryloxyaminopropanols
(R)-enantiomer (S)-enantiomer

Figure 1.3.2: Structure and stereochemistry of the most beta blocking enantiomers of arylaminoethanols and

aryloxyaminopropanols.

Enantiomers can also have a different beta selectivity. This is the case for metoprolol, where

the S-enantiomer is a betal-selective beta blocker while the R-enantiomer is non-selective 2.

This thesis is focusing on the synthesis of three beta blockers: Sotalol, penbutolol and bisoprolol.
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Sotalol is an antiarrhythmic agent used for treatment of highly symptomatic atrial
fibrillation/flutter and of life-threatening ventricular arrhythmias. Due to potentially life-
threatening side effects, this drug is only prescribed to treat very serious conditions 4. The R-
enantiomer of sotalol is 14 to 50 times more efficient at blocking beta-receptors than its racemic
form, while the S-enantiomer is almost inactive. However, both enantiomers have the same
antidysrhythmic activity 3. The distomer of sotalol has been shown to increase mortality in
patients with myocardial infarction °. Using only the enantiopure eutomer could therefore limit

the apparition of serious side effects in some patients.

(S)-Penbutolol is one of the few beta blockers that has been prescribed in its enantiopure form
2, The S-enantiomer of penbutolol is 200 times more active than its R-enantiomer, and has other
properties, like an antiarrhythmic effect 3. Moreover, (R)-penbutolol has a significant
mutagenic activity ¢, which explains why this beta blocker is sold as enantiopure. Since most
of its syntheses involve the use of hazardous transition metal catalysts, developing a more

environmentally friendly and economically viable pathway would be a positive development.

Bisoprolol is a beta blocker considered as safe and effective for the short-term management of
hypertension !’. The drug is one of the ten beta blockers most prescribed in 2017 8, The S-
enantiomer of bisoprolol has about 30 to 80 times greater beta blocking activity than its R-

enantiomer °.

Nowadays, most beta blockers are sold in their racemic form °. This is due to the fact that
asymmetric synthesis and enantiomer separation are quite expensive, and because it is believed
that most of the distomers do not exhibit any harmful side effects 2°. However, it is not always
the case, and even if most beta blockers distomers do not have serious side effects, they are still
considered as unnecessary and potentially harmful 2. Finding new ways to produce only the

eutomer of such drugs in an economically viable way is therefore needed.
1.4. Green chemistry

The field of green chemistry exists since the early 1990s, and is defined as the “design of
chemical products and processes to reduce or eliminate the use and generation of hazardous
substances.”. In order to achieve this, chemists need to carefully design their synthesis with
sustainability in mind %2, and try to follow the twelve principles that were presented by Paul
Anastas in 1998. Those principles include waste and accident prevention, the use of catalysts,
less hazardous chemicals, safer solvents, and renewable feedstocks 2%. During the past thirty

years, the field of green chemistry has grown considerably and filled up scientific journals and
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patent literature 24, Nevertheless, the global economy is still based on unsustainable fossil
resources, and as scientists all over the world are sounding the alarm on the necessity of massive
actions to limit the terrible consequences of global warming 2°, the need for the development of

more sustainable chemical processes is self-evident.

As it will be described more in detail in the next part, the use of biocatalysis has a lot of potential

for the development of greener chemical synthesis.
1.5. Biocatalysis in organic chemistry

Biocatalysis can be defined as the use of natural substances such as isolated enzymes and whole
cells to catalyze chemical transformations of organic compounds. Its field fits well with nine of

the twelve green chemistry principles, as shown in Table 1.5.1.

Table 1.5.1: Biocatalysis and the principles of green chemistry 2.

Green chemistry principles Biocatalysis

Enables more sustainable routes with
significantly reduced waste

Enables more atom and step economic

Waste prevention

Atom economy

routes
Less hazardous syntheses Generally low toxicity
Safer solvents and auxiliaries Usually performed in water or low-toxicity
solvents
Energy efficient Mild conditions .often implies energy
efficiency

Enzymes are renewable and can be reused
after a reaction

Biocatalysis obviates the need for
protection/ deprotection

Catalysis Enzymes are catalysts

Renewable feedstocks

Reduce derivatization

Inherently safer processes Performed under mild and safe conditions

Real-time analysis for pollution prevention ~ Can be applicable in biocatalytic processes

Enzymes are often considered expensive, too sensitive, and only working with their natural
substrate and in their natural environment. However, those drawbacks are only concerning some
enzymes. Cheap, stable enzymes accepting a large variety of substrate do exist, and some
enzymes are able to catalyze reactions in organic solvents. Moreover, enzymes are very
efficient catalysts, giving rates typically 108 times higher than those of the corresponding non-
enzymatic reactions. Enzymes are also often highly selective in terms of chemo-, regio-, dia-
and enantioselectivity . Thanks to their high selectivity, protection and deprotection steps can

be avoided, and compounds can be synthesized in fewer steps.



In this thesis, enzymes are used in key steps of the syntheses for their very high
enantioselectivity, in order to either create a new chiral center in an enantiopure way (via
enzymatic ketone reduction), or to only transform one enantiomer of a chiral mixture (via

Kinetic resolution).
1.5.1. Kinetic resolution in irreversible reactions

Because of the enantioselectivity of enzymes, two enantiomers of a racemic substrate usually
react at different rates. This will result in an enantiomerically enriched substrate and product
when conversion is non-zero and not total. In an ideal situation, the reaction would stop when
the enantiomer preferred by the enzymes has been fully transformed, and the unpreferred
substrate would be left unreacted, yielding an enantiopure product with a 50% yield and an
enantiopure substrate with a 50% yield that can then easily be isolated. From as early as in 1903,
scientists took advantage of this process to isolate one enantiomer in racemic mixtures 28, One
big drawback of kinetic resolution is that the enantiopure product (or substrate) can only be
obtained with a yield below or equal to 50%. To obtain better yields, special techniques have
to be used, such as dynamic resolution. When the substrates rapidly racemize in the reaction
mixture, the enzyme never lacks its preferred enantiomer, and a yield of 1200% is then possible.
However, this technique is only applicable to certain reactions. Other techniques such as
repeated resolution can almost always be used, but are very tedious to implement, especially on
an industrial scale. The general kinetic and dynamic resolution of the R- and S- enantiomers of

a substrate is illustrated in Figure 1.5.1.

kg Kinetic resolution is only possible if:
T l: kr # ks
K, SUP1 Tk,.Pdt . o o
rac Y K y e Dynamic resolution is only possible if:
s —2»qQ

Kr >> Kg ; Krac®'? > kr ; Ko™t very low

Figure 1.5.1: Kinetic resolution of the (R)- and (S)- enantiomer of a substrate, written R and S. They react to

form products P and Q with rate constants of kg and ks respectively.
The enantioselectivity of an enzyme for a particular kinetic resolution can be characterized by
the enantiomeric ratio E. This value will stay constant throughout the reaction. It corresponds
to the ratio of the relative second order rate constants of the individual substrates enantiomers

A and B, as expressed in the following formula:




keat and Kwm are Michaelis-Menten rate constants, and are quite difficult to measure and
calculate. Instead of using this formula, the enantiomeric ratio E is often calculated from the
reaction conversion and from the enantiomeric excesses of the substrate and the product,

which are usually easier to obtain.

The enantiomeric excess (ee) of a chiral substance represents the enantiopurity of a chiral
compound. It is expressed in percentage and is defined by the following formula:

(A-B)

x 100
(A+B)

ee =

A and B respectively correspond to the amount of enantiomer A and B in the mixture.

The conversion ¢ of a kinetic resolution reaction in percentage can be calculated directly from

the enantiomeric excesses of the product ees and of the reactant eep by the following formula:

c=—2% %100

B ees + eep
The E-value is then expressed according to the following formula:

[eep X (1 — eey)]

_ In eep + eeg
In [eep X (1 + eey)]
eep + eeg

When the conversion is not very low nor very high, the equation above can be approximated

by the following formulas:

E - In[1—c X (1+eep)] £ In[(1—c¢) X (1 —ees)]

In[1—cx (1—eep)] " In[(1=¢) x (1 + eeg)]

Other methods exist to calculate the E value, such as ping-pong bi-bi resolutions, which are
used by the E & K calculator software 2°.

An E value between 15 and 30 is regarded as moderate to good. Above 30, it is regarded as
excellent. The effect of the E-value on the enantiomeric excesses of the product and the

substrate as a function of conversion are given in Figure 1.5.2.
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Figure 1.5.2: Effect of the E-value on the enantiomeric excesses of the product and the substrate as a function of

conversion 7.

In this thesis, kinetic resolution is used to obtain the substrate with an enantiomeric excess of
at least 96%. On the left graph in Figure 1.5.2, we would therefore stop the reaction at around
80% conversion, which means the enantiopure substrate will only be obtained with a maximum
yield of 20%. On the other hand, with an E-value of 20 (right graph), the reaction would be
stopped at around 60% conversion, and the enantiopure substrate would be obtained with a

potential yield of 40%. Therefore, choosing an enzyme allowing a high E-value is important.
1.5.2. Classification of enzymes

Enzyme-catalyzed processes exist for almost every type of organic reactions, and can even
allow reactions that are not possible in nonenzymatic chemistry, such as very selective

functionalization of inactivated positions in organic molecules.

Depending on the type of reaction they catalyze, enzymes can be classified into six categories,

as shown in Table 1.5.2.

Table 1.5.2: Classification of enzymes %’

Enzyme class Reaction type

Oxidoreductases Oxidations and reductions

Transferases Transfer of chemical groups

Hydrolases Hydrolysis — Formation of esters

Lyases Addition/elimination of small molecules

Isomerases Isomerizations

Ligases Formation/cleavage of C-O, C-S, C-N and C-C bonds




Each of those classes can be divided into subclasses. Lipases, which will be used for the kinetic
resolutions, are part of the hydrolases class. Ketoreductases, which will be used for the

enzymatic reduction steps, are part of the oxidoreductases class.

1.5.3. Lipases

Lipases are enzymes specialized in the hydrolysis of ester bonds in triglycerides to form fatty
acids and glycerol. They play a very important role in biotechnology, for food and oil
processing but also for the preparation of chiral intermediates. Contrary to the other types of
hydrolases, lipases are only active at an aqueous-lipid interface. This effect is called interfacial
activation. What makes them useful in organic chemistry is the fact that they can hydrolyze
esters other than glycerides. Depending on the structure and the size of the substrate, different

lipases can be used, as shown in Figure 1.5.3.

Substrate Size

[ m e e
. M
: -~ |
Aspergillus sp. lipase Candlida antarctica lipase B Pseudomonas sp. lipase®
I

Candida rugosa lipaseb Mucorsp. lipase© PPLd

=

Humicola lanuginosa lipase®
Figure 1.5.3: Steric requirements of several lipases

Lipases catalyze the hydrolysis of ester bonds, and can, under certain conditions, catalyze their
formation. This can happen in a non-aqueous environment in the presence of an alcohol and an
excess of acyl donor. However, only few enzymes can catalyze reaction in non-agqueous
mediums. Among them is Candida Antarctica lipase B, a very robust enzyme that can withstand
temperatures of more than 50°C, and does not show a pronounced interfacial activation effect.
It can also achieve very high enantioselectivity if a well-suited substrate is chosen. In this thesis,
kinetic resolution of halohydrin precursors of aryloxyaminopropanols will be performed. The
S-enantiomer of such molecules fits well the active site of CALB, as shown in Figure 1.5.4.
The big difference in size between X and R: is what allows CALB to be very enantioselective

with this type of substrate.



acyl donor (R4 = carbon chain)

0] .
large hyrophobic
/\)J\ pocket
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Q H small stereospecificity
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R \/S\/ . ’//
(S) @ Trp 104

aryloxyaminopropanol precursor HIS 224
X = small group (halogen)  Ser 105 b
R, = large group (aryl)
(enantiomer prefered by CALB)
Figure 1.5.4: Suggested model for the CALB catalyzed esterification of the halohydrin precursors of
aryloxyaminopropanols. The S-enantiomer of such substrates is preferred by CALB ¥,

The kinetic resolution of those beta blocker precursors is shown in Scheme 1.5.1.

O
(@)
OH /\)J\OR QJ\/\ OH
RZ/O\/é\/ X - Rz/o\/-\/ X + RZ/O\/k/ X

Scheme 1.5.1: Kinetic resolution of the halohydrin precursors of aryloxyaminopropanols. Ideally, only the S-

enantiomer of such substrates is esterified by CALB. X = halogen; Rz = aryl group.
The catalytic activity of CALB is mainly due to its active site, composed of a serine-histidine-
asparate catalytic triad. The mechanism of CALB catalyzed transesterification of halohydrin
precursors of aryloxyaminopropanols is shown in Figure 1.5.5. It is based on the general
mechanism proposed by Li et al. 3L,

187 (@] 187

>=O serg: /\)J\O/R1 /Eo

105
Ser

o .~ H. o
/% _ \! - H\N/ \N ‘O )
: / \—/ I|?1 oxyanion
Hi5224 hole
—OH
O A~ # 1
R>
Asp’87
Asp1 0 Ser'0
Ser oxyanion HO, PR o
H\N, \N : OH Y=/ o)
H p Hi8224
224 (\/ RZ/O\/\/X
Rz

Figure 1.5.5: Catalytic mechanism of CALB for transesterification of halohydrin precursors of

aryloxyaminopropanols. Ry =

carbon chain; X = halogen; R, = aryl group. Based on Li et al. mechanism 3.
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For the transesterification to be the only reaction happening, the environment must be
anhydrous. Otherwise, CALB would catalyze the hydrolysis of the ester formed, which would
decrease the enantiomeric excess of the remaining substrate. CALB would also catalyze the

hydrolysis of the acyl donor, yielding butyric acid.

The choice of acyl donor can have an impact on the enzymatic transesterification. The
accumulation of R1-OH in the reaction mixture can lead to the hydrolysis of the ester formed,
which would decrease the enantiopurity of the remaining substrate. In this thesis, vinyl butyrate
is used as the acyl donor. It is hydrolyzed by CALB to release a vinyl alcohol (R1-OH) that
readily tautomerize to yield acetaldehyde, which evaporates at 20°C. Therefore, the vinyl
alcohol can hardly accumulate in the reaction mixture. The enzymatic transesterification can

then be considered irreversible if the environment is anhydrous.
1.5.4. Ketoreductases

Ketoreductases are a subgroup of alcohol dehydrogenases, and catalyze hydride transfers,
allowing the reduction of ketones to alcohols and the oxidation of alcohols to ketones. In the
industry, they are mainly used as an alternative method to conventional chemical reduction.
During the reduction of a ketone, a chiral center is created. Two enantiomers can therefore be
produced, and ketoreductases can be very selective towards one of them. Enzymes are less used
for oxidation reactions, because their high enantioselectivity can then not be taken advantage

of. Alcohol oxidation leads indeed to the destruction of a chiral center.

Most alcohol dehydrogenases follow the “Prelog’s Rule” during the reduction of ketones. This
rule allows to predict which enantiomer of the alcohol will be mainly formed, as shown in
Figure 1.5.6.

'Prelog’s Rule' OH

N C|> Dehydrogenase
oD P 0T

NAD(P

S= small, L =large
sequence rule order of L > S assumed

Figure 1.5.6: Enantiomer preferentially formed by alcohol dehydrogenases following the Prelog’s rule 2’
Ketoreductases need the presence of a specific redox cofactor. For most of those enzymes, it is
either Nicotinamide adenine dinucleotide NAD(H) or its phosphate NADP(H). Whole cell
metabolisms readily regenerate the oxidized or reduced cofactor, so that stoichiometric amounts

are not needed. However, without a recycling system, isolated enzymes would need the same
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amount of cofactor as of substrate. Isolated enzymes are often preferred to whole cells in the
industry because their use limits side reactions and facilitate workups. NAD(H) and NADP(H)
being very expensive, using stoichiometric amounts would not be economically viable at an
industrial scale. Fortunately, regeneration systems have been developed, reducing the amount
of redox cofactor needed to catalytic amounts. In this thesis, a regenerating system using
glucose-6-phosphate dehydrogenase is used to regenerate NADPH. This system was first
reported by Wong et al. in 1981 32, and is illustrated in Scheme 1.5.2.

O OH
KRED
P - P

R R
1 2 \ 2
NADP”*
opo,H, NADPH OPO,H,
. \
HO - HO O
HO HO
oH SO G6P-DH o
OH
lspontaneous glucose-6-phosphate
OPO3H,
HO OHH
HO
OH O

Scheme 1.5.2: Recycling of NADPH using G6P-DH and glucose-6-phosphate.
G6P-DH is relatively cheap in comparison with enzymes used in other NADPH regeneration
system such as formate dehydrogenase. Moreover, the 6-phosphoglucolactone formed
spontaneously hydrolyzes to the corresponding phosphogluconate, which ensures the
irreversibility of the reaction. Drawbacks of this system include the relatively high cost of
glucose-6-phosphate, which has to be used in stoichiometric amounts, and the potential

difficulty to separate 6-phosphogluconate from the product 33,

The exact mechanism of enzymatic reductions depends on the type of alcohol dehydrogenase
used. Most of them contain a zinc atom in their catalytic site that coordinates with the oxygen
atom of the ketone substrate. A nucleophilic attack of a hydride coming from the redox

cofactor can then happen.

Unlike kinetic resolution, enzymatic reduction does not limit the yield of obtaining an
enantiopure alcohol. Therefore, in this thesis, pathways containing enzymatic reductions will

be preferred over the ones containing kinetic resolutions.
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1.5.5. Optimizing enzyme selectivity

Every catalytic system is composed of three main components: (bio)catalyst, substrate, and

medium. Each of those parameters can be adjusted to try to improve an enzymatic reaction.

Testing a reaction using different enzymes could be beneficial, as one could have a better
selectivity towards a given substrate. If the equipment is available, enzyme engineering can
also allow to optimize the selectivity of an enzyme in a specific reaction. This can be done
either through rational protein design, or through directed evolution. Modification of small
groups in the enzyme can result in a significant selectivity improvement, as shown in Table
1.5.3.

Table 1.5.3: Selectivity enhancement of Candida rugosa lipase by covalent enzyme modification %’. 2 Reductive
amination of e-amino groups of lysine. ® Nitration of tyrosine. ¢ Reduction of nitro-tyrosine to amino-tyrosine.

Modification Selectivity (E)
None 1.5
Pyridoxal phosphate # 2.4
Tetranitromethane ° 33
Tetranitromethane, then NaS204 © 37

Modifying the structure of a substrate, for instance by adding or removing protective groups

with different sizes and polarity, can lead to a better fit for the enzyme, and to a better selectivity.

Finally, modifying the medium properties, such as its pH, its temperature, and its composition
can be a powerful technique to enhance an enzyme selectivity. Adding chiral compounds to a
reaction mixture can improve the selectivity of an enzyme by inhibiting the formation of an
undesired enantiomer. Changing the pH has an effect on the ionization state of an enzyme, and
therefore on its structure and on its selectivity. Changing the temperature has an effect on the
thermodynamics of enzymatic reactions, and therefore on the stereopurity of the product
obtained. Finally, changing the solvent or cosolvent of a reaction can have a big effect on the

selectivity of the enzyme.

The natural medium of most enzymes is water. It is a poor solvent in preparative organic
chemistry because most organic compounds are not soluble in it, a lot of side reactions happen
because of it, and its removal is tedious. For those reasons among others, solvent systems for

enzymatic reactions have been developed. Two of them are used in this thesis: A monophasic
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aqueous-organic system for the enzymatic reduction steps and a monophasic organic system

for the CALB-catalyzed kinetic resolutions.

A monophasic aqueous-organic system allows the solubilization of lipophilic substrates. The
sotalol precursors used in this thesis are not soluble in water, and their enzymatic reduction
would not be possible without the addition of an organic solvent. This kind of system can also
improve reaction rates and selectivity. Most enzymes are deactivated when more than around
10% of water-miscible organic cosolvent are used, but in some rare cases more than 70% of co-
solvent can be used. Water serves as a “molecular lubricant” for enzymes, and increasing the
amount of cosolvent can make the enzyme more rigid #’. It can therefore have a big effect on
the enantiomeric excess of the product.

In @ monophasic organic system, the enzyme is in suspension in the organic solvent. Water is
not present as a solvent, but the structural water, being part of the enzyme structure, is still there.
Removal of the structural water of an enzyme by overdrying leads to its deactivation. In this
type of system, the catalytic activity is usually lower than in water, but reactions that were not
possible before due to the presence of water, such as the esterification of alcohol compounds

by lipases, become possible.

1.6. Enantiopurity analysis methods

1.6.1. Chiral HPLC

In order to measure the enantiomeric excess of the products in this thesis, chiral HPLC analyses
were performed. Chiral HPLC is a type of HPLC able to separate enantiomers thanks to the

presence of an enantiopure compound in the stationary phase.

For the separation of two enantiomers to happen, the two enantiomers must have different
affinities with the stationary phase of the column. This is possible if the stationary phase is
chiral. To explain this phenomenon, the most popular simple model is the three-point

attachment model, suggested by C. E. Dalgliesh in 1952 34, and illustrated in Figure 1.6.1.
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Figure 1.6.1: Three-point attachment model explaining the difference in retention of two enantiomers in chiral
HPLC *. A, B and C represent groups having a strong affinity with A’, B’ and C’ respectively.

While the most retained enantiomer has three strong interactions A-A’, B-B’ and C-C’, the

other enantiomer only has two, and will therefore elute more quickly.

If a suitable chiral coating material is used, two enantiomers of a chiral analyte will therefore
elute at a different time, and two peaks will be visible on the obtained chromatogram. In order
to measure the enantiomeric excess of the chiral compound analyzed, the following formula

can be used:

(Aa - Ab)

x 100
(Aa + Ab)

ee =

Aa and Ay correspond to the area under the peaks corresponding to the elution of two

enantiomers a and b.

Each of the enantiomer’s peaks must be precisely measured, and therefore separated enough.
The resolution factor represents how well two elution peaks can be differentiated, and is defined

as follows 36:

tRa - tRb

R.= 1177 X
s bos” + bo.sb

tx® and tz? correspond to the elution time of the enantiomers a and b. bys® and by <”
correspond to their peak width at half height. Baseline separation is considered obtained

with a retention factor of at least 1.5 37.

Chiral HPLC analyses were carried out using a Chiralcel OD-H column. This column is
composed of cellulose tris(3,5-dimethylphenylcarbamate) coated on 5um silica-gel. The
structure of the coating material is shown in Figure 1.6.2.
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Figure 1.6.2: Structure of cellulose tris(3,5-dimethylphenylcarbamate)

1.6.2. Polarimetry

One particular property of enantioenriched compound is their ability to rotate plane-polarized
light. Two enantiomers will moreover rotate it in opposite direction. Those optical rotations can

be measured with a polarimeter, and be used to calculate the specific rotation of the analyte:

B 100 X
T oexl

T
o]y

T is the temperature at which the measure was done (in °C); A is the wavelength of the polarized
light (in nm); « is the observed angle through which the light is rotated (in °); c is the
concentration in analyte of the solution (in g/100mL); | is the length of the cell containing the
analyte solution (in dm). Usually, A is equal to 589 nm and is noted D (this wavelength

corresponds to the “D line” of a sodium lamp) .

At a fixed wavelength, temperature, concentration and cell length, the specific rotation of an
enantiomerically enriched chiral analyte can be compared with previously reported data of one
of the enantiomers. An identical sign means that the major enantiomer in the analyte is the same
as the one previously reported. An opposite sign means that the major enantiomer in the analyte

is the opposite enantiomer to the one previously reported.

Comparing the absolute specific rotation of an enantiomerically enriched chiral analyte with
the one of the corresponding enantiopure analyte can also be used to know approximately the
enantiomeric excess of the analyte, although chiral HPLC is a more accurate method. Slight
impurities can distort the results ¥, and sometimes the linear relationship between the

enantiomeric excess and the optical rotation fails °.

1.7. Synthesis pathway to enantiopure (R)-sotalol, (S)-
penbutolol and (S)-bisoprolol

1.7.1. Synthesis pathway to enantiopure (R)-sotalol
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Most of the synthesis of enantiopure (R)-sotalol previously reported rely on the asymmetric
hydrogenation of the ketone in N-(4-(2-chloroacetyl)phenyl)methanesulfonamide and N-(4-
(isopropylglycyl)phenyl)methanesulfonamide, as shown in Scheme 1.7.1.

H o H
7/

N.¢ N\S//O
o me © - HO,,,(©/MQ/ o)

R R
Scheme 1.7.1: Crucial step in most syntheses of (R)-sotalol. Starting materials: R = Cl: N-(4-(2-
chloroacetyl)phenyl)methanesulfonamide; R = Br: N-(4-(2-bromoacetyl)phenyl)methanesulfonamide; R =
NHiPr: N-(4-(isopropylglycyl)phenyl)methanesulfonamide. Products: R = CI: (R)-N-(4-(2-chloro-1-
hydroxyethyl)phenyl)methanesulfonamide; R = NHiPr : (R)-Sotalol.
Non-enzymatic methods employed include a Noyori asymmetric hydrogenation of N-(4-

(isopropylglycyl)phenyl)methanesulfonamide using a ruthenium-BINAP catalyst “°, a Corey-
Bakshi-Shibata reduction of N-(4-(2-chloroacetyl)phenyl)methanesulfonamide using the chiral
catalyst (S)-2-methyl-CBS-oxazaborolidine !, and a Sharpless asymmetric dihydroxylation of

a sotalol precursor in the presence of the chiral ligand DHQ-PHAL %2,

The stereoselective microbial reduction of N-(4-(2-chloroacetyl)phenyl)methanesulfonamide
to one of the enantiomers of its reduced derivative was first reported by Patel et al. in 1993 %,
Cell extracts of H. polymorpha gave the product with an enantiomeric excess of 99.4%, but
while they draw in a scheme the structure of (R)-(-)-N-(4-(2-chloro-1-
hydroxyethyl)phenyl)methanesulfonamide, they name it (+)-N-(4-(2-chloro-1-
hydroxyethyl)phenyl)methanesulfonamide, so the exact enantiomer formed is not known. An
enzymatic method to synthesize both enantiomers of sotalol was developed by Kamal et al. #
in 2004. It involved the kinetic resolution of racemic N-(4-(2-chloro-1-
hydroxyethyl)phenyl)methanesulfonamide using Pseudomonas cepacia lipase. Kapoor et al. °
worked on the enzymatic reduction of N-(4-(2-bromoacetyl)phenyl)methanesulfonamide using
ketoreductases, but the enantiomeric excesses of the products obtained were below 70%. They
also worked on the hydrolysis of esters of this molecule using the commercial enzyme CRL
and Arthrobecter sp., which did not give better enantiomeric excesses. They also carried out
kinetic resolution of N-(4-(2-bromoacetyl)phenyl)methanesulfonamide catalyzed by PS-C-II,
which gave the bromohydrin product with a 99.5% enantiomeric excess. Finally, although they
did not work on the whole synthesis of sotalol, Zhu et al. reported the synthesis of enantiopure
(R)-N-(4-(2-chloro-1-hydroxyethyl)phenyl)methanesulfonamide (ee > 99%) by the reduction
of N-(4-(2-chloroacetyl)phenyl)methanesulfonamide using the commercial ketoreductase
KRED 130 6,
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In this thesis, the synthesis of enantiopure (R)-sotalol from aniline is attempted. The key step is
the enzymatic reduction of sotalol precursors using commercially available KRED 228 and
KRED 238. The rest of the synthesis steps are mostly adapted from the pathway described by

Kamal et al. **. The planned synthesis path is summarized in Scheme 1.7.2.

©/NH2

CI\S//O pyridine
Me” Yo | CH2Clz

i-PrNH,
iKRED KRED

N

s.

HO,,, M 0 me HO, (©/Me/ °
NH

i~PrNH,

QQ

ﬁ

(R)-Sotalol

Scheme 1.7.2: Planned synthesis pathway of (R)-sotalol.
1.7.2. Synthesis pathway to enantiopure (S)-penbutolol

Synthesis of enantiopure (S)-penbutolol has been previously performed via enzymatic
hydrolysis of acetates using lipases by Hamaguchi et al. " *, kinetic resolution using lipase
from Pseudomonas sp. by Ader et al. *°, addition of enantiopure (25)-glycidyl tosylate to a
penbutolol precursor by Klunder et al. 5°, via Sharpless asymmetric dihydroxylation of a
precursor of the drug by Phukan et al. 3. Those methods suffer, however, from drawbacks as

shown in Table 1.7.1.
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Table 1.7.1: Main drawbacks of the previous synthesis of (S)-penbutolol

Method Main drawbacks
Hamaguchi et al. #’ 8 steps needed
Ader et al. 4 (S)-penbutolol synthesized with only 91% ee
Klunder et al. *° (S)-penbutolol synthesized with only 86% ee

Use of toxic and expensive catalysts and (S)-penbutolol
Phukan et al. > _ _ _
synthesized with a relatively low ee (95%)
In this thesis, the synthesis of (S)-penbutolol is composed of only four steps, and uses a nontoxic
enzyme (CALB) as the chiral catalyst. The key step is a kinetic resolution, as in the synthesis
performed by Ader et al., but here the product is obtained with an enantiomeric excess of 99%.
The planned synthesis pathway chosen is shown in Scheme 1.7.3, and is adapted from the
synthesis pathway used for others aryloxyaminopropanol beta blockers in the Biocatalysis

research group 2.

i) Epichlorohydrin,

NaOH
OH — " vk/m viny! butyrate o\/\/m . o N _c
ii) LiCl, AcOH CAL B
8 (S0 (R)-8

OH i OH
tert-butylamine H
o S o ———— > o\/'\/N\(<

(R)-8 (S)-10
Scheme 1.7.3: Planned synthesis pathway to enantiopure (S)-penbutolol

A similar synthesis pathway was attempted by master student Kristoffer Klungseth as part of
his master’s thesis at NTNU >3, but the (S)-penbutolol synthesized was impure and had an
enantiomeric excess of 96% only. The main impurity was butyric acid, which was formed
during the enzymatic step. Flash chromatography purification did not allow the removal of the
impurity. Butyric acid is probably the result of the hydrolysis of vinyl butyrate catalyzed by
CALB.

