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Abstract

In recent years, incorporation of fluorine into saturated alkyl chains has been shown to have
desirable effects on lipophilicity and other pharmacological properties. Despite its countless
applications in modern drug discovery examples of fluorine embedded in aliphatic moieties
capable of lowering lipophilicity are still rare. So far, systematic studies on the effect of partially
fluorinated alkyl groups have been limited to small sets of simple molecules. In view of
expanding the current knowledge on alkyl fluoride moieties a large set of fluorinated analogs
of ropivacaine (III) and levobupivacaine (IV) have been designed, synthesized, and evaluated
(Scheme A).

Figure A. Fluorinated analogs of marketed local anesthetics ropivacaine (III) and levobupivacaine
(IV).

The first part of this thesis is dedicated to the two series of fluorinated analogs III and IV,
with a particular emphasis on the implications of varying chain lengths and changing fluorine
substitution patterns. The synthesis of the fluorinated alkyl fragments II occurred by
deoxyfluorination of the corresponding alcohol, whereby vicinal difluorides were accessed
from the respective epoxides, while geminal difluorides were obtained from either a ketone or
aldehyde functionality. Coupling of the fluorinated alkyl fragments II to the piperidine-2carboxamide I afforded the targeted fluorinated analogs III and IV.
The evaluation of the model compounds has shown that modulation of basicity is essentially
additive and exhibits an exponential attenuation as a function of the distance from the basic
center. Furthermore, the intrinsic lipophilicities of the neutral piperidine derivatives displayed
the characteristic response already observed in previous examples, while aqueous solubility
correlated inversely with effective lipophilicity. The metabolic stability of all the fluorinated
compounds was slightly lower than for parent compounds, roughly correlating with the
effective lipophilicity. Some of the analogs of levobupivacaine displaying a terminal substituted
fluoride (IV) have been found to be unstable under mildly basic aqueous conditions. The
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degradation of IV was attributed to an intramolecular displacement of fluoride by the piperidine
nitrogen that led to formation of spiro pyrrolidinium derivative V (Figure B).

Figure B. Intramolecular displacement of fluoride by the piperidine nitrogen observed for δfluorosubstituted analogs of levobupivacaine in aqueous media.

The second part of this thesis describes the use of the bicyclo[3.2.0]heptane core structure for
conformational locking of 1,3-bis-pharmacophores, such as the neurotransmitter γaminobutyric acid (GABA), by formal embedding of GABA into the bicyclo core structure.
Based on the 5 generic modes for the incorporation of a X–CCC–Y unit into the
dimethylbicyclo[3.2.0]heptane core, all possible theoretical dimethylbicyclo[3.2.0]heptane
models were calculated using n-pentane, as a prototype 1,3-disubstituted propyl unit. The
models predicted that the GABA analogs VI and VII would represent unusual and
unprecedented examples of locked conformations of GABA (Figure C).

Figure C. Synthesized analogs of GABA VI and VII.

The bicyclic structure of analogs VI and VII was obtained through a key intramolecular photoinduced [2+2] cycloaddition of the corresponding 1,6-diene precursor. The excellent match of
the crystal structures of VI and VII with the corresponding theoretical models confirmed the
hypothesis that bicyclo[3.2.0]heptane derivatives can serve as locked analogs of GABA and
proved the accuracy of the dimethylbicyclo[3.2.0]heptane models. Furthermore, the similarity
between the two cores of VI and VII provided a first strong indication for the conformational
robustness of bicyclo[3.2.0]heptane. A first approach to the synthesis of bicyclo[3.2.0]heptane
GABA analogs with a (2,7)-disubstitution pattern was unsuccessful.

Zusammenfassung
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Zusammenfassung

In den letzten Jahren wurde gezeigt, wie die Eingliederung von Fluor in gesättigte Alkylketten
eine positive Wirkung auf Lipophilie und andere pharmakologischen Eigenschaften hat. Trotz
seiner zahlreichen Anwendungen in der modernen Wirkstoffforschung, findet man selten
Beispiele von fluorhaltigen aliphatische Resten, die imstande sind die Lipophilie zu senken.
Systematische Studien waren bis jetzt nur auf eine begrenzte Anzahl einfacher Moleküle
limitiert. Im Verlauf dieser Arbeit wurde eine grosse Bibliothek von fluorinierten Analogen von
Ropivacain (III) und Levobupivacain (IV) entworfen, synthetisiert und ausgwertet, mit dem
Ziel das aktuelle Wissen über teilweise fluorierte Alkylgruppen zu erweitern (Figur A).

Figur A. Fluorinierte Analoga vermarkteter lokalen Anästhetika Ropivacain (III) and Levobupivacain
(IV).

Der erste Teil dieser Doktorarbeit ist der Serie von fluorinierten Analoga III und IV
gewidmet, mit einer besonderen Betonung auf die Implikationen von variierenden Kettenlängen
und abwechselnden Fluorsubstitutionsmuster. Die Synthese der fluorinierten Alkylfragmente
II erfolgte duch Deoxyfluorinierung des entsprechenden Alcohols, wobei vicinale Difluoride
vom jeweiligen Epoxid hergestellt wurden, während Ketone und Aldehyde als Vorlage für
geminale Difluoride dienten. Kopplung der fluorinierten Alkylfragmente II mit Piperidin-2carboxamid I lieferte die gewünschten Analoga III und IV.
Die Auswertung der hergestellten Verbindungen zeigte, dass die Regulierung der Basizität
grundsätzlich additiv ist und exponentiell sinkt je weiter entfernt das basische Zentrum liegt
(Figur B). Im Weiteren zeigte die intrinsische Lipophilie der neutralen Piperidinderivate ein
characketeristiches Verhalten, das schon aus früheren Beispielen bekannt war. Die Löslichkeit
anderseits korreliert umgekehrt zur effektiven Lipophilie. Die metabolische Stabilität der
fluorierten Derivate war generell leicht reduziert gegenüber derjenigen der nicht-fluorierten
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Ausgangsverbindungen, und korrelierte grob mit der effektiven Lipophilie. Es stellte sich
heraus, dass einige der endständig substituierten Fluoride der Butylserie (IV) instabil in leicht
basisch wässrigen Lösungen waren. Die Zersetzung von IV wurde auf eine intramolekulare
Substitution von Fluorid durch das Piperidine Stickstoff zurückgeführt, die zur Entstehung von
Spiropyrrolidiniumderivat V führte (Figur B).

Figur B. Beobachtete intramolekulare Substitution von Fluorid durch das Piperidine Stickstoff bei δfluorsubstituierte Analoga von Levobupivacain in wässrige Lösungsmittel.

Der zweite Teil dieser Arbeit beschreibt die Anwendung der Bicyclo[3.2.0]heptan
Grundstruktur zur konformationellen Fixierung von 1,3-bis-Pharmacophoren wie der
Neurotransmitter γ-aminobuttersäure (GABA), durch formalen Einbau von GABA in die
bicyclische Grundstruktur.

Um zu untersuchen wie n-Pentan, als prototyp

einer 1,3-

disubstituierten Propyleinheit, in die Grundstruktur von Bicyclo[3.2.0]heptan eingebaut werden
könnte, wurden alle entsprecheneden theoretischen Dimethylbicyclo[3.2.0]heptan Modelle
berechnet. Die Modelle sagten voraus, dass GABA Analoga III und IV Beispiele für
ungewöhnliche Konformationen von GABA darstellen würden (Figur C).

Figure C. Synthetisierte Analoga von GABA VI und VII.

Die Herstellung der bizyklische Struktur von Analoga VI and VII erfolgte mittels einer
intramolekularen photo-induzierten [2+2] Cycloaddition des entsprechenden 1,6-Dien. Die
ausgezeichnete Übereinstimmung der Kristallstrukturen von VI und VII mit den
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entsprechenden theoretischen Modellen bestätigte die Hypothese, dass Derivate von
Bicyclo[3.2.0]heptan als gehemmte Konformationsanaloga von GABA dienen können und
demonstrierte die Genauigkeit der Dimethylbicyclo[3.2.0]heptan Modelle. Ausserdem lieferte
die Ähnlichkeit zwischen den beiden Grundstrukturen von VI und VII einen ersten deutlichen
Hinweis auf die konformative Robustheit von Bicyclo[3.2.0]heptan gegenüber isomeren
Substitutionsmustern. Die Synthese von weiteren Bicyclo[3.2.0]heptan Analoga von GABA
mit einem (2,7)-Disubstitutionsmuster verlief bisher erfolglos.

Part I

Synthesis and Evaluation of Partially
Fluorinated N-Alkyl Piperidines

1

Introduction

1

Introduction

The unique nature of fluorine is demonstrated by the broad variety of its applications ranging
from polymers to medicines to liquid crystals, and other advanced materials. In chemistry
fluorine assumes a distinctive position in the periodic table being the most reactive element in
its elemental form and possessing the highest electronegativity of all elements. With such an
extreme profile fluorine might rarely be considered a first choice for any application.
Nonetheless, when properly applied, this element can unfold its unique repertoire of properties
and provide impressive results, and some surprises.
Among the halogens fluorine is the most abundant in the Earth’s crust (544 mg/kg), followed
by chlorine (160 mg/kg), bromine (0.75 mg/kg) and iodine (0.25 mg/kg).1 Despite its wide
distribution fluorine is found as a component in only 13 natural products and among those 8 are
ω-fluorinated homologues of long chain fatty acids found as co-metabolites in the same plant.2
The dearth of naturally occurring organofluorine compounds is a consequence of the low
bioavailability of fluoride anions, scarcely accessible in the biosphere due to the poor water
solubility of its most common source, the mineral fluorite (CaF2).1 Another possible reason that
makes fluoride difficult to be incorporated into an organic framework can be traced back to its
very high hydration enthalpy, which leads to the anion being highly solvated in aqueous media
and, as a consequence, a poor nucleophile. Only a few metabolic processes involving fluoride
are known, while the metabolism of the majority of living organisms is not able to recognize
fluorine in organic molecules or simply ignores it which might have disastrous consequences
as shown by the toxicity of fluoroacetate.3

1.1

A Brief History of Fluorine

Elemental fluorine was the last of the naturally occurring halogens to be discovered. Although
some substances containing fluorine like calcium fluoride and hydrofluoric acid were already
known before, the dangerous and toxic nature along with the lack of a suitable oxidant delayed
the synthesis of fluorine gas. Notable scientists like Sir Humphry Davy and Joseph L. GayLussac who already contributed to the discovery of several elements, among them chlorine and
bromine, struggled with the untamable nature of fluorine. Eventually it was French scientist
Ferdinand M. Moissan who in 1886 successfully isolated fluorine gas by electrolysis of a
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solution containing dry potassium hydrogen fluoride and anhydrous hydrofluoric acid.4 This
procedure is essentially the same by which fluorine is produced industrially nowadays. The
successful isolation of fluorine slowly paved the way for the industrial application of fluorinated
organic compounds like the introduction in the 1930s of chlorofluorocarbons (CFC) as
refrigerants. A major turning point in the field of fluoroorganic chemistry was the need of highly
resistant materials, lubricants and coolants required for the Manhattan Project, a secret program
led by the United States government for the research and development of nuclear weapons.
Only fluorine based materials were able to handle extremely corrosive compounds like uranium
hexafluoride (UF6) used in the enrichment of uranium-235 (235U). After World War II the field
of fluoroorganic chemistry further expanded to polymers, surfactants and in particular to
pharmaceuticals and agrochemicals where the remarkable pharmacological properties of
fluorine were gradually being discovered. In 1957 the first fluorinated pyrimidines were
reported5 for the treatment against cancer and two years later, 9α-fluorohydrocortisone6 was
used to successfully treat hypotension. Five decades later fluorine containing drugs constitute
around one third of the top performing drugs available on the market. Nowadays fluorine has
assumed a paramount role in medicinal chemistry and drug design, and has become an
established supplement in every present-day drug discovery campaign. Regardless of these
impressive achievements and the progress made in fluorine chemistry there is still ground to
exploit the full potential of this remarkable element.

1.2

Physical and Chemical Properties of Fluorine

To understand how fluorine can substantially change the nature of organic compounds, a
closer look to its structure and fundamental atomic properties is needed. The high
electronegativity of fluorine leads to a highly polarized C–F bond with a strong electrostatic
character. As a consequence a considerable dipole is formed between the positively charged C
(δ+) and negatively charged F (δ-), which will interact with other dipoles in its vicinity. The
low polarizability is also characteristic of fluorine; this causes the three lone pairs to concentrate
their electron density closely around the nucleus thereby limiting the ability of fluorine to
engage in hydrogen bonds. As a member of the second-row elements, fluorine possesses 2s and
2p orbitals that have an excellent overlap with the corresponding orbitals of carbon.

3
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Table 1. Comparison of the characteristics of selected carbon-heteroatom bonds.7a-e

X

H

F

Cl

C

O

N

Electronegativity (χp)a

2.20

3.98

3.16

2.55

3.44

3.04

Bond enthalpies, H3C–X
(kcal/mol)b

104.9

115

83.7

90.1c

92.1d

85.2e

1.09

1.35

1.77

1.54

1.43

1.47

1.20

1.47

1.75

1.70

1.52

1.55

0.667

0.557

2.18

1.76

0.802

1.10

Average bond length, C–X (Å)f
Van der Waals Radii (Å)

g

3 h

Atom polarizability (Å )
a

Ref. [7a]
b
Ref. [7b]

c

X = CH3.
d
X = OH.

e

X = NH.
f
Ref. [7c]

g
h

Ref. [7d]
Ref. [7e]

The strong interactions between fluorine and carbon have a number of important
consequences on the carbon framework of fluoroorganic molecules. The C–F bond can affect
several physical, chemical and biological properties of a molecule like solubility, conformation,
lipophilicity and others.

1.2.1 Size and Steric Effect of Fluorine
According to the values reported by Bondi,7d the van der Waals radius of covalently bound
fluorine (1.47 Å) is substantially larger than that of hydrogen (1.20 Å) and coming close to
oxygen (1.52 Å). The carbon-fluorine bond is often used in medicinal chemistry programs as
a conservative substitution for C–H bonds on steric grounds or, as a more neutral substitution,
for C–O bonds to explore the role of C–OH hydrogen bonding.8 Considering the van der Waals
radii, the volume increase of an H/F exchange is about 1/3 of that calculated for an H/CH3
exchange. Accordingly, a CF3 group occupies approximately the volume of two CH3 groups.
Based on the values of inversion barriers of fluorinated biphenyl-type compounds9 and Avalues for mono-substituted cyclohexane,10 the CF3 group exercises a similar or even greater
steric hindrance than an isopropyl group.
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1.2.2 Effect on Molecular Conformations
1.2.2.1 Dipole Interactions
The highly polarized C–F bond is at the origin of several conformational oddities often found
in aliphatic systems with one or more fluorine atoms embedded in them, and generates one of
the strongest dipole moments found in organic chemistry. Interactions of this dipole with other
dipoles in its vicinity can determine the conformation of molecules as it is the case of αfluoroamides where the C–F bond has a strong conformational preference to lay anti-periplanar
to the amide carbonyl (Figure 1). This arrangement, where the amide and C–F dipole oppose
each other, is energetically favored (7.5 kcal/mol)11 compared to the cis-periplanar conformer.
The preference for this conformation can be further rationalized by the favorable parallel 1,3alignment between the δ+C–δ-F and δ-N–δ+H dipoles. Another dipole-dipole interaction that can
influences the shape of a hydrocarbon chain is observed when two fluorine atoms have a 1,3relationship as in 1,3-difluoropropane. The repulsion between the two dipoles makes a parallel
arrangement of the two C–F bond unfavorable (3.33 kcal/mol)12 to the point that one of the C–
F bonds will rotate out of the plane in order to achieve a more stable conformation.

Figure 1. Conformational changes based on dipole-dipole interactions.

A further form of dipole interaction is experienced between the polarized C–F bond and a
formal charge. Much larger in energy terms, this charge-dipole interaction is at the origin of the
gauche preference of protonated fluoroethylamine and protonated fluoroethanol (Figure 2). The
gauche conformations of these systems results in short CF---HN+ contacts (~2.4-2.5 Å),13
indicative of hydrogen bonding interactions; however, they are much more reasonably
described as dipole-dipole interactions. The positive charge is formally written on the nitrogen
atom, but actually resides at the hydrogen atoms. A stabilizing interaction takes place, when the
dipole formed between hydrogen and nitrogen aligns in an antiparallel fashion with the dipole
moment of the C–F bond. Alternatively, also a charge-charge interaction between the partially
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positively charged proton and the partially negatively charged fluoride atom can describe the
preference for the gauche conformation.

Figure 2. Conformational changes based on charge-dipole interactions.

1.2.2.2 Hyperconjugation and gauche Effect
The highly polarized C–F bond does not only generate a strong dipole moment, it also creates
a low-energy antibonding orbital σ*C–F.14 Thus, electron density of electron rich bonds and
oxygen/nitrogen lone pairs can be accommodated through stereoelectronic alignment to the
σ*C–F orbital and stabilize conformations, intermediates, and transition states. An example of
orbital interactions between σ*C–F and electron rich orbitals is seen in the preferred
conformation of benzyl fluoride. Donation from the π-system of the aromatic ring into antibonding C–F bond orbital is rather weak as demonstrated by the low rotational energy barrier
(0.4-1.5 kcal/mol);15,16 however, the lowest energy conformer has the C–F bond orthogonal to
the aromatic ring as seen in Figure 3. Calculations of bond lengths and angles17 showed that the
C(sp2)–C(sp3)–F angle gets narrower (111.6° → 110.4°) going from the planar to the orthogonal
form, while the C–F bond is longer in the orthogonal form (1.412 Å) compared to the C–F bond
distance in the planar form (1.397 Å). This is consistent with the donation of electron density
from the aromatic π-system into σ*C–F.

Figure 3. Orthogonal and planar conformations of benzyl fluoride.17
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A well-documented case where hyperconjugative interactions of the σ*C–F antibonding orbital
have been studied in detail is 1,2-difluoroethane.18,19 On steric and dipole grounds, the anti
conformer should be energetically favored over the gauche conformer as it is the case for 1,2dichloro- and 1,2-dibromoethanes. The gauche conformation of 1,2-difluoroethane is preferred
over the anti conformation by ca. 0.8 kcal/mol,18,19 suggesting hyperconjugation as the cause
of the fluorine gauche effect. Two stabilizing σC–H/σ*C–F interactions are formed in the gauche
conformer while in the anti conformer the σ*C–F orbitals are opposed to electron deficient C–F
bonds and hyperconjugation does not occur (Figure 4). A small repulsion between the fluorine
lone pairs is observed as the F–C–C–F dihedral angle is slightly larger (71°)18 if compared to a
perfectly staggered geometry (60°).

Figure 4. Gauche and anti conformations of 1,2-difluoroethane.

1.2.3 Hydrogen Bonds
Oxygen and nitrogen are both good hydrogen donors and acceptors suggesting that fluorine
with its three lone pairs should be a good hydrogen bond acceptor too. In reality there is very
poor evidence for covalently bound fluorine to form strong hydrogen bonds. Most examples of
C–F forming short contacts to an acidic hydrogen atom of H–X (X = O, N) come from the
crystallographic literature (Figure 5).20,21

Figure 5. Examples of crystal structures displaying short contacts between fluorine atoms and O–H, as
well as, N–H hydrogens.22,23
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The shortest distances measured between fluoride and hydrogen atoms were around 2.0-2.2
Å, and calculations indicate that they are maximally about 25% of the strength of a typical
hydrogen bond. Distances between 2.5-3.0 Å are more common and arise almost exclusively
from through space electrostatic attraction between

δ+C–δ-F

bond and

δ+H–δ-X.

The low

polarizability of organic fluorine renders fluorine a weak hydrogen bond acceptor. The strong
electronegativity of fluorine is not a reliable argument since it is a measure of the tendency to
attract electrons, not protons.

1.2.4 Inductive Effect
As the most electronegative atom, fluorine has a very strong effect on the acidity or basicity
of nearby functional groups. Depending on the position of the fluorine substituent relative to
the acidic or basic group in the molecule, pKa shifts of several orders of magnitude can be
observed. For example, the pKa of acetic acid and its α-fluorinated analogues are 4.76
(CH3COOH), 2.59 (CH2FCOOH), 1.24 (CHF2COOH), 0.23 (CF3COOH).24 Likewise, the
basicity of fluorinated amines is also reduced (See Chapter 2).
The inductive effect of fluorine has an important impact on the hydrogen bonds formed by
neighboring functional groups (hydroxyl, amine, carbonyl, hydrogen). The electronwithdrawing effect of the fluorine atom and of fluoroalkyl groups modifies hydrogen bond
donor or acceptor character of neighboring functions. This effect can be expressed by two
parameters: 𝛼2𝐻 , which represent the ability of a substituent to be a donor of hydrogen bonds,
and 𝛽2𝐻 , representing the ability to accept hydrogen bonds. As shown in Table 2, the electronwithdrawing effect of the fluorine atom can be significant.
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Table 2. pKa, 𝛼2𝐻 , and 𝛽2𝐻 values of fluorinated compounds in CCl4.25,26

Compound

pKa

𝛼2𝐻

𝛽2𝐻

1

CH3CH2NH2

10.7

0

0.70

2

CF3CH2NH2

5.9

n.a.

0.36

3

CH3CH2OH

15.9

0.33

0.44

4

CF3CH2OH

12.4

0.57

0.18

5

CH3COCH3

n.a.

n.a.

0.48

6

CF3COCF3

n.a.

n.a.

0.20

7

CH3CONHCH2CH3

n.a.

n.a.

0.71

8

CF3CONHCH2CH3

n.a

n.a.

0.47

Entry

A terminal CF3 group on ethylamine (Entry 1,2) decreases the pKa value of the protonated
amine by 4.8 units, while the ability to function as a hydrogen acceptor is reduced to 50% of
the non-fluorinated compound. A similar effect is observed with ethanol (Entry 3, 4) with the
only difference that 2,2,2-trifluoroethanol is a better hydrogen donor. The hydrogen acceptor
ability of ketones and amides (Entries 5-6) is also significantly affected by the nearby fluorine
substituents.

1.2.5 Lipophilicity
The lipophilicity of a substance is often evaluated by using its logP value, which is the
logarithm of its octanol/water partition coefficient.27 The substantial ionic nature of the C–F
bond and its ensuing large dipole moment should therefore lead to a decrease in lipophilicity of
fluorine containing molecules. However, it is generally conceived that incorporation of fluorine
or fluorinated groups increases the lipophilicity of organic compounds, especially aromatic
compounds. A search in the Roche in-house database on logD values (logP at a given pH value,
usually 7.4) of 293 pairs of molecules that just differ by one fluorine atom has shown that
substitution of a hydrogen atom by fluorine increases lipophilicity slightly by a factor of 0.25
log units (Figure 6).28
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Figure 6. Histogram of change in logD observed upon substitution of a hydrogen atom by a fluorine
atom.28

For aliphatic compounds, the direction of the logP shift following an H/F exchange depends
on the position where hydrogen has been substituted by fluorine. The basicity of functional
groups such as alcohols or amines is decreased by the inductive effect of nearby fluorines,
resulting in an increase in lipophilicity. The farther the functional group is from the fluorine
atom, the less it is affected by its electron-withdrawing effect. With the inductive component
disappearing, the remaining contribution from the strong C–F dipole moment results in a
decrease of the molecule’s lipophilicity as shown in Figure 7 for the series of alkanols bearing
a terminal CF3 group.

Figure 7. LogP differences between fluorinated and non-fluorinated straight-chain alkanols.29

1.3

How Fluorine Influences Pharmacological Properties

The introduction of fluorine atoms into a molecule has an impact on its physical and chemical
properties, with severe consequences on the biological activities. The possibility to modify or
modulate the pharmacological profile of a molecule by inserting fluorine atoms clearly explains
why the medicinal chemistry of fluorine has become so important. In modern drug discovery,
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fluorine substitution has become standard practice, in particular during the lead optimization
phase to address various issues related to metabolic stability, bioavailability, and potency of
drug candidates.

1.3.1 Metabolic Stability
Low metabolic stability is a recurring challenge in many drug discovery projects. Lipophilic
compounds have the tendency to be oxidized by liver enzymes, in particular cytochromes P450.
One strategy to counter this issue is to block the metabolically labile site with a fluorine
substituent. A nice example of such an application is demonstrated by the discovery of
cholesterol absorption inhibitor Ezetimibe (Scheme 1).30,31

Scheme 1. Optimization of lead SCH 48461. Metabolic labile sites are blocked by fluorine substitution.

Analysis of the metabolites of SCH 48461, obtained from bile and gastrointestinal liquid
samples of rats, revealed that both methoxy groups were demethylated. The C4 phenol
derivative retained activity while demethylation of the N3 methoxyphenyl group showed
reduced activity and was therefore replaced by a fluorophenyl group. Fluorine substitution at
the para-position of the C2 phenyl group successfully blocked hydroxylation of the aromatic
ring. Further oxidation at the benzylic position led to SCH 58235, a compound that had a 50fold increase in efficacy compared to SCH 48461.
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1.3.2 Potency and Bioavailability
The use of fluorine is not limited to its ability to modulate the metabolic profile of a lead
compound. As the example of Sitagliptin shows, potency and bioavailability are two other
parameters which can be adjusted by the strategic incorporation of fluorine. Sitagliptin is an
oral dipeptidyl peptidase IV (DPP-IV) inhibitor for the treatment of type 2 diabetes developed
by Merck and approved by the FDA in 2006 and 2013 achieving annual sales of $4 billion.
As part of a high-throughput screening (HTS) program and subsequent simplification of the
structure, compound 1 was identified as a low micromolar potency hit (Scheme 2). The addition
of two fluorine atoms in the 2- and 5-position of the phenyl ring enhanced potency of 1 threefold
and additional fluorine substitution enhanced potency a further eightfold. Unfortunately, the
pharmacokinetic profile was poor owing to high clearance and low bioavailability.32

Scheme 2. Improving potency and bioavailability of 1 through fluorine substitution.32-34

Replacement of the thiazolidine group by a fused 5-membered ring heterocycle increased
metabolic stability. During screenings of different substituents on the triazole ring the
trifluoromethyl group proved to have a profound impact on bioavailability and slightly increase
potency at the same time.33 This result might be explained by the strongly electron-withdrawing
effect of the trifluoromethyl group reducing the hydrogen bonding abilities of the triazole, and
affecting the desolvation required for membrane permeation.
Lipophilicity arguments can only partially explain the potency enhancements provided by the
fluorine substituents. Analysis of the X-ray structures of sitagliptin bound to DPP-IV has
suggested that the 2-fluoro substituent has a favorable charge-dipole interaction with a
positively charged arginine moiety.34 The remaining two aryl fluorides presumably also
contribute to potency through other close contacts and optimal fitting of the pocket. The limited
contribution from the trifluoromethyl group appears to come from favorable interactions with
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another arginine residue located in the active site of DPP-IV. These kind of interactions,
between the C–F bond and the amino acid residues located within the protein pocket have been
described in a review by Müller and Diederich.35

1.3.3 Safety and Solubility
An additional application of fluorine in drug discovery is exemplified in the optimization
processes that led to fluconazole (Scheme 3), an antifungal agent capable of inhibiting the
function of the 14α-demethylase protein needed to produce the principal fungal sterol
ergosterol. The initial compound of interest, tioconazole, was effective when administrated
topically.36 However, its high lipophilicity rendered it a poor compound for oral and intravenous
administration due to low oral bioavailability, high plasma protein binding, and high metabolic
clearance. Attempts to reduce lipophilicity and metabolic lability, thought to originate from the
imidazole moiety, resulted in the 2,4-dichloro analog of fluconazole. This compound showed
high levels of activity, excellent bioavailability and half-life.37 Unfortunately, preclinical safety
studies were disappointing as the molecule proved to be hepatotoxic in mice and dogs and
teratogenic in rats.37

Scheme 3. Improving potency and bioavailability of tioconazole through fluorine substitution.

To overcome these issues the solution turned out to be quite simple. Substitution of the two
chlorines with fluorides yielded fluconazole, a compound devoid of both teratogenicity and
hepatotoxicity. In addition, the fluorine substitution improved aqueous solubility as well as
metabolic stability.37
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Conclusions and Outlook

Strong electronegativity and small size are the trademarks of fluorine, allowing it to strongly
interact with a carbon-based framework. The unique nature of the C–F bond builds the
foundation on which organofluorine chemistry lays. Its properties have been exploited in
numerous situations ranging from pKa and lipophilicity modulation to stabilizing distinct
conformations. This work aims at exploring the potential application of partially fluorinated
building blocks in medicinal chemistry as new tools to fine-tune lipophilicity and other relevant
physicochemical properties of lead compounds. The series of compounds described in this
work, as well as their measured properties will not only contribute to the current understanding
of fluorinated alkyl groups, but also extend the knowledge of their effect on amine
functionalities.

Partially Fluorinated Alkyl Groups
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Partially Fluorinated Alkyl Groups

This Chapter provides an overview on partially fluorinated alkyl groups based on some of the
currently available literature. Part of the results presented in this Chapter are subject of recent
publications and are described in the Ph.D. thesis of Quentin A. Huchet.46,53,60 It also includes
contents from the publications of Klaus Müller and coworkers.52,35,53

2.1

Introduction

The unique characteristics of fluorine substituents and their effects on molecular properties
have led to countless applications in lead optimization, ranging from pKa modulation of amines
to alteration of lipophilicity to selective blocking of oxidative metabolism. However, although
the modulation of lipophilicity plays a decisive role in the pharmacokinetic behavior of drug
candidates, the data documenting the impact of fluorine on lipophilicity is largely limited to
aromatic systems. The information available on the effect of aliphatic fluorinated systems on
lipophilicity is scarce and only recently medicinal chemists started to systematically study how
fluorine influences the physicochemical properties of compounds bearing alkyl fluorides.
Most of the fluorine-containing drugs on the market or at various stages of clinical
development either carry a para-fluorophenyl or a trifluoromethyl group. By contrast,
monofluoro- and difluoromethyl, as well as corresponding alkyl groups, are encountered with
considerably lower frequency.38 Mono- or difluoromethyl groups directly attached to aromatic
or heteroaromatic moieties are hardly encountered, whereas the difluoromethyl unit is
occasionally found in corresponding methoxy or methylsufanyl groups. The monofluoromethyl
unit is typically embedded in fluoroethyl, fluoropropyl, or larger fluoroalkyl groups. This is
particularly effective in the context of
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F labeling of drug candidates for exploratory PET

studies.39
The development of synthetic methods for the synthesis of aryl fluorides has profited from
early research on fluorine aromatic substitution, in particular with the introduction of the BalzSchiemann reaction.40 To this day, the main obstacle in the synthesis of fluoroorganic molecules
remains the dangerous nature of fluorinating reagents. Usually extremely reactive and tedious
to handle, the earlier reagents often involved the use of extremely hazardous HF or elemental
fluorine.41 These reagents were not very selective and therefore their use was restricted to a
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limited number of reactions. With the growing interest of the pharmaceutical and agrochemical
industries in fluorinated compounds, the demand for milder and more selective fluorinating
reagents grew accordingly. In the last decades, the progress made in fluorination techniques
allowed chemist to incorporated fluorine into carbon frameworks in an unprecedented efficient
and selective way. With the advent of mild fluorinating and trifluoromethylating agents42,43 and
the progress made in metal complex-promoted fluorination,44 the number of new fluorinated
compounds is steadily increasing. Medicinal chemists have access to more complex fluorinated
structures and can systematically analyze the physicochemical implications of one or more
fluorine atoms embedded into a molecule, thereby expanding the field of applications from aryl
fluorides to alkyl fluorides and in particular to partially fluorinated alkyl groups.

2.2

Polarity of Partially Fluorinated Alkyl Groups

2.2.1 Partially Fluorinated Methyl Groups
Hydrogen-fluorine exchange is often accompanied by a slight but distinct lipophilicity
increase. However, it has been noted already quite early that the largely positive logP changes
observed for hydrogen-fluorine exchanges at aromatic cores contrast the often negative ΔlogP
effects when either a single hydrogen or a methyl group are replaced by a fluorine atom or a
CF3 group on aliphatic moieties.45 An interpretation of the remarkable lipophilicity pattern
exhibited by the partially fluorinated terminal methyl groups is provided in Figure 8.46

µcalc (gas phase)

µCF

µ ~ µCF

µ ~ 2 x 1/√3 µCF
~ 1.16 µCF

µ ~ 3 x 1/3 µCF
~ µCF

Figure 8. Comparison of calculated gas phase dipole moments of partially fluorinated propane derivative
in their preferred conformation (Top) with expected values from simple C–F polarity vector analysis
(Bottom).46
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The simple vector analysis shown at the bottom of Figure 8 is based on a number of key
assumptions: (i) molecular dipole moments can be assigned to the individual bond dipole
moments, µCF, of the highly polarized C–F bonds; (ii) C-F dipole moments are independent of
their structural context; (iii) geometries of the carbons sp3 orbitals are ideally tetrahedral. Under
these conditions, the three C–F bond dipole moments in the CF3 group combine to furnish a net
dipole moment of µCF, which also corresponds to that found in the CH2F group. For the CHF2
group the two C–F bond vectors sum to afford a dipole moment vector of approximately 1.16
µCF. A closer look at the calculated gas phase dipole moments of monofluoro-, difluoro-, and
trifluoropropane (Table 3) reveals that there is no perfect correlation with the predicted values.
Although CH3CH2CH2F2 possesses a higher dipole moment than mono-fluoropropane the
dipole moment of CH3CH2CF3 is the highest of the three fluoropropanes. This deviation can be
rationalized by a more efficient polarization of the aliphatic backbone by the CF3 group
compared to CHF2 and CH2F groups.
An interesting case where this lipophilicity behavior has been described 46 is represented by
n-propylbenzene (Figure 9). Translating the simple concept of vector analysis outlined above
to the n-propylbenzene case, one might expect for both 3 and 5 a comparable decrease in
lipophilicity due to the polarity gained from the C–F bonds, defined as ΔlogPµ in Figure 9. This
logP downshift is compensated in both cases by ΔlogPV, the lipophilicity gained from the
volume increase ΔVH/F upon one H/F exchange. In the case of 3 the volume increase is
compensated by one ΔlogPV, while for 5 it is compensated by three times ΔlogPV, one for each
fluorine atom. There are no reports in literature on the logP value of 3,3-difluoropropylbenzene
(4). The lipophilicity change ΔlogP from 2 to 4 would be anticipated to be somewhat similar to
that from 2 to 3, as the larger polarity effect ΔlogPµ of 4 is back-compensated by two times
ΔlogPV.

17

Partially Fluorinated Alkyl Groups

Figure 9. Interpretation of experimental logP values of partially fluorinated n-propylbenzenes based on
simple C–F polarity vector analysis.46

In order to render the analysis of the logP values of fluorinated n-propylbenzenes 3-5 more
realistic, one could employ the calculated dipole moments of partially fluorinated propane
(Table 3). The assumption that needs to be made is that the relative lipophilicities of the
compounds in the fluorinated n-propylbenzene series 3 and 4 are proportional to the relative
polarities of the corresponding fluorinated derivatives taken from Table 3. From Table 3 one
can notice that the computed dipole moments of difluoropropane and trifluoropropane, in their
preferred conformations, are 1.25 and 1.30 times the dipole moment of fluoropropane,
respectively. Together with the experimental logP data values for 3 and 5 (Figure 9) a volume
effect of ΔlogPV ~ 0.25 is calculated. This would lead to a predicted lipophilicity of
difluoropropylbenzene 4 of logP ~ 3.1.
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Table 3. Calculated and experimental gas phase dipole moments of partially fluorinated methane, ethane,
and propane derivatives.

Scaled computed
dipole moment
(Debye)a

Exp. dipole moment in
the gas phase
(Debye)

FCH3

1.81

1.8547

F2CH2

1.91

1.9747

F3CH

1.58

1.647

FCH2CH3

1.93

1.9447

F2CHCH3

2.26

2.2748

F3CCH3

2.32

2.3248

FCH2CH2CH3 gaucheb

1.87

1.9049

FCH2CH2CH3 transb

2.00

2.0549

F2CHCH2CH3 gauche-gauchec

2.20

n.a.

F2CHCH2CH3 trans-gauchec

2.34

n.a.

F3CCH2CH3

2.43

n.a.

CH3CHFCH3

1.98

1.9650

CH3CF2CH3

2.39

2.4051

Compound

a

Dipole moments computed by B3LYP/cc-pVDZ++ and scaled by a factor of 0.946.46

b

The gauche conformation is predicted to be preferred over the trans conformation by 0.3 kcal/mol.50

c

The trans-gauche conformation is predicted to be preferred over the gauche-gauche conformation by
0.3 kcal/mol.

In summary, the first model, where only dipole moment values obtained from the simple
vector analysis are used, leads to the same prediction as the second model based on calculated
dipole moment values: both terminal mono- and difluoropropyl group result in a marked
lowering of logP, in contrast to the modest logP lowering effect upon replacement of all three
terminal hydrogen atoms by fluorine atoms.

2.2.2 The Vicinal Difluoride Case
Vicinal difluorides tend to adopt the preferred gauche conformation commonly described as
the gauche-effect. This leads to a F–C–C–F dihedral angle of approximately 70°, which is
significantly smaller than the corresponding F–C–F angle of a geminal difluoride arrangement
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(109°). As a consequence, summation of the local C–F bond polarity vectors leads to the
prediction that the dipole moment resulting from the vicinal arrangement of two C–F bonds is
larger than that for a geminal configuration. As shown in Figure 10 for geminal substituted
fluoroethane, the two bond dipole moments (µCF) sum to afford a net dipole moment µres of
approximately 1.16 µCF.

µres = 2/√3 µCF ~ 1.16 µCF

µres = √8/√3 µCF ~ 1.63 µCF
Figure 10. Vector analysis comparing geminal and vicinal arrangements of difluoroethane.46

For the gauche conformation of the vicinal substituted fluoroethane, the corresponding pair of
bond dipole moments result in a net dipole moment µres of approximately 1.63 µCF. These
simple geometrical considerations predict that the polarity of a vicinal difluoro arrangement is
ca. 40% larger than for a geminal difluoro substitution.
For a more detailed analysis of the effect of geminal and vicinal difluoride arrangements on
lipophilicity, one can take into consideration the computed gas phase dipole moments (µcalc) of
both difluoropropanes shown in Figure 11. For 1,1-difluoropropane, the two conformers that
need to be considered are the gauche-gauche (both C–F bonds are gauche to the carbon
backbone) and the gauche-trans (C–F bond is gauche and antiperiplanar to the carbon
backbone) conformers. For 1,2-difluoropropane there are also two distinct conformations that
are possible for a vicinal gauche arrangement. In the first case (gauche-gauche), the two C–F
bonds are gauche to each other and the terminal C–F bond is gauche to the carbon backbone.
In the second case (gauche-trans) the two C–F bonds are gauche to each other and the terminal
C–F bond is antiperiplanar to the carbon backbone. In both cases, the energy difference
between gauche-gauche and gauche-trans is small in the gas phase, suggesting that the two
conformers are almost equally distributed at equilibrium. The polarity increase from geminal
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to vicinal difluoropropane can therefore be estimated to be approximately 0.53 D,
corresponding to an increase of ca. 23%, which is slightly less than the qualitative estimate
based on the simple C–F bond vector analysis.

gem-gauche-gauche
µcalc = 2.34 D
Erel,g = 0.0 kcal/mol

gem-gauche-trans
µcalc = 2.19 D
Erel,g = 0.3 kcal/mol

vic-gauche-gauche
µcalc = 2.62 D
Erel,g = 0.0 kcal/mol

vic-gauche-trans
µcalc = 2.97 D
Erel,g = 0.1 kcal/mol

Figure 11. Computed gas phase dipole moments (µcalc) of geminal and vicinal difluoropropane. Relative
energies calculated in the gas phase (Erel) are provided for various conformations of both compounds.46

2.2.3 Lipophilicity of Partially Fluorinated 3-Substituted Indole Derivatives
The conclusions drawn from simple vector analysis and calculated gas phase dipole moments
of fluoropropanes can be verified by the experimental values of partially fluorinated 3substituted indole derivatives. In a series of 3-substituted indoles, the impact of fluorinated
propyl and butyl alkyl moieties as well as the fluorine substitution pattern on lipophilicity was
systematically studied.46,52 The values shown in Figure 12 for compounds 6-9 confirm what
was already observed in the case of fluorinated n-propylbenzenes. The monofluoropropyl
derivative (7) has the lowest logP value of the whole series of fluorinated methyl groups, closely
followed by the terminal geminal fluoride derivative 8. The trifluoromethyl group of derivative
9 is also capable of lowering logP but to a smaller extent, owing its poor lipophilicity reduction
ability to the significant ΔlogPV contribution from the three fluorine atoms. The logP values of
these four examples (6-9) are in good agreement with the previously predicted lipophilicity
trend CH3 >> CH2F ≤ CHF2 < CF3.
Another example confirming an observation made early is represented by derivative 11. The
terminal vicinal difluoride pattern was expected to be more effective at lowering logP than its
geminal difluoride counterpart based on the predicted dipolar moments. Not only is derivative
11 considerably less lipophilic than the neutral compound (6), it is also significantly more polar
than difluoro analogs 8 and 10. A similar trend can also be observed in the series of partially
fluorinated butyl analogs (12-15). Although all the vicinal difluoro analogs (13-15) are clearly
more polar than geminal difluoride 12, a comparison with a terminal geminal difluoride analog
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would be helpful to confirm this trend also for the butyl series. There seems to be no
considerable lipophilicity differences between a terminal and internal vicinal difluoro
substitution pattern (13, 14/15) as well as between an erythro (anti) or threo (syn) difluoride
configuration (14, 15).

Figure 12. Experimentally measured logP values for a series of 3-substituted indole derivatives.46,52

2.3

Basicity of Fluorinated N-Alkyl Amines

Fluorine substitution in the vicinity of an amine center can have a variety of desired effects
related to the decreased basicity. Among them is increased permeability through cellular
membranes resulting in better bioavailability and enhanced metabolic stability, for example,
against oxidation or dealkylation by cytochrome P450 enzymes, one of the major incentives for
fluorine introduction in lead-optimization processes.
The impact of fluorination on aliphatic amine bases has been well characterized and exploited.
In a systematic study, workers at Roche demonstrated53 that some rules of thumb could be
generated for estimating the pKa of fluorinated alkyl amines. Sequential substitution of a
hydrogen atom in β position to an amine leads to a decrease in pKa of ~ 1.7 units for each
additional fluorine atom (Figure 11).
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Figure 13. Cumulative effect of fluorine substitution at the β position of propylamine.53

While repeated fluorine substitution on the same carbon has a cumulative effect on basicity a
different trend is observed when the distance between amine and fluorine atom is increased.
The electron-withdrawing effect of the fluoride substituent decreases exponentially after each
additional carbon with the methylene units acting as insulators. The non-linear decay of ΔpKa,
summarized in Table 4, starts at the β position (ΔpKa = -1.7) and reaches to the ε position (ΔpKa
= -0.1). With this data it is possible to quickly predict the changes in pKa and with reasonable
accuracy upon single or multiple fluorine substitutions on an aliphatic chain.

Table 4. Dependence of fluorine induced pKa shifts as a function of distance from the basic center.54

n

position

ΔpKa

1

β-F

-1.7

2

γ-F

-0.7

3

δ-F

-0.3

4

ε-F

-0.1

There are a few instances where these rules-of-thumb do not strictly apply, in particular for
cyclic systems like fluoropiperidines. The electron-withdrawing effect is transmitted through
the carbon framework from both sides of the ring. Therefore, the pKa of 4-fluoropiperidine with
the fluoride in γ-position is expected to be 1.4 units (ΔpKa = -0.7 + -0.7) lower than the neutral
parent compound. Accordingly, the pKa of 3-fluoropiperidine should be decremented by 2.0
(ΔpKa = -1.7 + -0.3). As shown in Figure 14, the experimentally determined basicity values of
both compounds differ slightly from the expected values. These differences can be attributed to

23

Partially Fluorinated Alkyl Groups

separate ΔpKa values for axial and equatorial fluoride substituents. Comparisons between single
and geminal fluoro-substituted piperidines54,55a have shown that an axial fluoride in γ-position
reduces pKa by 0.9, while an equatorial fluoride substituent lowers it by 1.7. For an axial
fluoride in β-position, the decrease in basicity by 1.4 is low compared to the acyclic case (1.7).
In this orientation the dipole of the C–F bond aligns in a favorable fashion with the dipole from
the N+–H bond, thereby stabilizing the protonated form. Meanwhile, the equatorial fluorosubstituent does not provide any stabilization of the protonated species, thus lowering the pKa
by 2.3.54,55a

Figure 14. Basicity of 3- and 4-fluoropiperidines. Axial and equatorial fluoro-substituents have different
effects on the pKa of the basic amine.54

In a series of NMR studies55b carried out in various organic and water solutions, it was
established that protonated 3-fluoropiperidine is only present in a conformation where the
fluoride substituent occupies the axial position. As soon as the compound is deprotonated the
substituent adopts an equatorial orientation. As a consequence, it is reasonable to expect the
pKa shift of 3-fluoropiperidine (1.8) to lie in between that of an equatorial (2.3) and axial (1.4)
position.
In some instances, alkyl fluorides can also exhibit topological pKa differences as shown by a
study on the human 5-HT1D receptor ligand 3-(3-(piperidine-1-yl)propyl)indole.56 The aim of
this work was to explore the effect of fluorine substitution on the pKa of the piperidine ring in
order to improve the pharmacokinetic profile of the molecule (Figure 15). H/F substitutions at
the β position of the propyl linker between the piperidine and indole moieties showed that a
single fluoride lowers the pKa of the piperidine amine by one unit. This value is significantly
lower than the expected value shown in Table 3 (ΔpKa = -1.7). Substitution of the second β
hydrogen brings the total pKa downshift to ΔpKa = -3, resulting in an average pKa decrement of
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1.5 units per fluorine which is in good agreement the predicted value. However, the dramatic
difference between the two pKa shifts clearly points to a specific inequality of the two fluorine
atoms. Because the propyl chain most likely adopts an all-trans conformation, the first fluorine
atom will assume a gauche conformation with respect to the piperidine nitrogen. The most
favorable position will be the one in which the polar C–F bond is 1,3-syn to the N+-H bond of
the protonated piperidine, with concomitant stabilization of the protonated base. The second
fluorine atom will have to take the other gauche position devoid of favorable 1,3-syn
interactions with the ammonium group.

Figure 15. Unequal pKa shifts observed for the first and second fluorine atoms inserted into the propyl
linker.56

2.4

Partially Fluorinated O- and N-linked Alkyl Groups

2.4.1 Pharmacological Properties of Fluoroanisoles
Alkoxy groups are frequently used in medicinal chemistry, with the methoxy and
trifluromethoxy being the most prominent and well-studied moieties. Only a handful of
examples with difluoromethoxy groups are available, while there are even fewer cases with
monofluoromethoxy.38 These fluoromethoxy groups can almost exclusively be found attached
to aromatic rings as seen by the examples shown in Figure 16. When embedded into a molecule,
they can have a significant impact on its lipophilicity, metabolic stability, and cellular
permeability if compared to the non-fluorinated analog.
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Figure 16. Examples of marketed pharmaceuticals bearing fluorinated alkoxy groups. There are no
examples of drugs containing a monofluoromethoxy group currently on the market.38

Interestingly, when a methoxy group is introduced into an aromatic ring the lipophilicity of
the compound is barely changed (Figure 17). When the methoxy group is replaced by a
trifluoromethoxy group lipophilicity increases significantly by almost one logP unit as shown
by the analysis of 36 matched molecular pairs (MMPs).52 Removal of one fluorine atom lowers
lipophilicity by an average of ΔlogP ~ 0.7 ± 0.1.

Figure 17. Experimental ΔlogP effects based on matched molecular pairs.52

Very similar results have been obtained in a study by researchers at Pfizer, who have looked
at lipophilicity trends within a series of anisole derivatives by matched molecular pair analyses
of OCH3/OCF3 and OCF3/OCHF2 groups from their internal database.57 Differences in
metabolic stability between the molecular pairs were also measured revealing that for
OCH3/OCF3 substitutions there is no significant difference in metabolic clearance. The effect
of these substitutions on metabolic stability is strongly compound-specific with many
compounds showing increased stability upon switching to OCF3 while a similar amount proved
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to be more labile after incorporation of a trifluoromethoxy group. On the contrary, analysis of
the metabolic stability data of the anisole derivatives revealed that there were more OCHF2
compounds than the OCH3 analogs (32 vs. 26) in the metabolically stable category (human liver
microsomes (HLM) clearance < 9.2). At the same time, anisole derivatives with a OCH3 group
prevailed over OCHF2 analogs (69 vs. 64) in the metabolically unstable category (human liver
microsomes (HLM) clearance > 48).
Permeability through the lipid bilayer of a cell is also an important property of drug
candidates. It plays a critical role in oral absorption, blood-brain barrier permeation, cellmembrane penetration for intracellular targets and skin absorption of transdermal products.58
Along with other biopharmaceutical properties, the ability of a compound to pass through the
lipid bilayer of a cell is an important determinant to the success of a drug. In the case of the
OCH3/OCF3 matched pairs the non-fluorinated compound is more permeable than its
trifluoromethoxy counterpart. The large volume difference and consequent increase in
lipophilicity between the pairs might be deleterious to membrane penetration via a trans-cellular
route, rendering the OCF3 group intrinsically less permeable than the OCH3 group. Under this
aspect, the OCHF2 group is a better alternative to OCF3 in both permeability and lipophilicity
profiles.