These procedures will therefore be optimized in this thesis in order to obtain better yields,

higher enantiomeric excesses, and purer products.
1.7.3. Synthesis pathway to enantiopure (S)-bisoprolol

Asymmetric syntheses of (S)-bisoprolol have not been reported extensively. Most of the

syntheses reported don’t involve asymmetric catalysis, and rely on the use of stoichiometric

19



amounts of commercial enantiopure reactant, such as (R)-epichlorohydrin >, (R)-epoxipropanol

%, (S)- glycidyl tosilate ¢, and (S)-glycidyl nosilate .

Syntheses relying on biocatalysis have not been reported. The structure of (S)-bisoprolol is,
however, quite close to the one of (S)-penbutolol, and it is plausible that kinetic resolution using
CALB would give good results, as it has given good results for the synthesis of numerous
enantiopure aryloxyaminopropanol beta blockers in the Biocatalysis research group at NTNU
52.%8 The pathway using kinetic resolution for the synthesis of (S)-bisoprolol chosen in this
thesis is very similar to the one chosen for the synthesis of (S)-penbutolol, except that an
additional step is needed at the beginning to form 4-((2-isopropoxyethoxy)methyl)phenol from
4-(hydroxymethyl)phenol (see Scheme 1.7.4).

OH OH
()yj@/ + )\O/\/OH —_— )\ (©/

o ™0
Scheme 1.7.4: Synthesis of 4-((2-isopropoxyethoxy)methyl)phenol from 4-(hydroxymethyl)phenol and 2-
isopropoxyethan-1-ol.
The synthesis of 4-((2-isopropoxyethoxy)methyl)phenol has been previously performed using
sulfuric acid °°, ion exchange resins , and silica sulfuric acid, an acid catalyst %X, The use of
sulfuric acid usually leads to the formation of a significant amount of impurities in this reaction
81, The use of an exchange resin has already been tried by master student Pal Bgckmann 2, and
did not give good results. Therefore, this synthesis step is performed using silica sulfuric acid

in this thesis.

Another synthesis pathway using ketoreductases will also be attempted. As explained in the
biocatalysis part, kinetic resolution limits the yield to 50% in most of the cases, while with
enzymatic reduction a yield of 100% is theoretically possible. Moreover, no additional step
would be needed in comparison with the pathway using kinetic resolution. The pathway using
ketoreductases would therefore be preferred. It relies, however, on the synthesis of 1-chloro-3-
(4-((2-isopropoxyethoxy)methyl)phenoxy)propan-2-one or its bromine equivalent from 4-((2-

isopropoxyethoxy)methyl)phenol (see Scheme 1.7.5), which has not been reported previously.

OH 0 Q
x M x oM x
)\ X=Cl, Br o (©/
0
o base )\O/\/o

Scheme 1.7.5: Synthesis of 1-chloro-3-(4-((2-isopropoxyethoxy)methyl)phenoxy)propan-2-one and 1-bromo-3-
(4-((2-isopropoxyethoxy)methyl)phenoxy)propan-2-one from 4-((2-isopropoxyethoxy)methyl)phenol.
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Similar reactions have been reported, as shown in Scheme 1.7.6. Most of the procedures tried
in this thesis to synthesize 1-chloro-3-(4-((2-isopropoxyethoxy)methyl)phenoxy)propan-2-one
and its bromine equivalent are adapted from the ones described in those articles. Reaction 4
from Scheme 1.7.6 is especially promising, because the pKa of their starting material

(naphthalen-1-ol) is quite close to the one of 4-((2-isopropoxyethoxy)methyl)phenol.

0._0
0._0
o EtONa, EtOH
o] o __ NaHCO; _ \)k \)K/ —_— =z
+Cl cl o
o \)kOH R v /ﬁ(\ 3) - efu2n o &
24n, rt. OH yield: 54%
:54%

_ NaHcO; NaOH. wat oYy e
\)K/ \)K/ a water e}
oo DMF2 rt., 2h35(:4h OO
shirt, 12h yield: 70/
yield: 93%
/@/ _ KCO5, MeCN c o]
\)X reflux, 8h cl

yield: 33%
Scheme 1.7.6: Reactions that include the addition of 1,3-dibromopropan-2-one or similar compounds on alcohols
((1) by Sibley et al. ¢; (2) by Kubo et al. ® ; (3) by Hassan et al. ; (4) by Ying Zhou %;(5) by Stroech et al. 7.
The planned synthesis pathways of (S)-bisoprolol are presented in Scheme 1.7.7. The left
pathway contains an enzymatic reduction step while the right one includes a kinetic resolution

using Candida antarctica Lipase B (CALB).
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(] O
X\)K/X O/\/ 1) Epichlorohydrin
X=Cl, Br ) LiCl, acetic acid
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‘ KRED | CAL B, Vinyl butyrate
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)\o/\/o

O/\/O (S)-Bisoprolol

Scheme 1.7.7: Planned synthesis pathways of (S)-bisoprolol.

1.8. Theoretical organic chemistry

1.8.1. Nucleophilic substitution reactions

Nucleophilic substitution reactions are very common in organic chemistry. They correspond to
substitution reactions where a nucleophile attacks a molecule and replaces one of its functional

groups. Those reactions can be divided in two types: Sn1 and Sn2.

Snl have a mechanism consisting of two steps, the rate-determining step (formation of the
carbocation) being unimolecular. First, a functional group leaves a molecule, leading to the
formation of a carbocation intermediate. Then, a nucleophile attacks the carbocation. The
mechanism is shown in Scheme 1.8.1. Sn1 reactions are favored when the carbon skeleton of a
molecule allows the formation of a relatively stable carbocation intermediate. The rate of the
reaction does not depend on the concentration and the strength of the nucleophile. A polar

solvent also favors an Sn1 mechanism, mainly because it stabilizes the carbocation intermediate.
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Scheme 1.8.1: Mechanism of an Sn1 reaction.

Sn2 are bimolecular reactions. The nucleophile attack and the leaving of a functional group
happen at the same time. The mechanism is shown in Scheme 1.8.2. Here, the rate of the
reaction depends on the concentration and the strength of the nucleophile. A non-polar solvent
favors an Sn2 mechanism, mainly because it makes the nucleophile anion more reactive. In a

protic solvent, the order of nucleophilicity for halogens is as follows: I > Br> CI"> F.

.o @ H H H)<H @
. —_—
PhS /?écn Phs” “ph C!

Scheme 1.8.2: Mechanism of an Sn2 reaction.

A better leaving group leads to a faster reaction for both reaction types. For halogens, the
reaction rate order is as follows: R-1 > R-Br > R-Cl > R-F.

1.8.2. Ring opening of epoxides

Ring opening of epoxides can be either base catalyzed or acid catalyzed.

Base catalyzed opening happens when a strong nucleophile is used. The mechanism of a base-

catalyzed ring opening is given in Scheme 1.8.3.

/\ W/ —>Eth _>Eth e o

\fo
Scheme 1.8.3: Mechanism of a base-catalyzed epoxide opening
This is an Sn2 type mechanism, and the nucleophile will primarily attack the least hindered

carbon atom.

Acid catalyzed opening happens when a strong nucleophile is used. The mechanism of a base-

catalyzed ring opening is given in Scheme 1.8.3.

\@ ,Me
/ H\ O Me Co—|v|e o e
0 H@ /_$
O HO

Scheme 1.8.4: Mechanism of an acid-catalyzed epoxide opening
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In Scheme 1.8.3, the mechanism is closer to an Sn1 than to an Sn2, and the protonated epoxide
resembles a carbocation, as the positive charge is distributed between the most substituted
carbon and the oxygen. In acid catalyzed epoxide opening, the nucleophile will often attack the
least hindered carbon atom © but this will depend on the strength of the nucleophile, and on the
stability of the carbocation mesomere intermediate. For instance, during the opening of
propylene oxide with hydrogen bromide in water, an acid-catalyzed epoxide opening, the least
hindered carbon is mainly attacked, as shown in Scheme 1.8.5. This could be explained by the
fact that the bromide anion is a stronger nucleophile than methanol, and because the most

hindered carbon here is only a tertiary carbon, so that a carbocation intermediate would not be

very stable.
O Her HO Br.
/N >_\ +
H3C H0  H,C Br HsyC  OH
76% 24%

Scheme 1.8.5: Opening of propylene oxide with hydrogen bromide in water °.
In this thesis, opening of epoxides of aryloxyaminopropanol precursors are done via acid
catalysis using either hydrogen chloride or lithium chloride and acetic acid. When using lithium
chloride and acetic acid, the epoxide can be activated either by a proton from the acid or by a

lithium cation, as shown in Scheme 1.8.6.

o @ H OH
Ho 0 —_—
/—> OJ\ O <P -~ 0 /O\)\/Cl
. R \___iCl: R A)
RO Li Li®0. j\
— > 20t Mg OH
./“H® %H OH
/O\/Q? T T o< T o T /0\)\/C| (B)
R R \___iCl: R

Scheme 1.8.6: Mechanism for the opening of epoxides of aryloxyaminopropanol precursors using lithium
chloride and acetic acid (A) or hydrogen chloride (B). R = aryl group.

Chlorine mainly attacks the least hindered carbon when concentrated hydrochloric acid or
lithium chloride and acetic acid are used > °8, signifying that a carbocation intermediate is not

likely to form, and that the main mechanism is Sn2-like.

The use of a dilute hydrochloric acid solution could be seen as a greener option than the use of
lithium chloride and acetic acid, or than the use of concentrated hydrochloric acid. This would

indeed optimize the atom economy of the reaction, as little to no waste would be produced. It
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could, however, lead to the addition of chlorine on the most substituted carbon, and to obtaining
an undesired product. This is because reducing the concentration of nucleophile reduces the
rate of Sn2-like reactions, and does not affect the yield of Sn1-like reactions.

1.8.3. Secondary amine synthesis via amine alkylation

Amine alkylation describes the reaction between a primary or secondary amine and a
halogenated compound. Usually, secondary amine formation via this method is not possible,
because the secondary amine produced is more nucleophile than the primary amine starting
material. The reaction continues then to form a tertiary amine, as shown in Scheme 1.8.7 .
AN N R2
Ry X H Ry™ "X W

R1/NH2 —>R/ \/Rz —_— N

1 R1/ \/RZ

Scheme 1.8.7: Alkylation of a primary amine. The mechanism consists of two Sn2 steps.

In this thesis, the alkylating agent is an aryloxyaminopropanol precursor, and the amine is either
isopropyl amine or tert-butyl amine. This type of reaction has been performed before, and the

main product obtained was a secondary amine, as shown in Scheme 1.8.8.

OH
Rz/oy\/m o ji/ N

NH,
~ R R,

Scheme 1.8.8: Alkylation of a primary amine with an aryloxyaminopropanol precursor. Ry = i-Pr or tert-butyl.
R2 = aryl group.
This can be explained for two main reasons. First, both the alkylating agent and the amine are
quite bulky. A second alkylation is therefore less likely to happen due to steric hindrance.
Second, the alkylating agent contains inductive electron-withdrawing groups, which reduce the

reactivity of the amine formed 3¢,
1.8.4. Friedel-Crafts acylation

Friedel-Crafts acylation is a type of reaction in which an acyl chloride or anhydride reacts with
an electron-rich aromatic compound to form an aromatic ketone. The reaction is catalyzed by
aluminum chloride, and stoichiometric amounts have to be used, because it complexes with the
ketone product. Adding water in the reaction mixture stops the reaction and allows to obtain

the desired product. The general mechanism of the reaction is shown in Scheme 1.8.9.
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Polyacylation are usually not happening, because the product is less reactive than the starting

material, due to the presence of the electron-withdrawing acyl group.

.'O'.

o
® 0O @ R—_O ->R— +
R)J\“ T NAICL RJCCI ACl, ® & 0| * Al
0
@ R—O -~ H S R +HCI + AlCl5
R, 3
©-AlCH

o)
I
©)\R ACly ©)\ 3 Hy0 (workup) ©)\R + AI(OH); + 3 HCI

Scheme 1.8.9: Friedel-Crafts acylation mechanism .

This reaction requires the aromatic reactant to be electron-rich. The presence of powerful

electron-withdrawing groups on the ring such as amines usually gives poor yield .

In this thesis, Friedel-Crafts acylation is used in order to form N-(4-(2-

chloroacetyl)phenyl)methanesulfonamide, as shown in Scheme 1.8.10.

0]

H >_\ H\S//S

0
N oo . g e
ve © AICl,
CH,Cl,

Cl

Scheme 1.8.10: Synthesis of N-(4-(2-chloroacetyl)phenyl)methanesulfonamide from N-

phenylmethanesulfonamide and 2-chloroacetyl chloride

Although the sulfonamide group attached to the aromatic ring in the starting material N-
phenylmethanesulfonamide has an electron withdrawing inductive effect, its contribution to the
electron density of the benzene ring through resonance enables the Friedel-Crafts Acylation to
happen. This contribution is illustrated in Scheme 1.8.11. For this reaction, Kamal et al. **
obtained a yield of 75%.

.. @H\ //O
[j ZSNE @ @
Me/ 0 ‘/ Me
\P

Scheme 1.8.11: Main resonance structures of N-phenylmethanesulfonamide.

The sulfonamide group is an ortho-para director, but the main reaction is an ortho addition,

because the para regions are sterically hindered.
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1.8.5. Asymmetric ether formation

The most common way of synthesizing asymmetric ether is via the Williamson ether synthesis,

shown in Scheme 1.8.12. The mechanism is the one of a typical Sn2 reaction .

R-OH + Ry—LG 2> R-O-R, + LG~

Scheme 1.8.12: General Williamson ether synthesis. LG = Leaving group; usually a halogen.
In this thesis, 4-((2-isopropoxyethoxy)methyl)phenol has to be formed, and its retrosynthesis

via a Williamson ether synthesis is shown in Scheme 1.8.13.

AT = O

OH

U
OH
K©/ +/Lo/\/OH K©/ +/LO/\/X
X A1 A2

OH A3 A4

Scheme 1.8.13: Retrosynthesis of 4-((2-isopropoxyethoxy)methyl)phenol via a Williamson ether synthesis. X =
halogen.

Reactants A2 and A3 are commercially available, but halogenated compounds Al and A4 are
not. They could be synthesized as an additional step, but instead, 4-((2-
isopropoxyethoxy)methyl)phenol could be synthesized directly from alcohols A2 and A3 via

intermolecular dehydration of alcohols, as illustrated in Scheme 1.8.14.

OH OH
D + )\O/\/OH acid catalyst )\ D
OH A3 A2

o ™0

Scheme 1.8.14: Synthesis of 4-((2-isopropoxyethoxy)methyl)phenol from A2 and A3 via intermolecular
dehydration of alcohols.

Intermolecular dehydration of alcohols is usually not recommended for the synthesis of
unsymmetrical ethers, because it could lead to the formation of dimers %. A general mechanism
for this type of reaction is given in Scheme 1.8.15. The unsymmetrical ether R{ORz is only one

of the three products possible.
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R1_O_R2 + Hzo

(‘
2
b
\4 R,—0-R; + H,0

Scheme 1.8.15: Mechanism for the synthesis of esters via intermolecular dehydration of two different alcohols.

Ry~ OH

The  reaction  conditions  employed  during the  synthesis of  4-((2-
isopropoxyethoxy)methyl)phenol are however allowing the formation of the desired
unsymmetrical ether to be dominant, as explained in the results and discussion part.
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2 Results and Discussion

2.1 Synthesis of enantiopure (R)-sotalol precursors

The aim of this part is to synthesize enantiopure (R)-sotalol precursors in an environmentally

friendly and efficient way.
2.1.1 Synthesis of N-phenylmethanesulfonamide (1)

N-Phenylmethanesulfonamide (1) was synthesized from aniline and methane sulfonyl chloride,
as shown in Scheme 2.1.1. The procedure was adapted from the one described by Lis et al. 7°.

cl_0
H
©/NH2 Me/s\\o N\S//O
. 23
pyridine me O
CH,Cl,

Scheme 2.1.1: Synthesis of N-phenylmethanesulfonamide (1) from aniline and methane sulfonyl chloride.

The reaction is exothermic, and the addition of methane sulfonyl chloride needs to be done
dropwise and at 0°C. One attempt was done at room temperature, the solution boiled after the
first drops of methane sulfonyl chloride reached the reaction mixture, and the final product was

more colored than in the other attempts, indicating the presence of more impurities.

Methanesulfonyl chloride reacts vigorously with water to form, among others, methane sulfonic
acid, so the reaction should be done under inert atmosphere, with dry dichloromethane and dry
pyridine. The reaction is also releasing gas, among other hydrogen chloride, and a needle to
evacuate the pressure during the addition is not sufficient. In one attempt, the addition was done
completely under inert atmosphere, and the flask was linked to an oil bubbler via a needle and
a tube. The septum popped due to an overpressure. Therefore, in the later attempts, the flask
was only flushed with nitrogen during the addition of methane sulfonyl chloride, and linked to

an oil bubbler afterwards to keep it under inert atmosphere.

When methane sulfonyl chloride is added to the mixture of aniline and pyridine in
dichloromethane, the solution immediately turns yellow, and then red. The color does not come
from the formation of the desired product. Since methane sulfonyl chloride leads to the
formation of colored byproducts even when added under nitrogen and at 0°C, 1.1 equivalents

were used. The formation of colored byproduct will be discussed in the next part.
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The reaction mixture was stirred overnight. Following the reaction by TLC was tried, but due
to the very close Ry values of the starting material and the product with all the eluents tested, it
was hard to be sure all the starting material had been consumed.

2.1.1.1 Reaction mechanism for the synthesis of N-
phenylmethanesulfonamide (1) from aniline and methane

sulfonyl chloride

The mechanisms of similar reactions have been studied by J. F. King "*. It was proven by isotope
labeling that methane sulfonyl chloride in the presence of a tertiary amine base leads to the
formation of a very reactive intermediate: sulfene. The proposed mechanism of the synthesis of
N-phenylmethanesulfonamide (1) from aniline and methane sulfonyl chloride is shown in
Scheme 2.1.2.

cl 0 CQ 0 Hzc\\s//o
N\ ‘7 e/S\\ I
e — o 0

u: N\ / sulfene

207 O
H3C //
HZC\ @oy\ﬁ/H ,, “NH
fo

sulfene @7 @

Scheme 2.1.2: Reaction mechanism suggested for the synthesis of N-phenylmethanesulfonamide (1) from aniline

and methane sulfony! chloride.

The formation of the very reactive sulfene intermediate explains the exothermic nature of the
reaction, and the formation of byproducts. It also explains why water should not be present in
the reaction mixture. Water will indeed attack the sulfene intermediate to form methane sulfonic
acid, as shown in Scheme 2.1.3.

sulfene
Scheme 2.1.3: Reaction mechanism for the reaction of sulfene with water.

2.1.1.2 Work-up and purification of the crude product

To remove the remaining pyridine and its protonated form, the reaction mixture was
concentrated under reduced pressure. This is done to prevent the loss of product when the
reaction mixture is washed with water. Pyridine is soluble in water, and the desired product

might be soluble in pyridine.
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The reddish oil obtained is then dissolved in dichloromethane and washed with water. The
organic layer stays orange/reddish, and the aqueous phase becomes slightly yellow. The organic
layer is then dried over magnesium sulfate. Some of the red color stays on the magnesium

sulfate, even when washed with dichloromethane.

A TLC (6 n-pentane/4 ethyl acetate) of the organic layer shows three compounds. Two of them
are colored, and are labeled compounds 11 and 12, with respective Rfof 0 and 0.14. They are
probably polar sulfonyl impurities. The obtained product is not very soluble in ethyl acetate,
which would make column chromatography purification hard with this eluent. First, triturations
in different solvents were attempted to try to get rid of the colored impurities. Petroleum ether
didn’t dissolve any colored compound, while ethyl acetate could dissolve some of it, but also

partly dissolved the desired product. Dichloromethane dissolved most of the desired compound.

The reaction mixture dissolved in a large amount of ethyl acetate was passed through silica.
Impurity 11 was mainly retained by the silica, as shown by a TLC analysis of the filtrate, but

the solution remained colored afterwards, mostly because of the presence of impurity 12.

To facilitate the following of the reaction by TLC and to find a good eluent for column
chromatography, several eluent systems were tested. However, Rt of the starting material and
the desired product were always very close. Retention factors of product 1, aniline and impurity

12 in all the eluent systems tested are shown in Table 2.1.1.

Table 2.1.1: Retention factors obtained by TLC analysis of product 1, aniline and impurity 12 with several eluent

systems.
Eluent Mixing Riof Rf of aniline Riof
ratio product 1 impurity 12

n-pentane:ethyl acetate 6:4 0.56 0.51 0.14
dichloromethane:ethyl acetate 7:3 0.69 0.69 0.24
n-pentane:tetrahydrofuran 6:4 0.65 0.65 0.46
dichloromethane:tetrahydrofuran 8:2 0.88 0.80 0.29
n-pentane:propan-2-ol 9:1 0.40 0.46 0.29
dichloromethane:propan-2-ol 9.1:.0.9 0.58 0.61 0.44
dichloromethane:methanol 8.5:1.5 0.75 0.81 0.67

dichloromethane:diethyl ether 8:2 0.59 0.59 -

Recrystallizations from different solvents were attempted, including petroleum ether, ethyl

acetate, water, and toluene. Petroleum ether did not dissolve anything, even under reflux.
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Recrystallization from boiling ethyl acetate gave very pure crystals, but a bad yield. Boiling
water gave better results, although the procedure was tedious. During the first attempts, an oil
formed at the bottom instead of crystals. White crystals were eventually obtained by breaking
the oil and reheating the solution each time the oil formed, seeding the solution when it was
cooling down, and scratching the walls of the flask with a glass rod. This procedure gave a yield
of 87%, while the recrystallization in ethyl acetate only gave a yield of 34%. Recrystallization
in toluene was the easiest to perform, and gave a product with a very high purity the form of
big translucid crystals, with a yield of 73%. This yield could potentially be improved by using

less toluene during the recrystallization.

On another batch, another purification technique was tried. It was noticed that during the
workup, magnesium sulfate became bright red even after being washed with dichloromethane.
The colored impurity present in the crude mixture is probably a sulfate-related compound,
which explains its affinity with the magnesium sulfate. After being washed with distilled water,
the orange crude product dissolved in dichloromethane was therefore washed with a saturated
solution of magnesium sulfate. The organic layer changed color to become yellow, as well as
the aqueous layer. When separated, the organic layer turned orange again, but the color was
less intense. It was washed two more times with a saturated solution of magnesium sulfate, and
the organic layer was then only slightly yellow. After drying the organic layer over magnesium
sulfate, the solution was completely uncolored. Solvent removal gave compound 1 as a white
powder with a very high yield (98%) and purity (99%, *H-NMR). This means that the desired
product did not have any affinity with the saturated magnesium sulfate aqueous solution, while
the colored impurities did. This purification method is a lot simpler and less time consuming

than column chromatography or recrystallization.
2.1.1.3 Characterization of N-phenylmethanesulfonamide (1)

Characterization of compound 1 was carried out by NMR spectroscopy, with deuterated
dimethyl sulfoxide as solvent. Compound 1 with numbered carbon atoms is shown in Figure
2.1.1, and assignment of chemical shifts are given in Table 2.1.2.
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Figure 2.1.1: Compound 1 with numbered carbon and nitrogen atoms. Assignment of chemical shifts are given
in Table 2.1.2, and all spectra are given in the appendix (Part 6.1.1).
Table 2.1.2: Characterization of compound 1 given *H-, $3C-, H,H-COSY, HSQC- and HMBC-NMR (600 MHz,
CDCI3), see the appendix (Part 6.1.1).
'H-NMR [ppm]

Numbered atom BC-NMR [ppm] COosy HMBC
(mult., int., 3J)

1 - 138.86 - 2,356
2 7.25-7.18 (m, 2H) 120.26 3,5 1,3,4,5,6
3 7.37 - 7.30 (M, 2H) 129.76 2,4,6 1,2,5,6
4 7.13-7.06 (m, 1H) 124.31 3,5 2,356
5 7.37 —7.30 (m, 2H) 129.76 2,4,6 1,2,3,6
6 7.25-7.18 (m, 2H) 120.26 3,5 12,345
7 9.72 (s, 1H) - - 2,6
8 2.98 (s, 3H) 39.64 - -

2.1.2 Synthesis of N-(4-(2-

chloroacetyl)phenyl)methanesulfonamide (2)

N-(4-(2-Chloroacetyl)phenyl)methanesulfonamide  (2) was synthesized from N-
phenylmethanesulfonamide (1) and 2-chloroacetyl chloride by adapting the procedure

described by Lis et al. 2.

H .
N O cl Cl /730

- Me
me © AICl3
CH,Cl,

Scheme 2.1.4: Synthesis of N-(4-(2-chloroacetyl)phenyl)methanesulfonamide (2) from N-

/
(2]

Y
O

phenylmethanesulfonamide (1) and 2-chloroacetyl chloride

Anhydrous aluminum chloride and 2-chloroacetyl chloride are moisture sensitive, so the
reaction was performed under inert atmosphere, and with a dry solvent. The reaction is very
exothermic, and addition of 2-chloroacetyl chloride was performed dropwise and at 0 °C. HCI

gas is released during the reaction, so the flask should always be linked to an oil bubbler to

33



avoid overpressure. Aluminium chloride is a catalyst, but large quantities have to be used
because it forms a complex with the product, as shown in Scheme 2.1.6 and as explained in the
introduction. Two equivalents of 2-chloroacetyl chloride are used to try to maximize the

conversion of compound 1 to product 2.

Pouring the reaction mixture into water at the end is necessary to destroy the ketone-aluminum
complex and obtain compound 2, which will precipitate (see Scheme 2.1.6). Using an acidic
aqueous mixture is useful to get rid of the aluminum catalyst. The aluminum chloride present
at the end of the reaction is indeed forming aluminum hydroxide in the presence of water at a
neutral pH. Aluminum hydroxide is completely insoluble in water, and would precipitate with
the desired product. In a hydrochloric acid aqueous solution, aluminum chloride will be
dissolved into the aqueous phase. Excesses of 2-chloroacetyl chloride react with water to form
water-soluble chloroacetic acid and hydrochloric acid. The precipitate obtained after pouring
the reaction mixture into acidic water is therefore mainly composed of product 2. The product
obtained was colored, so a purification step was performed.

At room temperature, compound 2 is not soluble in n-pentane, dichloromethane, methanol,
ethyl acetate, acetonitrile, toluene, 2-propanol, ethanol and water. It is slightly soluble in
tetrahydrofuran and acetone, and soluble in dimethyl sulfoxide. This makes its purification
difficult. Heating the product in different solvents was attempted to find a potential solvent for
recrystallization. The product was soluble in boiling methanol, so this solvent was chosen for

the purification.

Recrystallization from boiling methanol gave the desired product with a yield of 57% with an
98% purity (*H-NMR). Traces of methanol (2%, *H-NMR) were present even after drying the
crystals under vacuum overnight. The crystals obtained were slightly orange, while pure N-(4-
(2-chloroacetyl)phenyl)methanesulfonamide (2) is a white solid. An impurity was therefore
responsible of the color, but it was not present in significant amounts for it to be visible on the
'H-NMR spectrum.

2.1.2.1 Reaction mechanism for the synthesis of compound 2 from
compound 1 and 2-chloroacetyl chloride

This reaction is a Friedel-Crafts acylation. Main resonance structures of compound 1 are shown
in Scheme 1.8.11. The mechanism of the reaction shown in Scheme 2.1.6 is based on the

Friedel-Crafts Acylation mechanism proposed by Solomons et al. (p. 686-687) . A very
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reactive acylium ion is formed from 2-chloroacetyl chloride and aluminum chloride, which
explains the exothermic nature of the reaction.

H H H
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Scheme 2.1.5: Main resonance structures of compound 1.
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Scheme 2.1.6: Reaction mechanism for the synthesis of N-(4-(2-chloroacetyl)phenyl)methanesulfonamide (2)

from N-phenylmethanesulfonamide (1) and 2-chloroacetyl chloride 8.

2.1.2.2 Synthesis of N-(4-(2-bromoacetyl)phenyl)methanesulfonamide
3)

The synthesis of N-(4-(2-bromoacetyl)phenyl)methanesulfonamide (3) was performed using
the same procedure, only replacing 2-chloroacetyl chloride with 2-bromoacetyl bromide, as
shown in Scheme 2.1.7. Bromine is a better leaving group than chlorine, and this reaction could
lead to a better yield. Also, bromine is bigger than chlorine, and N-(4-(2-

bromoacetyl)phenyl)methanesulfonamide (3) could be a better substrate than compound 2 for
the enzymatic reduction discussed in Section 2.1.4.

0]

H
>_ N_~
N2 B B 5%
N\S”\ r r - O Me
me o AICI5

Scheme 2.1.7: Synthesis of N-(4-(2-bromoacetyl)phenyl)methanesulfonamide (3) from N-

phenylmethanesulfonamide (1) and 2-bromoacetyl bromide

This reaction was performed by master student Fredrik Bjgrnes under my supervision as part

of a course project. N-(4-(2-Bromoacetyl)phenyl)methanesulfonamide (3) was obtained with a
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yield of 58% and a purity of around 80% (*H-NMR). The main impurity present is an unisolated
byproduct containing an aromatic ring with two groups of equivalent protons. It is believed to
be the compound shown in Figure 2.1.2, and potentially formed via a Friedel-Craft alkylation
where the aromatic ring attacks the carbon of 2-bromoacetyl bromide bearing a bromine and a

hydrogen instead of attacking the acyl bromide group.

O~ 'Br

Figure 2.1.2: Structure of a potential byproduct during the synthesis of compound 3 from N-
phenylmethanesulfonamide (1) and 2-bromoacetyl bromide.

This kind of byproduct was not present in product 2.

2.1.2.3 Characterization of N-(4-(2-
chloroacetyl)phenyl)methanesulfonamide (2) and N-(4-(2-

bromoacetyl)phenyl)methanesulfonamide (3)

Characterization of compounds 2 and 3 were carried out by NMR spectroscopy, with deuterated
dimethyl sulfoxide as solvent. Compounds 2 and 3 with numbered carbon atoms are shown in

Figure 2.1.3, and assignment of chemical shifts are given in Table 2.1.3.