2.4.2 Conformation of Fluoroanisoles
For the non-fluorinated derivatives of anisole the methyl group adopts a coplanar geometry
with respect to the aromatic ring, which is energetically preferred (~3.0 kcal/mol)35 to the
orthogonal arrangement. The preference for the coplanar conformation stems from a favorable
interaction between the p orbital of the sp2-hybridized oxygen and the π system of the benzene
ring (Figure 18). In the case of the trifluoromethoxybenzene derivatives, the CF3 group adopts
primarily an orthogonal geometry with respect to the aromatic ring.59 Any deviations from the
90° torsion angle between the aromatic ring and the O–CF3 bond will lead to increased steric
repulsion between the sterically demanding trifluoromethyl group and the ortho substituents.
In this conformation, two C–F bonds are antiperiplanar to both oxygen lone pairs, leading to an
anomeric conjugation between σ*CF and nO. As a consequence of this hyperconjugative
interaction the conjugation between oxygen and the π system of the benzene ring is weakened,
which additionally disfavors a coplanar alignment.
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The case of the difluoromethoxy group is of particular interest since derivatives of
difluoromethoxybenzene can adopt two characteristically different conformations. In one
conformation both C–F bonds are antiperiplanar to the oxygen lone pairs (endo-endo
conformation), allowing the two σ*CF orbitals to interact with the nO orbitals of oxygen. For
this conformation the torsion angle of the difluoromethyl moiety ranges from 60° to 90°. On
the other hand, in the endo-exo conformation, only one C–F bond lies opposite to an oxygen
lone pair, while the second C–F bond is antiperiplanar to the C–O bond. In this conformation
the torsion angle varies between 0° and 60°.52

Figure 18. For the CHF2 unit two conformations with different torsion angles (τ) are possible while only
one conformation is observed for OCH3 and OCF3 groups.

The different spatial orientations of the C–F bonds in the two conformations of
difluoromethoxybenzene lead to distinct polarity values predicted for each conformer. The
simplified bond vector analysis for the two conformers52 shown in Figure 19 explains the
polarity difference based on the geometry of the CHF2 groups. In the case of the endo-endo
conformer, the dipole moments of the C–F bonds (µCF) are not significantly reinforced by the
two C–O dipoles (µCO) resulting in a modest polarity value (µres = 0.44 µCF). On the other hand,
one of the C–O dipoles can add to a C–F dipole leading to a substantial increase in polarity for
the endo-exo conformer (µres = 1.36 µCF).
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µres ~ 0.44 µCF

µres ~ 1.36 µCF

Figure 19. Simplified bond vector analysis for the conformations of difluoromethoxybenzene.52

2.4.3 Lipophilicity of Partially Fluorinated Alkyl Ethers
The amount of information available on the lipophilicity and other pharmacological properties
of compounds incorporating partially fluorinated propyl and butyl ethers is limited. Only a
restricted number of drug candidates currently in biological testing contain such groups.37 The
majority of compounds with terminally fluorinated propoxy or butoxy groups are mostly used
in positron emission tomography (PET) studies to determine where the drug accumulates in the
body. The physicochemical properties of 19F labeled compounds are rarely studied despite the
fact that the addition of fluoride could change some of the pharmacological properties
significantly.
One systematic study that analyzed the effect of partially fluorinated propoxy substituents on
lipophilicity has been carried out on 5-substituted indole derivatives.60 The experimental logP
values of the series of partially fluorinated propoxy indoles (18-21) reproduce the lipophilicity
order already observed for the 3-substituted indoles in Figure 10, i.e. CH3 >> CH2F ≤ CHF2 <
CF3 (Figure 20).
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Figure 20. Experimentally measured logP values for a series of 5-substituted fluoropropoxy indole
derivatives.60

2.4.4 Partially Fluorinated N-Alkyl Groups
Apart from

19

F-labeled compounds used as diagnostic agents there are currently only a

handful of marketed drugs containing acyclic partially fluorinated N-alkyl groups (Figure 21).
A much larger number of compounds embedding these groups are currently at different stages
of clinical trial or under biological testing.38

Figure 21. Examples of drugs containing fluorinated N-alkyl groups currently under biological
testing.61,62

One of the driving forces behind the use of these fluorinated alkyl groups is their ability to
modulate the basicity of the nearby amine functionality.63,64,65 There are number of reason why
fluorine is best suited for such a task. First, as described in section 2.3, the reduction in pKa can
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easily be predicted from the number of fluorines and their distance from the nitrogen atom.
Second, compared to the other halogens, fluorine is less subjected to nucleophilic displacement
and therefore more chemically robust. Third, the small size of fluorine brings only minimal
changes to the shape and weight of the molecule after a H/F substitution. There is not much
data available on how partially fluorinated N-alkyl groups influence other physicochemical
properties of a molecule such as lipophilicity, solubility or metabolic stability.

2.5

Conclusions

In this Chapter, a brief introduction was given on the current knowledge of partially
fluorinated alkyl chains. The recent publications described herein greatly contributed to the
understanding of the lipophilic behavior of saturated aliphatic systems bearing fluorine
substituents. In particular, a distinct lipophilicity trend has been theoretically predicted and was
experimentally observed for terminal substituted alkyl fluorides. The effects of partially
fluorinated alkyl moieties on nearby heteroatoms have not been studied extensively. Based on
the scattered information available on acyclic N-fluoroalkyl chains, pKa values of basic amines
could be predicted for a limited variety of fluorine substitution patterns. So far, no systematic
study on fluoroalkyl amines was undertaken to experimentally prove this hypothesis, or
examine the influence of fluorine substituents on pharmacologically properties.
Despite the progress made in recent years, partially fluorinated alkyl moieties are not yet part
of the standard repertoire used by medicinal chemists to improve and fine-tune physicochemical
properties of lead compounds. In order to establish the potential of these moieties more
information needs to be gathered by exploring additional fluorine substitution patterns.
Furthermore, assessing the effect of partially fluorinated alkyl groups on molecules when they
are connected through different heteroatom linkers would provide further insight into the
beneficial properties of such groups.
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Aim of this Work

The aim of this work is to further extend the knowledge on partially fluorinated alkyl groups
and provide new data on the effect of such groups on amine functionalities. The rule-of-thumb
used to predict the decrease in basicity of amines is based on simple acyclic substrates. One of
the objectives of this work is to test this rule and, if proved correct, provide additional examples
to consolidate it. Partially fluorinated alkyl groups have also been associated with increased
metabolic stability.53 Therefore, it would be interesting to determine if this is valid also for Nfluoroalkyl amines, and how the reduced basicity and varying lipophilicity affects metabolic
degradation. Another goal is to assess the impact of partially fluorinated alkyl groups on
lipophilicity and other relevant pharmacological relevant properties when they are attached to
amine functionalities. In addition, it would be of interest to determine whether certain
lipophilicity trends observed previously for terminal substituted alkyl fluorides can be
confirmed.
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The results presented in this Chapter were published in ChemMedChem.66 Purification and
purity assessment of the final compounds were performed by Daniel Zimmerli (F. HoffmannLa Roche). Small-molecule X-ray structures were resolved by Nils Trapp (ETH Zurich). Björn
Wagner, Holger Fischer, Nicole A. Kratochwil and Manfred Kansy (F. Hoffmann-La Roche)
measured pKa, lipophilicity, solubility and metabolic stability values. The bond dipole analysis
on possible conformations in solution and on crystal structures of the target compounds was
performed by Klaus Müller.

3.1

Choice of Substrates

Previous systematic studies on the effect of partially fluorinated alkyl groups used indoles as
substrates.46,53 For the purpose of this work, it was decided to choose a substrate that was
already being marketed and could serve as prototypical example for fluorine-mediated
modulation of pharmacologically relevant properties in an active drug. The selection criteria
required a basic amine, preferably in a cyclic saturated ring, carrying either an n-propyl or nbutyl chain. The choice fell on ropivacaine67 and levobupivacaine,68 both introduced in the
market as local anesthetics (Figure 22).

Figure 22. Examples of drugs available on the market containing fluorinated N-alkyl groups.

They contain an N-2,6-dimethylphenyl-substituted carboxamide unit α to the piperidine
nitrogen atom with (S)-configuration. The bulky substituent may be expected to constrain the
conformational flexibility of the N-alkyl group. Furthermore, the study of the various
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fluorinated configurational isomers of the parent (chiral) piperidine allows examining the
interesting additional feature of epimeric fluorination patterns with intrinsically different
physicochemical properties.
The structures of ropivacaine (22) and levobupivacaine (23) include a n-propyl and n-butyl
chain, respectively. This setup allowed the exploration of several fluorine substitution patterns
as shown in Figure 23. For the series of terminally substituted fluorine (24-26 and 30-32) a
similar lipophilicity trend was expected as already observed for the indole derivatives described
in Chapter 2. The vicinal difluoro motif was also included with its two epimers ((S)/(S) and
(S)/(R)) and is represented in both the propyl and butyl series (27/28 and 39/40). This would
have given the opportunity to study the impact of the same fluorine substitution motif (e.g.
terminal fluorine substitution, vicinal difluoro substitution) on two distinct alkyl groups.
Furthermore, there are also examples with mono and difluoro substitution at the β position of
nitrogen (29, 33, 34). Finally, the internal vicinal difluoro motif was also selected including all
possible configurations. This last pattern would allow studying the differences between erythro
(anti) and threo (syn) configurations (37/38 versus 35/36) as well as the effect of fluorine
inversion at a single stereogenic center (27/33 versus 28/34).

Figure 23. Fluorine substitution patterns chosen for this work.
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Retrosynthetic Analysis

An advantage of the ropivacaine and levobupivacaine structures is their quick assembly
through a modular approach. As shown in Scheme 4, the first disconnection can be made
between the alkyl chain and the piperidine ring, leading to the fluorinated alcohol and piperidine
carboxamide as potential precursors. The piperidine carboxamide can be further separated at
the amide bond in order to have 2,6-dimethylaniline and N-Boc-protected (S)-pipecolic acid as
commercially available starting materials.

Scheme 4. Disconnection strategy for fluorinated ropivacaine and levobupivacaine analogs.

The main strategy to access the fluoroalcohol fragments is based on deoxyfluorination, i.e.,
displacement of hydroxide by fluoride. Yin et al.69 reported a single-step procedure to convert
primary, secondary, and in some cases tertiary alcohols to the corresponding fluorides. In the
presence of a weak base, in this case triethylamine, the alcohol is converted to the nonaflyl ester
which is in turn displaced in situ by the nucleophilic attack of fluoride (Scheme 5). The
displacement occurs with complete inversion at the stereogenic center allowing the synthesis
of chiral fluorides from enantiomerically pure alcohols or epoxides. Triethylamine
trihydrofluoride, the fluorinating reagent used for this reaction, is a mild fluoride source that
does not require special equipment and can be used with common laboratory glassware. The
major side reaction observed for this reaction is elimination of the nonaflyl ester leading to an
olefin. This unwanted elimination reaction is promoted by triethylamine or fluoride itself as
anhydrous fluoride is a strong base (pKa in DMSO: 15 (HF), 1.8 (HCl), 0.9 (HBr)).

Scheme 5. Strategy for the synthesis of protected fluoroalcohols and possible side reaction.69
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This method has been proven successful in the past46,53 and relies on the vast literature
available describing the synthesis of chiral alcohols and epoxides. By this method, terminal
fluorides could be accessed from their primary alcohol counterparts while terminal difluorides
could be obtained from the respective aldehyde. For the latter, the reagent of choice would be
diethylaminosulfur trifluoride (DAST) or its milder analog bis(2-methoxyethyl)aminosufur)
trifluoride (Deoxo-Fluor), two fluorinating reagents capable of converting aldehydes and
ketones to the corresponding vicinal difluorides (Figure 24).70

Figure 24. Common fluorinating reagents used for the synthesis of geminal difluorides and
trifluoromethyl groups.

In order to obtain the trifluoromethyl substituted alcohol one option would be to start from
the respective carboxylic acid (Figure 21). There are literature examples where DAST or
Fluolead have been used to convert a carboxylic acid to a trifluoromethyl group but conversion
was poor and Fluolead suffers from poor functional group tolerance.71

Scheme 6. Strategy for the synthesis of protected fluoroalcohols.

Another option would be to buy the required trifluoroalcohols since the commercial
availability of terminally substituted fluoroalcohols is much more extended than for other
fluoroalcohols. Vicinal difluorides are preferentially accessed from their chiral epoxide
precursor, usually via an epoxide opening/alcohol displacement sequence over two steps. For
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the single substitution at the β position a late stage fluorination is envisioned. The nitrogen from
the piperidine carboxamide could open a terminal epoxide from the less hindered position to
afford the secondary alcohol, which is then converted to the secondary fluoride through a
deoxyfluorination reaction (Scheme 6).

3.3

Synthesis of Partially Fluorinated N-Alkyl-Substituted Piperidines-2Carboxamides

3.3.1 Ropivacaine and Levobupivacaine
First, the reference compounds ropivacaine (22) and levobupivacaine (23) were synthesized.
The key intermediate carboxamide 43 was obtained 72% yields over two steps starting from
commercially available N-Boc-protected (S)-pipecolic acid (41) (Scheme 7). Conversion of 41
to 43 occurred via the mixed anhydride generated from isobutyl chloroformate (IBCF), and
subsequent treatment with 2,6-dimethylaniline, followed by deprotection of 42 with
trifluoroacetic acid (TFA). Ropivacaine (22) and levobupivacaine (23) were obtained in yields
of 93% and 87%, respectively, by treating carboxamide 43 with nosylated 1-propanol for 22
and with nosylated 1-butanol for 23, under basic conditions in boiling acetonitrile.72 The 4nitrobenzenesulfonate group was chosen in order to have solid compounds that were easy to
handle and could be stored for a longer time period.

Scheme 7. Synthetic access to carboxamide 43, ropivacaine (22) and levobupivacaine (23). Reagents
and conditions: a) IBCF (1.1 equiv.), Et3N (1.1 equiv.), 2,6-dimethylaniline (1.3 equiv.), CH2Cl2, 0 °C
to r.t., 78%; b) TFA (5.4 equiv.), CH2Cl2, 93%; c) 46: 4-nitrobenzenesulfonyl chloride (1.2 equiv.), Et3N
(2.0 equiv.), DMAP (10 mol%), CH2Cl2, 85%; 47: 4-nitrobenzenesulfonyl chloride (1.3 equiv.), Et3N
(1.1 equiv.), DMAP (10 mol%), CH2Cl2, 83%; d) 22: 43 (1.0 equiv.), K2CO3 (2.2 equiv.), MeCN, 90
°C, 94%; 23: 43 (1.2 equiv.), Na2CO3 (2.2 equiv.), MeCN, 90 °C, 87%.
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3.3.2 Terminally Substituted Alkyl Fluorides
Monofluorides 24 and 30 were synthesized following a similar synthetic route using propane1,3-diol (48) and butane-1,4-diol (49) as starting materials (Scheme 8). The diols were allowed
to react with sodium hydroxide and benzyl bromide to generate the respective benzyl ethers 50
and 51 in 73% and 99% yield, respectivley.73 Following the procedure described by Yin et al.69
both alcohols were then treated with a mixture of DBU, nonaflyl fluoride and TBAF/tert-butyl
alcohol complex74 at 0 °C to form propyl fluoride 52 in 83% and butyl fluoride 53 in 84% yield.

Scheme 8. Synthesis of nosylated monofluoro propanol 54 and butanol 55. Reagents and conditions: a)
50: BnBr (1.0 equiv.), KOH (4.4 equiv.), 73%, 51: BnBr (1.0 equiv.); 49 (4.5 equiv.), KOH (4.4 equiv.),
99%; b) 52: NfF (1.5 equiv.), DBU (1.1 equiv.), TBAF(tBuOH)4 (15 mol%), THF, 0 °C to r.t., 83%; 53:
NfF (1.5 equiv.), DBU (1.0 equiv.), TBAF(tBuOH)4 (50 mol%), THF, 0 °C to r.t., 84%; c) 54: i. Pd/C
(6 mol%), H2 (1 atm), CH2Cl2; ii. 4-nitrobenzenesulfonyl chloride (2.0 equiv.), Et3N (2.0 equiv.), DMAP
(10 mol%), CH2Cl2, 27% over 2 steps; 55: i. Pd/C (6 mol%), H2 (1 atm), CH2Cl2; ii. 4nitrobenzenesulfonyl chloride (1.2 equiv.), Et3N (2.0 equiv.), DMAP (10 mol%), CH2Cl2, 60% over 2
steps.

TBAF(tBuOH)4 can be considered as a dry form of the commonly used tetrabutyl ammonium
fluoride, which always contains traces of water. In the absence of water, the fluoride anion is
not shielded by a strong solvation layer and is therefore more reactive. Cleavage of the benzyl
ether via hydrogenolysis and nosylation of the alcohols gave fluorides 54 and 55 in 27% and
60% yield, respectively. These were then coupled to carboxamide 43 to yield fluororopivacaine
24 in 93% and fluorolevobupivacaine 30 in 82% yield (Scheme 9).

Scheme 9. Final step towards the synthesis of terminal monofluorides 24 and 30. Reagents and
conditions: a) 24: 43 (1.2 equiv.), Na2CO3 (2.2 equiv.), MeCN, 90 °C, 93%; 30: 43 (1.1 equiv.), Na2CO3
(1.0 equiv.), MeCN, 90 °C, 82%.
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The synthesis of both terminal geminal difluorides 25 and 31 commenced with propane-1,3diol (48) and butane-1,4-diol (49). Initially, both alcohols were protected with a benzyl group
as described above (Scheme 8). Later, it was discovered that the benzyl ether group was not
compatible with diethylaminosulfur trifluoride (DAST) and a different protecting group had to
be selected. For diol 49, a benzoyl protecting group proved to be stable under the conditions
needed for fluorination, while for diol 48 decomposition was observed when the same
protecting group was used. It is likely that under the strong acidic conditions present during the
reaction with DAST benzoic acid is eliminated and acrolein formed. Eventually,
triphenylmethyl was found to be a protecting group that tolerated DAST. Reacting 48 with trityl
chloride gave monoprotected diol 56 in 87% yield,75 while benzoyl protection of butane-1,4diol (49) provided alcohol 57 in 91% yield (Scheme 10).76 Both primary alcohols were then
oxidized to the respective aldehydes 58 and 5977 with pyrdinium chlorochromate (PCC) in 66%
and 82% yield, respectively (Scheme 10).

Scheme 10. Synthesis of aldehydes 58 and 59. Reagents and conditions: a) TrCl (1.0 equiv.), Et3N (1.1
equiv.), DMAP (4 mol%), CH2Cl2, 0 °C to r.t., 87%; b) BzCl (1.0 equiv.), iPr2Net (1.0), DMAP (10
mol%), MeCN, 0 °C to r.t., 91%; c) PCC (1.5 equiv.), CH2Cl2, 66% for 58, 82% for 59.

With the tailor-made protecting groups in place the aldehydes could be converted to their
respective geminal difluorides. Difluoride 60 could be obtained in 89% yield by treating
aldehyde 58 with 2 equivalents of DAST at 0 °C, while conversion of aldehyde 59 using similar
conditions gave geminal difluoride 61 in good yields (84%) (Scheme 11). The next step
involved removal of the protecting group and nosylation of the free alcohol. HCl was used to
remove the trityl group of compound 60, followed by nosylation of the alcohol to give nosylate
61 in only 6% yield. The conversion of 60 proved to be problematic due to the volatile nature
of the intermediate 3,3-difluoropropanol. The benzoyl protecting group of difluoride 62 was
cleaved with sodium methoxide and the obtained alcohol converted to nosylate 63 in 51% yield.
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Scheme 11. Synthesis of terminal geminal difluorides 61 and 63. Reagents and conditions: a) DAST
(2.0 equiv.), CH2Cl2, 0 °C to r.t., 89%; b) i. HCl (2.0 equiv.), CH2Cl2; ii. 4-nitrobenzenesulfonyl chloride
(1.1 equiv.), Et3N (2.0 equiv.), DMAP (5 mol%), CH2Cl2, 0 °C to r.t., 6% over 2 steps; c) DAST (1.8
equiv.), CH2Cl2, 0 °C to r.t., 84%; d) i. NaOMe (1.5 equiv.), MeOH; ii. 4-nitrobenzenesulfonyl chloride
(1.0 equiv.), Et3N (1.2 equiv.), DMAP (5 mol%), CH2Cl2, 0 °C to r.t., 51% over 2 steps.

Equipped with a suitable leaving group, the obtained geminal difluorides 61 and 63 could be
coupled with carboxamide 43 to yield the desired analogs of ropivacaine and levobupivacaine.
The geminal difluoro ropivacaine analog 25 was obtained in 76% yield by reacting nosylate 61
with carboxamide 43 in the presence of potassium carbonate. Similarly, geminal difluoro
levobupivacaine analog 31 could be access from nosylate 63 and carboxamide 43 in 76% yield.

Scheme 12. Synthesis of analogs 25 and 31 by coupling of nosylates 61 and 62 to carboxamide 43.
Reagents and conditions: a) 25: 43 (1.0 equiv.), K2CO3 (2.2 equiv.), MeCN, 90 °C, 76%; 31: 43 (1.1
equiv.), K2CO3 (1.0 equiv.), MeCN, 90 °C, 76%.

The synthesis of trifluoromethyl substituted ropivacaine and levobupivacaine derivatives 26
and 32 started from commercially available 3,3,3-trifluoropropan-1-ol (64) and 3,3,3trifluorobutan-1-ol (65). Conversion of both alcohols to the respective nosylates provided the
fluorinated compounds 66 and 67 in 99% and 88% yield, respectively (Scheme 13). The propyl
and butyl nosylates could then be coupled with carboxamide 43 to give ropivacaine analog 26
in 87% and levobupivacaine analog 32 in 91% yield.
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Scheme 13. Synthesis of trifluoromethyl analogs 26 and 32. Reagents and conditions: a) 66: 4nitrobenzenesulfonyl chloride (1.2 equiv.), Et3N (2.0 equiv.), CH2Cl2, 99%; 67: 4-nitrobenzenesulfonyl
chloride (1.4 equiv.), Et3N (2.0 equiv.), CH2Cl2, 88%; b) 26: 43 (1.1 equiv.), Na2CO3 (2.2 equiv.),
MeCN, 90 °C, 87%; 32: 43 (1.2 equiv.), Na2CO3 (2.2 equiv.), MeCN, 90 °C, 91%.

3.3.3 Terminal Vicinal Difluorides
Terminal vicinal difluorides 27 and 28 were synthesized starting from commercially available
(R)-glycidol 68 and its (S) enantiomer 69, respectively. Both glycidols were first equipped with
a benzyl protecting group by treating them with benzyl bromide and sodium hydride78 to afford
benzyl ether 70 in 91% yield, as well as, its enantiomer 71 in 50% yield (Scheme 14). Following
benzyl protection, epoxide 70 and 71 were opened by fluoride while reacting them with
Et3N·3HF at 150 °C to give regio-isomeric mixtures of fluorohydrins, which were immediately
converted to vicinal difluorides 72 and 73 in 58% and 67% yield, respectively, after treatment
with nonaflyl fluoride and DBU.

Scheme 14. Synthesis of terminal vicinal difluorides 72 and 73 starting from commercially available
(R)- and (S)-glycidol, respectively. Reagents and conditions: a) 70: NaH (2.0 equiv.), BnBr (2.0 equiv.),
TBAI (5 mol%), THF, 0 °C to r.t., 91%; 71: NaH (1.5 equiv.), BnBr (1.4 equiv.), TBAI (3 mol%), THF,
0 °C to r.t., 50%; b) 72: i. Et3N·3HF (0.6 equiv.), 150 °C; ii. NfF (1.8 equiv.), DBU (1.1 equiv.), THF,
0 °C to r.t., 58% over 2 steps; 73: i. Et3N·3HF (0.8 equiv.), 150 °C; ii. NfF (1.8 equiv.), DBU (1.1
equiv.), THF, 0 °C to r.t., 67% over 2 steps.

Hydrogenolysis of the benzyl ether and nosylation of the resulting primary alcohols gave
nosylated difluorides 74 and 75 in 79% and 85% yield, respectively. The nosylates 74 and 75
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could then be readily coupled with carboxamide 43 to access difluoro ropivacaine analog 27 in
95% and its enantiomer 28 in 83% yield (Scheme 15).

Scheme 15. Final steps towards vicinal difluoride analogs 27 and 28. Reagents and conditions: a) 74: i.
Pd/C (7 mol%), H2 (1 atm), CH2Cl2; ii. 4-nitrobenzenesulfonyl chloride (1.3 equiv.), Et3N (2.0 equiv.),
DMAP (10 mol%), CH2Cl2, 79% over 2 steps; 75: i. Pd/C (5 mol%), H2 (1 atm), CH2Cl2; ii. 4nitrobenzenesulfonyl chloride (1.4 equiv.), Et3N (2.0 equiv.), DMAP (10 mol%), CH2Cl2, 85% over 2
steps; 27: 43 (1.2 equiv.), Na2CO3 (2.2 equiv.), MeCN, 90 °C, 95%; 28: 43 (1.1 equiv.), Na2CO3 (2.2
equiv.), MeCN, 90 °C, 83%.