0=S=0 0=S=0
2 ] 2 ]
3 1 _NH 3 1 _NH
7 7
0. 4 5 o 4 5
9 5 9 5
cli~— 10 Br~ 10
2 3

Figure 2.1.3: Compounds 2 and 3 with numbered carbon and nitrogen atoms. Assignment of chemical shifts are
given in Table 2.1.3 for compound 2 and in
Table 2.1.4 for compound 3. All spectra are given in the appendix (Part 6.1.2 and 5.1.3).
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Table 2.1.3: Characterization of product 2 given H-, **C-, H,H-COSY, HSQC- and HMBC-NMR (600 MHz,
CDCI3), see the appendix (Part 6.1.2).
'H-NMR [ppm]

Numbered atom BC-NMR [ppm] COosy HMBC
(mult., int., 3J)

1 - 144.10 - -
2 7.50 — 7.06 (m, 2H) 117.92 3,5 1,3,5,6,9
3 8.16 — 7.77 (m, 2H) 130.70 2,6 1,2,5,6,9
4 - 129.34 - -
5 8.16 — 7.77 (m, 2H) 130.70 2,6 1,2,3,6,9
6 7.50 - 7.06 (m, 2H) 117.92 3,5 12,359
7 10.44 (s, 1H) - - 2,6
8 3.14 (s, 3H) 40.49 - -
9 - 190.64 - -
10 5.13 (s, 2H) 47.76 - 9

Table 2.1.4: Characterization of compound 3 given *H-, $3C-, H,H-COSY, HSQC- and HMBC-NMR (600 MHz,
CDCI3), see the appendix (Part 6.1.3).
'H-NMR [ppm]

Numbered atom ) BC-NMR [ppm] COSY HMBC
(mult., int., 3J)

1 - 144.12 - -
2 7.32-7.28 (m, 2H) 117.89 35 1,3,56
3 8.01 - 7.97 (m, 2H) 131.13 2,6 1,2,5,6,9
4 - 128.98 - -
5 8.01 - 7.97 (m, 2H) 131.13 2,6 1,2,3,6,9
6 7.32 - 7.28 (m, 2H) 117.89 3,5 1,2,35
7 10.44 (s, 1H) - - 2,6
8 3.14 (s, 3H) 40.53 - -
9 - 190.82 - -
10 4.85 (s, 2H) 34.14 - 9

2.1.3 Reduction of N-(4-(2-
chloroacetyl)phenyl)methanesulfonamide (2) using sodium

borohydride

Reduction of N-(4-(2-chloroacetyl)phenyl)methanesulfonamide (2) with sodium borohydride
was performed in order to obtain racemic N-(4-(2-chloro-1-
hydroxyethyl)phenyl)methanesulfonamide (4) and determine the retention times of its R- and

S-enantiomers on chiral HPLC. The procedure was adapted from the one described by Kamal
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et al. *, by replacing diisopropyl ether with dimethyl sulfoxide and by removing alumina

(acting as a support material), because those compounds were not available.

Sodium borohydride is usually used in a protic solvent, but the use of wet or dry aprotic solvents
like dimethyl sulfoxide is also possible ™ ™, although it could slow down the reaction . The
reaction has been carried out in dimethyl sulfoxide as shown in Scheme 2.1.8, because reactant

2 is not soluble in all the protic solvents tested.

H o
N\S//O N\/s”\\o
OT©/M9/ o) NaBH, DMSO HO Me

Cl
2 4

Scheme 2.1.8: Chemical reduction of N-(4-(2-chloroacetyl)phenyl)methanesulfonamide (2) to N-(4-(2-chloro-1-
hydroxyethyl)phenyl)methanesulfonamide (4)

The reaction was followed by TLC (n-pentane:ethyl acetate 6:4), and full conversion was
observed after 4 days. The speed of the reaction could potentially be increased if some water
was added to the dimethyl sulfoxide. Since this reaction is not an actual part of the synthesis of
enantiopure sotalol, and is only needed for analytical purposes, the procedure was not further

optimized.

In an aprotic solvent, sodium borohydride and the ketone react to form a tetraalkoxyborate salt
instead of a free alcohol 73, as shown in Scheme 2.1.9. To yield alcohol 4, ice-cold water
followed by a dilute HCI solution was added at the end of the reaction. The acidic solution was
added slowly to the reaction mixture, because unreacted sodium borohydride is quite violently

hydrolyzed by the acid and releases hydrogen gas.

Several extractions with ethyl acetate were then performed in order to recover the product from
the aqueous phase. Since compound 4 is very soluble in dimethyl sulfoxide, it is very likely that

some of it was lost in the aqueous phase.

Two compounds were observed on the TLC plate at the end of the reaction, none of them having
the Rf of the starting material 2. The obtained product was purified by column chromatography
(n-pentane:ethyl acetate 6:4) to give compound 4 with a yield of 40% and a purity of 75% (*H-
NMR).
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2.1.3.1 Reaction mechanism for the chemical reduction of compound 2

The reaction mechanism shown in Scheme 2.1.9 was based on the ketone reduction mechanism
proposed by Kayser et al. . Due to steric hindrance, it is likely that the reaction stops at the
stage of di- or trialhoxyborates. For this reason, and to accelerate the reaction, sodium

borohydride was introduced in excess.
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Scheme 2.1.9: Reaction mechanism for the chemical reduction of N-(4-(2-
chloroacetyl)phenyl)methanesulfonamide (2) to N-(4-(2-chloro-1-hydroxyethyl)phenyl)methanesulfonamide (4)

2.1.3.2 Characterization of compound 4

Characterization of compound 4 was carried out by NMR spectroscopy, with deuterated
dimethyl sulfoxide as solvent. N-(4-(2-Chloro-1-hydroxyethyl)phenyl)methanesulfonamide (4)

with numbered carbon atoms is shown in Figure 2.1.4, and assignment of chemical shifts are

given in Table 2.1.5.
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Figure 2.1.4: Compound 4 with numbered carbon and nitrogen atoms. Assignment of chemical shifts are given
in Table 2.1.3, and all spectra are given in the appendix (Part 6.1.4).
Table 2.1.5: Characterization of compound 4 given *H-, $3C-, H,H-COSY, HSQC- and HMBC-NMR (600 MHz,
CDCI3), see the appendix (Part 6.1.4).

'H-NMR [ppm]

Numbered atom ) BC-NMR [ppm] COosy HMBC

(mult., int., 3J)

1 - 137.74 - -

2 7.41-7.31 (m, 2H) 127.30 3,5,6 1,3,4,5,6,9

3 7.22 -7.13 (m, 2H) 119.49 2,5,6 1,2,4,5,6

4 - 137.57 - -

5 7.22 -7.13 (m, 2H) 119.49 2,36 1,2,3,4,6

6 7.41-7.31 (m, 2H) 127.30 2,35 1,2,3,4,5,9

7 9.72 (s, 1H) - - -

8 2.97 (s, 3H) 40.04 - -
4.73 (dt, J = 6.9,

9 71.93 10,11 4,6,10,11

4.6 Hz, 1H)
10 3.79 — 3.58 (m, 2H) 50.19 9 4,9
5.75(d, J = 4.7 Hz,
11 - 9 49,10
1H)

2.1.3.3 Determination of the retention times of the (R)- and (S)-

enantiomers of compound 4 on chiral HPLC

Separation of the enantiomers of compound 4 was obtained by using a Chiralcel OD-H column,
a mobile phase composition of hexane (90%) and 2-propanol (10%) as the eluent, and a flow
of 1 mL/min. As shown in Figure 2.1.5, the retention times obtained are tz((S)-4) = 50.51 min
and tz((R)-4) = 63.51 min. As expected, two peaks having the same area are visible on the
chromatogram. Attribution of each of the peaks to one particular enantiomer will be discussed

in the next section.
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Figure 2.1.5: Chiral HPLC chromatogram of chlorohydrin 4. The analysis was performed on a Chiralcel OD-H
column with hexane and 2-propanol (90:10) as eluent and 1 mL/min flow. The retention times obtained
are tg((S)-4) =50.51 min and tgx((R)-4) = 63.51 min. Rs ((R)/(S)-4) = 3.45.
Good separation could be achieved in less time using more 2-propanol in the isocratic eluent

mixture. However, an impurity with a similar retention time as the two enantiomers was formed
during the enzymatic reduction of compound 2. The HPLC method was therefore adapted to

avoid any overlap with this impurity. This will be discussed into more details in the next part

2.1.4

Enzymatic reduction of N-(4-(2-
chloroacetyl)phenyl)methanesulfonamide (2) and N-(4-(2-

bromoacetyl)phenyl)methanesulfonamide (3)

Enzymatic reduction of 2 using KRED 228 was carried out by adapting the procedure described

by Blindheim et al. . The reaction is shown in Scheme 2.1.10.

5% to 40% DMSO
pH 7.4 phosphate buffer -

f(j/o

NADPH

KRED 228

fij

NADP™*

OPOH, OPOH,
HO 0 B G6P-DH HO 0
HO HO
OH ~O OH

glucose-6-phosphate

Scheme 2.1.10: Enzymatic reduction of N-(4-(2-chloroacetyl)phenyl)methanesulfonamide (2) to N-(4-(2-chloro-
1-hydroxyethyl)phenyl)methanesulfonamide (4)

The KRED 228-catalyzed reduction of 2 was first tried in an aqueous environment containing
5% dimethyl sulfoxide. Substrate 2 was dissolved into the dimethyl sulfoxide, and was then
added to a phosphate buffer containing all the enzymes and cosubstrates. Some of the starting

material 2 precipitates when added to the aqueous mixture. It was first thought it could be a

problem limiting the conversion of the reaction, but it was not the case. It turned out to be very
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practical, because the reaction mixture turned less and less cloudy when conversion increased.
This is because compound 4 is more soluble in dimethyl sulfoxide and water than substrate 2.
At the end of the reaction, the mixture was not cloudy anymore. Therefore, it could be known
only by the appearance of the solution if the reaction was approximately complete or not.
Compound (R)-4 was obtained as a white solid with a yield of 94% and a purity of 99% (*H-

NMR). Measurement of the enantiomeric excess will be described in the next part.

2.1.4.1 Measurement of the enantiomeric excess of the product 4

obtained

The obtained chlorohydrin 4 was analyzed by chiral HPLC using a mobile phase composition
of hexane (90%) and 2-propanol (10%), and the resulting chromatogram is shown in Figure
2.1.6. An enantiomeric excess of 76% was calculated from the area under the peaks

corresponding to the two enantiomers.

DAD1 A, Sig=254,4 Ref=360,100 (LUCAS BOCQUIN\20210923_SOTALOL_LB-011_OD-H.D)
mAU 3 a ?
E 8 S
163 ol g®
El L= 0r
14— | I"z."‘\'-"
12 | Q::
104 v 1
10 & [
53 © g |
675 A 3&‘?? 'I I"-.
4 g _ f
0 -
-
20 30 40 50 60 70| min

Figure 2.1.6: Chiral HPLC of chlorohydrin 4. The analysis was performed on a Chiralcel OD-H column with
hexane and 2-propanol (90:10) as eluent and 1 mL/min flow, and with a detection wavelength of 254.4 nm. The
retention times obtained are tz((S)-4) = 50.32 min and tz((R)-4) = 63.23 min.

A peak is visible in the middle of the two enantiomer peaks. This comes from an unidentified

impurity that could be, for instance, a part of the enzyme that got deactivated. This impurity has
unfortunately the same retention time on TLC than the desired product 4, and it has not been
possible to remove it from the reaction mixture. The chiral HPLC method was therefore adapted
so that the impurity peak does not overlap with the peaks of the enantiomers. Another impurity
is eluting at around 33 min. It was also observable in the reaction mixture of the chemical
reduction, and it is believed to come from either trace amounts of the starting material, or an
impurity already present in the starting material. It is surprising to see that this impurity was
still there after the column chromatography performed on the racemic product 4. Those two

impurities were, however, not visible on the NMR spectra.

Another impurity could exactly overlap with one of the enantiomer peaks and therefore not be

visible on the chromatogram. The measured enantiomeric excess would then be distorted. For
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this reason, the DAD wavelength was changed to see if the measured enantiomeric excess
would stay the same. Different compounds can indeed have different wavelengths for their
maximum of absorption. The chromatogram obtained for a detection wavelength of 280.8 nm
is shown in Figure 2.1.7. The area under the impurity peak eluting at 57 min is a lot bigger,

while the enantiomeric excess of the desired product remains constant. It is therefore likely that

no impurity is overlapping with one of the enantiomers peaks.
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Figure 2.1.7: Chiral HPLC of chlorohydrin 4. The analysis was performed on a Chiralcel OD-H column with
hexane and 2-propanol (90:10) as eluent and 1 mL/min flow, and with a detection wavelength of 280.8 nm. The
retention times obtained are tz((S)-4) = 51.22 min and tz((R)-4) = 63.19 min.

2.1.4.2 Measurement of the specific rotation of the product

Specific rotation of (R)-N-(4-(2-chloro-1-hydroxyethyl)phenyl)methanesulfonamide ((R)-4)
has been previously measured by Kamal et al. ** for an enantiomeric excess of 90%. They
obtained a specific rotation of [a]2®> — 19.09 (c 1.03, EtOH). Specific rotation of the enzymatic
product 4 obtained in this thesis was measured in the same conditions, and a value of [a]3° —
17.50 (¢ 1.03, EtOH) was obtained. This means that KRED 228 forms preferentially the (R)-4,

which is a direct precursor of (R)-sotalol.

2.1.4.3 Attempts made to improve the enantiomeric excess of the
chlorohydrin 4 obtained after enzymatic reduction

As discussed in the introduction, drugs marketed as enantiopure need to have an enantiomeric

excess of at least 96%. The enantiomeric excess of 76% obtained previously is therefore not
good enough.

Several parameters can be changed in order to improve the enantiomeric excess while keeping
the same enzyme and substrate. Although changing the pH could have a small effect, it was
decided to focus rather on the temperature and the amount of cosolvent. Since the only tested
solvent capable of dissolving compound 2 at room temperature is dimethyl sulfoxide, changing

the nature of the cosolvent was not attempted. As discussed in the introduction, changing the
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amount of cosolvent can change the rigidity of the enzyme, potentially increasing the

enantiomeric excess of the product.

Other attempts with different amount of dimethyl sulfoxide at 38 °C and at 25 °C were therefore
carried out. The results at 38 °C are presented in Table 2.1.6. When the amount of DMSO was
higher than 25%, the starting material 2 was still present in significant amounts in the reaction
mixture after 24 hours, and the exact enantiomeric excesses of compound 4 obtained were only
approximately calculated, because the peak of compound 2 partly overlapped with the peak of

one of the enantiomers of compound 4 on the chromatograms.

Table 2.1.6: Effect of the amount of dimethyl sulfoxide on conversion and enantiomeric excess of the product 4
(at 38°C with KRED 228). Conversions were calculated via *H NMR analysis of the crude products.

Enantiomeric excesses were calculated via chiral HPLC analysis.

) Enantiomeric
Volume of DMSO Volume of buffer Conversion after
excess of the

(mL) (mL) 24h (%) roduct (%)
0.25 5 >99 70
0.5 5 >99 76
1 5 98 56
15 5 98 28
2 5 83 <40
3 5 26 <70

To obtain higher enantiomeric excesses, another option is to try different ketoreductases. Zhu
et al. 8 claim to obtain respectively (R)-4 and (S)-4 with enantiomeric excesses of more than
99% using ketoreductases named KRED130 and KRED113. Reduction using those enzymes
was therefore tried in order to confirm the results obtained in this article. A reaction using
KRED 238, another ketoreductase available in the laboratory, was also performed. Reaction
conditions were slightly different from the ones used by Zhu et al. 6 for KRED 130 and KRED
113. The differences are described in Table 2.1.7.
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Table 2.1.7: Reaction conditions for the enzymatic reduction of 2 using KRED130 and KRED113

Reaction conditions Zhu et al. article 4 This work
Temperature 25°C 38°C
NADPH recycling system G6-DH / G6 G6P-DH / G6P
pH of phosphate buffer 7.0 7.4
Reaction time Overnight 24h
Amount of cosolvent 5% 5%

Unfortunately, this led to no conversion (*H-NMR) for KRED 130, 113, and 238, while in the
same conditions, conversion of 100% was achieved with KRED 228. This is surprising, because
Zhu et al. * obtained a conversion of 89% with KRED 130, and 96% with KRED 113. This
difference could be due to the difference in the reaction conditions. It is not likely that the
NADPH recycling system is responsible, because it does not intervene directly in the reaction
between the enzyme and the substrate. A pH difference of 0.4 is not likely to have such an effect
on the conversion. The temperature, which is 13 degrees higher than in the procedure used by
Zhu et al., could, however, lead to the deactivation of the enzyme. This would be surprising,
because 38 °C is a quite standard temperature for enzymatic reactions.

The reaction was therefore performed once more at 25 °C, using KRED 130 and KRED 228.
The mixtures were stirred overnight. While KRED 228 gave a complete conversion (*H NMR)
and an enantiomeric excess of 81% (chiral HPLC), KRED 130 gave no conversion at all. It is
believed that the KRED 130 that was used for those experiments was deactivated, because the
results obtained as a part of this thesis were not corresponding to the ones reported by Zhu et

al. 8.

Because an enantiomeric excess of 96% was not achieved after the enzymatic reduction, it was

decided not to perform the synthesis of sotalol from alcohol 4.

2.1.4.1 Enzymatic reduction of N-(4-(2-
bromoacetyl)phenyl)methanesulfonamide (3)

The enzymatic reduction of compound 3 was attempted by using the same conditions as the
ones giving the best conversion and enantiomeric excess for the reduction of compound 2. The

conditions of the reaction are described in Scheme 2.1.11.
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Scheme 2.1.11: Enzymatic reduction of N-(4-(2-bromoacetyl)phenyl)methanesulfonamide (3) to N-(4-(2-bromo-
1-hydroxyethyl)phenyl)methanesulfonamide

Unfortunately, after 48 hours of reaction in the incubator at 25 °C, most of the starting material
had not reacted. This could be directly seen because the starting material was in suspension in
the medium. A *H-NMR analysis revealed that the solid obtained was composed of the starting
material (36%), a non-desired byproduct (22%), the impurity already present in the starting
material (see Part 2.1.2.2) (4%), and numerous other small byproducts (28%). Due to the low
conversion obtained when using compound 3 as a substrate for KRED 228, this synthesis
pathway was not further investigated. It is believed that the brominated substrate fits less the
active site of KRED 228 than its chlorinated homolog. This could be due to the bigger size of

the bromine atom.

2.1.5 Synthesis of N-(4-
(isopropylglycyl)phenyl)methanesulfonamide from N-(4-(2-
chloroacetyl)phenyl)methanesulfonamide (5)

In order to improve the enantiomeric excess of the product, another possibility is to try other

substrates to enzymatically reduce, such as compound 5. The procedure used in this thesis was
based on the procedure used for a similar reaction by Anna Lifen Tennfjord 7.

/,
e T@ e
o) Me/ © 2
T©/ MeOH HN
c IS
3 5

Scheme 2.1.12: Synthesis of N-(4-(isopropylglycyl)phenyl)methanesulfonamide from N-(4-(2-

chloroacetyl)phenyl)methanesulfonamide
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The reaction was first performed under reflux for one day, but the solution turned orange, and
after workup the product was very impure. The *H-NMR analysis did not show the presence of
the desired product.

The reaction was then performed at room temperature for 18 hours, and by using potassium
carbonate as a base, following the procedure described by Kamal et al. * for the amine
alkylation of chlorohydrin 4. Since the starting material is very similar, it was believed the
desired product could be obtained with a good yield. However, the main product obtained was
not compound 5. After *H-, *C-, COSY-, HSQC- and HMBC-NMR analysis of the product, it
was hypothesized that the main product formed was byproduct M (38% of the mixture (*H-
NMR)), shown in Figure 2.1.8.

O
/

N

/,
%0
[o) Me

7

Figure 2.1.8: Structure of byproduct M.
The other compounds present in the mixture include the starting material 3 (10%) and numerous

unknown impurities containing aromatic protons. The isopropyl group of compound 5 should
give a doublet integrating for six protons before two ppm. A small doublet is visible at 1.05
ppm, but it is quite small. If compound 5 has been formed, it composes less than 3% of the

mixture.

This is quite surprising that this amine alkylation reaction works well on chlorohydrin 4, as
reported by Kamal et al., but not on its ketone derivative 5. The ketone is therefore probably
involved in the mechanism of this reaction. A mechanism that could explain the formation of

byproduct M is suggested in Scheme 2.1.13.
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Scheme 2.1.13: Suggested mechanism for the formation of byproduct M.

The alpha hydrogen of the ketone is quite acidic, due to the presence of the chlorine as well as
the ketone. This makes the enol formation easier. The fact that numerous impurities are present
in the reaction mixture could indicate that a very reactive transition molecule is formed, such
as a carbene. It has been reported by Montero et al. ’® that carbene can be formed when a-
aromatic o’-haloketones are in a basic environment. Methanol is sometimes used to trap
carbenes to form methyl ethers, as reported by Kapur et al. ’°. In the mechanism shown in
Scheme 2.1.13, the carbene reacts in a concerted mechanism with methanol. This is because
the carbene formed is most probably in its singlet state, as it has been shown that whereas those
carbenes prefer O-H bond insertions over C-H bond insertions when they react with methanol,

triplet state carbenes prefer C-H bond insertions &°.

A simpler mechanism that could explain the formation of byproduct M is the addition of
methanol or methanolate on the carbon bearing the chlorine, in an Sn2 mechanism. However,
methanol is not a very good nucleophile, and methanolate would require the presence of a strong
base to be formed. Moreover, it would not explain why this addition does not happen
significatively when the reaction is performed on the chlorohydrin under the same conditions.

Byproduct M was not isolated properly because it was decided to focus on the synthesis of
penbutolol, but characterization by NMR was still carried out. Byproduct M with numbered
carbon atoms is shown in Figure 2.1.9, and assignment of chemical shifts are given in Table
2.1.8. The presence of byproduct M in the mixture was also confirmed by mass spectrometry

analysis, as shown in Figure 6.1.26 in the appendix.
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Figure 2.1.9: Compound M with numbered carbon and nitrogen atoms. Assignment of chemical shifts are given

in Table 2.1.8, and all spectra are given in the appendix (Part 6.1.5).
Table 2.1.8: Characterization of compound M given *H-, *C-, H,H-COSY, HSQC- and HMBC-NMR (600
MHz, CDCI3), see the appendix (Part 6.1.4).

'H-NMR [ppm]

Numbered atom BC-NMR [ppm] COosy HMBC
(mult., int., 3J)
1 7.92 —7.87 (m, 2H) 129.94 3,4,6 2,3,4,5,6,11
2 - 130.70 - -
3 7.92 - 7.87 (m, 2H) 129.94 1,46 1,245,611
4 7.30 - 7.28 (m, 2H) 118.00 1,3,6 1,356
5 - 143.71 - -
6 7.30 - 7.28 (m, 2H) 118.00 1,34 1,356
7 - - - -
11 - 195.61 - -
13 4.71 (s, 2H) 74.86 - 15,11
15 3.35 (s, 3H) 58.95 - 13
16 3.11 (s, 3H) 40.38 - -
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2.2 Synthesis of enantiopure (S)-penbutolol ((S)-10)

The aim of this part was to synthesize enantiopure (S)-penbutolol ((S)-10) in an environmentally

friendly and efficient way.
2.2.1 Synthesis of 1-chloro-3-(2-cyclopentylphenoxy)propan-2-ol

1-Chloro-3-(2-cyclopentylphenoxy)propan-2-ol (8) was synthesized from 2-cyclopentylphenol
and epichlorohydrin adapting the procedure described by previous master candidate Kristoffer
Klungseth °3. In order to optimize the yield, epoxide 7 and chlorohydrin 8 were not separated
by flash chromatography, and lithium chloride and acetic acid were added directly to the

mixture of compounds 7 and 8, as shown in Scheme 2.2.1.

LiCl (3eq)
NaOH (1.
0 a?\,atér 2eq) 0 OH AcOH (3eq) OH
OH * CI\/A 48h O\/A O\A/CI THF o\)\/m
12h
L 7 . 8

Scheme 2.2.1: Synthesis of 1-chloro-3-(2-cyclopentylphenoxy)propan-2-ol (8) from 2-cyclopentylphenol and

epichlorohydrin.

In order to deprotonate the 2-cyclopentylphenol before the addition of epichlorohydrin, and to
minimize the formation of byproducts, 2-cyclopentylphenol was added to the sodium hydroxide
aqueous solution and mixed for around five minutes before epichlorohydrin was added.
Epichlorohydrin has been shown to react with sodium hydroxide to form products such as 3-
chloropropane-1,2-diol, oxiran-2-ylmethanol and propane-1,2,3-triol °2. These potential
byproducts are shown in Figure 2.2.1. The order of addition of the reactants could help to limit

their formation.

0 OH
eI _on Ho A Ho._h_ oH

3-chloropropane-1,2-diol  oxiran-2-ylmethanol propane-1,2,3-triol

Figure 2.2.1: Potential byproducts formed from the reaction of epichlorohydrin with hydroxide.

When epichlorohydrin was added, the solution turns pale green/yellow, and the color does not
change significantly after that. In comparison, Kristoffer Klungseth obtained a dark green
mixture immediately after adding all the reagents, and observed a pale-yellow mixture the day
after. This difference in color could be linked to the change in the order of addition of the

reactants, and to the formation of colored byproducts (chlorohydrin 8 being colorless).
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Ethyl acetate was added and the reaction mixture was washed with distilled water to remove
the excesses of epichlorohydrin and sodium hydroxide. *H-NMR analysis of the mixture
revealed the presence of around 13% of 2-cyclopentylphenol, 36% of the epoxide 7 and 39%
of chlorohydrin 8. Other impurities, that are believed to be mostly composed of dimer D shown

in Scheme 2.2.2, make up the rest of the mixture (around 12%).

IO i

Scheme 2.2.2: Mechanism of formation of byproduct D

Dimer D was not isolated. This type of dimer, formed from the addition of the deprotonated
starting material (here 2-cyclopentylphenolate) on the chlorohydrin product (here compound 8)

has been shown by Gundersen et al. ° to be the most abundant byproduct for similar reactions.

Epoxide 7 was then opened with lithium chloride. Workup and flash chromatography
purification led to compound 8 as a transparent oil with a purity of 99% (*H-NMR). Those two

steps gave a combined yield of 70%.

2.2.1.1 Unsuccessful attempts made to improve the yield of synthesis of

chlorohydrin 8

As shown previously, after 48 hours of reaction between one equivalent of 2-cyclopentylphenol
and two equivalents of epichlorohydrin in an aqueous sodium hydroxide solution (1.5
equivalents of NaOH), full conversion of 2-cyclopentylphenol into products 7 and 8 was not
achieved. Increasing the time of the reaction has been tried before °3, but did not result in a

significative change in the conversion.

Increasing the amounts of base from 0.5 equivalents to 1.5 equivalents has been tried before 5
and leads to an increased conversion of the starting material. For this type of compound, using
more than 1.5 equivalents of sodium hydroxide could lead to the formation of more dimer D,
as it happens for similar reactions ’’. However, the presence of the bulky cyclopentyl group in

2-cyclopentylphenol could limit its formation.

In order to improve the conversion of the starting material, different equivalents of the base and
of epichlorohydrin were tested, as described in Table 2.2.1. Increasing the amount of base to
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more than 1.5 equivalents while keeping 2 equivalents of chlorohydrin was attempted, but no
significant differences were noticed in the conversion after 48h. Using more base leads to the
formation of more epoxide and more byproducts. With three equivalents of base and six
equivalents of epichlorohydrin, a better conversion and fewer byproducts were obtained than
with three equivalents of base and two equivalents of epichlorohydrin. Increasing the amount
of epichlorohydrin under those conditions has therefore a positive effect on the conversion of
2-cyclopentylphenol into epoxide 7 and chlorohydrin 8. However, with 1.5 equivalents of base,
increasing the amount of epichlorohydrin did not improve conversion. It did not reduce the

formation of byproducts significantly either.

Table 2.2.1: Summary of the results obtained by *H-NMR analysis for epichlorohydrin addition on 2-

cyclopentylphenol using sodium hydroxide (see Scheme 2.2.1) under different reaction conditions.

2-
Time  NaOH Epichlorohydrin epoxide  chlorohydrin  byproducts
cyclopentylphenol
(h) (eq) (eq) 7 (%) 8 (%) (%)
(%)
48 1.5 2 13 36 39 12
48 3 2 10 52 <10 >28
48 4.5 2 12 50 <10 >28
72 3 6 6 27 44 23
48 1.5 6 21 11 57 11

In another reaction batch, potassium carbonate was used as a base and acetonitrile as a solvent
for the epichlorohydrin addition on 2-cyclopentylphenol, adapting the procedure for a similar
reaction described by previous master student Anna Tennfjord 7’. The reaction was performed
on 80 mg of 2-cyclopentylphenol, and gave 90 mg of a mixture that, after tH-NMR analysis,
revealed to be composed of 2% of the starting material, 78 % of the epoxide 7, 7% of the
chlorohydrin 8, and around 13% of unknown impurities containing aromatic protons.
Calculation based on the mass of the mixture and its approximate composition showed that the
final yield would not be significantly superior to 70%. Opening epoxide 7 into product 8 was

therefore not performed.
2.2.1.2 Epoxide opening alternative procedure using hydrochloric acid

In order to obtain a greener procedure for the synthesis of chlorohydrin 8 from epoxide 7 than
the one using lithium chloride and tetrahydrofuran, opening of epoxide 7 with an aqueous
hydrochloric acid solution (1M) was attempted. As explained in the introduction, this could

lead to the formation of byproduct A shown in Figure 2.2.2 .
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Figure 2.2.2: Structure of potential byproduct A.

However, since the epoxide’s substituents do not particularly stabilize the formation of a

carbocation, this byproduct will most likely not be the dominant product.

Only small-scale test reactions were performed for the opening of epoxide 7 with hydrochloric
acid, hence yields were not calculated. The potential byproduct A was not present in sufficient
quantities in the mixtures to be identified in the *H-NMR spectra. The reaction using a
hydrochloric acid aqueous solution (1M) gave only 50% conversion after around 10 hours of

reaction.