For the synthesis of the vicinal difluoro n-butyl analogs 39 and 40, a different route had to be
followed since the required chiral epoxides were not commercially available. Rapoport et al. 79
reported a three-step asymmetric synthesis of epoxide 82 from (S)-aspartic acid. Following this
procedure, commercially available (S)- and (R)-aspartic acid were reacted with potassium
bromide and sodium nitrite under acidic conditions to give bromides 78 and 79 in 91% and
89%, respectively (Scheme 16). Both bromides were then treated with BH3·THF to reduce the
carboxylic acid functionalities to the respective primary alcohols and yield bromohydrin 80 in
86% and it enantiomer 81 in 86% yield. Treatment of bromohydrins 80 and 81 with sodium
hydride led to the selective formation of the terminal epoxides followed by benzyl protection
of the distal oxygen upon addition of benzyl bromide, yielding epoxides 82 and 83 in 82% and
83%, respectively.

Synthesis and Properties of Partially Fluorinated N-Alkyl Groups

42

Scheme 16. Synthesis towards chiral benzyl protected epoxides 82 and 83. Reagents and conditions: a)
78: KBr (4.5 equiv.), H2SO4 (6.6 equiv.), NaNO2 (1.8 equiv.), H2O, -5 °C, 91%; 79: KBr (4.5 equiv.),
H2SO4 (6.6 equiv.), NaNO2 (1.8 equiv.), H2O, -5 °C, 89%; b) 80: BH3·THF (3.0 equiv.), THF, 0 °C to
r.t., 86%; 81: BH3·THF (3.0 equiv.), THF, 0 °C to r.t., 86%; c) 82: BnBr (1.3 equiv.), NaH (3.0 equiv.),
THF, -5 °C to r.t., 82%; 83: BnBr (1.3 equiv.), NaH (3.0 equiv.), THF, -5 °C to r.t., 83%.

Epoxides 82 and 83 were then converted to the respective vicinal difluorides 84 and 85
following an analogous procedure used for vicinal difluorides 72 and 73 (Scheme 14). This
transformation involved fluoride opening of the epoxide using Et3N·3HF and subsequent
conversion of the generated alcohol to the respective fluoride after addition of nonaflyl fluoride
and DBU. Following this procedure vicinal difluorides 84 and 85 were obtained in 56% and
49% yield, respectively (Scheme 17). The synthesis continued with cleavage of the benzyl
protecting groups of 84 and 85 by hydrogenolysis, followed by nosylation of the generated
primary alcohols to yield nosylate 86 in 70% and its enantiomer 87 in 68% yield. With both
nosylates 86 and 87 in hand, the last step of the synthesis could be carried out by coupling them
to carboxamide 43 to afford the vicinal difluoro analog of levobupivacaine 39 in 86% yield, as
well as, its enantiomer 40 in 74% yield.

Scheme 17. Final steps to access terminal vicinal difluorides 39 and 40. Reagents and conditions: a) 84:
i. Et3N·3HF (0.5 equiv.), 150 °C; ii. NfF (2.0 equiv.), Et3N·3HF (2.0 equiv.), Et3N (6.0 equiv.), THF,
56% over 2 steps; 85: i. Et3N·3HF (0.5 equiv.), 150 °C; ii. NfF (2.0 equiv.), Et3N·3HF (2.0 equiv.), Et3N
(6.0 equiv.), THF, 49% over 2 steps; b) 86: i. Pd/C (6 mol%), H2 (1 atm), THF; ii. 4-nitrobenzenesulfonyl
chloride (1.4 equiv.), Et3N (2.0 equiv.), DMAP (10 mol%), CH2Cl2, 70% over 2 steps; 87: i. Pd/C (5
mol%), H2 (1 atm), THF; ii. 4-nitrobenzenesulfonyl chloride (1.4 equiv.), Et3N (2.0 equiv.), DMAP (10
mol%), CH2Cl2, 68% over 2 steps; c) 39: 43 (1.2 equiv.), Na2CO3 (2.2 equiv.), MeCN, 90 °C, 86%; 40:
43 (1.2 equiv.), Na2CO3 (2.2 equiv.), MeCN, 90 °C, 74%.
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3.3.4 Internal Mono- and Geminal Difluorides
Internally monofluorinated analogs of levobupivacaine 34 and 35 were accessed from
commercially available optically active oxirane 88 and its racemate 89. The epoxides were
selectively opened at the terminal position by lithium perchlorate-mediated80 nucleophilic
attack of piperidine carboxamide 43 to afford the secondary alcohols. Alcohol 90 was obtained
from chiral epoxide 88 in 78% yield, while its epimer 91 was accessed from racemic 2ethyloxirane (89) in 47% yield after separation of the epimeric mixture (90 + 91) by flash
column chromatography (Scheme 18). The chiral secondary alcohols 90 and 91 could then be
converted to the respective secondary fluorides trough deoxyfluorination using Et3N·3HF and
nonaflyl fluoride, affording monofluorinated analogs 33 and 34 in 53% and 32%, respectively.

Scheme 18. Three-step preparation of epimeric monofluorobutyl derivatives 33 and 34. Reagents and
conditions: a) 90: 43 (1.0 equiv.), LiClO4 (1.6 equiv.), MeCN, 80 °C, 78%; 91: 43 (1.0 equiv.), LiClO4
(1.6 equiv.), MeCN, 80 °C, 47%; b) 33: Et3N·3HF (2.0 equiv.), NfF (2.0 equiv.), Et3N (6.0 equiv.),
MeCN, 53%; 34: Et3N·3HF (2.0 equiv.), NfF (2.0 equiv.), Et3N (6.0 equiv.), MeCN, 32%.

Initially it was thought that during the last step (90/91 → 33/34) inversion had occurred at the
fluorine carbon (C2’), as expected for deoxyfluorination reactions of secondary alchols.69 It was
later discovered from the X-ray crystal structures of 33 and 34 that the configuration at the C2’
carbon was actually retained (Figure 25).
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Figure 25. ORTEP-plots of the crystal structures of the epimeric monofluorobutyl derivatives 33 (left)
and 34 (right) by X-ray diffraction documenting, respectively, (R)- and (S)-configuration for the 2fluorobutyl group.

A possible explanation for the observed substitution with retention could be a double
inversion through the formation of a spiro-aziridinium intermediate 92 upon nosylation of the
secondary alcohol with subsequent opening by fluoride (Scheme 19). Alternatively, the
nosylated alcohol could be displaced by the oxygen from the amide moiety to form a sixmembered ring intermediate 93. Opening of this intermediate would also lead to the double
inverted product 34.

Scheme 19. Possible explanation for the retention of configuration at the fluorine carbon. a) Reaction
pathway through spiro-aziridinium intermediate 92. b) Reaction pathway through six-membered
intermediate 93.
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For the synthesis of geminal difluoride analog 29, a short reaction sequence starting from
commercially available hydroxy acetone (93) was envisioned (Scheme 20). Benzyl protection
of the primary alcohol provided ketone 94 in 86% yield, followed by conversion of the carbonyl
group to a geminal difluoride using DAST to access difluoride 95 in 85% yield. Deprotection
of 95 and nosylation of the free alcohol proved to be difficult as the compound obtained after
hydrolysis of the ester with sodium hydroxide was very volatile. Eventually, nosylate 96 could
be isolated in poor yields (16%). 96 was then reacted with carboxamide 43 in the presence of
potassium carbonate, but no conversion was observed during the reaction and only starting
material was recovered after the reaction workup. Using the stronger base KHMDS or carrying
out the reaction at very high concentrations did not afford the desired product 29 either.

Scheme 20. Failed attempt to synthesize difluoride 29 from hydroxy acetone 94. Reagents and
conditions: a) BzCl (1.1 equiv.), Et3N (1.4 equiv.), CH2Cl2, 0 °C to r.t., 86%; b) DAST (2.2 equiv.),
CH2Cl2, 0 °C to r.t., 85%; c) i. NaOH (2.4 equiv.), Et2O/H2O (4:3); ii. 4-nitrobenzenesulfonyl chloride
(1.1 equiv.), Et3N (1.5 equiv.), DMAP (10 mol%), CH2Cl2, 16% over 2 steps; d) 43 (1.1 equiv.), K2CO3
(2.2 equiv.), MeCN, 90 °C.

Fortunately, geminal difluoride 29 could later be prepared starting from N-Boc protected
pipecolic acid (41). Benzyl protection of acid 4181 afforded benzylester 98 in very good yields
(97%), followed by removal of the Boc protecting group using trifluoroacetic acid to provide
piperidine 99 in 86% yield (Scheme 21). 99 was then coupled with chloroacetone under basic
conditions to give ketone 100 in 86 % yield.

Scheme 21. Synthesis of ketone 100. Reagents and conditions: a) BnBr (1.5 equiv.), NaHCO3 (excess),
TBAI (1.0 equiv.), DCM/H2O (3:2), 97%; b) TFA (6.0 equiv.), CH2Cl2, 86%; c) chloroacetone (2.0
equiv.), K2CO3 (2.0 equiv.), MeCN, 86%.
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Ketone 100 could then be successfully converted to geminal difluoride 101 in 46% yield, after
treating it with DAST at low temperature (Scheme 22). The synthesis continued with
deprotection of the acid of 101 by hydrogenolysis and subsequent formation of the amide bond.
Addition of IBCF to the acid formed the intermediate mixed anhydride, which upon attack of
2,6-dimethylaniline led to geminal difluoro analog 29 in 20% yield over two steps.

Scheme 22. Successful synthesis of geminal difluoro analog 29. Reagents and conditions: a) DAST (2.0
equiv.), CH2Cl2, -5 °C, 46%; b) i. Pd/C (10 mol%), H2 (1 atm), MeOH; ii. IBCF (1.1 equiv.), Et3N (1.1
equiv.), 2,6-dimethylaniline (1.2 equiv.), CH2Cl2, 0 °C to r.t., 20% over 2 steps.

3.3.5 Internal Vicinal Difluorides
For the synthesis of the four isomers of vicinal difluoro analogs 35-38 no suitable optically
active starting material was commercially available. Therefore, it was decided to access the
necessary chiral precursors via asymmetric dihydroxylation of the corresponding allylic diols
105 and 111 (Scheme 23). Ko et al.82 have demonstrated that TBS protection of the free alcohol
of benzyl protected trans allylic diol 105 provided chiral diol 106 upon asymmetric
dihydroxylation in very good yields (92%) and good enantioselectivity (90% ee). On the other
hand, VanNieuwenhze and Sharpless83 showed that asymmetric dihydroxylation of
monoprotected cis diol 111 gave triols 112 and 113 in moderate enantioselectivity (57% ee for
(2R,3S) and 64% ee for (2S,2R).

Scheme 23. Example of asymmetric dihydroxylation reactions reported by Ko et al. 65 (Top) and
VanNieuwenhze and Sharpless (Bottom).66 Reagents and conditions: a) AD-mix-β (11.02 g),
methanesulfonamide (1.0 equiv.), tBuOH/H2O (1:1), 5 °C, 92%, 90% ee; b) 112: (DHQ)2-PHAL,
t
BuOH/H2O (1:1), 0 °C, 57% ee; 113: (DHQD)2-PHAL, tBuOH/H2O (1:1), 0 °C, 64% ee.

47

Synthesis and Properties of Partially Fluorinated N-Alkyl Groups

The synthesis of bis-protected allylic diol 105 started with LiAlH4 reduction of acetylene 102
to give (E)-diol 103 in 88% yield (Scheme 24). Treating 103 with benzyl bromide and sodium
hydride provided the mono-protected diol 104 in 57%, followed by TBS protection of the
second primary alcohol to give 105 in 88% yield.

Scheme 24. Synthesis of bis-protected trans allylic diol 105. Reagents and conditions: a) LAH (1.2
equiv.), THF, 0 °C to 70 °C, 88%; b) BnBr (1.0 equiv.), NaH (1.1 equiv.), THF, 0 °C to 75 °C, 57%; c)
TBSCl (1.5 equiv.), Et3N (2.0 equiv.), DMAP (10 mol%), CH2Cl2, 88%.

The asymmetric dihydroxylation of bis-protected allylic diol 105 was carried out following
the procedure of Ko et al.82 Methanesulfonamide was added to the reaction mixture as a
cosolvent and an acid catalyst in the Sharpless asymmetric dihydroxylation. Juntila and Hormi84
have shown how methanesulfonamide would accelerate the dihydroxylation reaction by serving
as transfer agent for hydroxide anion from the aqueous to the organic phase. The weakly acidic
compound also promotes the protonation of the intermediate osmate ester. Diol 108 was
obtained from AD-mix-α in 46% yield and AD-mix-β was used to access diol 109 in 75% yield.

Scheme 25. Asymmetric dihydroxylation of bis-protected trans allylic diol 105 and deprotection of the
terminal alcohol. Reagents and conditions: a) 108: i. AD-mix-α (20.0 g), methanesulfonamide (1.0
equiv.), tBuOH/H2O (1:1), 5 °C; ii: TBAF (1.0 equiv.), THF, 46% over 2 steps; 109: i. AD-mix-β (13.5
g), methanesulfonamide (1.0 equiv.), tBuOH/H2O (1:1), 5 °C; ii: TBAF (1.0 equiv.), THF, 75% over 2
steps.

Monoprotected cis diol 111 was obtained 96% yield from (Z)-but-2-ene-1,4-diol (110) after
reaction with benzyl bromide and sodium hydride (Scheme 26). Treating 111 with AD-mix-α
under similar conditions used for (E)-diol 105 gave anti triol 112 in 71% yield, while triol 113
was accessed by using AD-mix-β in 74% yield.
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Scheme 26. Asymmetric dihydroxylation of mono-protected cis allylic diol 111. Reagents and
conditions: a) BnBr (1.0 equiv.), NaH (1.5 equiv.), THF, 0 C to 75 °C, 96%; b) 112: AD-mix-α (26 g),
methanesulfonamide (1.0 equiv.), tBuOH/H2O (1:1), 5 °C, 71%; 113: AD-mix-β (7.9 g),
methanesulfonamide (1.0 equiv.), tBuOH/H2O (1:1), 5 °C, 74%.

To continue the synthesis of internal vicinal difluorides 35-38, a two-step epoxide
formation/deoxyfluorination sequence starting from the corresponding triol was envisioned.
This strategy has already been successfully tested on achiral indole derivatives in a previous
synthesis of vicinal difluorides (Scheme 27).53 As described in literature, triol 108 was treated
with nonaflyl fluoride and triethylamine to provide the desired epoxy alcohol 108a in 30%
together with small amounts of a second product which was also isolated. Mass spectrometry
and NMR analysis revealed that this second product was epoxy fluoride 114, formed from
deoxyfluorination of the intermediate epoxy alcohol 108a. This result was confirmed when
epoxy alcohol 108a was treated with Et3N·3HF and nonaflyl fluoride to give 114 in 73% yield.
This pleasant surprise triggered further attempts to convert triol 108 directly to epoxy fluoride
114.

Scheme 27. Development of a single step fluoroepoxidation reaction of 108 to form triol 114, based on
precedents found in literature.40 Reagents and conditions: a) NfF (1.5 equiv.), Et3N (3.0 equiv.), MeCN,
49%; b) Et3N·3HF (2.5 equiv.), NfF (3.0), Et3N (4.5 equiv.), MeCN, 26%; c) NfF (2.0 equiv.), Et3N (3.0
equiv.), MeCN, 0 °C to r.t., 30%; d) Et3N·3HF (1.5 equiv.), NfF (2.0), Et3N (4.5 equiv.), MeCN, 0 °C
to r.t., 73%; e) NfF (2.2 equiv.), DBU (3.3 equiv.), MeCN, 0 °C to r.t., 66%.
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Unfortunately, attempts to improve the conversion of the reaction by increasing the amounts
of nonaflyl fluoride or triethylamine were not successful. Another base that was used for
deoxyfluorination procedure instead of triethylamine was 1,8-diazabicycloundec-7ene
(DBU).69 As reported by Bennua-Skalmowski and Vorbrüggen,85 using DBU in combination
with nonaflyl fluoride affords secondary fluorides from the respective alcohol in the absence of
any additional fluoride source. The authors hypothesized that under the reaction conditions the
active complex DBU·(HF)n was formed which acted as fluorinating reagent with a pronounced
nucleophilic and less basic fluoride anion. This premise led to a further attempt to convert triol
108 to epoxy fluoride 114, this time using DBU instead of triethylamine. Treating 108 with
DBU and nonaflyl fluoride in acetonitrile, indeed, provided 114 in 57% yield after full
conversion.
Using this newly developed method, triols 108, 109, 112 and 113 could be converted in a
single step by reacting them with nonaflyl fluoride and DBU in acetonitrile at room temperature
to epoxyfluorides 114-117 in 57%-74% yield (Scheme 28). The synthesis then continued with
selective epoxide opening at the less hindered primary position using lithium aluminum hydride
to afford the corresponding fluorohydrins 118-121 in 78%-79% yield.

Scheme 28. Synthesis of fluorohydrins 118-121. Reagents and conditions: a) 114: NfF (2.2 equiv.),
DBU (3.3 equiv.), MeCN, 0 °C to r.t., 66%; 115 NfF (2.5 equiv.), DBU (3.5 equiv.), MeCN, 0 °C to r.t.,
57%; 116 NfF (2.0 equiv.), DBU (3.0 equiv.), MeCN, 0 °C to r.t., 74%; 117 NfF (2.2 equiv.), DBU (3.3
equiv.), MeCN, 0 °C to r.t., 74%; b) 118: LAH (2.0 equiv.), THF, 0 °C, 79%; 119: LAH (2.0 equiv.),
THF, 0 °C, 79%; 120: LAH (2.0 equiv.), THF, 0 °C, 78%; 121: LAH (2.0 equiv.), THF, 0 °C, 79%.

The secondary alcohol of fluorohydrins 118-121 could then be converted to the respective
secondary fluoride by deoxyfluorination using nonaflyl fluoride, Et3N·3HF and triethylamine
to afford vicinal difluorides 122-125 in good yields (80%-89%) (Scheme 29). After the
incorporation of the second fluoride, the benzyl protecting group of vicinal difluorides 122-125
was removed by hydrogenolitic cleavage and subsequent nosylation of the resulting primary
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alcohol, using 4-nitrobenzenesulfonyl chloride and triethylamine to afford nosylates 126-129
in 27%-69% yield.

Scheme 29. Synthesis of vicinal difluorides 126-129. Reagents and conditions: a) 122: NfF (2.0 equiv.),
Et3N·3HF (2.0 equiv), Et3N (6.0 equiv.), MeCN, 84%; 123: NfF (2.0 equiv.), Et3N·3HF (2.0 equiv),
Et3N (6.0 equiv.), MeCN, 89%; 124: NfF (2.0 equiv.), Et3N·3HF (2.0 equiv), Et3N (6.0 equiv.), MeCN,
86%; 125: NfF (2.0 equiv.), Et3N·3HF (2.0 equiv), Et3N (6.0 equiv.), MeCN, 80%; b) 126: i. Pd/C (10
mol%), H2 (1 atm), THF; ii. 4-nitrobenzenesulfonyl chloride (1.4 equiv.), Et3N (2.0 equiv.), DMAP (10
mol%), CH2Cl2, 69% over 2 steps; 127: i. Pd/C (10 mol%), H2 (1 atm), THF; ii. 4-nitrobenzenesulfonyl
chloride (1.5 equiv.), Et3N (2.0 equiv.), DMAP (10 mol%), CH2Cl2, 27% over 2 steps; 128: i. Pd/C (10
mol%), H2 (1 atm), THF; ii. 4-nitrobenzenesulfonyl chloride (1.4 equiv.), Et3N (2.0 equiv.), DMAP (10
mol%), CH2Cl2, 73% over 2 steps; 129: i. Pd/C (10 mol%), H2 (1 atm), THF; ii. 4-nitrobenzenesulfonyl
chloride (1.5 equiv.), Et3N (2.0 equiv.), DMAP (10 mol%), CH2Cl2, 56% over 2 steps.

After the vicinal difluoro compounds 126-129 were equipped with the nosylate leaving group,
the final step of the synthesis could be completed by coupling the fluorinated fragments with
carboxamide 43. The coupling was carried out in acetonitrile and in the presence of sodium
carbonate, and provided the targeted internal vicinal difluoro analogs of levobupivacaine 35-38
in 83%-90% yield (Scheme 30).

Scheme 30. Final step towards the synthesis of vicinal difluoro levobupivacaine derivatives 35-37.
Reagents and conditions: a) 35: 43 (1.2 equiv.), Na2CO3 (2.2 equiv.), MeCN, 80 °C, 87%; 36: 43 (1.2
equiv.), Na2CO3 (2.2 equiv.), MeCN, 80 °C, 85%; 37: 43 (1.2 equiv.), Na2CO3 (2.2 equiv.), MeCN, 80
°C, 87%; 38: 43 (1.2 equiv.), Na2CO3 (2.2 equiv.), MeCN, 80 °C, 83%.
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Physicochemical Properties

With the synthesis of all the targeted compounds concluded a large selection of fluorinated
compounds was now available for the measurement of relevant physicochemical properties.
Among the measured properties were amine basicity, lipophilicity and aqueous solubility. In
addition, also the metabolic stability was assessed in order to determine whether there was any
difference in degradation between the original compounds and their fluorinated analogs.
Eventually, crystals were grown from all the synthesized compounds and their structures were
determined by means of X-ray crystallography.

3.4.1 Amine Basicity
The basicity of an amine is determined by its pKa, which is described as the negative logarithm
of the ionization constant Ka. N-alkyl piperidines, such as N-propyl and N-butyl piperidines
have predicted pKa values around 10.5,86 i.e., they are more basic then α-aminocarboxamides
(ΔpKa ~ 2),54 the group of substituted amines to which ropivacaine (22) and levobupivacaine
(23) belong. Indeed, the values measured for both those compounds was identical (pKa = 8.2).
Subsequent introduction of a fluorine atom at the terminal position of 22 constantly lowers the
basicity of the amine by ΔpKa = -0.7, except for the first fluorine where the decrease is slightly
more pronounced (ΔpKa = -0.9). One way to rationalize this small deviation is to look at the
example of 1-fluoropropane (Figure 26). In the gas phase there is an equilibrium between the
gauche conformation, with the fluoride substituent in endo position being energetically slightly
favored over the more polar trans conformation where the fluoride lies exo.49 In solution, there
is also an equilibrium between the different conformations, although it is expected that the
terminal fluoride has a small preference for the exo position as the more polar trans
conformation is favored in a polar medium. In the all-trans conformation, the exo fluoride can
inductively polarize through the carbon backbone, leading to a slightly higher ΔpKa after the
first H/F substitution.

Figure 26. Equilibrium between trans and gauche 1-fluoropropane. The conformer with the exo fluorine
has slightly higher dipole moment, and thus is expected to prevail in polar solutions.
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The subsequent second and third fluorine will assume a gauche position lowering the pKa by
the typical values of an alkyl fluoride substituent in γ position from the amine. For the terminal
substituted butyl series, a similar trend is observed, as the first fluorine is lowering the pKa more
than the expected literature value of ΔpKa = -0.3. This could hint to a prevailing exo position of
the terminal fluoride similar to the case described previously. The following substitutions at the
δ position are again within the expected range (Figure 27).

Figure 27. Experimentally measured pKa values for a series of terminal substituted fluoro N-propyl and
N-butyl chains.

For the vicinal substitution pattern a clear additive tendency can be observed. In the case of
derivatives 39 and 40 the total pKa downshift is ΔpKa ~ -1.2 which can be separated into a
contribution from an exo δ-fluoride (ΔpKa = -0.5) added to the value of a γ-fluoride (ΔpKa = 0.7). The cumulative character of fluorine-related pKa reduction is also observed for vicinal
difluorides 27 and 28. There, the overall basicity is lowered by ΔpKa ~ -2.6 corresponding
roughly to the sum of an exo γ-fluoride (ΔpKa = -0.9) and a β-fluoride (ΔpKa = -1.7).
Interestingly, the chirality at the stereogenic center does not seem to play an important role
considering that its influence on pKa is vanishingly small as seen by the basicity difference
between the epimeric pairs 27/28 (ΔΔpKa = 0.1). This is also true for epimeric pair 39/40, where
the chiral center is shifted by one methylene unit away from the basic nitrogen.
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A further testimony for the additive effect is represented by the case of geminal difluoride 29,
the fluorine derivative with the highest measured pKa reduction of the entire series (Figure 28).
The value matches exactly with the expected decrease derived from a twofold fluorine
substitution at the β position (2 x ΔpKa = -1.7). The two epimeric n-butyl derivatives 33 and 34
show that single H/F replacements at this position also considerably lower the basicity of the
amine, although less than expected (ΔpKa ~ -1.6).

Figure 28. Experimentally measured pKa values for a series of internal substituted fluoro N-propyl and
N-butyl chains.

For the four diastereoisomers of vicinal difluoro derivatives 35-38, several observations can
be made. First, the pKa downshift of all isomers is close to the value expected from a
contribution of a γ-fluoride in combination with a β-fluoride (ΔpKa = -2.4). Second, while the
threo-isomers 35 and 36 are expected to assume an all-trans-backbone conformation as seen in
their X-ray crystal structures (see Experimental Part), the erythro-isomers are likely to assume
a gauche-backbone arrangement (Figure 29). The latter would see the γ-fluoride in the exoposition, where it can exert a maximum inductive effect on the basic center.
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Figure 29. Based on their X-ray structures (see index) threo isomers 35/36 are expected to assume a
trans conformation (right), while erythro isomers 37/38 should adopt a gauche arrangement (left).