Using a concentrated hydrochloric acid aqueous solution (37%) gave total conversion of
epoxide 7 to chlorohydrin 8 after 10 hours of reaction (*H-NMR). However, the conditions of
the reaction are then a lot harsher than when lithium chloride and acetic acid are used. The

lithium chloride procedure was therefore preferred for the epoxide opening step.

2.2.1.3 Reaction mechanisms for the synthesis of chlorohydrin 8 from 2-

cyclopentylphenol

The mechanism for the addition of epichlorohydrin on aromatic alcohols have been studied by
Gundersen et al. %2, and the reaction mechanism for the formation of chlorohydrin 8 and epoxide
7 from 2-cyclopentylphenol and epichlorohydrin in a sodium hydroxide solution is shown in
Scheme 2.2.3. While step c is an equilibrium reaction that depends on the amount of base used,
step d is irreversible. The formation of epoxide 7 from chlorohydrin 8 is therefore plausible and
explains why an increasing the amount of base from 1.5 equivalents to 3 equivalents leads to

an increased amount of epoxide 7 formed over chlorohydrin 8.
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Scheme 2.2.3: Reaction mechanism for the addition of epichlorohydrin on 2-cyclopentylphenol to form epoxide
7 and chlorohydrin 8.

The proposed mechanism for the opening of epoxide 7 with lithium chloride is shown in
Scheme 2.2.4. The addition of chlorine on the least hindered carbon shows that the mechanism

does not include a carbocation intermediate.
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Scheme 2.2.4: Proposed mechanism for the epoxide 7 opening using lithium chloride.

The proposed mechanism for the opening of epoxide 7 using hydrochloric acid is shown in

Scheme 2.2.5.

"o"q I OH
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Scheme 2.2.5: Proposed mechanism for the opening of epoxide 7 using hydrochloric acid, based on the general
mechanism described by Solomons ,

2.2.1.4 Characterization of chlorohydrin 8
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Characterization of the chlorohydrin 8 was carried out by NMR spectroscopy, with deuterated
chloroform as solvent. Chlorohydrin 8 with numbered carbon atoms is shown in Figure 2.1.1,
and assignment of chemical shifts are given in Table 2.1.2.

Figure 2.2.3: Chlorohydrin 8 with numbered carbon and nitrogen atoms. Assignment of chemical shifts are

given in Table 2.1.2, and all spectra are given in the appendix (Part 6.2.1).
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Table 2.2.2: Characterization of chlorohydrin 8 given *H-, **C-, H,H-COSY, HSQC- and HMBC-NMR (600
MHz, CDCI3), see the appendix (Part 6.2.1).

IH-NMR
Numbered BC-NMR
[ppm] (mult., COSsY HMBC
atom ) [ppm]
int., 3J)
1 3.37 - 3.24 (m, 1H) 39.19 2,345 2,3,4,5,6,14,15
2 2.04 - 1.56 (m, 8H) 33.12 1 1,3,4,5,15
3 2.04 - 1.56 (m, 8H) 25.62 1 1,2,4,5
4 2.04 - 1.56 (m, 8H) 25.62 1 1,2,3,5
5 2.04 - 1.56 (m, 8H) 33.12 1 1,2,3,4,15
7.24 (dd, J = 7.6,
6 127.05 8 1,8,9,14
1.7 Hz, 1H)
7.16 (td, J=7.8,
7 121.52 9 6,8,9,14,15
1.7 Hz, 1H)
6.96 (td, J = 7.5,
8 126.84 6 6,9,14,15
1.2 Hz, 1H)
6.85 (dd, J=8.1,
9 111.67 7 1,6,7,8,14,15
1.2 Hz, 1H)
4.10 (qd, J = 9.5,
10 68.79 11 11,12,14
5.2 Hz, 2H)
4.25 (h, J = 5.4 Hz,
11 70.20 10,12,13 10,12
1H)
3.78 (ddd, J = 13.8,
12 46.35 11 9,10,12°
11.2, 5.0 Hz, 2H)
2.48 (d, J = 6.1 Hz,
13 - 11 10,11,12
1H)
14 - 156.01 - -
15 - 134.89 - -

2.2.2 Derivatization of 1-chloro-3-(2-cyclopentylphenoxy)propan-
2-0l (8)

A derivatization of racemic 1-chloro-3-(2-cyclopentylphenoxy)propan-2-ol (8) was performed
in order to form racemic ester 9 and determine the retention times of its R- and S- enantiomers
on chiral HPLC. Pyridine and butyric anhydride were added to a solution of compound 8 in
hexane, and the mixture was heated for one hour at 60 °C, as shown in Scheme 2.2.6. The

reaction mixture was washed several times with distilled water and dried over magnesium
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sulfate in order to remove pyridine, butyric anhydride and its derivatives, and water, that could

damage the chiral column.

OH i i O)OJ\/\
o T o o éov@c.

pyridine
8 60°, 1h

Scheme 2.2.6: Derivatization of 1-chloro-3-(2-cyclopentylphenoxy)propan-2-ol (8) to form racemic 1-chloro-3-
(2-cyclopentylphenoxy)propan-2-yl butyrate (9).

Separation of the enantiomers of chlorohydrin 8 was obtained by using a Chiralcel OD-H

column, a mobile phase composition of hexane (90%) and 2-propanol (10%) as eluent and a 1

mL/min flow. As shown in Figure 2.2.4, the retention times obtained are tz((S)-8) = 6.63 min

and tz((R)-8) = 7.31 min. As expected, their peaks have the same area under the curve.
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Figure 2.2.4: Chiral HPLC chromatogram of chlorohydrin 8. The analysis was performed on a Chiralcel OD-H
column with hexane and 2-propanol (90:10) as eluent and 1 mL/min flow, and with a detection wavelength of
280.8 nm. The retention times obtained are tz((S)-8) = 6.63 min and tz((R)-8) = 7.31 min. R¢((S)/(R)-8) = 2.41.

Separation of the enantiomers of ester 9 was obtained by using a Chiralcel OD-H column and
a mobile phase composition of hexane (99.4%) and 2-propanol (0.6%). As shown in Figure
2.2.5, the retention times obtained are tz((S)-9) = 8.05 min and tz((R)-9) = 9.37 min. An
unknown impurity eluted at 6.01 min. It is believed to be either butyric anhydride, introduced
in excess, or butyric acid, a byproduct of the derivatization reaction. Other small impurity peaks
are visible before that, but were not identified. The mobile phase was then changed to a
composition of 90% of hexane and 10% of 2-propanol for 8 min, in order to elute the

enantiomers of chlorohydrin 8 and traces of pyridine.
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Figure 2.2.5: Chiral HPLC chromatogram of ester 9. The analysis was performed on a Chiralcel OD-H column
with hexane and 2-propanol (99.4:0.6) as eluent and 1 mL/min flow, and with a detection wavelength of 280.8
nm. The retention times obtained are tz((S)-9) = 8.05 min and tz((R)-9) = 9.37 min. R¢((S)/(R)-9) = 1.56.

2.2.3 Kinetic resolution of 1-chloro-3-(2-
cyclopentylphenoxy)propan-2-ol (8) with CALB as catalyst

Kinetic resolution of 1-chloro-3-(2-cyclopentylphenoxy)propan-2-ol (8) was performed using
CALB as the catalyst and vinyl butyrate as the acyl donor, as shown in Scheme 2.2.7. The

procedure was based on the one described by Gundersen et al. > on a similar reaction.

(0] (0]
OH /\O)J\/\ Q/U\/\ OH
O\)\/CI > o\/f\/CI + o\/k/(n

CAL B
MeCN (dry)
8 molecular sieves (dried) (S)-9 (R)-8

Scheme 2.2.7: Kinetic resolution of 1-chloro-3-(2-cyclopentylphenoxy)propan-2-ol with CALB as the catalyst
and vinyl butanoate as the acyl donor in acetonitrile.

As explained in the introduction, plausible side reactions include hydrolysis of ester (S)-9 and
vinyl butyrate catalyzed by CALB. They would respectively lead to a loss in the enantiomeric
excess of the chlorohydrin (R)-8 obtained, and to the formation of butyric acid. To try to avoid
those side reactions, activated molecular sieves were added, and the reaction was carried out in

dry acetonitrile. The reaction mixture was shaken in an incubator at 38°C and 200 rpm.
2.2.3.1 Monitoring of the kinetic resolution of chlorohydrin 8

The CALB catalyzed kinetic resolution of 1-chloro-3-(2-cyclopentylphenoxy)propan-2-ol (8)
was followed over 23 hours in order to calculate the enantiomeric ratio E of the reaction, and
to know how much time is needed to get a good enantiomeric excess of the substrate 8. Samples

of the reaction mixture were collected at different time intervals and analyzed by chiral

chromatography.
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Chiral HPLC analyses of the samples using a mobile phase composition of hexane (90%) and

2-propanol (10%) were performed to measure the enantiomeric excess of the chlorohydrin 8

present in the reaction mixture. Chromatograms showing the enantiomeric excess of

chlorohydrin 8 after 1 hour, 9 hours and 23 hours of reaction are shown in Figure 2.2.6, Figure

2.2.7 and Figure 2.2.8. The compounds eluting at 4.2 min are the enantiomers of the ester 9.

After 23 hours, chlorohydrin (R)-8 is obtained with an enantiomeric excess of more than 99%.
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Figure 2.2.6: Chiral HPLC chromatogram of the CALB-catalyzed kinetic resolution of chlorohydrin 8 after one

hour of reaction. The analysis was performed on a Chiralcel OD-H column with hexane and 2-propanol (90:10)

as eluent and 1 mL/min flow, and with a detection wavelength of 254.4 nm. The retention times obtained

are tz((S)-8) = 6.66 min and tz((R)-8) = 7.34 min.
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Figure 2.2.7: Chiral HPLC chromatogram of the CALB-catalyzed kinetic resolution of chlorohydrin 8 after nine

hours of reaction. The retention times obtained are t;((S)-8) = 6.66 min and tz((R)-8) = 7.32 min.
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Figure 2.2.8: Chiral HPLC chromatogram of the CALB-catalyzed kinetic resolution of chlorohydrin 8 after 23

hours of reaction. The retention time obtained is t5z ((R)-8) = 7.33 min.

Chiral HPLC analyses of the samples using a mobile phase composition of hexane (99.4%) and
2-propanol (0.6%) were also performed to measure the enantiomeric excess of the ester 9
produced. These values were then used to determine an enantiomeric ratio E of 183 (calculated
from E&K Calculator 2.1b0 PPC 2°) from the kinetic resolution of chlorohydrin 8 with CALB,
and to plot the enantiomeric excesses of ester 9 and chlorohydrin 8 as a function of conversion,
as shown in Figure 2.2.9. A value of 183 is very good, and allows to obtain chlorohydrin (R)-8
with a high yield and a very high enantiomeric excess.

ees, %

Conversion, %

Figure 2.2.9: Enantiomeric excesses of ester 9 and chlorohydrin 8 as a function of conversion during the CALB-
catalyzed kinetic resolution of chlorohydrin 8. Enantiomeric excesses of product 9 are represented by red filled
circles. Enantiomeric excesses of chlorohydrin 8 are represented by blue filled squares; E-value = 183. E-values

are calculated from E&K Calculator 2.1b0 PPC %,
2.2.3.2 Large-scale kinetic resolution of chlorohydrin 8

A large-scaled kinetic resolution of 8 was then carried out and stopped after 23 hours. The

reaction mixture was washed with water several times in order to remove butyric acid.
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Chlorohydrin 8 and ester 9 were then separated by flash chromatography to obtain enantiopure
chlorohydrin (R)-8 as a transparent oil, with a yield of 39%, an enantiomeric excess of more
than 99% and a purity of 95% (*H-NMR). For this type of reaction, the maximum theoretical
yield is 50%, because ideally, half of the substrate is transformed into ester (S)-9. The specific
rotation of (R)-8 was [a]%®> — 14 (c 1.0, MeOH), and has not been published previously.
Absolute configuration was determined by the enantioselectivity of CALB which has been
reported previously *.

2.2.4  Synthesis of (S)-penbutolol, (S)-10

(S)-Penbutolol ((S)-10) was synthesized from (R)-1-chloro-3-(2-cyclopentylphenoxy)propan-
2-ol ((R)-8), and tert-butylamine, adapting the procedures described by Grundersen et al. °2 and
Banoth and Banerjee 8 and concerning the amination of similar chlorohydrins. The general
reaction for the amination of (R)-8 with tert-butylamine is shown in Scheme 2.2.8. Two reaction
procedures were tested. In the first procedure, this reaction was performed in distilled water at

room temperature. In the second one, it was performed in methanol under reflux.

C
L
B

Scheme 2.2.8: Synthesis of (S)-penbutolol, (S)-10, from (R)-1-chloro-3-(2-cyclopentylphenoxy)propan-2-ol,
(R)-8, and tert-butylamine.
The reactions were first carried out on racemic chlorohydrin 8. The reaction performed in water
gave after workup a mixture composed of around 64% of penbutolol (10), 15% of starting
material 8, and 21% of tert-butylamine (*H-NMR). The reaction performed in methanol gave
after workup penbutolol (10) with a purity of 93% (*H-NMR), the other compound present
being the starting material 8 (around 7%).

It was noticed by comparing the two *H-NMR spectra of the obtained products that some peaks,
among others the tert-butyl peak, were slightly shifted, while others, like the aromatic peaks,
were not. It was first thought that the compounds formed could have been slightly different
depending on the solvent used. One potential product that could be formed instead of 10 was
indeed the hydrochloric salt 10HCI shown in Figure 2.2.10.
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Figure 2.2.10: Possible side product (S)-10HCI obtained during the synthesis of (S)-Penbutolol (10) from (R)-1-
chloro-3-(2-cyclopentylphenoxy)propan-2-ol ((R)-8) and tert-butylamine.
The shifts were also slightly different from the previously reported data >3. As shown in Figure

2.2.12 and Figure 2.2.11, peaks number 2 are at the same shift, while peaks numbered 1, 3 and

4 have a different shift.
2 OH H
O\)\/N 1
3,4 7<1
1
10

Figure 2.2.11: Penbutolol 10 with numbered atoms according to the spectra shown in Figure 2.2.12.
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Figure 2.2.12: *H-NMR spectra of the products obtained following different methods for the amination of 1-
chloro-3-(2-cyclopentylphenoxy)propan-2-ol ((R)-8). The upper spectrum is a previously reported (S)-10
spectrum 52, The middle spectrum comes from the amination reaction performed in methanol. The lower
spectrum comes from the amination reaction performed in water. Peak A corresponds to remaining tert-

butylamine. The other peaks are numbered according to their correspondence to protons of compound 10 shown
in Figure 2.2.11.

After some literature search 8 8 jt was concluded that those shifts came from the fact that (S)-

10 was not exactly the only form of penbutolol synthesized. Our product is a mixture of (S)-10
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and its hydrochloric salt (S)-10HCI. Those two forms are in rapid exchange with each other, so
the NMR instrument cannot give the peaks corresponding to each of the form separately.
Instead, the peaks and their shifts are “averaged”. Therefore, the shift of some peaks will be
different depending on the ratio of free base (S)-10 and hydrochloric salt (S)-10HCI present in

the analyzed mixture.

It was then decided to do the amination of enantiopure chlorohydrin (R)-8 in methanol. This
gave (S)-10 (as a mixture of (S)-10 and (S)-10HCI) as a white powder, with a purity of 99%
(*H-NMR) and with a yield between 73% and 82%. Specific rotation of (S)-10 was [a]3® —
14 (c 1.0, MeOH).

Since we do not know the ratio of salt and free base present in our final products, calculating
the exact yield is not possible. It was decided to add a step in the reaction process in order to
form only the hydrochloric salt (S)-10HCI. Most of the beta blockers are actually sold as a salt,
sometime as a hydrochloric salt, because in this form the drug is better absorbed by the body.
The salt is therefore the real final product. Moreover, the optical rotation of (S)-10HCI has been
reported as [a]%° — 26.4 (c 1.0, MeOH) by Kan et al. “8.

Adapting the procedure from Kan et al., the product was therefore dissolved in 2-propanol, and
a solution of hydrochloride 2-propanol was added. The solution was stirred for one hour at 0°C,
and the solvent was then removed under reduced pressure. (S)-Penbutolol hydrochloride ((S)-
10HCI) was obtained from chlorohydrin (R)-8 with a yield of 73% and a purity of 93% (‘*H-
NMR). The product obtained had a specific rotation of [a]2° — 23 (c 1.0, MeOH).

Racemic 10HCI was synthesized in order to determine the retention times of its (R)- and (S)-
enantiomers on chiral HPLC. Separation of the enantiomers of 10HCI was obtained by using a
Chiralcel OD-H column, a mobile phase composition of hexane (90%) and 2-propanol
containing 2% diethanolamine (10%) as the eluent and a 1 mL/min flow. The retention times
obtained are tg((R)-10HCI) = 4.671 min and tg((S)-10HCI) = 7.395 min (see Figure 6.2.16 in
the appendix). The resolution factor is Rg((S)/(R)-10HCI) = 10.5. Diethanolamine was added
to the 2-propanol in the mobile phase in order to obtain a better separation, and to deprotonate

the amine in 10HCI, to solubilize better the analyte.

The enantiomeric excess of the (S)-Penbutolol hydrochloride (S)-10HCI synthesized was 99%
(chiral HPLC).
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2.2.4.1 Reaction mechanism of the amination of (R)-8 using tert-

butylamine

A mechanism for the amination of (R)-1-chloro-3-(2-cyclopentylphenoxy)propan-2-ol ((R)-8)
using tert-butylamine is shown in Scheme 2.2.9. The hydrochloric salt (S)-10HCI is formed
even without the hydrochloric acid workup, but only in limited amounts. The equilibrium
between the free base (S)-10 and the hydrochloric salt (S)-10HCI is pushed towards (S)-10HCI

thanks to the hydrochloric acid solution added after the amination reaction.

OH OH 4 OH HClI in 2-propanol OH 1,
2 H _
(0] N
o N g ——F— g/oyv@% H% o S A
2N < - Cl
(R)-8 \\/ c CH

(S)-10HCI

Scheme 2.2.9: Mechanism for the amination (R)-1-chloro-3-(2-cyclopentylphenoxy)propan-2-ol (8) using tert-

butylamine.

2.2.4.2 Characterization of penbutolol hydrochloride (10HCI)

Characterization of the penbutolol hydrochloride (10HCI) was carried out by NMR
spectroscopy, with deuterated chloroform as solvent. Product 10HCI with numbered carbon
atoms is shown in Figure 2.2.13, and assignment of chemical shifts are given in Table 2.2.3.
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Figure 2.2.13: Penbutolol hydrochloride (L0HCI) with numbered carbon and nitrogen atoms. Assignment of

chemical shifts are given in Table 2.2.3, and all spectra are given in the appendix (Part 6.2.3).
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Table 2.2.3: Characterization of product 10HCI given 'H-, 3C-, H,H-COSY, HSQC- and HMBC-NMR (600
MHz, CDCI3), see the appendix (Part 6.2.3).

Numbered 'H-NMR [ppm] (mult., C-NMR
_ COSY HMBC
atom int., 3J) [ppm]
3.11(dtd, J = 12.3,9.6, 2.6
1 39.15 2,3,4,5 2,3,45,17,18
Hz, 1H)
2 2.04 - 1.54 (m, 8H) 32.88 3,4,5,7 1,3,4,5,18
3 2.04 - 1.54 (m, 8H) 25.32 2,4,5,7 1,2,4,5
4 2.04—1.54 (m, 8H) 25.32 2,3,5,7 1,235
5 2.04—1.54 (m, 8H) 32.89 2,3,4,7 1,2,3,4,18
6 7.22 (dd, J = 7.6, 1.7 Hz, 1H) 126.74 8 1,8,9,10,17
7 7.13 (td, J = 7.8, 1.7 Hz, 1H) 121.19 9 6,8,9,17,18
8 6.93 (td, J = 7.5, 1.1 Hz, 1H) 126.70 6 6,8,9,17,18
9 6.80 (dd, J = 8.2, 1.2 Hz, 1H) 111.33 7 1,6,7,8,17,18
4.12 (dd, J = 9.5, 4.3 Hz, 1H),
10 69.66 10°,11 11,12,17
3.98 (dd, J = 9.6, 6.4 Hz, 1H)
11 4.69 - 4.60 (M, 1H) 65.83 10,12 10,12
3.34 (tdd, J = 16.9, 9.7, 7.6
12 45.92 127,11 10,11
Hz, 2H)
13 - - - -
14 - - - -
15 1.50 (s, 9H) 25.90 - 16
16 - 57.57 - -
17 - 155.98 - -
18 - 134.55 - -
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2.3 Synthesis of enantiopure (S)-bisoprolol ((S)-17)

The aim of this part was to synthesize enantiopure (S)-bisoprolol ((S)-17) in an environmentally

friendly and efficient way. Two synthesis pathways have been tried, and are shown in Scheme

2.3.1.
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Scheme 2.3.1: Planned pathways for the synthesis of (S)-bisoprolol ((S)-17)
2.3.1 Synthesis of 4-((2-isopropoxyethoxy)methyl)phenol (11)

4-((2-1sopropoxyethoxy)methyl)phenol (11) was synthesized from 4-(hydroxymethyl)phenol

and 2-isopropoxyethan-1-ol in the presence of the acid catalyst silica sulfuric acid (SSA), as
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described in a patent from Morthala et al. %! and shown in Scheme 2.3.2. 2-Isopropoxyethan-1-

ol was introduced in large excess and plays the additional role of solvent.

OH OH
)\ silica sulfuric acid (SSA)
+ O/\/OH >
OH )\

O/\/O
1

Scheme 2.3.2: Synthesis of 4-((2-isopropoxyethoxy)methyl)phenol (11) from 4-(hydroxymethyl)phenol and 2-

isopropoxyethan-1-ol and catalyzed by silica sulfuric acid.

Silica sulfuric acid (SiO>—H2S0O4) was synthesized from silica and concentrated sulfuric acid
(95%) in acetone following the procedure described by Chéavez et al. 8. 0.7 mol of sulfuric acid
was used per mol of silica, as described in the patent from Morthala et al. 8. The reaction is
exothermic, and the sulfuric acid was added slowly. The acetone was removed under reduced
pressure, and the obtained paste was let overnight in the oven, to obtain a black solid. This solid
was crushed into a fine powder, and stored in a desiccator.

The catalyst was then used for the synthesis of 4-((2-isopropoxyethoxy)methyl)phenol (11).
When it was added to the 2-isopropoxyethan-1-ol at 5 °C, the reaction mixture turned black.
This could come from the silica sulfuric acid powder in suspension, but it looked more like part
of the catalyst got dissolved, because even with the stirring stopped, the black color stayed
uniform. 4-(Hydroxymethyl)phenol was then added to the reaction mixture, which was then
stirred for one day. The patent from Morthala et al. indicates a simple removal of the acid
catalyst by filtration. However, the filtrate was black even after the reaction mixture was filtered
through a 0.25 um filter. This color does not come from compound 11, which is an uncolored
to light yellow oil in its pure form. It was tried to filter the mixture through filter papers, syringe

filters, celite, and silica, unsuccessfully.

Some colored impurities were visible by TLC (n-pentane:ethyl acetate 7:3), so the product was
purified by column chromatography to give compound 11 in the form of a slightly red oil with
a yield of 75% and a purity of 99% (*H-NMR).

Some product was probably lost during the repeated filtering attempts done previously. The
reaction was therefore performed once again, by purifying the product by flash chromatography
directly after the workup, and by skipping the filtration steps. This was done as part of a project
course by master student Maja Christensen under my supervision. The yield was not improved,
but skipping the filtering steps simplifies the procedure and does not impact the purity of the

product obtained.
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2.3.1.1 Reaction mechanism for the acid-catalyzed synthesis of 4-((2-
isopropoxyethoxy)methyl)phenol (11) from 4-
(hydroxymethyl)phenol and 2-isopropoxyethan-1-ol

The suggested mechanisms for the acid-catalyzed synthesis of compound 11 from 4-
(hydroxymethyl)phenol and 2-isopropoxyethan-1-ol are shown in Scheme 2.3.3. This reaction

is an acid-catalyzed ether formation.

The Silica Sulfuric Acid catalyst could intervene more than just as a proton donor. The top
mechanism is probably the main reaction happening. 2-Isopropoxyethan-1-ol is indeed mixed
with the acid catalyst before the addition of 4-(hydroxymethyl)phenol. When 4-
(hydroxymethyl)phenol is added, a lot of the 2-isopropoxyethan-1-ol should therefore already
have been protonated.

/J\o/\\/éH ___@_"/J\O/\\C%Hz

A ® H\_/HQ\/\O 1
ZQH
OH oH OH OH
e O
) o2 = /L\
) G S s Agns
1

Scheme 2.3.3: Suggested mechanisms for the acid-catalyzed synthesis of 4-((2-isopropoxyethoxy)methyl)phenol
(11) from 4-(hydroxymethyl)phenol and 2-isopropoxyethan-1-ol
Mechanisms of possible side reactions are given in Scheme 2.3.4 , as well as structures of
possible impurities B1 and B2. The formation of Bl is limited by the fact that 2-
isopropoxyethan-1-ol is introduced in large excess in the reaction mixture. A molecule of 4-
((2-isopropoxyethoxy)methyl)phenol is therefore more likely to encounter and attack a
protonated 2-isopropoxyethan-1-ol than a protonated 4-((2-isopropoxyethoxy)methyl)phenol.
B1 was not identified in the final product. The formation of B2 is more likely to happen.
However, after workup, no significant amount of B2 was found on the *H-NMR analysis of the
crude product, and B2 was not isolated by flash chromatography. This could mean that this side

reaction is negligible, or that B2 gets removed during the workup.
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Scheme 2.3.4: Suggested mechanisms for the formation of possible side-products B1 and B2.
The aromatic alcohol of 4-((2-isopropoxyethoxy)methyl)phenol does not interfere in the
reaction because its oxygen atom has a lower electron density than the ones of the other alcohols
in the reactions. Electrons are delocalized around the aromatic ring, lowering the capacity of
this aromatic alcohol group to get protonated or to attack another molecule. The resonance
forms of 4-((2-isopropoxyethoxy)methyl)phenol describing the delocalization of the electrons
of aromatic alcohol into the ring is shown in Scheme 2.3.5.
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Scheme 2.3.5: Resonance forms of 4-((2-isopropoxyethoxy)methyl)phenol showing the delocalization of the

electrons of aromatic alcohol into the aromatic ring

2.3.1.2 Alternative synthesis pathway using concentrated sulfuric acid

as the catalyst

To see if the Silica Sulfuric Acid catalyst played an important role to limit the formation of
byproducts, the same reaction was tried by using concentrated sulfuric acid instead of silica
sulfuric acid as the catalyst. This was done as part of a project course by Maja Christensen
under my supervision. The same amount of acid that was used to form the Silica Sulfuric Acid
catalyst was added directly in the reaction mixture. The crude product was purified by column
chromatography. The first fraction gave compound 11 was obtained with a yield of 52% and a
purity of 97%. The second fraction gave a mixture mainly composed of compound B2. The loss
in yield and the formation of significant amounts of B2 when using concentrated sulfuric acid
shows that the silica sulfuric acid catalyst used previously acts as more than just an acid catalyst,
and prevents the formation of B2.
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2.3.1.3 Characterization of 4-((2-isopropoxyethoxy)methyl)phenol (11)

Characterization of compound 11 was carried out by NMR spectroscopy, with deuterated
chloroform as solvent. Compound 11 with numbered carbon atoms is shown in Figure 2.1.1,

and assignment of chemical shifts are given in Table 2.1.2.
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Figure 2.3.1: Compound 11 with numbered carbon and nitrogen atoms. Assignment of chemical shifts are given
in Table 2.1.2, and all spectra are given in the appendix (Part 6.3.1).
Table 2.3.1: Characterization of compound 11 given 'H-, 3C-, H,H-COSY, HSQC- and HMBC-NMR (600

MHz, CDCI3), see the appendix (Part 6.3.1).
'H-NMR [ppm]

Atom number ] BC-NMR [ppm] COosy HMBC
(mult., int., 3J)
1.20 (d, J =5.9 Hz,
1 22.01 2 1’,2
6H)

2 3.72 —3.58 (m, 5H) 72.21 1 1,3

3 3.72 —3.58 (m, 5H) 67.48 4 4,2

4 3.72 - 3.58 (m, 5H) 69.34 3 35

5 4.48 (s, 2H) 73.11 - 4,69

6 7.22-7.13 (m, 2H) 129.74 7 5,6°,7,9,10
7 6.82 —6.72 (m, 2H) 115.26 6 6,7°,9,10
8 6.02 (s, 1H) - - 10,7

2.3.2  Attempts to synthesize 1-chloro-3-(4-((2-
iIsopropoxyethoxy)methyl)phenoxy)propan-2-one (12)

The synthesis of 1-chloro-3-(4-((2-isopropoxyethoxy)methyl)phenoxy)propan-2-one (12) from
4-((2-isopropoxyethoxy)methyl)phenol (11) was attempted using different procedures. As
described in the introduction, synthesizing compound 12 would allow the synthesis of
chlorohydrin (R)-15 via the preferable left pathway shown in Scheme 2.3.6. However, none of

the attempts gave compound 12 in significant amounts.
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Scheme 2.3.6: Planned pathways for the synthesis of chlorohydrin (R)-15. This part will focus on the red arrow

reaction.
The reaction of synthesis of compound 12 from phenol 11 and 1,3-dichloropropan-2-one (or
1,3-dibromopropan-2-one) under basic conditions should be an Sn2 reaction. Phenol 11 gets
first deprotonated by the base, and attacks then one of the alpha carbons of the ketone on 1,3-

dichloropropan-2-one, making one chlorine atom leave.

It was first tried to adapt a procedure used for the addition of epichlorohydrin on compounds
similar to phenol 11 %8 and to use it for the addition of 1,3-dichloropropan-2-one on phenol 11.
1,3-Dichloropropan-2-one was therefore added to a mixture of phenol 11 and potassium
carbonate in dry acetonitrile. The mixture was then refluxed and stirred for 24 hours. However,
the reaction mixture turned black, and no expected product was noticed at the end of the reaction
time. The same thing happened when the reaction was done at room temperature. To understand
if this color came from the starting material 11 reacting with the 1,3-dichloropropan-2-one, or
if the starting material was not intervening in this, the same reaction was tried, but without

including phenol 11. The reaction mixture still turned black some seconds after the addition.

This indicates that 1,3-dichloropropan-2-one is not stable in this basic environment. It is
believed that the molecule polymerases as shown in Scheme 2.3.7. The base helps to push the
keto-enol equilibrium in 1,3-dichloropropan-2-one towards the enol, and the oxygen atom then
attacks another molecule of 1,3-dichloropropan-2-one either on one carbon linked to a chlorine
atom (mechanism a), or the carbon bearing the ketone (mechanism b). The reaction can then
proceed, the oxygen anion attacking another molecule as previously.
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Scheme 2.3.7: Suggested mechanism for the polymerization reaction of 1,3-dichloropropan-2-one

A black color usually indicates the presence of a very long conjugated system of connected p
orbitals. Repeating mechanism a could lead to the formation of this kind of compound. An
example of a possibly formed compound with a long chain of conjugated system of connected
p orbitals is shown in Figure 2.3.2. The obtained impurities were, however, not isolated.

o w]}

Figure 2.3.2: A possible type of degradation product of 1,3-dichloropropan-2-one in a basic environment.

The base used here leads to the degradation of 1,3-dichloropropan-2-one. However, basic
conditions are necessary for the desired Sn2 reaction to happen. A base strong enough for that,

but weak enough to avoid the polymerization of 1,3-dichloropropan-2-one is therefore needed.

A typical hydrogen bonded to the alpha carbon of a ketone has a pKa of around 19-20 8. Since
the carbon bearing the acidic proton is also linked to a chlorine atom in 1,3-dichloropropan-2-
one, the pKa could be slightly lower. In comparison, the aromatic alcohol on compound 11 has
a predicted pKa of 9.7 &. Finding an adequate base should therefore be possible. However,
other things need to be taken into account. For instance, the polymerization reaction pushes the

equilibrium towards the enolization of 1,3-dichloropropan-2-one.

To try to prevent the polymerization reaction, 1,3-dichloropropan-2-one was added dropwise
in some attempts. Several bases and solvents were tested, and are presented in Table 2.3.2. They
were chosen based on published procedures on similar reactions, as described in the
introduction. However, either the mixtures turned black, indicating the polymerization of 1,3-
dichloropropan-2-one, or it did not, but no conversion of compound 11 was observed. Either

way, no expected product was identified on the *H-NMR spectra of the crude products.
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Table 2.3.2: Attempted procedures for the addition of 1,3-dichloropropan-2-one on 4-((2-

isopropoxyethoxy)methyl)phenol (11).

Base Solvent Procedure Observations
K2CO3 MeCN (dry) Stirred under reflux for 40 hours Turns bl%i';aﬁgteXpeCtEd
K2CO3 MeCN (dry) Stirred at rt for 16 hours Turns bl%i';aﬁgteXpeCtEd

Addition of dichloroacetone at 0°C; .
NaHCO3; MeCN (dry) Stirred at rt for 3 days No conversion
NaHCO3 DMSO Stirred at rt for 3 days Turns bla;%,dragtexpected
Addition of dichloroacetone at 0°C; Turns brown, no expected
NaHCOs DMF Stirred at rt for 3 days product
Addition of dichloroacetone at 0°C; Turns black, no expected
K2COs DMF Stirred at rt for 1 day product
Dropwise addition of dichloroacetone;  Turns brown, no expected
K2LOs MeCN (dry) Stirred at rt for 1 day product
Dropwise addition of dichloroacetone;  Turns brown, no expected
NaOH Hz0 Stirred at 35°C for 6h product
Turns black at room
EtONa EtOH Addition at rt; reflux for 1 day temperature, no expected
product
NaOH Water Dropwise addition; Stirred for 1 day at Turns light brown, no

rt

expected product formed

It was then attempted to perform the reaction with 1,3-dibromopropan-2-one. The bromine atom
is bigger than chlorine, and could increase the steric hindrance around the alpha carbon of the
ketone, limiting the enolization reaction. Bromine is also usually a slightly better leaving group
than chlorine, which could promote the synthesis of the desired compound 12. 1,3-
dibromopropan-2-one was therefore added dropwise to a mixture of phenol 11 and sodium
hydroxide in water, and the brown solution was stirred for one day at room temperature.
Compound 2 was unfortunately not present in significant amounts in the crude product (*H-

NMR). It was therefore decided to focus on the other synthesis pathway.

2.3.3 Synthesis of racemic 1-chloro-3-(4-((2-

iIsopropoxyethoxy)methyl)phenoxy)propan-2-ol (15)

1-Chloro-3-(4-((2-isopropoxyethoxy)methyl)phenoxy)propan-2-ol (15) was synthesized from
4-((2-isopropoxyethoxy)methyl)phenol (11) and epichlorohydrin by adapting the procedure
used for a similar reaction by Gundersen et al. °2. The reaction is shown in Scheme 2.3.8.
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Scheme 2.3.8: Synthesis of 1-chloro-3-(4-((2-isopropoxyethoxy)methyl)phenoxy)propan-2-ol (15) from 4-((2-
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isopropoxyethoxy)methyl)phenol (11) and epichlorohydrin
It was attempted to follow the first step of the reaction by TLC (n-pentane:ethyl acetate 7:3) in

order to see when the addition of epichlorohydrin was finished, but unfortunately the product
15 and its epoxide 14 had the same retention factor as the starting material 11. It was, however,
noticed that an oil was slowly formed at the surface of the water. After one day of stirring, a
thin oil layer had been formed, and did not seem to become thicker. It is believed that the
products 15 and 14 are not soluble in the sodium hydroxide aqueous solution, while starting
material 11 is. The forming oil layer at the top is therefore a direct indication of the extent of
the reaction. The reaction was stopped at that point, the reaction mixture was extracted with
ethyl acetate and washed with water, and the solvent of the organic phase was removed under
reduced pressure. An *H-NMR analysis of the obtained product revealed that it was constituted
at 70% of the epoxide 14. The other compounds present were not identifiable on the spectrum,
but are probably compound 15 and dimer D15, shown in Figure 2.3.3. Compounds similar to
D15 have been identified as the main impurity formed during the addition of epichlorohydrin
on aromatic alcohols 2. However, the impurities were not isolated in this thesis, and the crude
product was used without further purification in the next step. This has been decided because
the impurities and byproducts present in the crude product are not likely to prevent the opening
of epoxide 14.

LTS

o o
o D15 ~"o

Figure 2.3.3: Dimer D15, a possible byproduct of the reaction.
The crude product was dissolved in THF, and acetic acid and lithium chloride were added. After

20 hours of stirring, the reaction was stopped and worked up, and the product was purified by
column chromatography, to obtain pure chlorohydrin 15 with a yield of 63% and a purity of
99% (*H-NMR).
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2.3.3.1 Characterization of chlorohydrin 15

Characterization of chlorohydrin 15 was carried out by NMR spectroscopy, with deuterated
chloroform as solvent. Chlorohydrin 15 with numbered carbon atoms is shown in Figure 2.3.4,

and assignment of chemical shifts are given in Table 2.3.3.
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Figure 2.3.4: Chlorohydrin 15 with numbered carbon and nitrogen atoms. Assignment of chemical shifts are
given in Table 2.3.3, and all spectra are given in the appendix (Part 6.3.2).

Table 2.3.3: Characterization of chlorohydrin 15 given *H-, 13C-, H,H-COSY, HSQC- and HMBC-NMR (600
MHz, CDCI3), see the appendix (Part 6.3.2).

'H-NMR [ppm]

Atom number ] BC-NMR [ppm] COosy HMBC
(mult., int., 3J)
1.20 (d, J =6.1 Hz,
1 22.09 2 1’,2
6H)
2 3.66 — 3.60 (m, 5H) 71.94 1 1,3
3 3.66 — 3.60 (m, 5H) 67.47 4 2,4
4 3.66 — 3.60 (m, 5H) 69.54 3 35
5 4.54 (s, 2H) 72.78 - 4,6,7,12,13
6 7.33-7.29 (m, 2H) 129.41 7 5,6°,7,12
7 6.93 - 6.89 (m, 2H) 114.45 6 6,7°,12,13
8 3.82 -3.73 (m, 2H) 68.59 9 10,9,12
4.24 (h, J =5.5 Hz,
9 69.87 8,10 8,10
1H)
10 4.13 - 4.08 (m, 2H) 45.98 9 8,9
2.57 (d, J=5.9 Hz,
11 - 9 -
1H)
12 - 157.79 - -
13 - 131.40 - -

2.34 Derivatization of 1-chloro-3-(4-((2-
iIsopropoxyethoxy)methyl)phenoxy)propan-2-ol (15)

A derivatization reaction of racemic chlorohydrin 15 was performed in order to form racemic

ester 16 and determine the retention times of its R- and S-enantiomers. Pyridine and butyric
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anhydride were added to a solution of compound 15 in hexane, and the mixture was heated for

one hour at 60 °C, as shown in Scheme 2.3.9.
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Scheme 2.3.9: Synthesis of racemic 1-chloro-3-(4-((2-isopropoxyethoxy)methyl)phenoxy)propan-2-yl
propionate (16) from 1-chloro-3-(4-((2-isopropoxyethoxy)methyl)phenoxy)propan-2-ol (15)
Separation of the enantiomers of chlorohydrin 15 was obtained by using a Chiralcel OD-H
column and a mobile phase composition of hexane (90%) and 2-propanol (10%) as eluent and
a 1 mL/min flow. As shown in Figure 2.3.5, the retention times obtained are t; ((R)-15) = 14.81

min and tg((S)-15) = 15.93 min. As expected, their peaks have the same area under the curve.

DAD1 A, Sig=254,4 Ref=360,100 (LUCAS BOCQUIN'KRISTOFFER_03_12_21 2022-02-16 18-45-58\003-0101.D)
mAU

24 ‘ |
154 | | h
i u
Il )
g XX
M\
P 4 s 8 10 12 14 16 18 min

Figure 2.3.5: Chiral HPLC chromatogram of chlorohydrin 15. The analysis was performed on a Chiralcel OD-H
column with hexane and 2-propanol (90:10) as eluent and 1 mL/min flow, and with a detection wavelength of
280.8 nm. The retention times obtained are tz((R)-15) = 14.81 min and tz((S)-15) = 15.93 min. R¢((S)/(R)-15) =
1.63.

Separation of the enantiomers of ester 16 was obtained by using a Chiralcel OD-H column and
a mobile phase composition of hexane (96%) and 2-propanol (4%). As shown in Figure 2.3.6,
the retention times obtained are tz((R)-16) = 11.23 min and tz((S)-16) = 12.33 min. Some
impurities elute before the enantiomers of ester 16, but were not identified. Some of them could
be butyric anhydride, introduced in excess, or butyric acid, a byproduct of the derivatization
reaction. The mobile phase was then changed to a composition of 90% of hexane and 10% of

2-propanol for 8 min, in order to elute the enantiomers of chlorohydrin 15 and traces of pyridine.
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Figure 2.3.6: Chiral HPLC chromatogram of ester 16. The analysis was performed on a Chiralcel OD-H column
with hexane and 2-propanol (96:4) as eluent and 1 mL/min flow, and with a detection wavelength of 280.8 nm.
The retention times obtained are tx((R)-16) = 11.23 min and t((S)-16) = 12.33 min. Rs((S)/(R)-16) = 1.89.

2.3.5 Kinetic resolution of chlorohydrin 15 using CALB

Kinetic resolution of 1-chloro-3-(4-((2-isopropoxyethoxy)methyl)phenoxy)propan-2-ol (15)
was performed using CALB as the catalyst and vinyl butyrate as the acyl donor, as shown in

Scheme 2.3.10. The procedure was based on the one described by Gundersen et al. %2 on a
similar reaction.

(0]

O\)\/C' 1% O\/\/C|
K©/ /\o)kA (©/ +
> )\ S
)\ O CALB )\ A~_0 o
O MeCN (dry) (6] ()16 (R)-15
15 molecular sieves (dried)

Scheme 2.3.10: Kinetic resolution of 1-chloro-3-(4-((2-isopropoxyethoxy)methyl)phenoxy)propan-2-ol (15)
using CALB

As explained in the introduction, plausible side reactions include hydrolysis of ester (S)-16 and
vinyl butyrate catalyzed by CALB. They would respectively lead to a loss in the enantiomeric
excess of the chlorohydrin (R)-15 obtained, and to the formation of butyric acid. In order to
avoid those side reactions, dry acetonitrile was used to dissolve racemic chlorohydrin 15, and
activated molecular sieves were introduced. Vinyl butyrate and CALB were then added, and

the reaction mixture was shaken in an incubator at 38°C and 200 rpm.
2.3.5.1 Monitoring of the kinetic resolution of chlorohydrin 15

The CALB catalyzed kinetic resolution of chlorohydrin 15 was followed over 25 hours in order
to calculate the enantiomeric ratio E of the reaction, and to know how much time is needed to
get a good enantiomeric excess of the substrate 15. Samples of the reaction mixture were

collected at different time intervals and analyzed by chiral chromatography.
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Chiral HPLC analyses of the samples using a mobile phase composition of hexane (90%) and

2-propanol (10%) were performed to measure the enantiomeric excess of the chlorohydrin 15

present in the reaction mixture. Chromatograms showing the enantiomeric excess of

chlorohydrin 15 after 1 hour, 8 hours and 25 hours are shown in Figure 2.2.6, Figure 2.2.7 and

Figure 2.2.8. The compounds eluting at 7.5 min are the enantiomers of the ester 16. After 25

hours, chlorohydrin (R)-15 is obtained with an enantiomeric excess of more than 99%.
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Figure 2.3.7: Chiral HPLC chromatogram of the CALB-catalyzed kinetic resolution of chlorohydrin 15 after one

hour of reaction. The analysis was performed on a Chiralcel OD-H column with hexane and 2-propanol (90:10)

as eluent and 1 mL/min flow, and with a detection wavelength of 254.4 nm. The retention times obtained

are tz((R)-15) = 14.82 min and tx((S)-15) = 15.94 min.
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Figure 2.3.8: Chiral HPLC chromatogram of the CALB-catalyzed kinetic resolution of chlorohydrin 15 after 8

hours of reaction. The retention times obtained are t;((R)-15) = 14.82 min and tz((S)-15) = 15.96 min.
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Figure 2.3.9: Chiral HPLC chromatogram of the CALB-catalyzed kinetic resolution of chlorohydrin 15 after 25

hours of reaction. The retention times obtained are tz((R)-15) = 14.95 min.
Chiral HPLC analyses of the samples using a mobile phase composition of hexane (96%) and
2-propanol (4%) were also performed to measure the enantiomeric excess of the ester 16
produced. These values were then used to determine an enantiomeric ratio E of 52 (calculated
from E&K Calculator 2.1b0 PPC %) from the kinetic resolution of chlorohydrin 15 with CALB,
and to plot the enantiomeric excesses of product 16 and the chlorohydrin 15 as a function of
conversion, as shown in Figure 2.2.9. A value of 52 is not as good as what was obtained with
penbutolol’s precursor 8. Because of this relatively low value, it is not possible to obtain an
enantiomeric excess of more than 96% for ester 16, even at a very low conversion. However, it
is still possible to obtain a very good enantiomeric excess of chlorohydrin 15, which is the main

goal of this step.
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Figure 2.3.10: Enantiomeric excesses of ester 16 and chlorohydrin 15 as a function of conversion during the
CALB-catalyzed kinetic resolution of chlorohydrin 15. Enantiomeric excesses of product 16 are represented by
red filled circle. Enantiomeric excesses of chlorohydrin 15 are represented by blue filled squares; E-value = 52.

E-values calculated from E&K Calculator 2.1b0 PPC 2°.
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2.3.5.2 Large-scale kinetic resolution of chlorohydrin 15

A large-scaled kinetic resolution of 15 was then carried out and stopped after 25 hours. The
reaction mixture was washed with distilled water several times in order to remove butyric acid.
Chlorohydrin 15 and ester 16 were then separated by flash chromatography. The first fraction
gave a mixture of ester (S)-16 (68%) and butyric acid (32%) (*H-NMR). The second fraction
gave enantiopure chlorohydrin (R)-15 as a transparent oil, with an enantiomeric excess of more
than 99%, a yield of 44% and a purity of 82% (*H-NMR), the other compounds present being
butyric acid (around 5%) and unknown impurities (14%). For this type of reaction, the
maximum theoretical yield is 50%, because ideally, half of the substrate is transformed into
ester 16. The specific rotation of the obtained chlorohydrin (R)-15 was [a]%’ —
17 (c 1.0, MeOH). Absolute configuration was determined by the enantioselectivity of CALB

which has been reported previously °.
2.3.5.3 Characterization of ester 16

Characterization of ester 16 was carried out by NMR spectroscopy, with deuterated chloroform
as solvent. Ester 16 with numbered carbon atoms is shown in Figure 2.3.11, and assignment of
chemical shifts are given in Table 2.3.4.

0
13
O%QZ/\M
7
5 0 Cl
1 15 g 949
516
2l 3
4

Figure 2.3.11: Ester 16 with numbered carbon and nitrogen atoms. Assignment of chemical shifts are given in

Table 2.3.4, and all spectra are given in the appendix (Part 6.3.3).

80



Table 2.3.4: Characterization of ester 16 given *H-, $*C-, H,H-COSY, HSQC- and HMBC-NMR (600 MHz,

CDCI3), see the appendix (Part 6.3.3).

Atom 'H-NMR [ppm] (mult., int., BC-NMR
COoSsy HMBC
number ) [ppm]
1 1.17 (d, J = 6.1 Hz, 6H) 22.09 2 1’2
2 3.65 —3.54 (m, 5H) 71.93 1 1,3
3 3.65 —3.54 (m, 5H) 67.48 4 2,4
4 3.65 —3.54 (m, 5H) 69.52 3 3,5
5 4.51 (s, 2H) 72.78 - 4,6,16
6 7.30 —7.26 (m, 2H) 129.38 7 5,6°,7,15
7 6.90 — 6.87 (m, 2H) 114.51 6 6,7°,15,16
8 4.19 - 4.13 (m, 2H) 66.15 9 9,10,15
9 5.34 (p, J = 5.2 Hz, 1H) 70.81 8,10 8,10,11
0 3.85 (dd, J = 11.7, 5.0 Hz, 1H), 1262 . 89
3.78 (dd, J = 11.7, 5.3 Hz, 1H)
11 - 172.85 - -
12 2.41-2.30 (m, 2H) 36.09 13 11,13,14
13 1.68 (h, J = 7.4 Hz, 2H) 18.43 12,14 11,12,14
14 0.96 (t, J = 7.4 Hz, 3H) 13.58 13 12,13
15 - 157.81 - -
16 - 131.39 - -
2.3.6 Synthesis of (S)-bisoprolol (17)

(S)-Bisoprolol ((S)-17) was synthesized from chlorohydrin (R)-15 and isopropylamine by
adapting the procedure described by Banoth and Banerjee 8 and concerning the amination of

similar chlorohydrins.

o ™0 (R)-15

(©/ R HzNY MeOH
/L reflux, 24h /L
0

((j”f

A0

Scheme 2.3.11: Synthesis of (S)-Penbutolol from (R)-1-chloro-3-(2-cyclopentylphenoxy)propan-2-ol and tert-

butylamine.

The product obtained showed a purity of 92% on the *H-NMR spectrum, but it is probably a
mixture of (S)-17 and its hydrochloride salt (S)-17HCI shown in Figure 2.3.12. More

explanation on the formation of this type of mixture and their NMR analyses is given in part
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2.2.4. The yield cannot be calculated exactly at this step, and depending on the amount of free

base and of hydrochloric salt, it is somewhere between 83% and 92%.

O/\/Oj/
OH N o
O\/k@sz/ 0 ®Hz/ﬁ0i\

S) = 0o

st
o N
/Lo/\/o (S)-17HCI ’/©/ j/

/Lo/\/o (S)17salt

Figure 2.3.12: Structures of (S)-Bisoprolol hydrochloride ((S)-17HCI) and (S)-bisoprolol hemifumarate ((S)-
17salt)

The specific rotations of (S)-bisoprolol ((S)-17) and (S)-bisoprolol hydrochloride ((S)-17HCI)
have not been reported, but the one of (S)-bisoprolol hemifumarate ((S)-17salt) was reported to
be [a]3! — 20.6 (c 1.0, MeOH) by Kitaori et al. *’. The enantiomeric excess of their product
was not written. In order to compare this optical rotation with the one of the product obtained
for this thesis, the procedure described in this article was followed to form (S)-bisoprolol
hemifumarate ((S)-17salt) from (S)-17. The structure of (S)-17salt is shown in Figure 2.3.12.

Racemic 17salt was synthesized in order to determine the retention times of its (R)- and (S)-
enantiomers on chiral HPLC. Separation of the enantiomers of 17salt was obtained by using a
Chiralcel OD-H column, a mobile phase composition of hexane (90%) and 2-propanol
containing 2% diethanolamine (10%) as eluent and a 1 mL/min flow. The retention times
obtained are tg((R)-17salt) = 7.92 min and tg((S)-17salt) = 11.8 min (see Figure 6.3.26 in the
appendix). The resolution factor is Rg((S)/(R)-17salt) = 7.02. Diethanolamine was added to the
2-propanol in the mobile phase in order to obtain a better separation, and to deprotonate the

amine in 17salt, to solubilize better the analyte.

Enantiopure (S)-17salt was synthesized from chlorohydrin (R)-15 with a yield of 92%, a purity

of 90%, and an enantiomeric excess of more than 96% (chiral HPLC).

The specific rotation of the obtained product was [a]3° — 17 (c 1.0, MeOH). This is the same
sign as the specific rotation obtained by Kitaori et al. °’, which confirms that the enantiomer
formed is (S)-17salt.
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2.3.6.1 Reaction mechanism for the amination (R)-15 using

isopropylamine

A mechanism for the amination (R)-15 using isopropylamine is suggested in Scheme 2.2.9. The
hydrochloric salt 17HCI is formed only in limited amounts. The next step involving the
synthesis of (S)-bisoprolol hemifumarate ((S)-17salt) is an acid-base reaction. Because fumaric
acid has two carboxyl groups and only 0.5 equivalents of it are added, each molecule of

fumarate forms a salt with two molecules of (S)-17salt.

o ¥ ov%ﬂzj/ OVtHT/
o ot

G
—_—
)\ e )\ O (s)7HC o ™°
O -
o ~O (R)-15

Scheme 2.3.12: Mechanism for the amination of chlorohydrin (R)-15 using tert-butylamine.

2.3.6.2 Characterization of bisoprolol (17) and bisoprolol hemifumarate
(17salt)

Characterization of compounds 17 and 17salt were carried out by NMR spectroscopy, with
deuterated chloroform as solvent. The compound 17 analyzed is actually probably containing

compound 17HCI as discussed before, but this will only affect the shift of some peaks.

Compound 17 with numbered carbon atoms is shown in Figure 2.3.13, and assignment of
chemical shifts are given in Table 2.3.5.

Figure 2.3.13: Compound 17 with numbered carbon and nitrogen atoms. Assignment of chemical shifts are

given in Table 2.3.5, and all spectra are given in the appendix (Part 6.3.4).
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Table 2.3.5: Characterization of compound 17 given 'H-, 3C-, H,H-COSY, HSQC- and HMBC-NMR (600
MHz, CDCI3), see the appendix (Part 6.3.4).
Atom  'H-NMR [ppm] (mult., int., BC-NMR

COSYy HMBC
number 8J) [ppm]
1 1.10 (d, J = 6.1 Hz, 6H) 22.09 2 1’2
2 3.58 — 3.49 (M, 5H) 71.91 1 1,3
3 3.58 — 3.49 (M, 5H) 67.48 4 2,4
4 3.58 — 3.49 (m, 5H) 69.47 3 3,5
5 4.44 (s, 2H) 72.85 - 46,14
6 7.21-7.18 (m, 2H) 129.35 7 5,6°,7,13
7 6.83 — 6.80 (M, 2H) 114.43 6 7°,13,14
8 3.96 — 3.87 (m, 3H) 70.56 9 9,10,13
9 3.96 — 3.87 (M, 3H) 68.50 8,10 8,10
10 266 (da, J=12.1, 7.4 Hz, 1H) 49.19 8,9,10°,11,12 8,9,10°,12
2.82(dd, J = 12.2, 3.7 Hz, 1H)

11 1.02 (d, J = 6.3 Hz, 6H) 23.05/23.19 12 11,12
12 2.76 (p, J = 6.3 Hz, 1H) 48.94 11 10,11
13 - 158.28 - -
14 - 130.93 - -

Compound 17salt with numbered carbon atoms is shown in Figure 2.3.14, and assignment of

ONOY
4 M@H

chemical shifts are given in Table 2.3.6.

N
0 Ha o
S) = (o)a)
0’15
OH 16
7 2 o)
6 o DN
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> 14 1
)\ 3_ 0
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1 4 17salt

Figure 2.3.14: Compound 17salt with numbered carbon and nitrogen atoms. Assignment of chemical shifts are

given in Table 2.3.6, and all spectra are given in the appendix (Part 6.3.5).

84



Table 2.3.6: Characterization of compound 17salt given ‘H-, **C-, H,H-COSY, HSQC- and HMBC-NMR (600
MHz, CDCI3), see the appendix (Part 6.3.5).

Atom  'H-NMR [ppm] (mult., int., BC-NMR
COoSsYy HMBC
number 8J) [ppm]
1 1.16 (d, J = 6.1 Hz, 12H) 22.09 2 1’2
2 3.63 —3.54 (m, 10H) 71.92 1 1,3
3 3.63 — 3.54 (m, 10H) 67.46 4 1,4
4 3.63 — 3.54 (m, 10H) 69.51 3 3,5
5 4.48 (s, 4H) 72.80 - 4,6,13,14
6 7.24 (d, J=8.3 Hz, 4H) 129.37 7 5,6°,7,13
7 6.87 — 6.83 (m, 4H) 114.38 6 7°,13,14
4.04 (dd, J = 9.6, 4.3 Hz, 2H),
8 70.11 9 9,10,13
3.97 (dd, J = 9.7, 6.1 Hz, 2H)
9 4,52 (dt, J = 11.6, 6.1 Hz, 2H) 65.25 8,10 -
3.04 (dd, J = 12.1, 2.8 Hz, 2H),
10 48.29 9 8,9,12
3.14 (t, J = 11.2 Hz, 2H)
1.36 (d, J = 6.5 Hz, 6H), 1.32
11 19.60, 19.06 12 11°,12
(d, J = 6.5 Hz, 6H)
12 3.28 (p, J = 6.5 Hz, 2H) 50.63 11 10,11
13 - 157.99 - -
14 - 131.10 - -
15 - 173.28 - -
16 6.65 (s, 2H) 136.16 - 15,16’
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3 Conclusion

Sotalol precursor (R)-5 was synthesized from aniline in three steps with a combined yield of

53%. The obtained product had an enantiomeric excess of 81%. The reaction carried out to

synthesize (R)-sotalol precursor (R)-5 and other derivatives, as well as the yields obtained, are

shown in Scheme 3.1.
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Scheme 3.1: Summary of the reactions carried out to synthesize (R)-N-(4-(2-chloro-1-

hydroxyethyl)phenyl)methanesulfonamide ((R)-5)
(S)-Penbutolol hydrochloride ((S)-10HCI) was obtained from 2-cyclopentylphenol in five steps

with a combined yield of 20% and an enantiomeric excess of 99%. The reaction performed to

synthesize (S)-penbutolol hydrochloride ((S)-10HCI), as well as the yields obtained, are shown

in Scheme 3.2.
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Scheme 3.2: Summary of the reactions carried out to synthesize (S)-penbutolol.
(S)-Bisoprolol hemifumarate ((S)-17salt) was synthesized from 4-(hydroxymethyl)phenol in
six steps with a combined yield of 19% and an enantiomeric excess of more than 96%. The
reaction carried out to synthesize (S)-bisoprolol ((S)-17), as well as the yields obtained, are

shown in Scheme 3.3.
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Scheme 3.3: Summary of the reactions carried out to synthesize (S)-bisoprolol.
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4.1

4 Experimental

General methods

All experiments and analyses were carried out at the Department of Chemistry, in the Faculty
of Natural Sciences of the University of Science and Technology (NTNU), Trondheim, Norway.

4.1.1 Chemicals, solvents and enzymes

Chemicals used in this thesis are all commercially available and of analytical quality. The non-
enzymatic chemicals were bought from Sigma Aldrich (Oslo, Norway), VWR (Oslo, Norway).
The water used was of distilled grade, and heating was performed using an oil bath. The

laboratory work has been carried out following the university’s HSE guidelines.
All solvents used for HPLC analyses were of HPLC grade.
Activation of molecular sieves

Molecular sieves (1/8 pellets, pore diameter 4A) were dried at 1000 °C for 24 hours and stored

in a desiccator.
Dry solvents

Dry solvents were obtained from a solvent purifier from MBraun (Munich, Germany) and use

right afterwards or stored under nitrogen and in the presence of molecular sieves.
Enzymes

Candida antarctica Lipase B (activity > 10 000 PLU/g, lot no. 20170315) immobilized on
styrene/methacrylate polymer was gifted from SyncoZymes Co, Ltd. (Shanghai,China).
Crystalline KRED 228, KRED 130 and KRED 113 were gifted from SyncoZymes Co, Ltd.
(Shanghai,China).

Glucose-6-phosphate dehydrogenase from Leuconostoc mesenteroides (G6P-DH, lyophilized
powder, 550-1100 U/mg, lot no. G5885-2KU) and from S. cerevisae (G6P-DH, ammonium
sulfate suspension, 5787 U/mL, lot no. SLCB1507) were purchased from Sigma-Aldrich.
Glucose-6-phosphate (G6P, lot no. 10127647001) was purchased from Sigma-Aldrich.

Dihydronicotinamide-adenine dinucleotide phosphate (NADPH, lot no. 20160712-2) was
gifted from SyncoZymes Co, Ltd. (Shanghai,China).
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4.1.2 Chromatographic analyses

Thin layer chromatography (TLC)

TLC analyses were carried out using precoated Merck silica gel 60 F24s (0.2 mm) plates bought
from Sigma Aldrich (Oslo, Norway). Identification of the compounds was performed under
ultraviolet light (254 nm).