A direct comparison between threo and erythro, i.e., 35 versus 37 and 36 versus 38 reveals
that the erythro configuration has a slightly stronger pKa downshift, although the difference in
basicity is very small (ΔΔpKa = 0.1). The conformational flexibility of the N-alkyl chains in
solution may cause an averaging of ΔpKa effects of the single fluoride substituents, thereby
partially concealing specific effects related to the configuration of the substituent.
Overall, the pKa measurements of the fluorinated analogs of ropivacaine (22) and
levobupivacaine (23) are consistent with the expected values based on simpler substrates
reported previously.54 Contrary to examples reported in literature for cyclic54 and acyclic Nfluoroalkyl amines,56 not one of the analogs bearing a fluoride substituent in β position showed
a significant deviation from the predicted values. Furthermore, it was noticed that for terminal
substitutions, the first fluorine has a slightly higher impact on basicity than the two subsequent
ones, while no sizable pKa difference between epimeric pairs or diastereoisomers were
observed.

3.4.2 Lipophilicity
The intrinsic lipophilicity (logP) of a compound refers to its distribution between the aqueous
and organic phase (i.e. n-octanol) in its neutral (unionized) state. The effective lipophilicity
(logD) takes into consideration the overall ratio of the compound, ionized and unionized,
between the two phases. It is used to describe the lipophilicity of a compound at a given pH
taking into consideration its intrinsic lipophilicity (logP) and degree of ionization (pKa). The
intrinsic and effective lipophilicity are related to each other as follows:
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[B]

log𝑃 = log ( [B]𝑜𝑐𝑡)
𝑎𝑞

log𝐷 = log ([B]

[B]𝑜𝑐𝑡
+
𝑎𝑞 +[HB ]𝑎𝑞

)

where [B]oct is the concentration of the drug in octanol, [B]aq the concentration in water and
[HB+]aq the concentration of the ionized drug in water. It is assumed that the protonated base
HB+ does not enter the organic phase (i.e., [HB+]oct = 0).
The effective lipophilicity (logD at a given pH) and the basicity pKa are the primary
experimental data of a given compound, from which intrinsic lipophilicity logP can be obtained
according to the following equation:
log𝑃 = log𝐷 + log(1+10p𝐾a −pH )
Ropivacaine (22), levobupivacaine (23) and their fluorinated analogs 24-40 are weak bases
and can be partially protonated in buffered solution at pH = 7.4. Effective lipophilicities (logD)
were measured for all the compounds and if possible intrinsic lipophilicities (logP) was
determined experimentally in buffered basic solution (e.g., at pH = 10) or calculated from their
respective logD and pKa values. In order to allow comparison between the different analogs,
the intrinsic lipophilicities (logP) will be examined.
The terminally fluorinated analogs of ropivacaine 24-26 show the expected lipophilicity
pattern CH3 >> CH2F ≤ CHF2 < CF3 already observed for the partially fluorinated neutral indole
series discussed in chapter 2. Lipophilicity drops dramatically by more than half a log unit
between the non-fluorinated compound 22 and the monofluoropropyl analog 24 (Figure 30). It
then partially recovers with difluoro analog 25 and returns to its initial value with the
trifluoromethyl analog 26.
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Figure 30. Effective and intrinsic lipophilicities logD and logP of fluorinated analogs of ropivacaine 22.

A considerable decrease in lipophilicity is also seen for both epimers of vicinal difluorides 27
and 28, showing a polarity similar to 24. No difference in polarity between the two epimers was
observed, pointing to conformational averaging in solution. As predicted, they are less
lipophilic than the geminal difluoride 25, and much more polar than difluoride analog 29.
Although 29 has basicity values within the expected range, its lipophilicity is somewhat high
in terms of both logD and logP. Internal vicinal geminal difluoropropyl derivatives were
reported to be equally or slightly lower in polarity than their terminal counterparts,53 instead,
there is a ΔlogP = 0.5 between 29 and 25. This outlying result might originate from a peculiar
conformational property of 29 and will be discussed later.
Levobupivacaine (23) is more lipophilic than ropivacaine (22) by 0.5 logP units, typical for
homology by one saturated carbon unit. As seen in the fluorinated propyl series before, a similar
although slightly weakened pattern is noticed for the terminal fluorides 30-32 shown in Figure
29. Unfortunately, the lipophilicity of monofluoride analog 30 could not be measured due to its
instability in aqueous solution above pH = 4.5 over a prolonged period. A similar vulnerability
was observed for both epimers of terminal vicinal difluoro analogs 39 and 40. The origin of this
instability will be discussed in the next chapter.
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Figure 31. Effective and intrinsic lipophilicities logD and logP of fluorinated analogs of levobupivacaine
23.

All four vicinal difluoride isomers 35-38 show a consistent drop in lipophilicity compared to
the parent compound 23. A slightly increased polarity can be observed for the erythro-isomers
when compared to their threo counterparts (ΔΔlogP = 0.1). This may be traced to different
conformational preferences between the two pairs of stereoisomers, while no distinction can be
made within the pairs. A small difference is observed within the epimeric pair of βmonofluorinated n-butyl derivatives 33 and 34. Both compounds also exhibit a significant
reduction in their intrinsic lipophilicities compared to the neutral parent compounds 23.

3.4.3 Aqueous Solubility
Solubility is heavily affected by the compound’s structural properties and ionization state.
Among these properties are ionizability, represented by the pKa value of the compound,
lipophilicity and crystal packing energy. The latter can be estimated from the compound’s
melting point and is a measure for the intermolecular forces operating within the crystal lattice.
For the series of synthesized compounds the thermodynamic molar solubility (µmol/L) was
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measured in 50 mM phosphate buffer at the indicated pH and 22.5±1 °C and is given as logS
(see material and methods for more details).
There is a good correlation between effective lipophilicity and solubility in the series of
terminal substituted fluorine analogs 22-26 (Figure 32). Monofluoride 24 is more soluble then
its parent compound 22 by ΔlogS = 0.7; then with each additional fluoride solubility decrease
steadily with the trifluoromethyl analog 26 being the least soluble. The solubility of internal
difluoride 29 is close to 26 which seems reasonable considering that both compounds have a
very similar effective lipophilicity.

Figure 32. Thermodynamic solubilities of fluorinated analogs of ropivacaine 22.

Solubility is not always determined by effective lipophilicity as showcased by vicinal
difluoride analogs 27 and 28. While both compounds present the same logD values, their
solubility is remarkably different (ΔlogS = 0.8). A plausible reason for this observation could
be differences in crystal packing energies as indicated by the melting point temperatures of the
two epimers differing by more than 30 °C (see Experimental Section).
Another instance where effective lipophilicity is not an indicator for solubility is seen for the
two parent compounds 22 and 23. Levobupivacaine (23) is significantly more soluble than
ropivacaine (22) (ΔlogS = 1.7), despite having a slightly higher logD value. The pattern
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observed for the terminal substituted fluoride analogs 23-32 is similar to that of the n-propyl
analogs (Figure 33). The parent compound 23 exhibits the highest solubility in the entire series,
followed by terminal geminal difluoride analog 31. Following the series of terminally
substituted fluorides, one additional fluoride at the terminal position dramatically decreases
solubility, as seen for trifluoromethyl substituted derivative 32.
The value for solubility of monofluoride 30 could not be determined, as this compound was
not stable in aqueous media over a prolonged time. The same issue was encountered with both
epimers of vicinal difluoro analogs 39 and 40.

Figure 33. Thermodynamic solubilities of fluorinated analogs of levobupivacaine 23.

The solubility values of the four isomers 35-38, displaying only slight differences in effective
lipophilicity, are within a relatively narrow range (ΔΔlogS ~ 0.4). The largest drop in solubility
is observed for the pair of epimers of monofluoro analogs 33 and 34. While a modest difference
is detected for their effective lipophilicity (ΔlogD = 0.2), the measured solubility is the same
for both epimers.
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3.5.3.1 Correlations of Solubility with Effective Lipophilicity and Melting Point Temperatures
Further insight can be gained when the correlation of solubility logS versus effective
lipophilicity logD is analyzed (Figure 34). A reasonable correlation (R2 > 0.65) is obtained for
the compounds of the n-propyl series (22, 24-29), with parent compound 22 and monofluoride
28 deviating most from the correlation line. For the n-butyl series (23, 31-38) the correlation is
somewhat weaker (R2 > 0.4) with a somewhat larger scatter of the data points.
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Figure 34. Correlation of logS versus logD for the n-propyl series 22, 24-29 (green) and n-butyl series
23, 31-38 (blue).

On the other hand, when the solubilities are compared to the melting point temperatures a
clear difference between the two series emerges. For the n-propyl series a very strong
correlation (R2 > 0.85) is found, while the solubility values of the n-butyl series do not seem
to correlate at all (R2 ~ 0) with experimental melting point temperatures (Figure 35).
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Figure 35. Correlation of logS versus melting point temperatures for the n-propyl series 22, 24-29
(green) and n-butyl series 23, 31-38 (blue).

The latter case might indicate that there is a higher diversity of crystal packing energies for
the conformationally more flexible n-butyl derivatives.

3.4.4

Metabolic Stability

As for solubility there are a number of properties which can influence the metabolic stability
of a molecule. For instance, metabolism has been often found to correlate with lipophilicity. 87
For the series of fluorinated analogs of ropivacaine (22) and levobupivacaine (23) it is more
useful to describe variations in metabolic stability using effective lipophilicity, as logD
incorporates both lipophilicity and degree of ionization at the physiological pH = 7.4.
For some compounds of the n-propyl and n-butyl series the pseudo-first-order rate constant of
intrinsic clearance (min-1/[mg/µL]protein) was measured in human liver microsomes (see material
and methods for further experimental details). While the majority of Clint data have reasonably
narrow error limits some show larger variations due to difficult compound detection and thus
have to be considered with due caution.
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Figure 36. Intrinsic clearance rates in human liver microsomes (hClint) of ropivacaine (22),
levobupivacaine (23) and a limited selection of their fluorinated analogs.

The clearance rates shown in Figure 36 indicate that the fluorinated analogs of ropivacaine
(22) and levobupivacaine (23) tend to be metabolically less stable than their parent compounds.
There are a few exceptions as seen for compounds 22 and 24, where the error bars overlap
considerably. In this case, the intrinsic clearance rate of monofluoro analog 24 can be
considered similar to its parent compound 22. Likewise, analogs from the butyl series 31 and
38 also have only marginally faster metabolism rates then their parent compound 23.
At a physiological pH the effective lipophilicity logDpH=7.4 of the partially protonated
derivatives is similar or higher than their neutral parent compounds 22 and 23. The graduate
reduction in basicity upon fluorine substitution leads to a continuous increase in logD, which
corresponds to an accelerated rate of metabolic degradation. This trend is nicely displayed in
the n-propyl series of mono-, di-, and trifluoro substituted analogs 24-26 and in the n-butyl
series for di- and trifluoro derivatives 31 and 32.
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For ropivacaine (22) and levobupivacaine (23) no blocking effect is observed upon fluorine
substitution, either because the aliphatic chain is not affected by metabolic oxidation or the
fluorine substituent has no influence on the rate limiting step during aliphatic oxidation.88 As
previously discussed, the impact that fluorine has on metabolic stability is more likely expressed
through its modulation of effective lipophilicity. The correlation plot in Figure 37 shows a
reasonably good dependence (R2 > 0.68) between metabolic clearance rate (Clint) and effective
lipophilicity (logD).
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Figure 37. Intrinsic clearance rates of ropivacaine (22), levobupivacaine (23) and some of their
fluorinated analogs.

The results from the microsomal degradation assays do not provide mechanistic information
and several modes of decomposition may be operative. However, they clearly indicate that
fluorine substitution on the N-alkyl moiety of both ropivacaine and levobupivacaine does not
protect them from metabolic degradation; on the contrary, it makes them more vulnerable.
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Dipole Vector Analysis on Possible Conformations in Solution and from
Crystal Structures

For some of the synthesized compounds a simple bond dipole vector analysis was carried out
on the possible structures of the compounds in solution, which were then compared with the
structures obtained from X-ray crystallography. The vector analysis is based upon a series of
assumptions on polarity and volume effects following an H/F substitution. For each C–F bond,
the resulting dipole will lead to a downshift in logP (ΔlogPµ = -1.0 Δμ in units of µCF), while
the concomitant increase in volume will contribute to lipophilicity (ΔlogPV = 0.3 per H/F
exchange). Furthermore, the dipole vectors of µCF are considered independent from their
environment and a tetrahedral geometry is assumed at the saturated carbon and nitrogen centers
(Figure 38).46,53
The magnitude of the C–N bond dipole is derived from the comparison of nitrogen and carbon
electronegativities with those of fluorine and carbon, and is estimated around µCN ~ 0.35µCF96
(µCF = 1.85 D). This would predict a dipole moment for trimethylamine of µ ~ 0.65 D, which
is in reasonable agreement with its experimentally determined dipole moment µ(Me3N) = 0.61
D. In order to estimate the lipophilicity of the series of fluorinated compounds, the lipophilicity
downshift ΔlogPµ from the polarity change is added to the measured lipophilicity of the neutral
parent compound logP and corrected with the lipophilicity contribution ΔlogPV from the
increased volume.
In solution, both substituents of the piperidine ring are expected to be in an equatorial position
with the C–C–C–N backbone of the N-alkyl moiety adopting an all-trans conformation (Figure
38). The terminal fluoride substituent can assume three distinct conformations, whereby two
are endo and one exo oriented with respect to the carbon backbone. To determine how the
polarity changes after the addition of the fluoride substituent for each conformation, the total
dipole moment is estimated by shifting the C–N bond vectors to the origin of the C–F bond
vector. A resulting dipole moment of µres = 1.16µCF is obtained for the exo and one endo
conformation, while µres = 0.65µCF is calculated for the remaining endo conformation. These
polarity values can now be used to estimate the lipophilicity logP of monofluoride 24 in
solution. The lipophilicity ΔlogPµ lost through the increase in polarity is deducted from the
lipophilicity value of the neutral parent compound 22 (logP = 2.9). Only the lipophilicity lost
by introduction of the C–F bond is considered, as the contributions from the C–N bonds
ΔlogPµ(µCN,res) are already included in the lipophilicity value of the parent compound. After
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considering also the lipophilicity gained by the increased volume ΔlogPV, an estimate for the
lipophilicity of each conformation is obtained.

Figure 38. Simple bond dipole analysis of terminal monofluoride analog 24 based on possible
conformations in solution.

An estimated lipophilicity of 2.9 is predicted for the less polar endo conformer, while for the
exo and remaining endo conformers a value of 2.4 was determined. The value of the last to
conformations is in good agreement with the experimentally measured lipophilicity of analog
24 (logP = 2.3).
The crystal structure of 24 can serve as a template for the conformation of the molecule in
solution. As seen in Figure 39, there are some similarities between the predicted conformation
in solution and the X-ray structure. Both piperidine substituents are equatorial and the Nfluoroalkyl chain also adopts and all-trans backbone conformation, although with a different
C(2’)–C(1’)–N(1)–C(2) angle. In the solid state the terminal fluoride is found in an exo position;
however, in solution all conformations, including the two conformations where the fluoride
substituent adopts an endo position with respect to the carbon backbone are possible.
Based on the crystal structure, the exo conformer displays the lowest polarity (µres = 0.65µCF),
while both endo conformers have resulting dipole moments of µres = 1.16µCF (Figure 39). These
results are reflected in the estimated lipophilicities for the different conformations, with the exo
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and endo conformers expected to possess logP values around 2.9 and 2.4, respectively. As seen
previously for the estimated conformations of monofluoride 24 in solution, two out of three
conformations have estimated lipophilicity values, which are in good agreement with the
experimental values.

Figure 39. Simple bond dipole analysis of terminal monofluoride analog 24 based on its crystal structure.

The next structure that was subjected to the bond dipole vector analysis was from terminal
difluoro analog 25. As seen for the previous case of monofluoride 24, the piperidine substituents
are expected to adopt a bis-equatorial position (Figure 40). The carbon backbone of the Nfluoroalkyl moiety is predicted to have an all-trans conformation, while the geminal difluoro
motif can adopt three distinct positions. In two of these conformations, one fluoride is in an
endo position and the second fluoride in an exo position relative to the carbon backbone, while
the remaining conformation sees both fluoride substituents taking endo positions. The highest
polarity is obtained for one of the endo/exo conformers (µres = 1.39µCF), at the same time the
remaining endo/exo and endo/endo conformers display a similar, somewhat lower polarity
around µres = 0.99µCF. As a consequence, the estimated lipophilicity logPest for the more polar
endo/exo conformers is the lowest among the three possible conformations (logPest = 2.5), and
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is in good agreement with the experimentally measured lipophilicity of analog 25 (logP = 2.5.
For the other two conformers, the downshift in lipophilicity from the modestly increased
polarity is completely compensated by the lipophilicity ΔlogPV gained from the increased
volume. Therefore, their estimated lipophilicities predict only very small changes in logP when
compared to their neutral parent compounds 22.

Figure 40. Simple bond dipole analysis of terminal monofluoride analog 25 based on possible
conformations in solution.

The crystal structure of geminal difluoride 25 shares several features with the structure of
monofluoride analog 24. Both piperidine substituents are in a bis-equatorial position and the
fluoroalkyl chain adopts an all-trans conformation with a similar C(2’)–C(1’)–N(1)–C(2) angle
(Figure 41). In the solid state the terminal fluoride substituents assume an endo and exo position
with respect to the carbon backbone, pointing in the opposite direction of the aromatic ring. In
solution, the endo/exo conformer is expected to be in equilibrium with a further endo/exo
conformer, and with a conformation where the terminal fluorides adopt both an endo position
relative to the alkyl chain. Based on the resulting dipole moments, the endo/endo conformer is
predicted to have the highest polarity (µres = 1.39µCF) among the three conformations. The two
endo/exo conformers exhibit similar but lower polarity values around 0.99µCF. Consequently,
the endo/endo and both endo/exo conformer have estimated lipophilicities of 2.5 and 2.9,
respectively. In contrast to the case of monofluoro analog 24, in both predicted structures of
difluoro analog 25 in solution, the majority of possible conformations have significantly
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different estimated lipophilicity compared to the experimentally determined logP value (logP
= 2.5).

Figure 41. Simple bond dipole analysis of terminal difluoro analog 25 based on its crystal structure.

The structure of trifluoromethyl derivative 26 was also subjected to bond dipole analysis. One
conformation which could be present in solution has the two piperidine substituents in
equatorial position with the carbon backbone of the N-fluoroalkyl moiety in an all-trans
conformation (Figure 42). Another conformation that could exist in solution has a twisted alkyl
chain with the C–C–C–N backbone in a gauche- conformation, although it is expected that this
conformer is higher in energy than the first conformer with the antiperiplanar carbon backbone.
A similar gauche conformation of the alkyl chain has already been observed in the crystal
structure of an indole derivative bearing a trifluoropropyloxy group.96 The corresponding
gauche+ conformer is not considered as its energy is expected to be rather high due to severe
steric congestion. The polarities of the two conformers are predicted to be significantly
different, with the energetically more favored all-trans conformer having a smaller resulting
dipole (µres = 0.94µCF). The estimated lipophilicity for this conformer is predicted to be around
3.2, while the logPest for the energetically higher conformer is expected to be somewhat lower
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around 2.8. The estimated lipophilicity of both conformers are bracketing the experimental
value (logP = 3.0), with the gauche conformer being slightly lower (logPest = 2.8), while for the
more likely all-trans conformation a similar but somewhat higher lipophilicity would be
predicted (logPest = 3.2).

Figure 42. Simple bond dipole analysis of terminal monofluoride analog 26 based on possible
conformations in solution.

As seen in the X-ray structures of mono and difluoro derivatives 24 and 25, the crystal
structure of trifluoromethyl analog 26 shows the two piperidine substituents in equatorial
position with the carbon backbone of the N-fluoroalkyl rest adopting an all-trans conformation
(Figure 43). Other conformations could also co-exist in solution; however, they are expected to
be higher in energy than the conformation with the antiperiplanar C–C–C–N backbone. The
resulting dipole moment for the conformation shown in Figure 43 is predicted to be similar to
the dipole of the other low-energy conformer discussed previously (µres = 0.94µCF).
Consequently, the estimated value for the lipophilicity of the crystal structure conformer is
estimated to be around 3.2, slightly above the experimentally measured value (logP = 3.0).
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Figure 43. Simple bond dipole analysis of trifluoromethyl analog 26 based on its crystal structure.

The last structure to be examined by means of the simple bond dipole analysis is from internal
geminal difluoride analog 29. This fluorinated derivative of ropivacaine (22) exhibited an
unexpected high lipophilicity similar to trifluoromethyl analog 26. In solution, the two
piperidine substituents of 29 are expected to assume both and equatorial position (Figure 44).
While the C–C–C–N backbone of the N-fluoroalkyl chain can either adopt an all-trans
conformation or gauche geometry, only the gauche- conformer is considered as its gauche+
counterpart is energetically disfavored by the sterical hindrance of a syn-pentane interaction.
The trans backbone conformer is expected to exhibit a somewhat higher polarity (µres =
1.39µCF) than the gauche conformer (µres = 0.99µCF). Therefore, the estimated lipophilicity
values for the trans and gauche conformers are 2.5 and 2.9, respectively.
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Figure 44. Simple bond dipole analysis of internal geminal difluoride analog 29 based on possible
conformations in solution.

The crystal structure of difluoro derivative 29 displays some remarkable difference compared
to the previously discussed X-ray structures. Both substituents on the piperidine ring adopt an
axial position, while the carbon backbone of the fluoroalkyl chain is gauche+ oriented instead
of the usual all-trans conformation (Figure 45). Furthermore, the C(2’)–C(1’)–N(1)–C(2)
torsion angle is anticlinal. In addition to the gauche+ conformer, also its gauche- counterpart is
expect to be present in solution, as the energy of both conformations is predicted to be similar.
A similar resulting dipole moment is obtained for both conformers, leading to a modest increase
in polarity with respect to the neutral parent compound 22. The estimation of the logPest value
of the two conformers discloses how the lipophilicity lost from the changing polarity is
immediately compensated by the lipophilicity upshift resulting from the volume increase after
H/F substitution (ΔlogPV = 0.6). Based on the estimated logPest values of both gauche
conformers from the crystal structure and the gauche- conformer from the predicted
conformation in solution (logPest = 2.9), lipophilicity is expected to remain unchanged in going
from the neutral parent compound 22 to the difluoro derivative 29. The estimated lipophilicity
is in good agreement with the experimentally determined value (logP = 3.0), thereby
demonstrating how dipole vector analysis can provide a possible explanation for the unexpected
high lipophilicity value of difluoro derivative 29.
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Figure 45. Simple bond dipole vector analysis of internal geminal difluoro analog 29 based on its crystal
structure.

3.6

Conclusions

In this chapter the synthesis of a series of partially fluorinated analogs of ropivacaine (22) and
levobupivacaine (23) was described. Several synthetic strategies based on the deoxyfluorination
of alcohol were applied to access a broad variety of different fluorination patterns.
The rule-of-thumb prediction of basicity based on simple fluorinated acyclic alkyl amines was
confirmed and could be improved upon observing that a terminal exo fluoride reduces the pKa
slightly more than a fluoride in endo position. In both the n-propyl and n-butyl series the
intrinsic lipophilicity pattern for terminal fluorine substitution, CH3 >> CH2F ≤ CHF2 < CF3,
could be confirmed. Unfortunately, there are no data available on the lipophilicity of fluorinated
analogs with a single fluorine in δ-position such as 30 and vicinal difluoro analogs 39 and 40,
since they proved to be unstable in aqueous solution at pH = 4.5 over prolonged periods.
Solubility measurements showed that effective lipophilicity is a determining factor; however,
other parameter such as crystal packing effects (as assessed via melting point temperatures) and
even configuration have to be considered. Comparison of logS versus melting point
temperatures revealed a strong correlation between solubility and the crystal packing energies
for the n-propyl series, while there was no such relationship for the fluorinated levobupivacaine
analogs 30-40.
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Metabolic degradation by microsomal assays showed that all fluorinated analogs were
somewhat more labile than their respective parent compounds 22 and 23. Basicity and effective
lipophilicity appear to have a dominant influence on the ease of metabolic degradation; for
certain cases, dependence on configuration could also be observed.
Eventually, a simple bond dipole vector analysis was carried out on possible conformations
based on the crystal structures of some of the synthesized compounds in an attempt to
rationalize their (intrinsic) lipophilicities. The results were in reasonable agreement with the
experimental values including the case of internal geminal difluoride analog 29, which
displayed an unexpected high logP value.