Flash chromatography

Silica gel used in flash chromatography was bought from Sigma Aldrich (pore size 60 A, 230-
240 mesh particle size, 40-63 pm particle size).

Chiral HPLC

Chiral HPLC analyses were performed Agilent HPLC 1200 (Series system Santa Clara, CA,
USA) equipped with an autosampler and a variable wavelength detector (VWD), set to 254 nm
unless otherwise stated. Separations were performed using a Chiralcel OD-H column (250 mm

L x 4.6 mm ID; 5 um) (Chiral Technologies Europe, Gonthier d”Andernach, IlIkirch, France).
4.1.3 Spectroscopic analyses

Nuclear magnetic resonance (NMR)

NMR characterizations were performed on a 600 MHz Bruker Avance 11l UltraShield from
Bruker Corporation (Fallanden, Switzerland), equipped with a CryoProbe 5 mm TCI probehead.
Some other analyses were performed on a 400 MHz Bruker Avance 111 HD NMR Spectrometer
from Bruker Corporation (Fallanden, Switzerland), equipped with a SmartProbe 5 mm
probehead. The spectroscopic data were analyzed with Mestrelab Research software
MestReNova 14.2.0-26256.

Mass spectrometry (MS)

Accurate mass determination in positive and negative mode was performed on a "Synapt G2-
S" Q-TOF instrument from Water TM. Samples were ionized by the use of ASAP probe (APCI)
or ESI probe. No chromatographic separation was used previous to the mass analysis.
Calculated exact mass and spectra processing was done by Waters TM Software Masslynx V4.1
SCN871.

4.1.4 Other methods
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4.2

Shaker

Enzymatic reactions were performed in a New Brunswick G24 Environmental Shaker from

New Brunswick Co. (Edison, New Jersey, USA).
Optical rotation

Optical rotation measurements were performed using an Anton Paar MCP 5100 polarimeter
with a 10 mm long cell from Dipl. Ing. Houm AS (Oslo, Norway). Analyses were carried out
at 20°C unless otherwise stated, and at a wavelength of 589 nm.

Synthesis of chemical compounds

N-phenylmethanesulfonamide (1)

A mixture of aniline (49 uL, 50 mg, 0.54 mmol) and pyridine (44 uL, 43 mg, 0.54 mmol)
in CH2Cl> (15 mL) under inert atmosphere was cooled down to 0 °C. Methanesulfonyl chloride
(46 pL, 68 mg, 0.60 mmol) was added dropwise, and the reaction mixture was stirred for 1 h at
0 °C. The solution was then warmed to rt, and stirred for 24 h. Pyridine and the solvent were
then removed under reduced pressure, and the obtained product was dissolved in CH2Cl> (10
mL). The organic phase was washed with dist. HO (10 mL), and the aqueous phase was
extracted with CH2Cl, (10 mL). The combined organic layers were then washed with a saturated
MgSOs solution (5 x 15 mL) until the color of the solution had almost completely disappeared.
The organic phase was then dried over anhydrous MgSOs, filtered, and the solvent was
evaporated under reduced pressure. N-phenylmethanesulfonamide (1) was obtained as a white
solid (90 mg, 0.53 mmol, 98% yield, 99% purity (*H-NMR)). *H NMR (600 MHz, DMSO) §
9.72 (s, 1H), 7.37 - 7.30 (m, 2H), 7.25 - 7.18 (m, 2H), 7.13 - 7.06 (m, 1H), 2.98 (s, 3H). 3C
NMR (151 MHz, DMSO) & 138.86, 129.76, 124.31, 120.26, 39.64. The analysis is consistent

with previously reported data 8.
N-(4-(2-chloroacetyl)phenyl)methanesulfonamide (2)

AICIs (8.04 g, 60 mmol) in suspension in CH2Clz (15 mL) and under inert atmosphere
was cooled down to —10 °C. 2-Chloroacetyl chloride (3.25 mL, 4.62 g, 40.9 mmol) diluted in
CH2Cl> (15 mL) was added dropwise to the reaction mixture, followed by N-
phenylmethanesulfonamide (1) (3.42 g, 20 mmol) in CH2Cl2 (20 mL). The solution was stirred
for 1 hat—10 °C, and for 24 h at rt. The solution was then poured into a mixture of concentrated
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HCI (25 mL) and ice-cold water (80 mL). The solution was filtrated, and the obtained solid was
dissolved in EtOAc (500 mL). The organic phase was washed with dist. H.O (100 mL) and
with a saturated NaCl solution (3 x 80 mL), and dried over anhydrous MgSQOa. The solvent was
removed under reduced pressure, and the obtained solid was recrystallized from MeOH to give
compound 2 as light brown crystals (2.81 g, 11.3 mmol, 57% yield, 98% purity (*H-NMR)). H
NMR (600 MHz, DMSO) & 10.43 (s, 1H), 8.01 - 7.92 (m, 2H), 7.34 - 7.25 (m, 2H), 5.12 (s,
2H), 3.14 (s, 3H). C NMR (151 MHz, DMSO) § 190.64, 144.10, 130.70, 129.34, 117.92,
47.76, 40.49. The *H-NMR analysis is consistent with previously reported data .

N-(4-(2-bromoacetyl)phenyl)methanesulfonamide (3)

AICl3 (8.04 g, 60 mmol) in suspension in CH2Cl2 (15 mL) and under inert atmosphere
was cooled down to —10 °C. 2-Bromoacetyl chloride (3.25 mL, 4.62 g, 40.9 mmol) diluted in
CH2Cl> (15 mL) was added dropwise to the reaction mixture, followed by N-
phenylmethanesulfonamide (1) (3.42 g, 20 mmol) in CH2Cl2 (20 mL). The solution was stirred
for 1 hat-10 °C, and for 24 h at rt. The solution was then poured into a mixture of concentrated
HCI (25 mL) and ice-cold water (80 mL). The solution was filtrated, and the obtained solid was
dissolved in EtOAc (500 mL). The organic phase was washed with dist. H.O (100 mL) and
with a saturated NaCl solution (3 x 80 mL), and dried over anhydrous MgSQOa. The solvent was
removed under reduced pressure, and the obtained solid was recrystallized from MeOH to give
compound 3 as light brown crystals (2.81 g, 11.3 mmol, 58% yield, 92% purity (*H-NMR)). 'H
NMR (600 MHz, DMSO) & 10.44 (s, 1H), 8.01 - 7.97 (m, 2H), 7.32 - 7.28 (m, 2H), 4.85 (s,
2H), 3.14 (s, 3H). C NMR (151 MHz, DMSO) § 190.82, 144.12, 131.13, 128.98, 117.89,
40.53, 34.14.

N-(4-(2-chloro-1-hydroxyethyl)phenyl)methanesulfonamide (4)

To a solution of N-(4-(2-chloroacetyl)phenyl)methanesulfonamide (2) (0.30 g, 1.21
mmol) in DMSO (10mL) was added slowly NaBH4 (0.09 g, 2.42 mmol). The reaction mixture
was stirred for 4 d, and then poured into 15mL of ice-water. An aqueous HCI solution (2.5 mL,
1 M) was added, and the mixture was stirred for 10 min. The product was extracted with EtOAc
(2 x 20mL), and the organic layer was washed with a saturated NaCl solution (7 x 20mL) and
dried over anhydrous MgSOs. The solvent was removed under reduced pressure, and the
product was placed under vacuum overnight to remove any remaining DMSO. The obtained
product was purified by flash chromatography (n-pentane: ethyl acetate, 6:4, v/v) to give
compound 4 as a white solid (120 mg, 0.48 mmol, 40% yield, 75% purity (*H-NMR)). Chiral
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HPLC eluent: hexane:i-PrOH (90:10), flow 1 mL/min. tz((S)-4) = 50.51 min and tz((R)-4) =
63.51 min. Rs ((R)/(S)-4) = 3.45. *H NMR (600 MHz, DMSO) & 9.72 (s, 1H), 7.38 — 7.33 (m,
2H), 7.20 - 7.16 (m, 2H), 5.75 (d, J =4.7 Hz, 1H), 4.73 (dt, J = 7.1, 4.7 Hz, 1H), 3.73 (dd, J =
11.0, 4.6 Hz, 1H), 3.65 (dd, J = 11.0, 7.1 Hz, 1H), 2.98 (s, 3H). *C NMR (151 MHz, DMSO)
$137.77,137.58, 127.32, 119.52, 71.96, 50.22, 40.43. The *H-NMR analysis is consistent with

previously reported data 4.
(R)-N-(4-(2-chloro-1-hydroxyethyl)phenyl)methanesulfonamide ((R)-4)

To a solution of KRED 228 (5.5 mg), NADPH (1.5 mg), G6P (41 mg), G6PDH (0.6
mg) in a potassium phosphate buffer (0.1 M, pH 7.4, 5 mL) was added N-(4-(2-
chloroacetyl)phenyl)methanesulfonamide (2) (20 mg, 81 umol) in DMSO (0.25 mL). The
reaction was run for 18 h in an incubator at 200 rpm and 38°C. The product was extracted with
EtOAc (5 x 10 mL) and washed with dist. H2O (2 x 20 mL). The organic phase was dried over
anhydrous MgSOs. The solvent was removed under reduced pressure to give (R)-N-(4-(2-
chloro-1-hydroxyethyl)phenyl)methanesulfonamide ((R)-4) as a white solid (19 mg, 76 umol,
94% yield, 99% purity (*H-NMR), ee = 76% (chiral HPLC)). [a]?° — 17.5 (c 1.03, EtOH). 'H
NMR (600 MHz, DMSO) & 9.72 (s, 1H), 7.38 - 7.33 (m, 2H), 7.20 - 7.16 (m, 2H), 5.75 (d, J =
4.7 Hz, 1H), 4.73 (dt, J = 7.1, 4.7 Hz, 1H), 3.73 (dd, J = 11.0, 4.6 Hz, 1H), 3.65 (dd, J = 11.0,
7.1 Hz, 1H), 2.98 (s, 3H). The analysis is consistent with previously reported data 4.

Attempt to synthesize N-(4-(isopropylglycyl)phenyl)methanesulfonamide (5)

To a solution of N-(4-(2-chloroacetyl)phenyl)methanesulfonamide (2) (142 mg, 0.57
mmol) in MeOH (10 mL) was added K>COs3 (158 mg, 1.14 mmol) and i-PrNH2 (977 puL, 674
mg). The reaction mixture was stirred at rt for 18 h. Methanol and remaining i-PrNH. were
removed under reduced pressure. The obtained product was dissolved into CH.Cl, (30 mL),
and washed with a saturated NaCl solution (10 mL). The organic phase was dried over
anhydrous MgSOs, and the solvent was removed under reduced pressure. The desired product

was not isolated.
Synthesis of 1-chloro-3-(2-cyclopentylphenoxy)propan-2-ol (8) using NaOH as a base

To a solution of NaOH (160 mg, 4.00 mmol) in dist. HoO (4 mL) was added 2-
cyclopentylphenol (432 mg, 2.66 mmol). The reaction mixture was stirred for 1 min, and 2-
(chloromethyl)oxirane (epichlorohydrin) (431 uL, 509 mg, 5.50 mmol) was added. The mixture
was stirred at rt for 48 h. Dist. H2O (10 mL) was then added and the product was extracted with
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EtOAc (3 x 10 mL). The combined organic phases were washed with a saturated NaCl solution
(10 mL), dried over anhydrous MgSO4, and the solvent was removed under reduced pressure,
yielding 619 mg of a mixture of 2-cyclopentylphenol, 2-((2-
cyclopentylphenoxy)methyl)oxirane (7) and 1-chloro-3-(2-cyclopentylphenoxy)propan-2-ol
(8) as a slightly yellow oil.

A mixture of 7/8 (570 mg) was dissolved in THF (3 mL). AcOH (409 puL, 429 mg, 7.14
mmol) and LiCl (303 mg, 7.15 mmol) were added. The reaction mixture was stirred at rt for 24
h. The solution was then concentrated under reduced pressure. The obtained product was
dissolved in EtOAc (10 mL), and washed with dist. H,O (10 mL). The aqueous phase was
extracted with EtOAc (10 mL). The combined organic phases were washed with a saturated
NaCl solution (10 mL), dried over anhydrous MgSQO4, and the solvent was removed under
reduced pressure. The product was purified by flash chromatography (n-pentane:ethyl acetate,
9:1, v/v) yielding chlorohydrin 8 as a colorless oil (435 mg, 1.71 mmol, 70% yield, 93% (*H-
NMR)). TLC (n-pentane:ethyl acetate, 9:1, v/v) Rf = 0.34 for product 8. Chiral HPLC eluent:
hexane:i-PrOH (90:10), flow 1 mL/min. tz((S)-8) = 6.63 min and tz((R)-8) = 7.31 min.
Rs((S)/(R)-8) = 2.41. *H NMR (600 MHz, CDCls) § 7.24 (dd, J = 7.5, 1.7 Hz, 1H), 7.16 (ddd,
J=8.1,7.4,17Hz 1H), 6.96 (td, J = 7.5, 1.2 Hz, 1H), 6.86 (dd, J = 8.2, 1.2 Hz, 1H), 4.25 (h,
J =5.3 Hz, 1H), 4.13 (dd, J = 9.4, 5.1 Hz, 1H), 4.09 (dd, J = 9.4, 5.4 Hz, 1H), 3.82 (dd, J =
11.2,5.2 Hz, 1H), 3.76 (dd, J = 11.2, 5.6 Hz, 1H), 3.35 - 3.26 (m, 1H), 2.48 (d, J = 6.2 Hz, 1H),
2.04 - 1.56 (m, 8H). 13C NMR (151 MHz, CDCl3) § 156.01, 134.89, 127.05, 126.84, 121.52,
111.67, 70.20, 68.79, 46.35, 39.19, 33.12, 25.62. The *H-NMR analysis is consistent with

previously reported data 3.
Synthesis of 1-chloro-3-(2-cyclopentylphenoxy)propan-2-ol (8) using K>COs as a base

To a solution of 2-cyclopentylphenol (80 mg, 0.49 mmol) dissolved in MeCN (4 mL)
was added K>COs3 (137 mg, 0.99 mmol). The reaction mixture was stirred for 1 min, and 2-
(chloromethyl)oxirane (epichlorohydrin) (116 pL, 137 mg, 1.48 mmol) was added. The
mixture was stirred under reflux for 48 h. It was then filtered, and the filtrate was concentrated
under reduced pressure. The obtained product was dissolved in EtOAc (10 mL), and washed
with dist. H2O (10 mL). The aqueous phase was extracted with EtOAc (3 x 5 mL). The
combined organic phases were washed with a saturated NaCl solution (10 mL), dried over
anhydrous MgSOs, and the solvent was removed under reduced pressure. A mixture of epoxide
7 (78%), chlorohydrin 8 (7%), 2-cyclopentylphenol (2%) and byproducts (13%) was obtained
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as a colorless oil (90 mg) (*H-NMR). The opening reaction of epoxide 7 into chlorohydrin 8

was not performed.
Derivatization reaction of 1-chloro-3-(2-cyclopentylphenoxy)propan-2-ol (8)

To a solution of 1-chloro-3-(2-cyclopentylphenoxy)propan-2-ol (8) (6 mg, 0.02 mmol)
in hexane (0.5 mL) was added pyridine (one drop) and butyric anhydride (one drop). The
reaction mixture was heated at 60°C for 1 h. Hexane (5 mL) was then added, and the solution
was washed with dist. H2O (5 x 0.5 mL). The organic phase was then dried over anhydrous
MgSOq and filtered. The filtrate was analyzed by chiral HPLC. Chiral HPLC eluent: hexane:i-
PrOH (99.4:0.6), flow 1 mL/min. tg((S)-9) = 8.05 min and tg((R)-9) = 9.37 min. R¢((S)/(R)-9)
=1.56.

Monitored CALB catalyzed kinetic resolution of 1-chloro-3-(2-cyclopentylphenoxy)propan-2-
ol (8)

To a solution of 1-chloro-3-(2-cyclopentylphenoxy)propan-2-ol (8) (20 mg, 79 pumol)
dissolved in dry MeCN (2.5 mL) were added activated molecular sieves (4A), vinyl butyrate
(50 pL, 45 mg, 0.39 mmol) and CALB (36 mg). The mixture was placed in an incubator shaker
(38 °C, 200 rpm.). Samples of 125 uL were taken regularly until 23 h of reaction. For each
sample, hexane (1.5 mL) was added and the solution was washed with dist. H,O (5 x 1 mL).
The organic phase was then dried over anhydrous MgSO4 and analyzed by chiral HPLC. ees,

eep and ¢ were calculated from the chromatograms.

Large-scale CALB catalyzed kinetic resolution of 1-chloro-3-(2-cyclopentylphenoxy)propan-
2-0l (8)

To a solution of 1-chloro-3-(2-cyclopentylphenoxy)propan-2-ol (8) (163 mg, 0.63
mmol) dissolved in dry MeCN (20 mL) were added activated molecular sieves (4A), vinyl
butyrate (408 uL, 364 mg, 3.18 mmol) and CALB (280 mg). The mixture was placed in an
incubator shaker (38 °C, 200 rpm.) for 23 h. Enzymes and molecular sieves were filtered off
and solvents were removed in vacuo. The obtained product was dissolved in EtOAc (10 mL),
and was washed with dist. H>O (3 x 15 mL) and a saturated NaCl solution (10 mL). The solution
was dried over anhydrous MgSOs, and the solvent was removed under reduced pressure. (R)-
1-chloro-3-(2-cyclopentylphenoxy)propan-2-ol ((R)-8) and (S)-1-chloro-3-(2-
cyclopentylphenoxy)propan-2-yl butyrate ((S)-9) were separated by flash chromatography (n-

pentane: ethyl acetate, 9:1, v/v). (R)-8 was obtained as a colorless oil (63 mg, 0.243 mmol, 39%
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yield, 95% purity (*H-NMR), ee = 99% (chiral HPLC)). [«]3° — 14 (c 1.0, MeOH). H NMR
(600 MHz, CDCl3) § 7.31 - 7.26 (m, 2H), 6.91 - 6.87 (m, 2H), 4.51 (s, 2H), 4.21 (g, J = 5.1 Hz,
1H), 4.12 - 4.05 (m, 2H), 3.80 - 3.70 (m, 2H), 3.66 - 3.53 (M, 5H), 2.51 (d, J = 5.9 Hz, 1H),
1.17 (d, J = 6.1 Hz, 6H).

Synthesis of racemic penbutolol (10) in water

To a mixture of 1-chloro-3-(2-cyclopentylphenoxy)propan-2-ol (8) (22 mg, 0.09 mmol)
in dist. H,O (0.36 mL) was added tert-butylamine (1.20 mL, 0.84 g, 11 mmol). The mixture
was stirred at rt for 24 h. EtOAc (10 mL) was added, and the organic layer was washed with
dist. H.O (5 mL). The organic phase was dried over anhydrous MgSQOgs, and the solvent was
removed under reduced pressure to give penbutolol (10) as a white solid (16 mg, 0.05 mmol,
64% purity (*H-NMR)). *H NMR (600 MHz, CDCls) § 7.22 (dd, J = 7.5, 1.7 Hz, 1H), 7.18 -
7.11 (m, 1H), 6.93 (td, J = 7.5, 1.1 Hz, 1H), 6.83 (dd, J = 8.2, 1.1 Hz, 1H), 4.10 (dd, J = 9.5,
4.6 Hz, 1H), 3.98 (dd, J = 9.5, 6.1 Hz, 1H), 3.31 (tt, J = 9.4, 7.4 Hz, 1H), 3.21 (dd, J = 12.2, 2.8
Hz, 1H), 2.99 (dd, J = 12.2, 9.2 Hz, 1H), 2.03 - 1.56 (m, 8H), 1.39 (d, J = 6.6 Hz, 9H).

Synthesis of (S)-penbutolol hydrochloride ((S)-10HCI) in methanol

To a mixture of (R)-1-chloro-3-(2-cyclopentylphenoxy)propan-2-ol ((R)-8) (31 mg,
0.12 mmol) in MeOH (2 mL) was added tert-butylamine (0.18 mL, 0.13 g, 1.71 mmol). The
mixture was stirred under reflux for 24 h, and was then concentrated under reduced pressure.
The obtained product was dissolved in EtOAc (10 mL) and washed with dist. H,O (5 mL). The
organic phase was dried over anhydrous MgSOs, and the solvent was removed under reduced
pressure to give a mixture of (S)-penbutolol ((S)-10) and (S)-penbutolol HCI ((S)-10HCI) as a
white solid (29 mg, 93% purity (*H-NMR), ee = 99% (chiral HPLC)). [a]Z’ —
14 (c 1.0, MeOH). *H NMR (600 MHz, CDCls) § 7.22 (dd, J = 7.5, 1.7 Hz, 1H), 7.17 - 7.11 (m,
1H), 6.92 (td, J =7.4, 1.2 Hz, 1H), 6.85 (dd, J = 8.2, 1.2 Hz, 1H), 4.05 - 4.00 (m, 1H), 3.97 (ddt,
J=8.6,7.0, 4.6 Hz, 2H), 3.35 - 3.28 (m, 1H), 2.88 (dd, J = 11.9, 3.7 Hz, 1H), 2.78 - 2.72 (m,
1H), 2.07 - 1.53 (m, 8H), 1.12 (s, 9H). 13C NMR (151 MHz, CDCls3) § 156.48, 134.62, 126.78,
126.62, 120.84, 111.39, 70.61, 68.78, 50.32, 44.78, 39.30, 32.94, 32.87, 29.14, 25.46, 25.45.

The obtained mixture (10.0 mg) was then dissolved in i-PrOH (40 pL), and a solution
of HCI in i-PrOH (5 %, 80 pL) was added. The reaction was run for 1 h, and the solvent was
removed under reduced pressure to give (S)-penbutolol HCI ((S)-10HCI) as a colorless solid
(10.0 mg, 30.4 pmol, 73% yield, 93% purity (*H-NMR), ee = 99% (chiral HPLC)). [a]%® —
23 (c 1.0, MeOH). *H NMR (600 MHz, CDCls) § 9.81 (s, 1H), 8.32 (s, 1H), 7.22 (dd, J = 7.6,

96



1.7 Hz, 1H), 7.13 (td, J = 7.8, 1.7 Hz, 1H), 6.93 (td, J = 7.5, 1.1 Hz, 1H), 6.80 (dd, J = 8.2, 1.2
Hz, 1H), 4.69 - 4.60 (m, 1H), 4.12 (dd, J = 9.5, 4.3 Hz, 1H), 3.98 (dd, J = 9.6, 6.4 Hz, 1H), 3.34
(tdd, J = 16.9, 9.7, 7.6 Hz, 2H), 3.11 (dtd, J = 12.3, 9.6, 2.6 Hz, 1H), 2.04 - 1.54 (m, 8H), 1.50
(s, 9H). 2°C NMR (151 MHz, CDCl3) § 155.98, 134.55, 126.74, 126.70, 121.19, 111.33, 69.66,
65.83, 57.57, 45.92, 39.15, 32.89, 32.88, 25.90, 25.32.

Silica Sulfuric Acid catalyst

To a mixture of SiO2 (10 g) in acetone (30 mL) was added slowly concentrated sulfuric
acid (95 %, 6.5 mL). The solution was stirred for 1 h at rt, and the solvent was then removed
under reduced pressure. The black paste obtained was placed in the oven at 180 °C overnight,
and the obtained solid was crushed into a fine powder. The product was then stored in a

desiccator.
4-((2-isopropoxyethoxy)methyl)phenol (11)

To a solution of 2-isopropoxyethan-1-ol (26.0 mL, 23.5 g, 0.23 mol) at 0 °C were added
Silica Sulfuric Acid catalyst (2.01 g) and 4-(hydroxymethyl)phenol (1.99 g, 16.0 mmol). The
reaction mixture was stirred for 24 h at rt, filtered, and the black filtrate was concentrated under
reduced pressure. EtOAc (20 mL) was added, and the solution was washed with a saturated
NaCl solution (3 x 15 mL). The aqueous phase was then extracted with EtOAc (15 mL). The
combined organic layers were dried over anhydrous MgSQOgs, and the solvent was removed
under reduced pressure. The obtained product was purified by flash chromatography (n-
pentane: ethyl acetate, 7:3, v/v) to give 4-((2-isopropoxyethoxy)methyl)phenol (11) as a slightly
red oil (2.56 g, 12.2 mmol, 75% yield, 99% purity (*H-NMR)). *H NMR (600 MHz, CDCl3) &
7.22 - 7.13 (m, 2H), 6.82 - 6.72 (m, 2H), 6.02 (s, 1H), 4.48 (s, 2H), 3.72 - 3.58 (m, 5H), 1.20
(d, J = 5.9 Hz, 6H). 3C NMR (151 MHz, CDCl3) § 155.55, 129.75, 129.74, 115.26, 73.11,
72.21,69.34, 67.48, 22.01. The analysis is consistent with previous reported data &',

Attempts to synthesize 1-chloro-3-(4-((2-isopropoxyethoxy)methyl)phenoxy)propan-2-one
(12)

The different procedures attempted are summarized in Table 2.3.2. None gave the

desired product 12 in significant amounts. One of the procedures is detailed below.

To a solution of 4-((2-isopropoxyethoxy)methyl)phenol (25 mg, 0.12 mmol) in dry
MeCN (5 mL) was added K>COs (67 mg, 0.34 mmol). 1,3-Dichloropropan-2-one (11 pL at
45 °C, 15 mg, 0.12 mmol) diluted in MeCN (5 mL) was added dropwise during 30 min. The
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reaction mixture was stirred at rt for 24 h, filtered, and concentrated under reduced pressure.
EtOAc (15 mL) were added, and the solution was washed with dist. H>2O (3 x 10 mL) and with
a saturated NacCl solution (10 mL). The organic phase was dried over anhydrous MgSOg4, and
the solvent was removed under reduced pressure to give a brown paste (31 mg) that did not

contain compound 12 in significant amounts (*H-NMR).
1-Chloro-3-(4-((2-isopropoxyethoxy)methyl)phenoxy)propan-2-ol (15)

To a solution of NaOH (80 mg, 2.00 mmol) in dist. H.O (2 mL) was added 4-((2-
isopropoxyethoxy)methyl)phenol (11) (209 mg, 0.99 mmol). The reaction mixture was stirred
for 1 min, and 2-(chloromethyl)oxirane (epichlorohydrin) (157 pL, 185 mg, 2.00 mmol) was
added. The mixture was stirred at rt for 48 h. Dist. H2O (5 mL) was then added and the product
was extracted with EtOAc (3 x 5 mL). The combined organic phases were washed with a
saturated NaCl solution (15 mL), dried over anhydrous MgSO4, and the solvent was removed
under reduced pressure, yielding 241 mg of a mixture mainly composed of 2-((4-((2-
isopropoxyethoxy)methyl)phenoxy)methyl)oxirane (14) and 1-chloro-3-(4-((2-
isopropoxyethoxy)methyl)phenoxy)propan-2-ol (15) (*H-NMR) as a slightly yellow oil.

The obtained mixture (238 mg) was dissolved in THF (1 mL). AcOH (153 uL, 161 mg,
2.68 mmol) and LiCl (116 mg, 2.74 mmol) were added. The reaction mixture was stirred at rt
for 24 h. The solution was then concentrated under reduced pressure. The obtained product was
dissolved in EtOAc (10 mL), and washed with dist. H.O (10 mL). The aqueous phase was
extracted with EtOAc (2 x 10 mL). The combined organic phases were washed with a saturated
NaCl solution (15 mL), dried over anhydrous MgSQOs, and the solvent was removed under
reduced pressure. The product was purified by flash chromatography (n-pentane:ethyl acetate,
7:3, vIv) yielding 1-chloro-3-(4-((2-isopropoxyethoxy)methyl)phenoxy)propan-2-ol (15) as an
uncolored oil (188 mg, 0.62 mmol, 63% yield, 99% purity (*H-NMR)). TLC (n-pentane:ethyl
acetate, 7:3, v/v): Rf = 0.45 for product 15. Chiral HPLC eluent: hexane:i-PrOH (90:10), flow
1 mL/min. tg((R)-15) = 14.81 minand tg((S)-15) = 15.93 min. R¢((S)/(R)-15) = 1.63. 'TH NMR
(600 MHz, CDCl3) 8 7.33 - 7.29 (m, 2H), 6.93 - 6.89 (m, 2H), 4.54 (s, 2H), 4.24 (h, J=5.5 Hz,
1H), 4.13 - 4.08 (m, 2H), 3.82 - 3.73 (m, 2H), 3.66 - 3.60 (m, 5H), 2.57 (d, J = 5.9 Hz, 1H),
1.20 (d, J = 6.1 Hz, 6H). 13C NMR (151 MHz, CDCls) & 157.79, 131.40, 129.41, 114.45, 72.78,
71.94, 69.87, 69.54, 68.59, 67.47, 45.98, 22.09.

Derivatization of 1-chloro-3-(4-((2-isopropoxyethoxy)methyl)phenoxy)propan-2-ol (15)
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To a solution of 1-chloro-3-(4-((2-isopropoxyethoxy)methyl)phenoxy)propan-2-ol (15)
(5 mg, 0.02 mmol) in hexane (0.5 mL) was added pyridine (one drop) and butyric anhydride
(one drop). The reaction mixture was heated at 60°C for 1 h. Hexane (3 mL) was then added,
and the solution was washed with dist. H2O (5 x 0.5 mL). The organic phase was then dried
over anhydrous MgSO4 and filtered. The filtrate was analyzed by chiral HPLC (Chiralcel OD-
H column, hexane:i-PrOH (96:4), 1 mL/min flow). tg((R)-16) = 11.23 min and tg((S)-16) =
12.33 min. Rg((S)/(R)-16) = 1.89.

Monitored CALB catalyzed Kinetic resolution of 1-chloro-3-(4-((2-
isopropoxyethoxy)methyl)phenoxy)propan-2-ol (15)

To a solution of 1-chloro-3-(4-((2-isopropoxyethoxy)methyl)phenoxy)propan-2-ol (15)
(39 mg, 129 pumol) dissolved in dry MeCN (3.3 mL) were added activated molecular sieves
(4A), vinyl butyrate (83 uL, 75 mg, 0.65 mmol) and CALB (104 mg). The mixture was placed
in an incubator shaker (38 °C, 200 rpm.). Samples of 100 pL were taken regularly until 23 h of
reaction. For each sample, hexane (1.5 mL) was added and the solution was washed with dist.
H20 (5 x 1 mL). The organic phase was then dried over anhydrous MgSO4 and analyzed by

chiral HPLC. ees, eep and ¢ were calculated from the chromatograms.

Large-scale CALB catalyzed kinetic resolution of 1-chloro-3-(4-((2-
isopropoxyethoxy)methyl)phenoxy)propan-2-ol (15)

To a solution of 1-chloro-3-(4-((2-isopropoxyethoxy)methyl)phenoxy)propan-2-ol (15)
(303 mg, 1.00 mmol) dissolved in dry MeCN (24 mL) were added activated molecular sieves
(4A), vinyl butyrate (623 pL, 556 mg, 4.86 mmol) and CALB (746 mg). The mixture was placed
in an incubator shaker (38 °C, 200 rpm.) for 25 h. Enzymes and molecular sieves were filtered
off and solvents were removed in vacuo. The obtained product was dissolved in EtOAc (15
mL), and was washed with a saturated NaCl solution (2 x 10 mL). The solution was dried over
anhydrous MgSQOg, and the solvent was removed under reduced pressure. (R)-1-chloro-3-(4-
((2-isopropoxyethoxy)methyl)phenoxy)propan-2-ol  ((R)-15) and (S)-1-chloro-3-(4-((2-
isopropoxyethoxy)methyl)phenoxy)propan-2-yl butyrate ((S)-16) were separated by flash
chromatography  (n-pentane:  ethyl acetate, 7:3, v/v). (R)-1-Chloro-3-(4-((2-
isopropoxyethoxy)methyl)phenoxy)propan-2-ol ((R)-15) was obtained as a colorless oil (134
mg, 0.44 mmol, 44% vyield, 82% purity (*H-NMR), ee=99% (chiral HPLC)). [a]%® —
7 (c 1.0,MeOH). *H NMR (600 MHz, CDCl3) § 7.31 - 7.26 (m, 2H), 6.91 - 6.87 (m, 2H), 4.51
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(s, 2H), 4.21 (g, J = 5.1 Hz, 1H), 4.12 - 4.05 (m, 2H), 3.80 - 3.70 (M, 2H), 3.66 - 3.53 (M, 5H),
2,51 (d, J = 5.9 Hz, 1H), 1.17 (d, J = 6.1 Hz, 6H).

(S)-1-Chloro-3-(4-((2-isopropoxyethoxy)methyl)phenoxy)propan-2-yl butyrate ((S)-
16) was obtained as a colorless oil (191 mg, 0.51 mmol, 51% yield, 68% purity (:H-NMR)). 'H
NMR (600 MHz, CDCl3) 8 7.30 - 7.25 (m, 2H), 6.92 - 6.85 (m, 2H), 5.34 (p, J = 5.1 Hz, 1H),
4.51 (s, 2H), 4.20 - 4.12 (m, 2H), 3.85 (dd, J = 11.7, 5.0 Hz, 1H), 3.78 (dd, J = 11.7, 5.3 Hz,
1H), 3.65 - 3.55 (m, 5H), 2.41 - 2.30 (m, 2H), 1.73 - 1.63 (m, 2H), 1.17 (d, J = 6.1 Hz, 6H),
1.00 - 0.94 (m, 3H).

(S)-Bisoprolol hemifumarate ((S)-17salt):

To a mixture of (R)-1-chloro-3-(4-((2-isopropoxyethoxy)methyl)phenoxy)propan-2-ol
((R)-15) (40 mg, 0.13 mmol) in MeOH (2.5 mL) was added i-PrNH> (0.16 mL, 1.82 mmol).
The mixture was stirred under reflux for 25 h, and was then concentrated under reduced pressure.
The obtained product was dissolved in EtOAc (20 mL) and washed with dist. H,O (10 mL).
The aqueous phase was extracted with EtOAc (10 mL), and the combined organic phases were
washed with brine (5 mL) and dried over anhydrous MgSOa. The solvent was removed under
reduced pressure to give a mixture of (S)-bisoprolol ((S)-16) and (S)-bisoprolol HCI ((S)-
16HCI) as a white solid (39 mg, 91% purity (*H-NMR)). *H NMR (600 MHz, CDCl3) & 7.21 -
7.18 (m, 2H), 6.83 - 6.80 (m, 2H), 4.44 (s, 2H), 3.96 - 3.87 (m, 3H), 3.58 - 3.49 (m, 5H), 2.82
(dd, J = 12.2, 3.7 Hz, 1H), 2.76 (p, J = 6.3 Hz, 1H), 2.66 (dd, J = 12.1, 7.4 Hz, 1H), 1.10 (d, J
=6.1 Hz, 6H), 1.02 (d, J = 6.3 Hz, 6H). **C NMR (151 MHz, CDCls) & 158.28, 130.93, 129.35,
114.43,72.85, 71.91, 70.56, 69.47, 68.50, 67.48, 49.19, 48.94, 23.19, 23.05, 22.09.

The obtained mixture (10.0 mg) was then dissolved in EtOAc (15 pL) and MeOH (145
uL) and heated to 50°C. Fumaric acid (1.8 mg, 15 umol) was added. The reaction was run for
1 h, and the solvent was removed under reduced pressure to give (S)-bisoprolol hemifumarate
((S)-17salt) as a white solid (11.8 mg, 15 umol, 92% yield, 90% purity (*H-NMR), ee > 96%
(chiral HPLC)). [a]3° — 17 (c 1.0, MeOH). *H NMR (600 MHz, CDCls) & 7.24 (d, J = 8.3 Hz,
4H), 6.87 - 6.83 (m, 4H), 6.65 (s, 2H), 4.52 (dt, J = 11.6, 6.1 Hz, 2H), 4.48 (s, 4H), 4.04 (dd, J
= 9.6, 4.3 Hz, 2H), 3.97 (dd, J = 9.7, 6.1 Hz, 2H), 3.63 - 3.54 (m, 11H), 3.28 (p, J = 6.5 Hz,
2H), 3.14 (t, J = 11.2 Hz, 2H), 3.04 (dd, J = 12.1, 2.8 Hz, 2H), 1.36 (d, J = 6.5 Hz, 6H), 1.32
(d, J = 6.5 Hz, 6H), 1.16 (d, J = 6.1 Hz, 12H). 3C NMR (151 MHz, CDCl3) § 173.28, 157.99,
136.16, 131.10, 129.37, 114.38, 72.80, 71.92, 70.11, 69.51, 67.46, 65.25, 50.63, 48.29, 22.09,
19.60, 19.06.
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6.1

Appendix

Sotalol synthesis

6.1.1 N-phenylmethanesulfonamide (1)
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Figure 6.1.1: 'H-NMR spectrum (600 MHz, d6-DMSO) of N-phenylmethanesulfonamide (1).
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Figure 6.1.2: ®*C-NMR spectrum (600 MHz, d6-DMSOQ) of N-phenylmethanesulfonamide (1).
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Figure 6.1.3: H,H-COSY-NMR spectrum (600 MHz, d6-DMSO) of N-phenylmethanesulfonamide (1).
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Figure 6.1.4: HSQC-NMR spectrum (600 MHz, d6-DMSO) of N-phenylmethanesulfonamide (1).

108



M g1

1_LB-19-dry-total.5.ser

e n
.1

-100
F120
-140
-160
180

200

10.0 5.0 8.0 7.0

6.0 5.0 4.0 3.0 2.0
f2 (ppm)

f1 (ppm)

Parameter
Title
Origin
Instrument
Solvent
Temperature
Pulse Sequence
Experiment
Prabe

L= TN I = R ) - oI

9 Number of
Scans

10 Receiver Gain

Value
1_LB-19-dry-total.5.ser
Bruker BioSpin GmbH
AV4600
DM50
298.0
hmbcetgpl3nd
HMBC

Z154705_0022 (FI HR-
BBOG00S3-BBF/ Hf
D-5.0-Z 5F)

4

101.0

11 Relaxation Delay 2.0000

12 Pulse Width

9.4900

13 Acquisition Time 0.3891
14 Acquisition Date 2022-04-22T23:00:30

15 Spectrometer
Frequency

16 Spectral Width

17 Lowest
Frequency

18 Mucleus
19 Acquired Size
20 Spectral Size

21 Digital
Resolution

(600.13, 150.92)

(5263.2, 33201.9)
(993.6, -1510.7)

1H, 13C)
2048, 256)
2048, 1024)
2.57, 32.42)

— e e e

Figure 6.1.5: HMBC-NMR spectrum (600 MHz, d6-DMSO) of N-phenylmethanesulfonamide (1).
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Figure 6.1.6: 'H-NMR spectrum (600 MHz, d6-DMSO) of N-(4-(2-chloroacetyl)phenyl)methanesulfonamide
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Figure 6.1.7: 3C-NMR spectrum (600 MHz, d6-DMSO) of N-(4-(2-chloroacetyl)phenyl)methanesulfonamide
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Figure 6.1.8: H,H-COSY-NMR spectrum (600 MHz, d6-DMSO) of N-(4-(2-

chloroacetyl)phenyl)methanesulfonamide (2).
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Figure 6.1.9: HSQC-NMR spectrum (600 MHz, d6-DMSO) of N-(4-(2-

chloroacetyl)phenyl)methanesulfonamide (2).
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Figure 6.1.10: HMBC-NMR spectrum (600 MHz, d6-DMSO) of N-(4-(2-

chloroacetyl)phenyl)methanesulfonamide (2).
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Figure 6.1.11: *H-NMR spectrum (600 MHz, d6-DMSO) of N-(4-(2-bromoacetyl)phenyl)methanesulfonamide
©)2
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Figure 6.1.12: *C-NMR spectrum (600 MHz, d6-DMSO) of N-(4-(2-bromoacetyl)phenyl)methanesulfonamide
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Figure 6.1.13: H,H-COSY-NMR spectrum (600 MHz, d6-DMSO) of N-(4-(2-

bromoacetyl)phenyl)methanesulfonamide (3).
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Figure 6.1.14: HSQC-NMR spectrum (600 MHz, d6-DMSO) of N-(4-(2-

bromoacetyl)phenyl)methanesulfonamide (3).
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Figure 6.1.15: HMBC-NMR spectrum (600 MHz, d6-DMSO) of N-(4-(2-

bromoacetyl)phenyl)methanesulfonamide (3).
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Figure 6.1.16: *H-NMR spectrum (600 MHz, d6-DMSO) of N-(4-(2-chloro-1-

hydroxyethyl)phenyl)methanesulfonamide (4).
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Figure 6.1.17: *3C-NMR spectrum (600 MHz, d6-DMSO) of N-(4-(2-chloro-1-

hydroxyethyl)phenyl)methanesulfonamide (4).
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Figure 6.1.18: H,H-COSY-NMR spectrum (600 MHz, d6-DMSO) of N-(4-(2-chloro-1-

hydroxyethyl)phenyl)methanesulfonamide (4).
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Figure 6.1.19: HSQC-NMR spectrum (600 MHz, d6-DMSO) of N-(4-(2-chloro-1-

hydroxyethyl)phenyl)methanesulfonamide (4).
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hydroxyethyl)phenyl)methanesulfonamide (4).

Figure 6.1.20: HMBC-NMR spectrum (600 MHz, d6-DMSO) of N-(4-(2-chloro-1-
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Figure 6.1.21: *H-NMR spectrum (600 MHz, d6-DMSO) of byproduct M.
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9 MNumber of Scans 1024
10 Receiver Gain 101.0
11 Relaxation Delay  2.0000
12 Pulse Width 12.0000
13 Acquisition Time  0.9175
14 Acquisition Date 2022-04-24T05:52:26
15 Spectrometer 150.92
Frequency
16 Spectral Width 35714.3
17 Lowest Frequency -2766.9
18 Mucleus 13C
19 Acquired Size 32768
20 Spectral Size 65536
21 Digital Resolution  0.54
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Figure 6.1.22: 13C-NMR spectrum (600 MHz, d6-DMSO) of byproduct M.
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LB-023-dry-full.3.ser
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A e
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Parameter
Title
Origin
Instrument
Solvent
Temperature
Pulse Sequence
Experiment
Probe

00 ] o W B W M

9 Number of Scans
10 Receiver Gain

11 Relaxation Delay
12 Pulse Width

13 Acquisition Time
14 Acquisition Date

15 Spectrometer
Frequency

16 Spectral Width

17 Lowest
Frequency

18 Mucleus

19 Acquired Size

20 Spectral Size

21 Digital Resolution

CHs

Value
LB-023-dry-full.3.ser
Bruker BioSpin GmbH
AV4600
DMS0
298.0
cosygpppaf
COsy

7154705_0022 (PT HR-
BBO600S3-BBF/ H/ D-5.0-
Z 5F)

1
101.0

1.9877

9.4900

0.1434
2022-04-24T05:58:21
(600.13, 600.13)

(7142.9, 7142.9)
(-133.2, -133.2)

(1H, 1H)
(1024, 128)
(1024, 1024)
(6.98, 6.98)

e
0=$=0
NH

Figure 6.1.23: H,H-COSY-NMR spectrum (600 MHz, d6-DMSO) of byproduct M.
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Parameter
Title
Origin
Instrument
Solvent
Temperature
Pulse Sequence
Experiment
Probe

O = o B W

Value
LB-023-dry-full.4.ser
Bruker BioSpin GmbH
AV4600
DMSO
298.0
hsgcedetgpsisp2.3
HSQC-EDITED

Z154705_0022 (PI HR-
BBOGO0S3-BBF/ Hf D-5.0-
Z 5P

9 Mumber of Scans 4

10 Receiver Gain
11 Relaxation Delay
12 Pulse Width

13 Acquisition Time
14 Acquisition Date
15 Spectrometer

101.0

1.5000

9.4900

0.1311
2022-04-24T06:28:36
(600.13, 150.91)

Frequency
16 Spectral Width ~ (7812.5, 24900.8)
17 Lowest (-1085.6, -1132.7)
Frequency
18 Nucleus (1H, 13C)
19 Acquired Size (1024, 256)
20 Spectral Size (1024, 1024)
21 Digital Resolution (7.63, 24.32)
T
OHMHO
NH

Figure 6.1.24: HSQC-NMR spectrum (600 MHz, d6-DMSO) of byproduct M.
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Farameter
Title
Origin
Instrument

Temperature
Pulse Sequence
Experiment

1
2
3
4 Solvent
5
]
7
8 Probe

Value
LB-023-dry-full.5.ser
Bruker BioSpin GmbH
Ava600
DMS0
298.0
hmbcetgpl3nd
HMBC

Z154705_0022 (PI HR-
BBO600S3-BBF/ H/
D-5.0-Z 5F)

9 Mumber of Scans 4

10 Receiver Gain

101.0

11 Relaxation Delay 2.0000

12 Pulse Width

9.4900

13 Acquisition Time 0.2990

14 Acquisition Date

15 Spectrometer
Frequency

16 Spectral Width

17 Lowest
Frequency

18 Mucleus
19 Acquired Size
20 Spectral Size

2022-04-24T08:28:57
(600.13, 150.92)

(6849.3, 33201.9)
(4.0, -1510.7)

{1H, 13C)
(2048, 256)
(2048, 1024)

21 Digital Resolution (3.34, 32.42)

CH;

"
0=$=0

NH

Figure 6.1.25: HMBC-NMR spectrum (600 MHz, d6-DMSO) of byproduct M.
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Single Mass Analysis

Tolerance = 5.0 PFM / DBE: min =-10.0, max = 50.0
Element prediction: Off

Number of isotope peaks used for i-FIT = 8

Monocisotopic Mass, Even Electron lons

158 formula(e) evaluated with 1 results within limits (all results (up to 1000) for each mass)
Elements Used:

C:0-100 H:0-200 N:0-2 0O:0-5 S:041

ReqiD1503 74 (0.707) AM2 (Ar,35000.0,0.00,0.00); Cm (61:88)

1: TOF MS ES+
100~ 132.0451
1980228
521.18590
%_
480.1261
5221920
162.9051 2440643 271.1117 453.7861
1240876 5273 1884
| ~322 1591 453.0787.
929675
D_
50 100 150 200 250 300 350 400 450 500 550
Minimuam: -10.0
Maximuam: 1000.0 5.0 50.0
Mass Calc. Mass mDa FEM DBE i-FIT Noxrm Conf (%) Formula
244, 0g43 244, Ngad -0.1 -0.4 4.5 3421.1 n/fa n/a Cl0 H14 W

1.04e+006

5622516

_BTT 0165
mfz

600

04 5

Figure 6.1.26: MS analysis of the mixture containing byproduct M. Accurate mass determination in positive and

negative mode was performed on a "Synapt G2-S" Q-TOF instrument from Water TM. Samples were ionized by

the use of ASAP probe (APCI) or ESI probe. No chromatographic separation was used previous to the mass

analysis. Calculated exact mass and spectra processing was done by Waters TM Software Masslynx V4.1

SCN871.
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Penbutolol synthesis

6.2

6.2.1 1-chloro-3-(2-cyclopentylphenoxy)propan-2-ol (8)

Parameter
Title
Origin
Instrument
Solvent
Temperature
Pulse Sequence
Experiment
Probe

[== N = (| B L I I

9 Number of Scans
10 Receiver Gain

11 Relaxation Delay
12 Pulse Width

13 Acquisition Time
14 Acquisition Date

15 Spectrometer
Frequency

16 Spectral width

Value
LB-K-04-all.1.fid
Bruker BioSpin GmbH
AV4600
CDCI3
298.0
2q30
1D

7154705_0022 (PI HR-
BBOG00S3-BBF/ H/ D-5.0-
7 SF)

16

101.0

1.0000

9.4900

2.7525
2022-02-22T14:45:57
600.13

11904.8

17 Lowest Frequency -2261.6
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20 Spectral Size
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1H
32768
131072
0.09
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Figure 6.2.1: *H-NMR spectrum (600 MHz, CDCls) of 1-chloro-3-(2-cyclopentylphenoxy)propan-2-ol (8).
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LB-K-04-all.2.fid oo
m m m Parameter Value
b & oEn 5 . Y . 1 Title LB-K-04-all.2.fid
. (L B T Y I [ ] — — W
s kA oS 4 oS O W O G M IS 2 Origin Bruker BioSpin GmbH
— — — — — [ = = M0 = 03] (43 ] [
| | — N/ | | | | 3 Instrument AV4600
4 Solvent CDCI3
5 Temperature  298.0
6 Pulse Sequence zgpg30
7 Experiment 1D
8 Probe Z7154705_0022 (PLHR-
BBOG00S3-BBF/ Hf
D-5.0-Z SP)
9 Mumber of 1024
Scans
10 Receiver Gain  101.0
11 Relaxation 2.0000
Delay
12 Pulse Width 12.0000
13 Acquisition 0.9175
Time
14 Acquisition Date 2022-02-22T15:37:57
15 Spectrometer  150.92
Frequency
16 Spectral Width 35714.3
17 Lowest -2747.0
Frequency
18 Nucleus 13C
19 Acquired Size 32768
20 Spectral Size 65536
21 Digital 0.24
Resolution
| _F
OH

o/L/\o_

160 150 140 130 120 110 100 90 8 70 60 50 40 30
f1 (ppm)

Figure 6.2.2: *C-NMR spectrum (600 MHz, CDClIs) of 1-chloro-3-(2-cyclopentylphenoxy)propan-2-ol (8).
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LB-K-04-all.3.ser

80 75 70 65 60 55 50 45 40 3.5 3.0 25 2.0 1.5 1.0

f2 (ppm)

fi (ppm)

Parameter
Title
Origin
Instrument
Solvent
Temperature
Pulse Sequence
Experiment
Probe

=T = L

9 Number of
Scans

10 Receiver Gain

Value
LB-K-04-all.3.ser
Bruker BioSpin GmbH
AV4600
CDCI3
298.0
cosygpppqf
Cosy

Z154705_0022 (PTHR-
BBOG00S3-BBF/ HY
D-5.0-Z SF)

1

101.0

11 Relaxation Delay 1.8996

12 Pulse Width

9.4900

13 Acquisition Time 0.2314
14 Acquisition Date 2022-02-22T18:04:22

15 Spectrometer

(600,13, 600.13)

Frequency
16 Spectral Width  (4424.8, 4424.8)
17 Lowest (433.0, 433.0)
Frequency
18 Nucleus (1H, 1H)
19 Acquired Size (1024, 128)
20 Spectral Size (1024, 1024)
21 Digital (4.32, 4.32)
Resolution
OH

o/&/\o_

Figure 6.2.3: H,H-COSY-NMR spectrum (600 MHz, CDCls) of 1-chloro-3-(2-cyclopentylphenoxy)propan-2-ol

(8).
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LB-K-04-dry-full.4.ser

i1 10 ¢S 8 7

fi (ppm)

Parameter
Title
Origin
Instrument
Solvent
Temperature
Pulse Sequence
Experiment
Probe

[= B = R L I

9 Number of Scans
10 Receiver Gain

11 Relaxation Delay
12 Pulse Width

13 Acquisition Time
14 Acquisition Date

15 Spectrometer
Frequency

16 Spectral Width

17 Lowest
Frequency

18 Nucleus

19 Acquired Size

20 Spectral Size

21 Digital Resolution

Value
LB-K-04-dry-full.4.ser
Bruker BioSpin GmbH
AV4600
cpcl3
298.1
hsqcedetgpsisp2.3
HSQC-EDITED

7154705_0022 (PI HR-
BBOG00S3-BBF/ H/ D-5.0-
Z SF)

4
101.0

1.5000

9.4900

0.1311
2022-04-25T23:36:20
(600.13, 150.91)

(7812.5, 24900.8)
(-1085.6, -1132.7)

1H, 13C)
1024, 256)
1024, 1024)
7.63, 24.32)

o/\k/\o_

Figure 6.2.4: HSQC-NMR spectrum (600 MHz, CDCls) of 1-chloro-3-(2-cyclopentylphenoxy)propan-2-ol (8).
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b § )
oo | b
7 6 5 4 3 2 0
f2 (ppm)

fi (ppm)

Farameter
Title
Origin
Instrument
Solvent
Temperature
Pulse Sequence
Experiment
Probe

@ o= h U W R

Value
LB-K-04-all.4.ser
Bruker BioSpin GmbH
AV4600
CDCI3
298.0
hmbegplpndqf
HMBC

Z154705_0022 (PI HR-
BBO600S3-BBF/ H/ D-5.0-
Z SF)

9 MNumber of Scans 4

10 Receiver Gain
11 Relaxation Delay
12 Pulse Width

13 Acquisition Time
14 Acquisition Date

15 Spectrometer
Freguency

16 Spectral Width

17 Lowest
Frequency

18 Mucleus

19 Acquired Size

20 Spectral Size

21 Digital Resolution

101.0
1.5000

9.4900

0.3891
2022-02-22T18:22:24
(600.13, 150.92)

(5263.2, 33201.9)
(-460.0, -1510.7)

(1H, 13C)
(2048, 128)
(2048, 512)
(2.57, 64.85)

o/\_<o_

Figure 6.2.5: HMBC-NMR spectrum (600 MHz, CDCls) of 1-chloro-3-(2-cyclopentylphenoxy)propan-2-ol (8).
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6.2.2 Penbutolol (10)

136

r@-XuHO:m__.H.mﬁ_ Parameter Value
[
o 1 Title LB-K-10-all.1.fid
WO NN T Mmool 0wl MO @M g @P 00N T o0 0 oM Mg w gl - . .
NS TN 000000000000 MADEE~~~00NM~SSS WY WD 00— 2 Orgn Bruker BioSpin GmbH
[T e T T T T e T i T i € Y T L ¥ T ¥ Y L T 6 TR T 0 0 T A O e’ I I O O Y I I B e e o B B s o T B B B
P e e L e |3 Instrument AV4600
19,370,214 Solvent CDCI3
5 Temperature 298.0
& Pulse Sequence zg30
7 eriment 1D
RUNLRGREET SURRGER OHAR BRE CRIR UGRR2BEELSE | s me 21547050022 (FI HR-
=T e R I I I B P g e ciricicl Adcddddadd oo robe 0022 (
P L N s N —r | A L P I BBOG00S3-BBF/ H/
D-5.0-Z SF)
9 Number of 16
Scans
10 Receiver Gain  101.0
\ 11 Relaxation 1.0000
* [ Delay
12 Pulse Width 9.4900
| _ 13 Acquisition ~ 2.7525
| ‘ Time
|
7 _ i _ _ ) 14 Acquisition 2022-02-22T721:49:26
_ g_ _ r | y 1 r_ Date
LI L ; gl il L v__ L 4 15 Spectrometer  600.13
m m L 3 ] o Frequency
= Sr—= T R —— 16 Spectral Width 11904.8
7. N u 1 u 0 6. m 4. om 4. n__...._ 3.95 3.28 2.88 2. wwm H 1.9 1.7 1.5 17 Lowest -2261.6
f1 (ppm) f1 (ppm) fi m) fi Frequency
m 1 (ppm
(pPm) f1 (ppm) f1 (ppm) (ppm) 18 Nudleus 1H
19 Acquired Size 32768
20 Spectral Size 131072
3 21 Digital 0.09
2 9' 10 11" Resolution
1 4 - 11’
1 - 16—15
_; il _g A _ _ A
17 14 12
7 OH
A Fh T T T T _ [
o 0 - [ I #)! — = L ~J r- - 10 Z_I_
oS a6 o (=X} o 0O < 0 A A9 10 NH_cHy
A-0- — — — o) w0 ﬂ_ ﬁ 3 9 1 GJWJ;G
T T T T T T T T T T T I T OI
3
7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 .7 H m 21
f1 (ppm)

Figure 6.2.6: 'H-NMR spectrum (600 MHz, CDClIs) of penbutolol (10).



LB-K-10-all.2.fid
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Parameter
Title
Origin
Instrument
Solvent
Temperature
Pulse Sequence
Experiment
Probe

[T I = R R LT I

9 Number of Scans
10 Receiver Gain

11 Relaxation Delay
12 Pulse Width

13 Acquisition Time
14 Acquisition Date

15 Spectrometer
Frequency

16 Spectral Width

17 Lowest Frequency
18 Nucleus

19 Acquired Size

20 Spectral Size

21 Digital Resolution

Value
LB-K-10-all.2.fid
Bruker BioSpin GmbH
AV4600
CDCI3
298.0
zgpg30
1D
Z154705_0022 (PI HR-
BBOG00S3-BBF/ Hf D-5.0-Z
SP)

1024

101.0

2.0000

12.0000

0.9175
2022-02-22722:41:22
150.92

35714.3
-2766.9
13C
32768
63536
0.54

Figure 6.2.7: ®*C-NMR spectrum (600 MHz, CDClIs) of penbutolol (10).
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LB-K-10-all.3.ser

0.0
0.5
~1.0
1.5
2.0
2.5
3.0
3.5
4.0
4.5
5.0
5.5
6.0
6.5
7.0
7.5

75 7.0 6.5 60 55 50 45 40 3.5 3.0 25 20 15 1.0 0.5 0.0

f2 (ppm)

f1 (ppm)

Parameter
Title
Origin
Instrument
Solvent
Temperature

Pulse
Sequence

Experiment
8 Probe

L= B O

el

9 Number of
Scans

10 Receiver Gain

11 Relaxation
Delay

12 Pulse Width

13 Acquisition
Time

14 Acquisition
Date

15 Spectrometer
Frequency

16 Spectral Width

17 Lowest
Frequency

18 Mucleus
19 Acquired Size
20 Spectral Size

21 Digital
Resolution

Value
LB-K-10-all.3.ser
Bruker BioSpin GmbH
AV4a600
CDCI3
298.0
cosygpppaf

Cosy

7154705_0022 (PI HR-
BBOG00S3-BBF/ H/
D-5.0-Z SF)

1

101.0
1.9140

9.4900
0.2171

2022-02-22T22:47:13
(600.13, 600.13)

(4717.0, 4717.0)
(-46.1, -46.1)

1H, 1H)
1024, 128)
1024, 1024)

(
(
(
(4.61, 4.61)

CH

O/\ﬁ«\ NH__cH 3

JAOIw

H+C

Figure 6.2.8: H,H-COSY-NMR spectrum (600 MHz, CDCls) of penbutolol (10).
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LB-K-10-dry-full.4.ser

TN B O |lL_ﬁ1.,I_L J J_ I

11

11 10 9 8

f1 (ppm)

Parameter
Title
Origin
Instrument
Solvent
Temperature
Pulse Sequence
Experiment
Probe

[ R R = T T L R

9 MNumber of Scans
10 Receiver Gain

11 Relaxation Delay
12 Pulse Width

13 Acquisition Time
14 Acquisition Date

15 Spectrometer
Frequency

16 Spectral Width

Value

LB-K-10-dry-full.4.ser
Bruker BioSpin GmbH
AV4600

CDCI3

298.1
hsqcedetgpsisp2.3
HS5QC-EDITED

7154705 _0022 (PIHR-
BBO600S3-BBF/ Hf D-5.0-
Z 5F)

4
101.0

1.5000

9.4900

0.1311
2022-04-24T19:14:34
(600.13, 150.91)

(7812.5, 24000.8)

17 Lowest Frequency (-1085.6, -1132.7)

18 Mucleus

19 Acquired Size

20 Spectral Size

21 Digital Resolution

(1H, 13C)
(1024, 256)
(1024, 1024)
(7.63, 24.32)

Figure 6.2.9: HSQC-NMR spectrum (600 MHz, CDCls) of penbutolol (10).
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LB-K-10-all.4.ser .