Aqueous Stability of Fluorinated N-Alkyl-Piperidines
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4

Aqueous Stability of Fluorinated N-Alkyl-Piperidines

4.1

Fluoride as a Leaving Group

In organic chemistry, fluoride has the worst leaving group ability of the halogen series,
particularly in SN2 reactions on alkyl halides. An example showing the poor leaving group
ability of fluoride is shown in Table 5 where the reaction rates of methoxide in methanol with
iodo-, bromo-, chloro- and fluoro-isoamyl halides are shown.89
Table 4. Reaction rates of halide ions as leaving groups in an SN2 reaction.89

Halide (X)

Relative reaction rate

F

1

Cl

71

Br

3500

I

4500

This might seem surprising at first, since the C-F bond has a very energetically low lying antibonding orbital σ*CF and the bond is so polarized that the fluoride atom is almost on its way to
fluoride ion. However, as already mentioned earlier the carbon-fluorine bond is the strongest
single carbon-halogen bond found in organic chemistry due to its substantial ionic component.
The electrostatic stabilization is sufficiently strong to resist polarization towards the free
fluoride. In addition, fluoride is the least stable anion of the halogen series, as estimated by the
pKa of its conjugated acid (pKa (HF) in water: 3.2 compared to pKa (HI) in water: -10).90,91
Nonetheless there are instances where fluoride is a useful leaving group, as it is the case for
nucleophilic aromatic substitution reactions. In this two-step process the nucleophile attacks an
electron deficient aromatic ring and then, in a slow irreversible rate limiting step, fluoride is
eliminated (Scheme 31). The role of fluoride in this reaction is twofold; first it increases the
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electrophilicity of the substrate it is embedded in, then it stabilizes the intermediate anion
formed after the addition of the nucleophile.

Scheme 31. Nucleophilic aromatic substitution on an aryl fluoride where fluorine is the leaving group.

In recent years a series of methods have been developed to transform also alkyl fluoride into
suitable leaving groups. The main strategy is based on activation of alkyl fluorides through a
Lewis acid or via hydrogen bonding followed by subsequent nucleophilic substitution.
Lanthanum based Lewis acids have shown to promote the transformation of primary alkyl
fluorides into the corresponding terminal amines. The reaction is selective for terminal over
secondary fluorides and occurs without elimination or rearrangement by-products.93 Other
examples use Brønsted acids to promote the displacement of primary fluorides through
hydrogen bond activation. Hexafluoroisopropanol94 and trimethylolpropane95 have been
reported to mediate the displacement of benzyl fluorides by morpholine through a carbocationic
intermediate process for the former, and an SN2 displacement for the latter.
A strong promoter is not always a necessary requirement to transform fluoride into a good
nucleofuge. Already the presence of water as a cosolvent can enable the reaction of activated
alkyl fluorides for bimolecular nucleophilic substitutions reactions. As seen before, substitution
of fluoride is sluggish when performed under standard SN2 conditions as shown by the example
in Scheme 32 where N,N-dimethylformamide is used as a solvent. If water is added as a
cosolvent the reaction goes from no conversion, to 32% conversion after 4 h.97 This remarkable
improvement was also observed with other aprotic and protic organic solvents.

Scheme 32. Increased conversion observed after addition of water as cosolvent.
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In a competition experiment between fluoride and chloride, the beneficial effect of water has
been proven to be selective for fluoride as the reaction rates dropped from kCl/kF > 49 in the
absence of water to kCl/kF ~ 5 with water as cosolvent.

4.2

Stability of Terminal Fluorinated N-Alkyl Piperidines

As mentioned in Chapter 3, the lipophilicity of monofluorinated levobupivacaine analog 30
could not be measured. Upon investigation on the possible cause it became evident that 30 was
not stable in an aqueous buffered solution at a pH higher than 4.5 over long time periods. This
was a rather surprising discovery since during its synthesis the compound was exposed to an
array of different organic solvents (THF, Et2O, MeCN) and reagents showing no sign of
decomposition. In order to understand why the molecule was suddenly unstable during the
measurement, a sample of monofluoride analog 30 was dissolved in an acetonitrile/water
mixture and the clear solution was stirred at room temperature for several days. The reaction
was stopped after 3 days, as the starting material was completely consumed and one unique
product was formed. When the same reaction was repeated in pure acetonitrile only starting
material was recovered, and carrying out the reaction in water was not feasible due to the poor
solubility of 30. NMR and mass spectrometry of the newly formed species suggested that a
compound containing a spiro pyrrolidinium was formed during the reaction via displacement
of the terminal fluoride by the piperidine nitrogen (Scheme 33A). The available analytical data
could not clarify whether the monomeric (130) or the dimeric spiro pyrrolidinium compound
(130a) was obtained from the reaction. The LC-MS trace showed that a single product was
present but whether 130 or 130a was formed could not be determined by mass spectroscopy as
both compounds had the same mass/charge ratio (m/z = 287.2). Similarly, one could not
unequivocally assign the NMR signals to either 130 or 130a considering that for each hydrogen
and carbon signal in the monomer there was an equivalent, identical signal in the dimer.
In order to determine whether monomer 130 or dimer 130a was formed during the degradation
reaction, a parallel experiment between 30 and 132 was designed. First, an analog of 30 (132)
bearing a mesitylene moiety was synthesized and subjected to the same condition used for the
degradation of 30 (Figure 33A). The analytical data of the obtained spiro compound 133/133a
was later used as reference for the parallel experiment. Then, a mixture of equal amounts of
terminal monofluoride analogs 30 and 132 was stirred under the same conditions until TLC
showed that both starting materials were completely consumed (Scheme 33B). If the
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nucleophilic displacement occurred via an intramolecular displacement of fluoride the reaction
was expected to provide the two monomeric spiro compounds 130 and 133 in a 1:1 ratio with
mass/charge ratios of m/z = 287.2 and m/z = 301.2, respectively. On the other hand, if an
intermolecular pathway was preferred, a mixture of homo- and heterodimers of 130a, 134 and
133a was expected in a 1:2:1 ratio. The homodimers 130a and 133a would display mass/charge
ratios of m/z = 287.2 and m/z = 301.2, while the heterodimer 134 would have a characteristic
signal at m/z = 294.2 in the mass spectra.

Scheme 33. A) Separate degradation reactions of monofluorinated analogs 30 and 132; B) Parallel
experiment between 30 and 132 to determine whether an intermolecular or intramolecular mechanism
is active during the degradation of 30. Reagents and conditions: a) MeCN/H2O (1:1), 3 days, full
conversion; b) MeCN/H2O (1:1), 3 days, full conversion; c) MeCN/H2O (1:1), 4 days, full conversion.

After the reaction was completed the solvent was removed and the crude product analyzed by
LC-MS and mass spectrometry. The LC trace showed that only two compounds were formed

Aqueous Stability of Fluorinated N-Alkyl-Piperidines

78

during the reaction (see Experimental Part). MS analysis of the crude product detected two
masses at m/z = 287.2 and m/z = 301.2, but no signal above spurious spectral noise was
observed at m/z = 294.2 (Figure 46). The absence of any signal belonging to heterodimer 134
implies that both homodimer 130a and 133a were not formed during the reaction either;
therefore, the degradation of monofluorinated analogs 30 and 132 had to occur through an
intramolecular reaction pathway affording the two monomers 130 and 133. The absence of
signals belonging to the educts 30 and 133 also demonstrated that both terminally substituted
n-fluorobutyl derivatives were cleanly converted to the respective spiro pyrrolidinium products.

10x
133
130
134

30

132

Figure 46. Mass spectra (ESI+) of the crude product from the parallel experiment between 30 and 132
showing the two base peaks belonging to spiro compounds 130 (m/z = 287.2) and 133 (m/z = 301.2).
The ten-fold enlargement shows that no signal of heterodimer 134 (m/z = 294.2) is observed above
spurious spectral noise and both educts 30 (m/z = 307.2) and 132 (m/z = 321.2) were completely
consumed during the reaction.

After elucidating the degradation pathway of monofluoro analog 30 the question remained
whether the same mechanism was active for both epimers of terminal vicinal difluoro analogs
39 and 40. The physicochemical properties of the two molecules could not be measured because
they also proved to be somewhat unstable under aqueous conditions. Accordingly, both
compounds 39 and 40 were exposed to the same reaction conditions used for 30 (Scheme 34).
For both intramolecular ring closure was observed as already documented for compound 30,
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with the difference that the reactions needed much more time for completion (10 days for 39
and 22 days for 40).

Scheme 34. Intramolecular cyclization of both epimers of vicinal difluoro analogs 39 and 40. Reagents
and conditions: a) MeCN/H2O (1:1), 10 days, 99%, b) MeCN/H2O (1:1), 22 days, 99%.

Both vicinal difluoro analogs 39 and 40 formed mixtures of epimers, due to the formation of
a new stereogenic center at nitrogen. For the epimeric mixtures of spiro compounds 135 and
136 a ratio of 3 : 1 and 3.5 : 1 were measured by 1H NMR, respectively. Selectivity, in this
case, was determined by whether nucleophilic attack would occur syn or anti to the 2carboxamide unit.
To gain further insight into the decomposition process, the cyclization reaction of the three
compounds 30, 39, 40 was monitored by collecting NMR samples at different time intervals in
order to follow the course of the reaction over time (Figure 47).
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Figure 47. Relative concentrations of compounds 23, 39 and 40 over time.
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Calculation of first-order rate constants yielded k23 ~ 2 x 10-5 s-1, k39 ~ 1 x 10-6 s-1 and k40 ~ 2
x 10-6 s-1 (see Experimental Part). These results show that an additional vicinal fluoride
substituent reduced the reaction rate by one order of magnitude. Interestingly, configuration has
an impact on the reaction rate as the (2S,3'R)-isomer (40) is transformed two times more slowly
than the (2S,3'S)-isomer (39).
Although they did not show any signs of instability, fluoropropyl analogs 24 and 25 as well
as terminal geminal fluoride analog 31 were examined to explore whether they also would be
able to undergo intramolecular cyclization. Tests in acetonitrile/water mixtures showed that
these compounds were stable under these conditions over an extended period of time, as only
starting material was recovered after stirring for a week. It appears that the decomposition
reaction is particularly favored by the formation of a 5-membered ring and only takes place in
case of a single fluorine substituent in δ-position. An additional fluorine in γ-position (vicinal
difluorides) dramatically slows down this reactivity, whereas additional fluorines in δ-position
(geminal di- or trifluorides) essentially block the reaction.

4.3

Conclusion

In this chapter the aqueous instability of some of the fluorinated analogs of levobupivacaine
was discussed. For analogs 30, 39 and 40 several physicochemical properties could not be
measured due to their poor stability in aqueous media. The cause that led to the degradation of
these compounds was traced to an intramolecular fluoride displacement by the piperidine
nitrogen yielding a compound featuring a spiro pyrrolidinium.
Although fluoride is a poor leaving group compared to other halogens, it can be activated by
Lewis acids or through hydrogen bonding. Even the use of water as a cosolvent has been shown
to promote the displacement of fluoride, and the experiments described in this chapter
confirmed this observation. Only alkyl moieties with a single fluorine in δ-position were
affected by the intramolecular cyclization. A vicinal γ,δ-difluoro arrangement slows down the
degradation reaction significantly.
In summary, fluorinated N-butyl-substituted piperidines with a single δ-fluorine on the alkyl
chain are not suitable substrates for drug discovery. While their N-propyl counterparts proved
to be stable it remains to be seen whether N-pentyl- or N-hexyl-substituted piperidines either
with single fluorines in δ- ε- or ω-position would also be subjected to this intramolecular
degradation process.
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During the first part of this work, a series of fluorinated analogs of the two marketed local
anesthetics ropivacaine and levobupivacaine were synthesized, and the influence of different
fluorination patterns on pKa, lipophilicity and other relevant pharmacological properties was
investigated.
Based on a short series of n-propylbenzene derivatives with partially fluorinated terminal
methyl groups a simple C–F bond vector analysis scheme was described in order to
satisfactorily predict the lipophilicity of different fluorination patterns. Furthermore, the
difference between a geminal and vicinal difluoro arrangement was investigated leading to the
conclusion that the latter is expected and found to be more polar when found in its gauche
conformation. The potential impact of alkyl fluorides on the basicity of the amine was also
discussed and how the pKa could be modulated by strategic incorporation of fluorine into the
alkyl chain.
A series of fluorinated analogs of ropivacaine (22, 24-29) and levobupivacaine (23, 30-40)
was synthesized in order to systematically study the effects of partial fluorination on N-propyl
and N-butyl moieties. The synthetic strategy adopted for the selective incorporation of fluorine
atoms into the alkyl chain was based on deoxyfluorination of alcohols. The respective chiral
and achiral alcohols, as well as epoxides were either commercially available or could be
accessed through a short sequence of synthetic steps following literature precedents. Vicinal
difluorides were obtained from the corresponding epoxide, while geminal difluorides were
accessed from the respective ketone or aldehyde. The starting material for the trifluoromethyl
derivatives 26 and 32 were commercially available.
Measurements of the relevant physicochemical properties of the synthesized series of the
fluorinated analogs showed that pKa values can be indeed predicted quite accurately. The
basicity downshifts due to sequential addition of fluorine at the same or different positions was
found to be largely additive, while with increasing distance from the amine the influence of the
fluorine substituent decreased exponentially. Intrinsic lipophilicities of some of the analogs
displayed the same pattern as already observed for a series of 3-substituted indoles, i.e., CH3
>> CH2F ≤ CHF2 < CF3. However, the concurrent reduction of amine basicity compensates for
logP lowering and results in somewhat increased effective lipophilicities (logD) at neutral pH
due to reduced partial protonation of the basic nitrogen center. Metabolic degradation correlated
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reasonably well with the increase in effective lipophilicity with all the fluorinated compounds
being somewhat less stable than their non-fluorinated parent compounds. Variation of aqueous
solubility could also be partially rationalized by variation of effective lipophilicities, although
for the series of fluorinated analogs of ropivacaine evidence has been found for the importance
of crystal lattice energies.
During the measurements of physicochemical properties some of the compounds have been
found to be unstable in buffered aqueous solutions over a prolonged period of time. All the
affected derivatives featured a single fluorine substituent in δ-position (30, 39, 40) and were
shown to undergo intramolecular fluoride displacement by the piperidine nitrogen. Formation
of the spiro pyrrolidinium was significantly slower for vicinal γ,δ-difluoro arrangement. The
instability related to the intramolecular displacement of fluoride needs to be further explored in
order to assess how higher homologues of N-butyl fluorides could be used to improve
physicochemical and pharmacological properties of drug candidates.
Incorporation of more than two fluorine atoms has been shown to only slightly affect
lipophilicity, as the additional gain in polarity becomes smaller compared to the lipophilicity
gained from the increased volume.52,53 Instead, future efforts could focus on exploring
additional fluorine substitution patterns not disclosed by this work. A few suggestions for
additional substitution patterns are shown in Figure 48. As the geminal difluoro ropivacaine
analog 29 showed an unexpected high lipophilicity, it would be of interest to determine whether
this is also the case for the N-butyl homolog. Furthermore, moving the geminal difluoro group
one carbon away from the basic nitrogen would provide an additional example featuring this
fluorination motif, and could be used for comparison with other geminal difluoro analogs. A
fluorine substitution pattern that has not been probed in this work are 1,3-difluorides. This motif
has been reported to have interesting polarity-lowering properties, which are, similar to the
vicinal difluoro arrangement, highly dependent on the relative orientation of the two fluorine
substituents and on the interaction with nearby heteroatoms.52 1,3-difluoro analogs of
levobupivacaine would also provide additional substrates for the study of the intramolecular
fluoride displacement reactions affecting δ-fluorosubstituted piperidine compounds.
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Figure 48. Additional fluorination patterns suggested for fluorinated analogs of levobupivacaine.

In summary, the impact of partially fluorinated alkyl groups was shown when attached to the
nitrogen atom of a moderately basic amine. The results of this work might encourage further
applications of such groups attached to neutral heteroaryl systems and provide an important
precedence for the modulation of basic amine functionalities.

Part II

Bicyclo[3.2.0]heptane as Core Structure for
Conformational Locking of 1,3-bisPharmacophores, Exemplified by GABA
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The force-field calculations and structural analysis of the bicyclo[3.2.0]heptane models, as
well as the search in the Cambridge Structural Database for compounds containing the
bicyclo[3.2.0] unit were performed by Klaus Müller.

6.1

The Bicyclo[3.2.0]heptane Motif

Bicyclo[3.2.0]heptane and diverse heteroanalogues containing nitrogen, oxygen, or sulfur
atoms in the five-membered ring are recurring motifs found in natural products. The most
prominent example is represented by the family of penicillin antibiotics discovered by
Alexander Fleming in 1928, easily recognized by their characteristic β-lactam ring fused to a
tetrahydrothiophene core structure (Figure 49). Other natural compounds embedding the
bicyclo[3.2.0] scaffolds are bleischowskysin, a diterpene exhibiting antimalarial activity,97,98
hippolachnin A,99 kelsoene,100 and sulcatine G.101

Figure 49. Examples of natural products embedding the bicyclo[3.2.0] scaffold.

The presence of this structural motif in several naturally occurring compounds, some of them
showing interesting biological activity, has led to the development of many synthetic
methodologies with the aim of accessing the bicyclo[3.2.0] scaffold. Most of these
methodologies involve gold,102-105 ruthenium,106,107 nickel,108 or cobalt109 catalyzed
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cycloadditions, while others are based on photo-induced [2+2] cycloadditions.110-113
Bicyclo[3.2.0]heptane has also found applications as core unit for diphosphinite ligands114 or
analogs of γ-aminobutyric acid (GABA), which are currently under biological testing.38

6.2

GABA Analogs

γ-aminobutyric acid (GABA) is the main inhibitory neurotransmitter in the mammalian brain,
where it is widely distributed. GABA regulates neuronal excitability through binding to specific
membrane proteins, which results in opening of an ion channel. Entering of chloride ions
through the ion channel leads to hyperpolarization of the recipient cell, which consequently
prevents transmission of nerve impulses to other cells. The GABA receptors are divided into
two main groups: GABAA and GABAB. GABAA receptors are ligand-gated ion channels, while
GABAB receptors are G-protein coupled receptors. The amount of GABA in the brain needs to
be strictly regulated, since a low concentration will lead to convulsion. Low concentration of
GABA has also been found in other neurological disorders such as schizophrenia, Huntington’s
chorea, Parkinson’s disease, Alzheimer’s disease, and motion disorders.115 For optimal activity
the central nervous system (CNS) requires a perfectly regulated environment, made possible by
the blood-brain barrier (BBB). This barrier is made of tightly connected brain endothelial cells,
which protect the nervous tissue of the brain and spinal cord from fluctuations in nutrients,
hormones, metabolites, and other blood constituents. The GABA molecule cannot be
transported efficiently through the blood-brain barrier into the brain from the bloodstream
because of its high polarity.115 As a consequence, brain cells are virtually the only source of
GABA in the brain and when the concentration diminishes there is no way to increase it again
through administration.
One approach that has been successfully used to reestablish the concentration of GABA in the
brain is the use of GABA analogs capable of crossing the blood-brain barrier. A popular strategy
adopted for the design of GABA analogs is to manipulate the GABA molecule so as to increase
its lipophilicity and to rigidify its structure.
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Figure 50. Structures of GABA and some of its marketed analogs.

An early example of GABA analog is baclofen,116 a selective GABAB receptor agonist
synthesized in 1962 and used as muscle relaxant and anitspastic agent (Figure 50). Another
example is gabapentin,117 originally developed as a lipophilic analog of GABA and launched
in 1994 as add-on therapy for the treatment of epilepsy. The cyclohexyl functionality
contributes to increased lipophilicity and enables the molecule to adopt a conformation that is
recognized by the transport proteins responsible for the entry of amino acids into the central
nervous system.118 Although gabapentin did not turn out to be a ligand recognized by the GABA
receptors it nevertheless proved to be clinically and commercially important.

6.2.1

Conformationally Restricted Carbocyclic GABA Analogs

GABA is a highly flexible molecule, as it can freely rotate around two C–C bonds. In order
to discover and develop selective ligands for GABA receptors, a variety of structures have been
suggested to restrict the molecule’s flexibility. Among such structures are carbocyclic analogs
of GABA,119 which rely on cyclic carbon frameworks to block rotation around the two saturated
C–C bonds (Figure 51).

Figure 51. Examples of carbocyclic analogs of GABA.120-121
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With the incorporation of cyclopropane120,121 (137, 138) and cyclobutane122,123 (139-140) units
into the propyl backbone one C–C bond can be locked in either a (Z)- or (E)-configuration. The
cyclobutane ring also offers the possibility to hinder the rotation of both C–C bonds, whereby
the two functional groups can assume a cis or trans geometry (141).124 Similarly, the propyl
unit of the acyclic GABA molecule can be embedded into a cyclopropane ring (142),125 thereby
providing a conformationally more flexible cyclic analog compared to the cyclobutane cases.
Further exploration of novel designs for restricted GABA analogs led to the development of
new structures including, among others, bicyclic systems. Analog 143 was designed to further
restrict the conformation of cyclopropane 138, by hindering the rotation of the second C–C
bond through an ethylene bridge.126 This is only one example among the several applications
where the structural features of the bicyclo[3.1.0]hexane scaffold have been used to generate
conformationally locked analogs.

6.2.1.1 The Bicyclo[3.1.0]hexane Scaffold
Derivatives of bicyclo[3.1.0]hexane have already been used as conformationally restricted
analogs of amino acid,127 in particular for glutamic acid.128 Also nucleoside building blocks
were equipped with bicyclo[3.1.0]hexane scaffolds to lock the cyclopentane ring and mimic a
precise conformation of the furanose unit.129 A survey in the Crystal Structure Database for
molecules including a bicyclo[3.1.0]hexane core carried out by Pericàs, Müller et al., 130
revealed that the majority of the bicyclic structures adopt a boat-like conformation with the
five-membered ring flap pointing towards the cyclopropane unit (Figure 52). Most of the chairlike structures found in the database featured substituents at the C3 and C6 position in a synendo conformation, which would lead to a serious steric congestion in the boat-like
conformation. The authors ascribed the preference for the boat-type conformation to a perfectly
staggered arrangement of the substituents at the C1 and C2 carbons, while for the chair-type
conformation these substituents are in an unfavorable eclipsed conformation.
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Figure 52. Chair-like (left) and boat-like (right) conformations of saturated bicyclo[3.1.0]hexane with
their respective Newman-projection along the C2–C1 bond.130

In addition to a fairly robust structure, the authors noted that the bicyclo[3.1.0]hexane scaffold
also provided a multitude of ways to incorporate acyclic molecules such as GABA.
Furthermore, the bicyclo[3.1.0]hexane core allowed to embed linear molecules in such a way
as to mimic the staggered conformations of their acyclic forms. To verify this hypothesis, the
crystal structures of the synthesized GABA analogs (±)-144 and (±)-145 (Figure 53) were
superimposed with models representing staggered conformations of the GABA molecule. The
overlap showed that the GABA subunit in bicyclo[3.1.0]hexane 144 was locked in an
approximately trans/trans conformation, while the subunit in analog 145 matched well with a
trans/gauche conformation of the acyclic form.

Figure 53. Examples of GABA subunit embedded in bicyclo[3.1.0]hexane scaffold.130

The two bicyclo[3.1.0]hexane structures 144 and 145 overlapped almost perfectly when their
bicyclic core units were superimposed, demonstrating how robust the two-ring system is
regardless of the stereochemistry at the C2 position. The bicyclo[3.1.0]hexane scaffold was
thereby proven to be a suitable platform to install spatially well-defined functional groups or
pharmacophores and serve as conformationally locked analog of linear, acyclic molecules.
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Structure of Bicyclo[3.2.0]heptane

A bicyclo[3.2.0]heptane core structure with or without embedded heteroatoms in the nonbridgehead positions would adopt three distinct conformations. An envelope conformation with
an essentially planar five-membered ring is typically encountered for five-membered rings with
conjugated exocyclic double bonds (e.g. lactones, lactams, anhydrides, imides). For saturated
bicyclo[3.2.0] systems, a (twisted) chair-like conformation with the five-membered ring flap
anti to the cyclobutane unit is one option. The other option is a boat-shaped conformation with
the five-membered ring flap syn to the cyclobutane ring (Figure 54). Force-field calculations
using Moloc131 on computational models of the two conformations have shown that the boattype conformation is slightly favored over the chair-type conformation (ΔErel = 1.7 kcal/mol).96

chair-type
unfavorable conformation

boat-type
favorable conformation

Figure 54. Chair and boat-type conformations of bicyclo[3.2.0]heptane.96

The higher energy of the chair-type conformation can be rationalized in terms of unfavorable
1,3-steric interactions between the pseudo-axial protons of the five-membered and the
cyclobutane ring (Figure 55). Even in an optimized conformation, where the cyclobutane ring
is significantly puckered, the repulsion between the protons is still strong (2.34 Å and 2.45 Å).
On the other hand, in a boat-type conformation all protons can assume equal distances between
each other (2.53 Å and 2.52 Å) and therefore reduce the steric congestions to a minimum.96
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Figure 55. Optimized structures for the chair-type and boat-type conformations.96

6.3.1

Boat-Type versus Chair-Type Conformations

A survey in the Cambridge Structural Database (CSD)132 retrieving all well-resolved crystal structures
containing either the parent bicyclo[3.2.0]heptane core structure or heterocyclic analogues with N or O
heteroatoms in the non-bridgehead positions resulted in 123 hits.96 Structures were excluded that had
either annelated or bridging rings or contained direct connections. To distinguish both conformation
types the following angles can be defined: 1) a “flap angle” α1 for the five-membered ring and 2) α2, the
angle between the average plane of the cyclobutane unit and the five-membered ring flap as shown in
Figure 56.
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Figure 56. Scatter plot for α2 versus α1 angles observed in the 123 bicyclo[3.2.0] core structures.96,132
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A scatter plot of α2 versus α1 shows how the data points are separated into two distinct arms
of either boat-type or chair-type structures. For bicyclo[3.2.0] scaffolds with a distinctly bent
five-membered ring (α2 > 25°), 72 were found to adopt a boat-like conformation, while only 5
structures had a chair-like conformation. Thus, independently of the presence of heteroatoms
in the carbon framework, and to some extent to the substitution pattern, a boat-type
conformation is preferred for a saturated bicyclo[3.2.0] core unit.
Such a fairly robust conformation represents an interesting core structure which could be used
to incorporate linear molecules, in particular 1,3-bis-pharmacophores, such as GABA, thereby
locking them into a desired conformation. This would generate new opportunities to explore
topological and spatial diversity.