1] i 3
B0 — -

| 120
140
160
~180

200

725 7.0 65 60 55 50 45 40 3.5 3.0 25 2.0 15 1.0 0.5

f2 (ppm)

Parameter Value
1 Title LB-K-10-all.4.ser
2 Origin Bruker BioSpin GmbH
3 Instrument AV4600
4 Solvent CDCI3
3 Temperature 298.0
6 Pulse Sequence hmbcgplpndgf
7 Experiment HMEC
8 Probe 7154705_0022 (PIHR-
BBOG00S3-BBF/ H/
D-5.0-Z SP)
9 Mumber of 4
Scans
10 Receiver Gain  101.0
11 Relaxation 1.5000
Delay
12 Pulse Width 9.4900
13 Acquisition 0.4628
Time
14 Acquisition 2022-02-22T23:05:52
Date
15 Spectrometer (600.13, 150.92)
Frequency
16 Spectral Width (4424.8, 33201.9)
17 Lowest (260.1, -1510.7)
Frequency
18 Mucleus (1H, 13C)
19 Acquired Size (2048, 128)
20 Spectral Size (2048, 512)
21 Digital (2.16, 64.89)
Resolution
OH

O<(ZI CH4

JAOIM

HsC

Figure 6.2.10: HMBC-NMR spectrum (600 MHz, CDCls) of penbutolol (10).
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6.2.3 Penbutolol hydrochloride (10HCI)
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Experiment
Probe

[= I = R I T S

9 MNumber of Scans
10 Receiver Gain

11 Relaxation Delay
12 Pulse Width

13 Acquisition Time
14 Acquisition Date

15 Spectrometer

Value
LB-K-17-dry-full.1.fid
Bruker BioSpin GmbH
AV4600
CDCI3
298.0
2q30
1D

7154705_0022 (F1 HR-
BBOG600S3-BBF/ H/ D-5.0-
7 5F)

16

90.5

1.0000

9.4900

2.7525
2022-04-24T13:01:08
600.13

Frequency
16 Spectral Width ~ 11904.8
17 Lowest -2261.8
Frequency
18 Nucleus 1H
19 Acquired Size 32768
20 Spectral Size 131072
21 Digital Resolution 0.09
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Figure 6.2.11: *H-NMR spectrum (600 MHz, CDClIs) of penbutolol hydrochloride (10HCI).
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Figure 6.2.12: *C-NMR spectrum (600 MHz, CDClIs) of penbutolol hydrochloride (10HCI).

142



‘_I'L,'LllLl'll \

T | VY

T L.I!

Y | T | W

LB-K-17-dry-full.3.ser

h

(-

m

N

_C; _

E=1
T
-

i

10 9 8

[+2]
(9 ]
5
w4
9]

-8

fl (ppm)

Parameter
Title
Origin
Instrument
Solvent
Temperature
Pulse Sequence
Experiment
Probe

00 o~ hon W R

9 Number of
Scans

10 Receiver Gain
11 Relaxation Delay
12 Pulse Width

13 Acquisition Time
14 Acquisition Date

15 Spectrometer
Frequency

16 Spectral Width

17 Lowest
Frequency

18 Mucleus
19 Acquired Size
20 Spectral Size

21 Digital
Resolution

Value

LB-K-17-dry-full.3.ser
Bruker BioSpin GmbH
AV4600

CDCI3

298.0

cosygpppqf

COsY

Z154705_0022 (FIHR-
BBOG00S3-BBF/ Hf
D-5.0-Z SF)

1

101.0
1.9754

9.4900

0.1556
2022-04-24T13:59:02
(600.13, 600.13)

(6578.9, 6578.9)
(-45.0, -45.0)

1H, 1H)
1024, 128)
1024, 1024)

(
(
(
(6.42, 6.42)

9
cr
6 HO +
o/\_/\z_._m CH;
I~ch,
HaC

Figure 6.2.13: H,H-COSY-NMR spectrum (600 MHz, CDClIs) of penbutolol hydrochloride (LOHCI).
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Figure 6.2.14: HSQC-NMR spectrum (600 MHz, CDCls) of penbutolol hydrochloride (10HCI).
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Figure 6.2.15: HMBC-NMR spectrum (600 MHz, CDCls) of penbutolol hydrochloride (10HCI).
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DAD1 A, Sig=254,4 Ref=360 100 (LUCAS BOCQUIN20220513_LB-K-08-2.00

DAD1 A, Sig=254,4 Ref=360,100 (LUCAS BOCQUIN20220513 LB-K-17-GO0OD2.0

Figure 6.2.16: Chiral HPLC chromatogram of racemic of racemic penbutolol hydrochloride (L0HCI) (upper
chromatogram) and enantiopure (R)-10HCI (bottom chromatogram). The analysis was performed on a Chiralcel
OD-H column with hexane (90%) and 2-propanol containing 2% diethanolamine (10%) as eluent and 1 mL/min

flow, and with a detection wavelength of 254.4 nm. The retention times obtained in the upper chromatogram
are tg((R)-10HCI) = 4.671 min and tg((S)-10HCI) = 7.395 min. The resolution factor in the upper
chromatogram is Rg((S)/(R)-10HCI) = 10.5.
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Bisoprolol synthesis

6.3

6.3.1 4-((2-lsopropoxyethoxy)methyl)phenol (11)

B-B-11-B-dry-total. 1.fid

e 2
=] T
VOOWUWNTSTONT TOMMOUCNO OO QOOUWNT TTMOOMOCN A A—00 0000 M@
A A A A A A AR T 00000 D VYWD YWY DWW WDWMDD DD mm e~
A L R R R R A A Rk R AR K R R B AR AR R R R R R A K
R ==l S ——
WO WS T M NS S 070 ool T T 15
e e T [ S L S S S 0w 14
PP M YWY Wweoww W Mo
e S
| H
?_ J
__g_ il
|L_0f| — — 1_3 ——
= o
L T T T T T T
7.1 7.0 6.9 6.8 6.7 3.70
f1 (ppm)
7
10,11,13
1.3 4.6 _
|
1 8
» _
| ] L L S B S
T T T T T 1
[=] ] o r~ )] @
= < @ = - <
(8] (8] (] ™ [Ty ] o
T T T T T T L T T T T T T T
7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0

Parameter
Title
Origin
Instrument
Solvent
Temperature
Pulse Sequence
Experiment
Probe

== T N I - O L o B

Value
LB-B-11-B-dry-total.1.fid
Bruker BioSpin GmbH
AW4e00
CDCI3
298.0
zg30
1D

Z154705_0022 (PIHR-
BBOGO0S3-BBF/ H/
D-5.0-Z SF)

9 Number of Scans 16

10 Receiver Gain
11 Relaxation Delay
12 Pulse Width

13 Acquisition Time
14 Acquisition Date

15 Spectrometer
Frequency

16 Spectral Width

17 Lowest
Frequency

18 Nucleus
19 Acquired Size
20 Spectral Size

71.8

1.0000

9.4900

2.7525
2022-04-23T01:31:29
600.13

11904.8
-2304.1

1H
32768
131072

21 Digital Resolution 0.09

6 OH
Ik
15 2o =4
i

CHs 1 3
|
1 1 O

IwO\. w(z..r.u\_ ,/._D\m

14 12

Figure 6.3.1: *H-NMR spectrum (600 MHz, CDClIs) of 4-((2-isopropoxyethoxy)methyl)phenol (11).
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Figure 6.3.2: ®*C-NMR spectrum (600 MHz, CDClIs) of 4-((2-isopropoxyethoxy)methyl)phenol (11).
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Figure 6.3.3: H,H-COSY-NMR spectrum (600 MHz, CDCls) of 4-((2-isopropoxyethoxy)methyl)phenol (11).
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Figure 6.3.4: HSQC-NMR spectrum (600 MHz, CDCls) of 4-((2-isopropoxyethoxy)methyl)phenol (11).
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Figure 6.3.5: HMBC-NMR spectrum (600 MHz, CDCls) of 4-((2-isopropoxyethoxy)methyl)phenol (11).
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Figure 6.3.6: 'H-NMR spectrum (600 MHz, CDClIs) of 1-chloro-3-(4-((2-
isopropoxyethoxy)methyl)phenoxy)propan-2-ol (15).
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Figure 6.3.7: 13C-NMR spectrum (600 MHz, CDClI3) of 1-chloro-3-(4-((2-
isopropoxyethoxy)methyl)phenoxy)propan-2-ol (15).
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Figure 6.3.8: H,H-COSY-NMR spectrum (600 MHz, CDCls) of 1-chloro-3-(4-((2-

isopropoxyethoxy)methyl)phenoxy)propan-2-ol (15).
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Figure 6.3.9: HSQC-NMR spectrum (600 MHz, CDClIs) of 1-chloro-3-(4-((2-

isopropoxyethoxy)methyl)phenoxy)propan-2-ol (15).
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Figure 6.3.10: HMBC-NMR spectrum (600 MHz, CDCls) of 1-chloro-3-(4-((2-

isopropoxyethoxy)methyl)phenoxy)propan-2-ol (15).
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Figure 6.3.11: *H-NMR spectrum (600 MHz, CDCls) of 1-chloro-3-(4-((2-
isopropoxyethoxy)methyl)phenoxy)propan-2-yl butyrate (16).



FParameter
Title
Origin
Instrument

Temperature
Pulse Sequence
Experiment

1
2
3
4 Solvent
3
6
7
8 Probe

Value
LB-B-21-ester-dry-full.2 fid
Bruker BioSpin GmbH
AV4e00
CDCI3
298.0
zgpg30
1D

Z154705_0022 (PIHR-
BBOGO0S3-BBF/ Hf D-5.0-Z
SP)

LB-B-21-ester-dry-full.2.fid e fu
Oo0n
n — & w@ — (SR SR
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— — — — o [ = P P = W0 < ™M ol o=
_ _ N/ =N | I
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f1 (ppm)

9 MNumber of Scans 1024
10 Receiver Gain 101.0
11 Relaxation Delay 2.0000
12 Pulse Width 12.0000
13 Acquisition Time 0.9175
14 Acquisition Date 2022-04-24T03:38:59
15 Spectrometer 150.92
Frequency
16 Spectral Width 35714.3
17 Lowest Frequency -2766.9
18 Nucleus 13C
19 Acquired Size 32768
20 Spectral Size 65536
21 Digital Resolution 0.54
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Figure 6.3.12: *C-NMR spectrum (600 MHz, CDClIs) of 1-chloro-3-(4-((2-

isopropoxyethoxy)methyl)phenoxy)propan-2-yl butyrate (16).
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LB-B-21-ester-dry-full.3.ser
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Parameter Value
1 Title LB-B-21-ester-dry-full.
3.ser
2 Origin Bruker BioSpin GmbH
3 Instrument AV4600
4 Solvent CDCI3
0 5 Temperature 298.0
3 6 Pulse Sequence cosygpppqf
Ly 7 Experiment COsY
8 Probe Z154705_0022 (PI HR-
BBOG00S3-BBF/ H/ D-5.0-
2 Z 5P)
9 MNumber of Scans 1
10 Receiver Gain 101.0
r3 11 Relaxation Delay 1.9785
L 12 Pulse Width 9.4900
| 13 Acquisition Time 0.1493
4 14 Acquisition Date 2022-04-23T14:29:07
—_ 15 Spectrometer (600.13, 600.13)
L5 [3 Frequency
Q- |16 Spectral Width  (6849.3, 6849.3)
— |17 Lowest (-187.7, -187.7)
6 b Frequency
i 18 Nucleus (1H, 1H)
19 Acquired Size (1024, 128)
7 20 Spectral Size (1024, 1024)
21 Digital Resolution (6.69, 6.69)
-8
0]
-9 o\_f\/ozw
I O/\_/\o_
10

Figure 6.3.13: H,H-COSY-NMR spectrum (600 MHz, CDClIs) of 1-chloro-3-(4-((2-

isopropoxyethoxy)methyl)phenoxy)propan-2-yl butyrate (16).
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Parameter Value
1 Title LB-B-21-ester-dry-full.
4.ser
2 Origin Bruker BioSpin GmbH
3 Instrument AV4600
L 4 Solvent CDCI3
-0 5 Temperature 298.1
6 Pulse Sequence hsqgcedetgpsisp2.3
10 7 Experiment HSQC-EDITED
8 Probe Z154705_0022 (PI HR-
20 BBOG00S3-BBF/ Hf D-5.0-
L Z 5P)
~30 9 Number of Scans 4
r 10 Receiver Gain 101.0
40 11 Relaxation Delay 1.5000
12 Pulse Width 9.4900
50 13 Acquisition Time 0.1311
60 14 Acquisition Date 2022-04-24T04:09:14
L . |15 Spectrometer (600.13, 150.91)
170 E Freguency
L Q- |16 Spectral Width ~ (7812.5, 24900.8)
80 H\ 17 Lowest (-1085.6, -1132.7)
Y Frequency
90 18 Mucleus (1H, 13C)
19 Acquired Size (1024, 256)
100 20 Spectral Size (1024, 1024)
r 21 Digital Resolution (7.63, 24.32)
110
120 Lof\/
0 Cl
140
rso 0]
P HCT o7

Figure 6.3.14: HSQC-NMR spectrum (600 MHz, CDCls) of 1-chloro-3-(4-((2-
isopropoxyethoxy)methyl)phenoxy)propan-2-yl butyrate (16).
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LB-B-21-ester-dry-full.5.ser

S JL_ J“MLJLL |

10 S 8 7

6 5
f2 (ppm)

f1 (ppm)

Farameter
1 Title

Origin
Instrument
Solvent
Temperature
Pulse Sequence
Experiment
Probe

L= N = R

10 Receiver Gain
11 Relaxation Delay
12 Pulse Width

13 Acquisition Time
14 Acquisition Date

15 Spectrometer
Frequency

16 Spectral Width

17 Lowest
Frequency

18 Mucleus

19 Acquired Size

20 Spectral Size

21 Digital Resolution

Value
LB-B-21-ester-dry-full.
J.ser
Bruker BioSpin GmbH
AV46e00
CDCI3
298.0
hmbeetgpl3nd
HMBC

Z154705_0022 (PI HR-
BBOG00S3-BBF/ H/ D-5.0-
Z 5F)

9 Mumber of Scans 4

101.0
2.0000

9.4900

0.3113
2022-04-24T04:52:01
(600.13, 150.92)

(6578.9, 33201.9)
(-18.4, -1510.7)

1H, 13C)
2048, 256)
2048, 1024)
3.21, 32.42)

B i T )

Figure 6.3.15: HMBC-NMR spectrum (600 MHz, CDCls) of 1-chloro-3-(4-((2-

isopropoxyethoxy)methyl)phenoxy)propan-2-yl butyrate (16).
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6.3.4 Bisoprolol (17)

LB-B-22- -fullcarac.1.fid
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Title
Qrigin
Instrument
Solvent
Temperature
Pulse Sequence
Experiment
Probe

=« BN I = R B LT o

9 Number of Scans
10 Receiver Gain

11 Relaxation Delay
12 Pulse Width

13 Acquisition Time
14 Acquisttion Date

15 Spectrometer
Frequency

16 Spectral Width

17 Lowest Frequency
18 Nucleus

19 Acquired Size

20 Spectral Size

21 Digital Resolution

Value
LB-B-22-fullcarac.1.fid
Bruker BioSpin GmbH
AV4600
CDC3
298.0
zg30
iD

7154705_0022 (PI HR-
BBO600S3-BBF/ H/ D-5.0-
Z SP)

16
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9.4900

2.7525
2022-04-01T15:46:53
600.13
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-2303.4
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Figure 6.3.16: "H-NMR spectrum (600 MHz, CDCIs) of hisoprolol (17).
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LB-B-22-fullcarac.2.fid

158.28
_~130.93
~129.35

-
a2

CDCl

114.43
|- 77.02

|
-

—
o

12,80
7191
70.56

59.47
23.05
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57.48
49,19
48.94
23.19
22.09

L
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Farameter
Title
Origin
Instrument
Solvent
Temperature
Pulse Sequence
Experiment
Probe

=T = R & ) L o~ I

9 Number of Scans
10 Receiver Gain

11 Relaxation Delay
12 Pulse Width

13 Acquisition Time
14 Acquisition Date

15 Spectrometer
Frequency

16 Spectral Width

17 Lowest Frequency
18 Nucleus

19 Acquired Size

20 Spectral Size

21 Digital Resolution

Value
LB-B-22-fullcarac.2.fid
Bruker BioSpin GmbH
AV4600
CcDCl3
298.0
zgpg30
1D
7154705_0022 (PI1HR-
BBOG00S3-BBF/ Hf D-5.0-Z
SF)

1024

101.0

2.0000

12.0000

0.9175
2022-04-01T16:38:59
150.92

35714.3
-2766.9
13C
32768
65336
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Figure 6.3.17: **C-NMR spectrum (600 MHz, CDClIs) of bisoprolol (17).
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LB-B-22-fullcarac.3.ser

-0.0
0.5
-1.0
1.5
2.0
2.5
-3.0
3.5
4.0
4.5
5.0
5.5
6.0
6.5
7.0
7.5

-8.0

8.0 7.5 7.0 6.5 6.0 5.5 5.0 45 4.0 3.5 3.0 25 2.0 1.5 1.0 0.5 0.0

f2 (ppm)

f1 (ppm)

Parameter
Title
Origin
Instrument
Solvent
Temperature
Pulse Sequence
Experiment
Probe

L= T I = R | L I o

9 MNumber of Scans
10 Receiver Gain

11 Relaxation Delay
12 Pulse Width

13 Acquisition Time
14 Acquisition Date

15 Spectrometer
Frequency

16 Spectral Width

17 Lowest Frequency
18 Hucleus

19 Acquired Size

20 Spectral Size

21 Digital Resolution

CHsy
0
IwO\_/,D\.!/\

Value
LB-B-22-fullcarac.3.ser
Bruker BioSpin GmbH
AV4600
CDCI3
298.0
cosygpppqf
Cosy
Z154705_0022 (PI HR-
BBOG00S3-BEF/ Hf D-5.0-Z
SP)

1

101.0

1.9181

9.4900

0.2109
2022-04-01T16:45:08
(600.13, 600.13)

4854.4, 4854.4)
-27.7, -27.7)
1H, 1H)

1024, 128)
1024, 1024)
4.74, 4.74)

e e s T

OH
0 /.\_/\zzl_\ozm.

CHy

Figure 6.3.18: H,H-COSY-NMR spectrum (600 MHz, CDClIs) of bisoprolol (17).
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LB-B-22-fullcarac.4.ser

(1]

-
o

11

wpoo
MHHO
_HNo
130
140
meo

fi (ppm)

Parameter
Title
Origin
Instrument
Solvent
Temperature
Pulse Sequence
Experiment
Probe

o =] hnow B oW R

9 Number of Scans
10 Receiver Gain

11 Relaxation Delay
12 Pulse Width

13 Acqu
14 Acquisition Date

15 Spectrometer
Frequency

on Time

Value
LB-B-22-fullcarac.4.ser
Bruker BioSpin GmbH
AV4600
CDCI3
298.0
hsqcedetgpsisp2.3
HSQC-EDITED
7154705_0022 (PI HR-
BBO6005S3-BBF/ H/ D-5.0-Z
SF)

4

101.0

1.5000

9.4900

01311
2022-04-01T17:15:25
(600.13, 150.91)

16 Spectral Width  (7812.5, 24900.8)
17 Lowest Frequency (-1085.6, -1132.7)
18 Nucleus (1H, 13C)
19 Acquired Size (1024, 256)
20 Spectral Size (1024, 1024)
21 Digital Resolution (7.63, 24.32)
OH
o;t\ﬁf\z:ﬂ\ﬁﬁ

CHs
Iwo\_f o\//\o

CH,

Figure 6.3.19: HSQC-NMR spectrum (600 MHz, CDCls) of bisoprolol (17).
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LB-B-22-fullcarac.5.ser

[T} 20

-140
-160
-180

200

fi (ppm)

Parameter
Title
Origin
Instrument
Solvent
Temperature
Pulse Sequence
Experiment
Probe

[=-T N I = I ) B T

9 MNumber of Scans
10 Receiver Gain

11 Relaxation Delay
12 Pulse Width

13 Acquisition Time
14 Acquisition Date

15 Spectrometer
Frequency

16 Spectral Width
17 Lowest Frequency
18 Mucleus

19 Acquired Size

20 Spectral Size

21 Digital Resolution

CHa
_._wo\_/ o\/\o

Value
LB-B-22-fullcarac.5.ser
Bruker BioSpin GmbH
AV4600
CDCI3
298.0
hmbeetgpland
HMBC
7154705_0022 (PTHR-
BBO600S3-BBF/ Hf D-5.0-Z
SP)

4

101.0

2.0000

9.4900

0.3891
2022-04-01T17:59:29
(600.13, 150.92)

(5263.2, 33201.9)
(-470.7, -1510.7)
(1H, 13C)

(2048, 256)
(2048, 1024)
(2.57, 32.42)

OH
ox(\#f(\z:ﬁ\oxw
Ql_m.

Figure 6.3.20: HMBC-NMR spectrum (600 MHz, CDCls) of bisoprolol (17).
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6.3.5 Bisoprolol hemifumarate (17salt)

@Wl”hﬂlﬂ——.{lﬁc_—- H-—nmﬁ_ Parameter Value
8 1 Ttle LB-B-25-dry-full.
WO oumnT nmed— W00 T Mm@M 00— O 000 aMW0WwWwoOMT el ww s o s e = Mo 1.fid
It MO0 s oo 0™ GO Gy mnmomumuunmomunmumuumocdodcl—T—"T 00000 — — —~ — —
MM~ YOO T T T T TMmMmEammeammeme maEaeE o e e ae e e e oo — === = (2 0rgin Bruker BioSpin
R e et o GmbH
3 Instrument AV4e00
5552 5535858 [RAGERR/ RRARE 23N 8833 0314 sobent a3
P ol o S S G I o e e o o o oo ood e ooed e oG oed o en 5 Temperature 208.0
~h b= [ rJLﬁnsynm._.k\L me— L NP 6 Pulse Sequence 2030
___ _ __g _ __._ 7 Experiment 1D
| |
il L fy | i | 8 Probe Z154705_0022
i b__ i W " “r_ N __g__,__ | A | cx__ f (P HR-
I J 1
\ [T ! \ BBOG005S3-BBF/
a0 TN A — . H/ D-5.0-Z 5P)
——— . . . T T T T T T T T T T T T T 9 MNumber of 16
46 45 4.05 4.00 3.953.65 3.55 3.303.253.203.153.103.05 1.38 1.34 1.30 sans
. . ) ) h i fl ﬁ :..& 1 ﬁ :d 10 Receiver Gain ~ 90.5
fi (ppm) f1 (ppm) Qu_u_jmm_ PP PP 11 Refaxation Delay 1.0000
56’ 27' 29 12 Pulse Width 9.4900
Y 24 13 Acquisition Time 2.7525
23 14 Acquisition Date 2022-04-24T15
L2 23221
9,11 12,14 1 ] 15 Spectrometer  600.13
| Frequency
t 17" 19" 16 Spectral Width  11904.8
1 17 22 19" 17 Lowest 27616
_r _ Frequency
l_ _ 18 Nucl 1H
_ | Al _ﬂr - __, __ Pl Eh_“n_w_ﬁa Sze 32768
4y T s o M,‘_ T ™ ,,w 20 Spectral Size 131072
[ o o WO o T i) M~ g — w0 -
o S O — O GO S ood o O o) |21 Digital 0.09
- T T T T T e T Ty T T e Resolution
7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5
_nH :U_u__.ju A \_Df \.._U_n_m
20 0 507 51 m_m 53
48
.m_”.I + il Wun.f \wF n_n,.\.Im
14, 0 18 NH CH CH 35 33 54
m___\ af_m\\_m;d\ 107 21 w_m\mw 3 3 D | _J_
P L I S
31 A0 12 CHsg 0 H;C NH, 4 (0] 37
CH 15 1 2 % e ! *
[ _ 0~ ~ 7 A0 m_._
20, a7 O 7 Il

Figure 6.3.21: *H-NMR spectrum (600 MHz, CDCIs) of bisoprolol hemifumarate (17salt).
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LB-B-25-dry-full.2.fid 555 Parameter value
- o R - ooo 1 Title LB-B-25-dry-full.2.fid
ﬂ W M = % H 58 w.m m % M ﬂ % % ) E @ m % 2 Origin Bruker BioSpin GmbH
™ n ooy = CTEEHNIREGTERE oo 3 Instrument AV4600
[ VN _ e BT e S 4 Solvent cDcl3
5 Temperature 298.0
& Pulse Sequence zgpg30
7 Experiment 1D
8 Probe Z154705_0022 (PI HR-
BEO600S3-BBF/ Hf D-5.0-
Z SP)
9 Number of Scans 1024
10 Receiver Gain 101.0
11 Relaxation Delay 2.0000
_ 12 Pulse Width 12.0000
13 Acquisition Time 0.9175
14 Acquisition Date 2022-04-24T16:15:18
[ 15 Spectrometer 150,92
Frequency
_ _ 16 Spectral Width 35714.3
17 Lowest Frequency -2766.9
! _ ! 18 Nucleus 13C
19 Acquired Size 32768
AR sy O XTI M A et 20 Spectral Size 65536
21 Digital Resolution 0.54
T T T T T T T T T v T T T T T T T T T T T T T v T T T T T T T
180 170 160 150 140 130 120 110 100 S0 80 70 60 50 40 30 20

CHs
0
ImO\_/.U\\)//(\\
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OH
o/\_(z_mﬂozm

0O J\ozm

CHs
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Figure 6.3.22: *3C-NMR spectrum (600 MHz, CDCI3) of bisoprolol hemifumarate (17salt).
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f1 (ppm)

Parameter
Title
Origin
Instrument
Solvent
Temperature
Pulse Sequence
Experiment
Probe

[=- I I = R e A~ I

9 Mumber of Scans
10 Receiver Gain

11 Relaxation Delay
12 Pulse Width

13 Acquisition Time
14 Acquisition Date

15 Spectrometer

Value
LB-B-25-dry-full.3.ser
Bruker BioSpin GmbH
AV4600
CDCI3
298.0
cosygpppqf
Cosy

Z154705_0022 (PI HR-
BBOG00S3-BBF/ H/ D-5.0-
Z SF)

1
101.0

1.9611

9.4900

0.1741
2022-04-24T16:21:12
(600.13, 600.13)

Frequency

16 Spectral Width ~ (5882.4, 5882.4)

17 Lowest (-68.4, -68.4)
Frequency

18 MNucleus (1H, 1H)

19 Acquired Size (1024, 128)

20 Spectral Size (1024, 1024)

21 Digital Resolution (5.74, 5.74)

CH,

Figure 6.3.23: H,H-COSY-NMR spectrum (600 MHz, CDClIs) of bisoprolol hemifumarate (17salt).
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8.0 75 7.0 65 6.0 5.5 50 45 4.0 3.5 3.0 25 2.0 1.5 1.0 0.5
f2 (ppm)

OH
O/\_/\z_._mjo_._m CH

CH
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0 OH
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Parameter
Title
Qrigin
Instrument
Solvent
Temperature
Pulse Sequence
Experiment
Probe

[== BN I = R ) B - oI

Value
LB-B-25-dry-full.4.ser
Bruker BioSpin GmbH
AV4600
CDCIz
298.1
hsqcedetgpsisp2.3
HSQC-EDITED

Z154705_0022 (PIHR-
BBOG00S3-BBF/ H/ D-5.0-
Z SF)

9 Number of Scans 4

10 Receiver Gain
11 Relaxation Delay
12 Pulse Width

13 Acquisition Time
14 Acquisition Date

15 Spectrometer
Frequency

16 Spectral Width

17 Lowest Frequency

18 Mucleus

19 Acquired Size

20 Spectral Size

21 Digital Resolution

101.0
1.5000

9.4900

0.1311
2022-04-24T16:51:17
(600.13, 150.91)

(7812.5, 24900.8)
(-1085.6, -1132.7)
(1H, 13C)

(1024, 256)
(1024, 1024)
(7.63, 24.32)

O\)/\\O/_\OIm

CH,

Figure 6.3.24: HSQC-NMR spectrum (600 MHz, CDCls) of bisoprolol hemifumarate (17salt).
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Parameter Value
_ *_ 1 Title LB-B-25-dry-full.5.ser
e F.r __ ﬁl.r - r.__ U 2 Origin Bruker BioSpin GmbH
3 Instrument AV4600
-0 4 Solvent cpci3
5 Temperature 298.0
— : “ g -20 6 Pulse Sequence hmbcetgpl3nd
1 7 Experiment HMBC
40 8 Probe Z154705_0022 (PIHR-
— ® BBOG00S3-BBF/ Hf D-5.0-
-60 7 5F)
—_— s ] 1 8 9 MNumber of Scans 4
-80 . |10 Receiver Gain  101.0
E |11 Relaxation Delay 2.0000
Y
a
-100 o 12 Pulse Width 9.4900
—_ . o | 13 Acquisition Time (0.4096
-120 14 Acquisition Date  2022-04-24T17:35:24
- e . ! 15 Spectrometer (600.13, 150.92)
-140 Frequency
16 Spectral Width ~ (5000.0, 33201.9)
—— [ ]
) -160 17 Lowest (209.8, ~1510.7)
] ' Frequency
-180 18 Nucleus (1H, 13C)
19 Acquired Size (2048, 256)
ﬁ -200 20 Spectral Size (2048, 1024)
21 Digital Resolution (2.44, 32.42)

8.5 80 75 7.0 65 6.0 55 50 45 40 35 3.0 25 2.0 1.5 1.0 05
f2 (ppm)

0 CH

g

oH &,
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3 0 =
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Figure 6.3.25: HMBC-NMR spectrum (600 MHz, CDCls) of bisoprolol hemifumarate (17salt).
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DAD1 A, Sig=254.4 Ref=380,100 (LUCAS BOCOUINZ0Z20513_LB-B26.0)
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DAD1 A, Sig=254.4 Ref=3260,100 (LUCAS BOCQUIN\20220513_LB-B25CONC.D)
mill |
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Figure 6.3.26: Chiral HPLC chromatogram of racemic bisoprolol hemifumarate (17salt) (upper chromatogram)
and enantiopure (R)-17salt (bottom chromatogram). The analysis was performed on a Chiralcel OD-H column
with hexane (90%) and 2-propanol containing 2% diethanolamine (10%) as eluent and 1 mL/min flow, and with
a detection wavelength of 254.4 nm. The retention times obtained are tg ((R)-17salt) = 7.92 min and tR((S)-
17salt) = 11.8 min (upper chromatogram). The resolution factor in the upper chromatogram is Rg((S)/(R)-17salt)
=7.02.
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