6.3.2 Bicyclo[3.2.0]heptane versus Bicyclo[3.1.0]hexane
Bicyclo[3.2.0]heptane shares the same preference for a boat-type conformation as
bicyclo[3.1.0]hexane, with the crucial difference that for the former, endo substituents at the
C3 position are sterically less demanding. Likewise, bicyclo[3.2.0]heptane can also
accommodate endo substituents at either C6 or C7 without severely disrupting the boat-like
conformation. Even a syn-endo disubstitution pattern would be conceivable if the two
substituents are not too bulky (Figure 57). A similar arrangement in the bicyclo[3.1.0]hexane
case would force the bicyclic system to adopt a chair-type conformation due to the steric
repulsion between the substituents.

Figure 57. Comparison of a syn-endo disubstitution pattern between bicyclo[3.2.0]heptane (C3/C7substituted) and bicyclo[3.1.0]hexane (C3/C6-substituted) in their boat-like conformations.

The cyclobutane ring displays a certain conformational flexibility expressed by the variety of
puckered geometries of the four-membered ring. In the case of bicyclo[3.2.0]heptane, the
flexibility of the cyclobutane unit confers also more conformational freedom to the fivemembered

ring,

resulting

in

an

overall

more

flexible

structure

compared

to
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bicyclo[3.1.0]hexane.

The

additional

conformational

flexibility

provided

by

the

bicyclo[3.2.0]heptane scaffold makes it relevant to investigate suitable regio- and
diastereoisomeric derivatives of this bicyclic structure.
A further advantage offered by the bicyclo[3.2.0]heptane scaffold is the possibility to
incorporate heteroatoms, like oxygen or nitrogen, not only in the five-membered ring, but also
into the cyclobutane unit. By doing so, the lipophilicity of the compound can be downregulated
to match a targeted logP value. Furthermore, the incorporation of heteroatoms would allow
slight adjustments to the puckering of the four-membered ring. Such a substitution is not
recommended for the bicyclo[3.1.0]hexane structure, as addition of heteroatoms to the
cyclopropane unit would generate epoxides and aziridines, functionalities which are usually
avoided in medicinal chemistry.

6.3.3 Incorporating GABA Into Bicyclo[3.2.0]heptane
There are already GABA analogs containing the bicyclo[3.2.0]heptane scaffold, which are
currently considered as possible drug candidates against neuropathic pain and anxiety. 133 The
structures shown in Figure 58 belong to the same family of 3-alkylated GABA analogs as
gabapentin, and feature a bicyclo[3.2.0]heptane motif with the GABA unit linked either to the
cyclobutane ((+)-146, ((-)-146) or to the cyclopentane (147, 148) ring.

Figure 58. Structures of GABA analogs containing the bicyclo[3.2.0]heptane motif.133

6.3.3.1 Incorporating an n-Pentane Unit Into the Bicyclo[3.2.0]heptane Core
In order to have a rigid, well-defined conformation of the GABA molecule, the X–CCC–Y
propyl fragment linking both functional groups X and Y could be built into the carbon
framework of the bicyclic structure. There are five generic modes (A-E) to incorporate an n-
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pentane unit into the bicyclo[3.2.0]heptane core (Figure 59). For mode A, two distinct ways of
embedding the linear molecule can be found, but as the orientation of the two exocyclic bonds,
also called exit vectors, is identical they are considered as a single mode. The remaining modes
include between 2 and 4 possible diastereomers, each consisting of a racemic pair. Mode E
represents an exception as, for reasons of symmetry, only one diastereoisomer is a racemate,
while the remaining two diastereoisomers are achiral. This 5 modes lead to a total of 11
diastereomeric racemates and 2 achiral diastereoisomers.

Figure 59. Number of possible diastereoisomers for each generic mode A-E of embedding the 1,3disubstituted propane unit. For the prototypic dimethyl-substituted bicyclo[3.2.0]heptane models the
numbers of possible stereoisomers is reduced due to symmetry.

6.3.3.2 Including Heteroatoms in the Bicyclo[3.2.0]heptane core
A multitude of bicyclo[3.1.0]hexane-based analogs found in literature have a heteroatom
embedded into the bicyclic core structure, in particular, analogs of nucleosides129 have an
oxygen atom incorporated into the five-membered ring to mimic the furanose unit in the
nucleoside building block. As mentioned earlier, the bicyclo[3.2.0]heptane core has the added
advantage of allowing inclusion of heteroatoms also into the smaller ring of the bicyclic system.
Figure 60 displays how heteroatoms (e.g. O) could be incorporated into the
bicyclo[3.2.0]heptane scaffold in the 5 generic modes.
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Figure 60. Examples of incorporation of heteroatoms in the 5 generic modes. The atoms can be included
either in a position A, one carbon unit away from the exit vector or in a positon B, just next to it.

The inclusion of heteroatoms into the bicyclic scaffold can occur based on two criteria. Either
the heteroatom is positioned right next to an exit vector (position B), or it can be placed two
core carbon atoms away (position A). Incorporating heteroatoms in position A would avoid the
creation of potentially labile acetal units if the 1,3-bis-pharmacophores have one or two
heteroatoms directly attached to the bicyclic core. Compared to the bicyclo[3.1.0]hexane
scaffold, the number of available arrangements of bicyclo[3.2.0]heptane derivatives containing
heteroatoms is significantly higher, offering unique opportunities for the development of new
analog designs.

6.3.3.3 Identifying Suitable Structures Using Dimethyl-Substituted Bicyclo[3.2.0]heptane
Models
To determine how well a disubstituted bicyclo[3.2.0]heptane derivative of type A-E could
replicate the different geometries of a freely rotating linear molecule, their Moloc-generated131
structures are overlapped and the root-mean-square deviation (rmsd) between the two exocyclic
bonds in the bicyclic derivative and the two terminal bonds of a best-matched low-energy
staggered pentane conformation is calculated.96 This value indicates the quality of the overlap
between the two superimposed structures. An example is shown in Figure 61 where the anti/anti
isomer of 2,7-dimethylbicyclo[3.2.0]heptane is overlapped with the completely staggered
conformation of trans/trans pentane. A good overlap between the two C(7)-Me/C(2)-Me bonds
of the bicyclic structure and the two C(1)-C(2)/C(4)-C(5) bonds of n-pentane is indicated by
the rmsd value of 0.1365 Å.
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RMSD = 0.1365 Å

Figure 61. Overlap between the anti/anti isomer of 2,7-dimethylbicyclo[3.2.0]heptane and the
completely staggered conformation of trans/trans pentane.

With this method, a multitude of staggered n-pentane conformations could be reproduced in
the bicyclo[3.2.0]heptane scaffold. A very good overlap can be obtained from the superposition
of the anti/syn isomer of 2,7-dimethylbicyclo[3.2.0]heptane and the gauche-/trans
conformation of pentane (Figure 62). An even better overlap is found when the trans/trans
conformation is laid over anti 1,3-dimethylbicyclo[3.2.0]heptane. These two examples
illustrate how the bicyclo[3.2.0]heptane core unit could be used to fix different well-staggered
low-energy conformations of GABA.

RMSD = 0.0722 Å

RMSD = 0.0599 Å

Figure 62. Overlap between the anti/syn isomer of 2,7-dimethylbicyclo[3.2.0]heptane and the gauche/trans conformation of n-pentane (left) and the anti isomer of 1,3-dimethylbicyclo[3.2.0]heptane and
the trans/trans conformation of n-pentane (right).

On the other hand, examples of very poorly matched overlaps, as seen in Figure 63, could lead
to the design of scaffolds embedding non-staggered conformations of GABA which would
correspond to high-energy conformers of the free GABA molecule. In both cases, matched and
mismatched, these conformationally locked analogs of GABA represent a unique opportunity
to study the effect of conformation on substrate binding of biologically active molecules. This
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method is not limited to the GABA molecule, but can be extended to other compounds, in
particular 1,3-bis-pharmacophores by putting the corresponding pharmacophoric groups in
appropriate locations on the bicyclo[3.2.0]heptane core unit.

pentane
conformation

rmsd

pentane
conformation

rmsd

gauche-/gauchetrans/trans

0.6044 Å
0.5572 Å

gauche+/gauchetrans/gauche+
trans/gauche-

0.4737 Å
0.5354 Å
0.4496 Å

Figure 63. Rmsd values for different well-staggered low-energy conformations of n-pentane
superimposed
to
anti
1,6-dimethylbicyclo[3.2.0]heptane
(left)
and
anti
1,4dimethylbicyclo[3.2.0]heptane (right).

6.3.4 Conformational Stability of the Boat-Typ Conformation
It was previously shown how the bicyclo[3.2.0]heptane structure prefers to adopt a boat-like
conformation in the absence of sterically very demanding substituents (Figure 56). In order to
determine how the number and size of the substituents affects the conformational stability of
the bicyclic scaffold, crystal structures of compounds reported in literature were compared with
their structural simplified computationally created models. For the Moloc-generated131
structure of alcohol (±)-149134 the five substituents were replaced with methyl groups, leading
to an expected boat-type conformation of the bicyclic structure (Figure 64). This result was
confirmed by the X-ray structure of (±)-149, which also adopts a boat-like conformation,
demonstrating how this conformation can efficiently accommodate a relative large number of
substituents. The difference in size between the substituents of the two structures (methyl
(149a) vs. acyl/phenyl ((±)-149)) does not appear to significantly impact the structure of the
bicyclo[3.2.0]heptane unit, as demonstrated by the excellent overlap of the two
bicyclo[3.2.0]heptane cores (0.0647 Å).
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Figure 64. Superimposition of the structures of alcohol (±)-149 (white) and its structural simplified
Moloc-generated equivalent 149a (yellow). An rmsd value of 0.0647 Å was measured for the overlap
between the two bicyclo[3.2.0]heptane cores.

Bromohydrin (±)-150135 is another example from literature exhibiting a bicyclo[3.2.0]heptane
motif (Figure 65). It features three large halogen substituents and a syn-endo disubstitution
pattern at the C3 and C7 positions. The structure of its methyl-substituted equivalent 150a
obtained by force-field calculations adopts a boat-type conformation, with the ring flap of the
five-membered unit being just slightly bent towards the cyclobutane ring. Likewise, the crystal
structure of bromohydrin (±)-150 shows the bicyclic structure also in a boat-like conformation.
Superimposition

of

the

two

structures

reveals

the

good

match

between

the

bicyclo[3.2.0]heptane cores (rmsd = 0.1097), although a slightly better match was observed in
the previously discussed case ((±)-149 vs. 149a).

Figure 65. Superimposition of the structures of bromohydrin (±)-150 (white) and its structural
simplified Moloc-generated equivalent 150a (yellow). An rmsd value of 0.1097 Å was measured for the
overlap between the two bicyclo[3.2.0]heptane cores.
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The most notable difference between the structures of (±)-150 and 150a are the flap angles α1
of the five-membered rings. The value of α1 is larger for (±)-150, meaning that the substituents
at C3 and C7 position are closer to each other than expected by the Moloc-generated model
150a. The large α1 angle of (±)-150 was attributed to a transannular attractive interaction
between the C3 syn hydroxy and the carbonyl group on C6, comparable to an approaching
nucleophile adopting a Bürgi-Dunitz trajectory.135
Based on these examples, there is evidence suggesting that the bicyclo[3.2.0]heptane scaffold
has a robust structure, capable to maintain a boat-type conformation in the presence of large
numbers, as well as sterically demanding substituents. In particular, the syn-endo disubstitution
pattern, which is unfavorable in boat-shaped bicyclo[3.1.0]hexane derivatives due to the sterical
repulsion between the substituents, is available for the bicyclo[3.2.0]heptane structure without
compromising the boat-like conformation.

6.4

Aim of this Work

Despite the many examples found in literature, the bicyclo[3.2.0]heptane structure still
remains insufficiently explored to determine whether it would provide a suitable scaffold for
the design of structural analogs. In particular, whether its derivatives can be used as
conformationally locked analogs of 1,3-bis-pharmacophores such as GABA. A key question is
the conformational robustness of the bicyclic core system with respect to different substitution
patterns. While an exhaustive theoretical analysis96 of the dimethyl derivatives of the
bicyclo[3.2.0]heptane core indicated only marginal conformational changes of the boat-shaped
core structure for all possible stereoisomeric substitution patterns, this remains to be explored
experimentally, particularly also for real cases such as the embedding of GABA, rather than the
prototypic n-pentane. The second part of this Thesis is dedicated to the synthesis and evaluation
of bicyclo[3.2.0]heptane derivatives incorporating the GABA unit. The aim is to provide a
suitable synthetic route towards the bicyclic amino acids as well as first experimental evidence
for the conformational robustness of the bicyclo[3.2.0]heptane core structure.
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Small-molecule X-ray structures shown in this Chapter were resolved by Nils Trapp (ETH
Zurich). Analysis of the crystal structures were performed by Klaus Müller.

7.1

Choice of Substrate

For this work two different modes of embedding the GABA molecule were chosen (Figure
59). In the first case, the theoretical dimethylbicyclo[3.2.0]heptane model predicted suboptimal
overlaps of anti 1,4-dimethylbicyclo[3.2.0]heptane, corresponding to compound (±)-151, for
three different conformations of pentane (Figure 66). A similar situation is found for compound
(±)-152, where overlaps of syn 1,4-dimethylbicyclo[3.2.0]heptane have shown mediocre
overlaps with the trans/trans (rmsd = 0.3791 Å) and gauche+/trans (rmsd = 0.2742 Å)
conformations of n-pentane. Compounds (±)-149 and (±)-150 represented two interesting
examples of unusual conformations of GABA locked in a bicyclic structure and were therefore
chosen to form the first set of compounds to be synthesized.

Figure 66. Two sets of substitution modes chosen for this work.

For the second set of molecules, the aim was to access bicyclo[3.2.0]heptane analogs of
GABA that would approximately replicate staggered low-energy conformation of the freely
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rotating linear molecule. For compound (±)-153 the dimethylbicyclo[3.2.0]heptane model
predicted a good overlap, based on the superposition with the trans/trans conformer of npentane (rmsd = 0.1365 Å). Compound (±)-154 would be synthesized using a similar route to
analog (±)-153, but was predicted to only moderately match with the gauche-/trans
conformation of GABA (rmsd = 0.3958 Å). To complete the set of 2,7-bis-substituted
bicyclo[3.2.0]heptanes derivatives, analogs (±)-155 and (±)-156 were also included. Analog
(±)-155 was of particular interest, as a perfect match (rmsd = 0.0722 Å) with the trans/gauche+
conformer of n-pentane was expected based on the theoretical dimethylbicyclo[3.2.0]heptane
model. On the other hand, a moderate superimposition (rmsd = 0.2279 Å) with the staggered
conformation of gauche-/ gauche+ n-pentane was predicted for its epimer (±)-156.

7.2

Synthesis of Epimeric Boc-Protected rac-4-Aminobicyclo[3.2.0]heptane-1carboxylic Acids

7.2.1 Synthetic Approach
For the synthesis of GABA analogs (±)-151 and (±)-152 a synthetic strategy based on a photoinduced [2+2] cycloaddition was chosen. Based on the retrosynthetic analysis shown in Scheme
31, the amine functionality could be accessed from the corresponding secondary alcohol.
Nucleophilic displacement of the hydroxyl group of (±)-159a after its transformation into a
suitable leaving group would provide the exo-isomer (±)-151, while an oxidation/reductive
amination sequence of (±)-159b or a mixture of both isomers would yield the endo-isomer (±)152. The bicyclo[3.2.0]heptane core could be obtained from an intramolecular photo-induced
[2+2] cycloaddition between the allylic alcohol and enoate moieties of ester (±)-158. This
precursor would be available from a commercially available starting material such as
phosphonate ester 157 (Scheme 35).

Scheme 35. Retrosynthetic analysis of GABA analogs (±)-151 and (±)-152.
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The cyclobutane ring would be accessed through a copper-catalyzed photobicyclization of
1,6-heptadien-3-ol derivative (±)-160, following a similar procedure used by Solomon and
coworkers136 for their synthesis of bicyclo[3.2.0]heptanes (±)-160a and (±)-160b (Scheme 36).

Scheme 36. Photobicyclization of 1,6-heptadien-3-ol in the presence of a Cu(I) catalyst and UV-light
irradiation.136

In their publication, the authors describe how they used catalytic amounts of copper triflate
and UV-light irradiation to form the four-membered ring from allylic alcohol (±)-160 in 86%
yield. Based on the 1H NMR spectra of the isolated products, a 9 to 1 isomeric mixture in favor
of syn-isomer (±)-160a was formed. The formation of the thermodynamically unfavored synisomer as the major product was rationalized by the preference of diene (±)-159 to act as a
tridentate ligand (I) rather than a bidentate ligand (II).
Following this procedure, the core structure of both GABA analogs (±)-151 and (±)-152 could
be accessed in a single step from diene (±)-158. From there, a short sequence of functional
group interconversions to access the Boc-protected amine and carboxylic acid functionalities
would lead to the desired GABA analogs. Despite this promising approach, it was unclear how
the ester group would affect the photocycloaddition, as additional substituents on the olefins
were reported to impact yield and selectivity of the reaction.136

7.2.2 Synthesis
The synthesis of a suitable photobicyclization precursor commenced with the conversion of
commercially available tert-butyl diethylphosphonoacetate (161) to carbinol 162 (Scheme 37).
A

similar

reaction

has

been

reported

by

Yoshimitsu

et

al.137

using

ethyl

diethylphosphonoacetate, but was so far unprecedented for tert-butylester 161. Fortunately,
submitting ester 161 to the same reaction conditions described in literature afforded carbinol
162 in good yields (65%).
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Scheme 37. Preparation of carbinol 162. Reagents and conditions: a) Formaldehyde (37% w/v in water)
(12 equiv.), K2CO3 (2 equiv.), H2O, 65%.

The mechanism for the Horner-Wadsworth-Emmons-type reaction has been suggested138 to
proceed through alcohol I, formed from the reaction of triethyl phosphonoacetate 161 with
formaldehyde under basic aqueous conditions (Scheme 38). In the presence of a large excess
of aldehyde, alcohol I reacts with a second equivalent of formaldehyde instead of eliminating
the phosphate group and generates bis-hydroxymethyl derivative II. Only at this point the
phosphate is eliminated, leading to the formation of carbinol 162.

Scheme 38. Suggested reaction sequence for the formation of carbinol 162 from triethyl
phosphonoacetate 161.138

The synthesis continued with a two-step reaction sequence involving vinylation of the primary
alcohol of carbinol 162, followed by a [3,3]-sigmatropic Claisen rearrangement of the
intermediate allyl vinyl ether (Scheme 39). As catalyst for the vinylation reaction, the stronger
Lewis acid mercury(II) trifluoroacetate was chosen in favor of mercury(II) acetate, as literature
examples reported better yields using the former in combination with ethyl vinyl ether.137,139,140
The subsequent sigmatropic rearrangement proceeded smoothly upon dissolving the crude
product obtained from the vinylation reaction in toluene and heating at 140 °C, yielding
aldehyde 163 in 58% yield over two steps.
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Scheme 39. Preparation of photobicyclization precursor (±)-164. Reagents and conditions: a)
ethoxyethene (10 equiv.), Hg(TFA)2 (5 mol%); b) 140 °C, toluene, 58% over 2 steps; c) CH2CHMgBr
(1.1 equiv), Et2O, -78 °C to 0 °C, 67%.

The last step of the synthesis towards the photobicyclization precursor involved the addition
of vinyl magnesium bromide to aldehyde 163 in order to access diene (±)-164. After a short
optimization of the reaction temperature the best yields were obtained by adding the Grignard
reagent at -78 °C and let the reaction slowly warm up to 0 °C. Following this procedure diene
(±)-164 could be isolated in 67% yield. The bulky tert-butylester group on 163 proved to be
crucial to prevent in situ cyclization and formation of the six-membered lactone upon addition
of the Grignard reagent. Previous attempts to add the reagent to the aldehyde in the presence of
a methyl- or ethylester yielded the lactone in low yields (40%), which had to be reopened again
with either methanol or ethanol under acidic conditions.
With the precursor substrate (±)-164 in hand, conditions for the photo-induced cyclization
were tested to access the bicyclo[3.2.0]heptane core unit. Following the procedure of Solomon
and coworkers,136 diene (±)-164 was irradiated with UV-light (λ = 366 nm) in the presence of
catalytic amounts of copper(I) triflate in diethyl ether. Unfortunately, the formation of
photoadduct (±)-164 could not be observed and only starting material was recovered. Repeated
attempts with several copper(I) and copper(II)141 species, as well as different solvents and light
sources resulted all in recovering of starting material (Scheme 40).

Scheme 40. Failed attempts to access the bicyclo[3.2.0]heptane (±)-165. Tested reagents and conditions:
Copper(I): ((CuOTf)2·C6H6, (CuOTf)2·C6H5CH3), Copper(II): (Cu(OTf)2); Solvents (Et2O, Benzene);
Light source (UV-Lamp (λ = 366 nm), medium pressure Hg-Lamp (150 W)).

107

Synthesis and Evaluation of Bicyclo[3.2.0.]heptanes Derivatives

A possible cause for the unsuccessful conversion of (±)-164 to bicyclo[3.2.0]heptane (±)-165
could be related to the poor binding of the copper cation to the double bond of the α,βunsaturated ester. For the reaction to proceed, the copper cation has to coordinate to both double
bonds, which would then be coupled together to form the cyclobutane ring. Studies on
copper(I)-catalyzed photocycloadditions142 have suggested two different mechanistic pathways
for the construction of the four-membered ring, after the copper-olefin complex I has been
formed (Scheme 41). In the first pathway, irradiation of complex I triggers an alkene ligand-tometal charge transfer (LMCT) resulting in a cationic alkyl copper intermediate II, which
cyclizes to form the cyclobutane (path 1). In the second pathway, a radical alkyl copper
intermediate III is formed from complex I upon excitation and subsequent metal-to-alkene
ligand charge transfer (MLCT), leading to the formation of the four-membered ring (path 2).
Which of the two mechanistic pathways actually leads to photocycloaddition is still a matter of
debate; however, in both cases the metal has to be coordinated to the two double bonds.

Scheme 41. Mechanistic pathways suggested for the copper(I)-catalyzed photocycloaddition of the
cyclobutane ring.142

Based on this conclusion, the search began for literature examples of acyclic enoates reacting
with terminal olefins. A promising precedent was found in a report by Cormier and Agosta, 143
where propiophenone was used as photosensitizer to promote the intramolecular [2+2]
photocycloaddition of diene 166 to form bicyclo[2.1.1]hexane 167 in 80% (Scheme 42). The
authors emphasized that the photocycloaddition would only occur in the presence of
propiophenone transferring its triplet energy to the chromophore of 166. Although only the
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head-to-tail regioisomer was formed during the reaction, the hope was that with an additional
methylene unit between the two double bonds the head-to-head regioisomer would be favored
due to the formation of a five-membered ring.

Scheme 42. Synthesis of bicyclo[2.1.1]hexane 167 by propiophenone promoted photocatalytic [2+2]
cycloaddition of diene 166 (top).143 Anticipated reaction for diene (±)-164 under the same reaction
conditions (bottom).

Following the procedure of Cormier and Agosta,143 diene (±)-164 was irradiated with UVlight in the presence of 10 equivalents of propiophenone (Figure 43). After four days, the
starting material was completely consumed and a mixture of isomers was isolated in moderate
yields (33%) (Scheme 43). H1 NMR analysis of the crude product revealed that it consisted of
a 3:1 mixture of bicyclo[3.2.0]heptanes (±)-165a and (±)-165b, which fortunately could be
separated by flash column chromatography. The same reaction would also occur when the light
source was switched from a UV lamp to a 450 W medium pressure mercury lamp. The yields
of the two reactions were identical, while the reaction time was shortened to one day with the
mercury lamp.

Scheme 43. Photocatalytic [2+2] cycloaddition of (±)-164 using propiophenone as photosensitizer.
Reagents and conditions: a) propiophenone (10 equiv.), UV-Lamp (λ = 366 nm), benzene, 25% of (±)165a, 8% of (±)-165b.
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The relative stereochemistry of the endo- and exo-isomers was assigned based on their
respective H1 NMR and H1-H1 COSY spectra. For the major exo product (±)-165a a coupling
of J = 0.9 Hz was observed between the proton α to the hydroxyl group and the proton at the
bridgehead (Figure 67). Furthermore, weak couplings were observed between the methylene
protons of C3 and the C4 proton in the H1-H1 COSY spectra, but no coupling constants could
be determined from the H1 NMR spectra due to overlapping signals and unresolved couplings.
In the case of the minor endo (±)-165b product, the proton at the C4 position appears as a clear
doublet (J = 10.3 Hz) of triplets (J = 6.6 Hz). The stronger interaction was attributed to the
coupling with the axial C3 proton, lying in an antiperiplanar position with respect to the C4
proton. The two weaker interactions were assigned to the equatorial C3 and bridgehead protons,
both being oriented in a synclinal geometry to the C4 proton.

Figure 67. Coupling constants of the exo- and ando-isomers of (±)-165a and (±)-165b used for the
assignment of the relative stereochemistry based on H1 NMR and H1-H1 COSY spectra analysis.

Taking advantage of the endo configuration of the secondary alcohol in (±)-165b, the
hydroxyl group was mesylated and then displaced by azide, attacking from the more accessible
exo side to give azide (±)-169 in 60% yields over two steps (Scheme 44). Attempts to install
the azide under Mitsunobu’s conditions afforded only the elimination product ((±)-168).
Deprotection of the acid with trifluoroacetic acid followed by palladium on carbon catalyzed
reduction of the azide and Boc-protection of the amine yielded the desired GABA analog (±)151 in 25% yield.
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Scheme 44. Elimination of the alcohol under Mitsunobu’s conditions and final steps towards GABA
analog (±)-151. Reagents and conditions: a) DIAD (2.0 equiv.), PPh3 (2.0 equiv.), (PhO)2P(O)N3 (1.5
equiv.), THF, 0 °C to r.t., 19%; b) MsCl (1.1 equiv.), Et3N (2.0 equiv.), CH2Cl2, 0 °C; c) NaN3 (2.5
equiv.), 15-crown-5 (10 mol%), DMF, 60 °C, 60% over 2 steps; e) TFA (6.0 equiv.), DCM; f) Pd/C (10
mol%), Boc2O (1.2 equiv.) H2 (1 atm), EtOH, 25% over 2 steps.

In order to access the other isomer (±)-152 nucleophilic displacement was not an option due
to the sterical hindrance faced by a nucleophile attacking from the endo side. Instead, it was
decided to adopt a reductive amination procedure in order to obtain to the desired
stereochemistry at the C4 carbon. The secondary alcohol (±)-165a was therefore oxidized to
the respective ketone using Dess-Martin periodinane (DMP) to afford keto ester (±)-170 in 79%
yield (Scheme 45). Treatment of (±)-170 with benzyl amine and in situ reduction of the formed
imine with sodium borohydride yielded amine (±)-171 in acceptable yields (70% over two
steps).

Scheme 45. Oxidation and reductive amination steps to access amine (±)-170. Reagents and conditions:
a) DMP (3.0 equiv.), NaHCO3 (5.0 equiv.), CH2Cl2, 0 °C to r.t., 79%; b) benzylamine (1.0 equiv.),
MgSO4 (1.0 equiv.), CH2Cl2; c) NaBH4 (1.0 equiv.), THF/MeOH (1:1), 70% over 2 steps.

As predicted, the reduction was selectively occurring from the exo side yielding the desired
endo amine. This selectivity documents the steric hindrance of the endo face of (±)-170 and
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how the cyclobutane unit in the bicyclic structure efficiently blocks one side of the
cyclopentanone ring from nucleophilic attack (Figure 68).

Figure 68. The cyclobutane unit blocks one side of the five-membered ring from the attacking
nucleophile.

The last part of the synthesis included a sequence of deprotection/protection steps, whereby
the benzyl group of (±)-171 was removed through hydrogenolysis while the acid was
deprotected with trifluoroacetic acid. The resulting amino acid was then treated with di-tertbutyl dicarbonate to protect the amine functionality, affording the second GABA analog (±)152 in good yields (Scheme 46).

Scheme 46. Deprotection/protection sequences to access GABA analog (±)-152. Reagents and
conditions: a) Pd/C (10 mol%), H2 (1 atm), EtOH; b) TFA (8.0 equiv.), CH2Cl2; c) Boc2O (1.1 equiv.),
Et3N (2.0 equiv.), 1,4-dioxane/H2O (1:1), 64% over 3 steps.

7.3

Attempted Synthesis of Boc-Protected rac-2-Aminobicyclo[3.2.0]heptanecarboxylic Acids

7.3.1 Synthetic Approach
For the synthesis of GABA analogs (±)-153-(±)-156, a different approach was chosen which
did not rely on a photo-induced [2+2] cycloaddition to build the cyclobutane ring. In a series of
publication Knölker and coworkers144-146 described a method for the construction of
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cyclobutanes through a Lewis acid promoted [2+2] cycloaddition of allylsilanes 173 and methyl
acrylates 172 (Scheme 47). The reaction affords a mixture of diastereomeric anti and syn
silylmethylcyclobutanes (±)-174 and minor amounts of silycyclopentane (±)-175. The
distribution of the three products and in particular the ratio of anti- to syn-isomers is highly
dependent of the reaction temperature and the substituents on allylsilane 172.

Scheme 47. Cycloadditions of allylsilanes 172 and methyl acrylates 173. Reagent and conditions: a)
TiCl4 (1.0 equiv.), CH2Cl2, -40 °C to 0 °C, 19 h, 100%; b) TiCl4 (1.0 equiv.), CH2Cl2, -78 °C to -20 °C,
19 h, 40%; c) TiCl4 (1.0 equiv.), CH2Cl2, 40 °C, 4 d, 84%.144,145

In principle, three types of reactions can occur when an allylsilane reacts with an α,βunsaturated carbonyl compound. The three transformations, summarized in Scheme 48, are
initiated by a Lewis acid mediated nucleophilic attack of allylsilane 177 to the β positon of
enone 176 to generate a β-silyl cation. This cationic intermediate is stabilized by the
neighboring silicon atom (β-silicon effect) and is in equilibrium between its open form I and
the bridged non-classical pentavalent silicon cation (siliranium ion) form II.144 If the
substituents on the silicon are small (i.e., R = Me) a nucleophilic attack either by the enolate or
a chloride anion will provide the Sakurai product 178 (pathway a) upon hydrolysis and workup.
With sterically demanding substituents (i.e., R = Ph, iPr) the nucleophilic attack on the silicon
is prevented, effectively suppressing the Sakurai reaction and favoring cyclization by
intramolecular nucleophilic attack of the titanium enolate (pathways b and c).
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Scheme 48. Possible reactions of α,β-unsaturated carbonyl compounds with allylsilanes in the presence
of TiCl4. a) Sakurai reaction, b) [3+2] cycloaddition, c) [2+2] cycloadditon.144.

For α,β-unsaturated ketones (i.e., X = alkyl), a preference of the enolate to attack the less
hindered side of the bridged siliranium cation intermediate (5-endo-tet cyclization) was
observed, resulting in the formation of [3+2] cycloaddition products 179 (pathway b). On the
other hand, titanium enolates of enoate derivatives (i.e., X = O-alkyl) preferentially attack the
secondary

carbon

of

the

cationic

intermediate

(4-exo-tet

cyclization)

affording

silylmethylcyclobutanes 180 (pathway c).146
In a series of publications, Meyers and coworkers147-149 reported several reactions involving
[2+2] cycloadditions of allylsilane to cyclic enones to form polycyclic aliphatic systems. Such
examples provided the necessary precedence to plan a synthetic strategy aiming at constructing
of the bicyclo[3.2.0]heptane cores of the GABA analogs (±)-153-(±)-156 using this method. In
one of these examples allylsilane 182 was added to bicyclic lactam (-)-181 in the presence of
titanium tetrachloride to provide tricyclic compounds (+)-183a and (+)-183b with a strong
preference for the exo-product ((+)-182a) (Scheme 49).147 The authors pointed out the
importance of having a tert-butyl group on the ester functionality in order to suppress the
formation of the silylcyclopentane product.
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Scheme 49. Cyclobutannulation of bicyclic lactam (-)-181 and allylsilanes 182. Reagent and conditions:
a) 182 (1.5 equiv.), TiCl4 (1.0 equiv.), CH2Cl2, -78 °C to 0 °C, 75% of (+)-183a, 11% of (+)-183b.147

The use of allyldimethyltritylsilane (ADTS) (182) was particularly appealing, as the silyl
group was bulky enough to allow the selective formation of the cyclobutane ring and at the
same time could be easily oxidized to the respective primary alcohol (Scheme 50). The authors
reported that the oxidative transformation could not be carried out under standard FlemingTamao conditions150 as the result was formation of the Sakurai product 186. Instead, milder
conditions were found by treating cyclobutane (+)-183a with tetrabutylammonium hydroxide
in the presence of hydrogen peroxide to produce the solvolyzed intermediate 184a which was
oxidized to the primary alcohol (+)-185a.148

Scheme 50. Oxidation of the silyl group of (+)-183a to the primary alcohol (Bottom). Reagent and
conditions: a) n-Bu4NOH (2.0 equiv.), H2O2 (30% w/v in water) (40 equiv.), 53%; b) CsF (5 equiv.),
THF/MeOH (5:1).149

Inspired by this reaction, the synthesis of GABA analogs (±)-153-(±)-156 was based on the key
[2+2] cycloaddition of cyclopentenone 187 and allyldimethyltritylsilane 182 to form the endo
and exo bicyclic core structures (±)-188a and (±)-188b (Scheme 51). The ester functionality
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could be removed through decarboxylation, while the silyl group would be transformed to the
primary alcohol, taking advantage of the oxidation reaction described earlier, and then oxidized
further to afford the carboxylic acid functionality ((±)-189a/(±)-189b). The ketone could be
transformed into the respective syn ((±)-154/(±)-156) and anti ((±)-153/(±)-155) amine groups,
following a similar procedure used for GABA analogs (±)-151 and (±)-152, to afford the
targeted four GABA derivatives. Based on the observation of Meyers et al.,147 cyclopentane
187 would be equipped with a tert-butylester in order to suppress the formation of any
bicyclo[3.3.0]octane derivatives, while allyldimethyltritylsilane (182) was chosen to reduce the
amount of Sakurai product to a minimum.

Scheme 51. Retrosynthetic analysis of GABA analogs (±)-153, (±)-154, (±)-155, and(±)-156.

7.3.2 Synthesis
Both starting materials 182 and 187 were not commercially available; therefore, they had to
be prepared following published literature procedures. The synthesis of cyclopentenone 187
commenced with trans-esterification of ketoester (±)-190 to afford the corresponding tertbutylester (±)-191 (Scheme 52). Yadav et al.151 reported the use of catalytic amounts (10 mol%)
of triphenylphosphine for the trans-esterification of β-ketoester. Although the authors
developed the procedure for primary and secondary alcohols, the trans-esterification reaction
was attempted using a large excess of tBuOH and substoichiometric amounts (30 mol%) of
PPh3. After stirring for several days the reaction did not proceed any further and β-ketoester
was isolated in 53% yield.
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Scheme 52. Trans-esterification of β-ketoester (±)-190. Reagent and conditions: a) PPh3 (30 mol%),
toluene/tBuOH (1:1), 110 °C, 6d, 71%.

The reaction yield could be further improved to 71% by using a Dean-Stark apparatus in order
to remove ethanol, formed during the reaction, from the reaction mixture. Based on the reaction
mechanism suggested in Scheme 53, the reaction has to proceed through intermediate (±)-190a
formed after the attack of triphenylphosphine on β-ketoester (±)-190. tBuOH can then attack
intermediate (±)-190a leading to tert-butylester (±)-191. The reaction moves in the forward
direction until an equilibrium between the two β-ketoester (±)-190a and (±)-191 is reached, as
the concentration of EtOH increased to a point as to rival tBuOH for the attack on intermediate
(±)-190a. Although the concentration of EtOH is much lower than tBuOH, the primary alcohol
is a much better nucleophile than the bulky tertiary alcohol. By continuously removing ethanol
from the reaction mixture through distillation, the reaction can proceed again in the forward
direction towards tert-butylester (±)-191.

Scheme 53. Suggested mechanism for the formation of tert-butylester (±)-191.

The obtained β-ketoester (±)-191 was then treated with phenylselenyl chloride and pyridine
to afford the intermediate selenide (Scheme 54). Upon purification the selenide intermediate

117

Synthesis and Evaluation of Bicyclo[3.2.0.]heptanes Derivatives

was reacted with hydrogen peroxide to yield unsaturated β-ketoester 187 through a selenoxide
elimination reaction pathway in good yields (71%). With the synthesis of compound 186
completed, the first starting material was now available, paving the way for the synthesis of
allyldimethyltritylsilane (182), the second starting material.

Scheme 54. Final steps of the synthesis of unsaturated β-ketoester 187. Reagent and conditions: a)
PhSeCl (1.0 equiv,), pyridine (1.1 equiv.), CH2Cl2, 0 °C to r.t.; b) (30% w/v in water) (2.0 equiv.),
CH2Cl2, 0 °C to r.t., 71% over 2 steps.

Fleming and Ager152 reported a three-step synthesis for bromosilane 194 (Scheme 56), a
compound used by Meyers et al. for the synthesis of allylsilane 182. The synthesis commenced
with the nucleophilic displacement of chloride from chlorodimethylphenylsilane (192) by
diphenylmethane previously treated with n-BuLi (Scheme 55). The resulting silane 193 could
be isolated by distillation in 70% yield.

Scheme 55) Synthesis of benzhydryldimethyl(phenyl)silane (193). Reagent and conditions: Ph2CH2
(0.84 equiv.), n-BuLi (1.10 equiv.), Et2O, 70 °C, 70%.

Bromination of silane 193, using N-bromosuccinimide and benzoyl peroxide as the radical
initiator, occurred selectively at the benzylic position, providing the intermediate αbromosilane. Heating this intermediate to 230 °C led to a thermal rearrangement153 whereby
the α-halogen and the phenyl substituent on the silicon switched position to yield bromosilane
194 after recrystallization from benzene in 48% yield over 2 steps (Scheme 56). For the last
step, the procedure described by Meyers et al.149 was followed, and allylmagnesium chloride
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was added to bromosilane 194 to afford allyldimethyltritylsilane (182) in excellent yields
(99%), completing the synthesis of the second starting material.

Scheme 56. Synthesis of allyldimethyltritylsilane (182). Reagent and conditions: a) NBS (1.0 equiv.),
Bz2O (1 mol%), CCl4, 80 °C; b) 230 °C, 48% over 2 steps; c) allylmagnesium chloride (2.0 equiv.),
THF, 70°C, 99%.

With both starting materials in hand, the TiCl4 promoted [2+2] cycloaddition to access the
bicyclo[3.2.0]heptane cores of GABA analogs (±)-153-(±)-156 was attempted. In accordance
with the procedure of Meyers et al.149 cyclopentenone 187 was reacted with allylsilane 182 in
the presence of stoichiometric amounts of titanium tetrachloride at -78 °C (Scheme 57). After
the starting materials were consumed, the reaction was worked up and a mixture of unidentified
products 195 together with traces of the bicyclo[3.3.0]octane derivative (±)-196 (3% yield)
could be isolated. (±)-196 was isolated as a single diastereoisomer and the bicyclo[3.3.0]octane
structure could be identified based on its 1H-1H COSY and HMBC spectra, although the relative
configuration of the three stereogenic centers could not be assigned. Subsequent
decarboxylation of the tert-butyl ester of (±)-196 with trifluoroacetic acid153 delivered ketone
(±)-198, a compound already reported by Meyers et al.149
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Scheme 57. Attempted [2+2] cycloaddition of cyclopentenone 187 and allylsilane 182 and
decarboxylation of the respective products 195 and (±)-196. Reagent and conditions: a) TiCl4 (1.05
equiv.), CH2Cl2, -78 °C, 78% for 195, 3% for (±)-196; b) i. ZnBr2 (1.0 equiv), CH2Cl2, ii. (COCl)2 (1.2
equiv.), DMF (cat.), N-hydroxypyridin-2-thione sodium slat (1.2 equiv.), DMAP (10 mol%), CHCl3,
450 W tungsten lamp; b) TFA (4.0 equiv.), DCE, 90 °C; d) MgCl2·6H2O (2.0 equiv.), DMF, 130 °C,
37% for (±)-197a, 11% for (±)-197b; e) TFA (4.0 equiv.), DCE, 90 °C, 88%.

The NMR spectra of mixture 195 indicated that it consisted of two similar compounds, while
mass spectrometry revealed the presence of a mass corresponding to bicyclo[3.2.0]heptane
derivative (±)-188 (Scheme 51). Although the correct mass was found, there was no further
evidence weather (±)-188 had been formed or just a constitutional isomer. As the mixture could
not be separated by flash column chromatography, LC-MS or HPLC, it was decided to attempt
the separation after decarboxylation of the tert-butyl ester. To decarboxylate mixture 195, the
same procedure153 used for ketoester (±)-196 was initially attempted, but lead to decomposition
of the starting material. Also a radical decarboxylation approach was pursued by first
hydrolyzing the ester with ZnBr2154, and treating the corresponding acid with oxalyl chloride
and N-hydroxypyridin-2-thione sodium salt, followed by irradiation with a 450 W tungsten
lamp.155 Unfortunately, also the Barton reductive decarboxylation resulted in decomposition of
the starting material. Eventually, a procedure involving the use of MgCl2156 lead to the isolation
of two new compounds, which could be identified as allylsilanes (±)-197a and (±)-197b. The
isolation of the allylsilane products could not confirm whether the bicyclo[3.2.0]heptane
compounds (±)-188a and (±)-188b were originally present in the mixture 195. No further
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attempts were pursued to identify the composition of mixture 195, and consequently the
synthesis of GABA analogs (±)-153-(±)-156 could not be concluded.

7.4

Evaluation of Crystal Structures

As expected by the Moloc-calculations of bicyclo[3.2.0]heptane structures and from the
majority of the bicyclic compounds found in the Cambridge Structure Database (Figure 55),
both GABA analogs (±)-151 and (±)-152 adopt boat-like conformation in their crystal structures
(Figure 69).

(±)-151

(±)-152

Figure 69. ORTEP representation of one of the four independent molecules of (±)-151 and the single
molecule of (±)-152 as determined by X-ray diffraction.

In the crystal structure of (±)-151, four independent molecules (A-D) were found in the unit
cell, which differed essentially only in the geometry of the tert-butyl unit of the Boc protecting
group. On the other hand, the crystal structure of (±)-152 featured a single molecule of the
GABA analog together with a severely disordered co-crystallized dichloromethane solvent
molecule (see Experimental Part). The relative stereochemistry of the amine and carboxylic
acid substituents seen in Figure 69 confirmed the original configurational assignments of (±)165a and (±)-165b based on their respective 1H NMR and 1H-1H COSY spectra (Figure 67).
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Comparison with Theoretical Dimethylbicyclo[3.2.0]heptane Models

The crystal structures obtained from GABA analogs (±)-151 and (±)-152 were compared to
their corresponding theoretical 1,4-dimethylbicyclo[3.2.0]heptane models discussed in Section
5.2.2. Superposition of anti 1,4-dimethylbicyclo[3.2.0]heptane with one of the four structures
of (±)-151 is shown in Figure 70, displaying the excellent overlap between the two
bicyclo[3.2.0]heptane core units (rmsd = 0.0175 Å).75a

Figure 70. Superposition of the theoretical anti 1,4-dimethylbicyclo[3.2.0]heptane model (yellow) with
one of the four independent molecules of the X-ray structure of (±)-151 (white).

This exceptional good overlap is an indication of how reliable the theoretical
dimethylbicyclo[3.2.0]heptane model is when it comes to predict the conformation of such
bicyclic structure. Furthermore, it provides evidence for the hypothesis that the structure of
compound (±)-151 could be used to generate rotationally restricted analogs of the GABA
molecule locked in an unusual non-staggered conformation.
Superposition of the theoretical syn 1,4-dimethylbicyclo[3.2.0]heptane model with the crystal
structure of (±)-152 also display very good overlap, further confirming the reliability of the
theoretical dimethylbicyclo[3.2.0]heptane model system. As shown in Figure 71, the bicyclic
core structures of the dimethyl model and the X-ray structure of (±)-152 overlap to a very high
extent (rmsd = 0.0534 Å).96
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Figure 71. Superposition of the theoretical syn 1,4-dimethylbicyclo[3.2.0]heptane model (green) with
the X-ray structure of (±)-152 (white).96

Based on the superposition of the modeled 1,4-dimethylbicyclo[3.2.0]heptanes and lowenergy staggered conformations of n-pentane, the syn 1,4-dimethylbicyclo[3.2.0]heptane
isomer was found to match poorly with either a trans/trans n-pentane (rmsd = 0.3791 Å) or a
gauche+/trans n-pentane (rmsd = 0.2742 Å). Thus, compound (±)-152 is yet another example
of the incorporation of the GABA molecule into the bicyclo[3.2.0] core structure with the
GABA unit fixed in a higher-energy non-staggered conformation

7.4.2 Stability of the Boat Conformation
The bicyclic core displays a considerable robustness of the boat-like conformation and is
essentially independent of the syn/anti-stereochemistry of the epimers (±)-151 and (±)-152.
Superposition of the experimental X-ray structure of (±)-151 with the four independent
molecules in the X-ray structure of (±)-152 (Figure 72) indicates very little structural variation
in the bicyclo[3.2.0]heptane core unit as evidenced by corresponding small rmsd values of
about 0.05 Å or less.96
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Figure 72. Superposition of bicyclo[3.2.0]heptane cores of (±)-152 (X-ray structure, cyan) with the
structures of the four independent molecules (A-D) in the X-ray structure of (±)-151 (white): rmsd
values are 0.0475 Å, 0.0527 Å, 0.0408 Å, 0.0379 Å, respectively.96

The very close structural similarity of the bicyclic core in the syn- and anti-isomers is most
remarkable and provides a first strong support for the concept of bicyclo[3.2.0]heptane as a
promising core structure for the specific design of the spatial disposition of two
pharmacophores in a 1,3-topological relationship.

7.4.3 Conformation of the Carbamate Unit
There is a characteristic difference in the structure of the carbamate unit between the two
bicyclic compounds (±)-151 and (±)-152. In the anti-1,4-disubstituted isomer ((±)-151) the
amide adopts a cis conformation, whereas the syn-1,4-disubstituted isomer ((±)-152) shows a
trans amide unit. Accordingly, the two isomers show entirely different packing in the crystal
structures. The anti-isomer (±)-151 forms molecular dimers in the crystal with mutual
saturation of H-bond donors and acceptors, in particular by intermolecular interactions of the
COOH groups stabilizing the conformation of the cis-amide units (Figure 73). The dimers found
in the crystal structure are not identical as the four independent molecules (A-D) form distinct
types of pairs. Molecules A and C form dimers with each other while B and D form molecular
pairs with their own symmetry equivalents, related by an inversion center (B–B’ and D–D’).
On the other hand, the syn-isomer (±)-152 forms chains of H-bonds between trans-configured
amide units, with the COOH groups pairing with the symmetrical chelated H-bonds.
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Figure 73. Dimers formed in the crystal of (±)-151 having a cis-amide unit in the urethane group (left)
and chain of H-bonds found in the X-ray structure of (±)-152 possessing a trans-amide unit (right).
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In the second part of this work, the application of the bicyclo[3.2.0]heptane core system to
lock distinct conformations of the GABA molecule is described.
The bicyclo[3.2.0]heptane structure was introduced as an intriguing alternative to the more
common bicyclo[3.1.0]hexane system, as rigid scaffold for the incorporation 1,3-bispharmacophoric groups such as GABA. Similarly to its bicyclo[3.1.0]hexane counterpart, the
structure of bicyclo[3.2.0]heptane preferentially adopts a boat-type conformation and was
shown to predominantly maintain this shape even in the presence of a large number or sterically
demanding substituents. The bicyclic heptane structure offers additional advantages compared
to the one of bicyclic hexane, as heteroatoms can be incorporated in the four-membered unit
without compromising the chemical stability of the compound. Furthermore, with
bicyclo[3.2.0]heptane, unique substitution patterns can be designed which otherwise would lead
to severe sterical congestions in the case of bicyclo[3.1.0]hexane. There are five generic modes
to incorporate a X–CCC–Y unit into the bicyclo[3.2.0]heptane core unit, thereby restricting the
rotation around the two carbon-carbon bonds and lock the molecule into a desired conformation.
This offers the opportunity to use these rigid bicyclic structures not only to replicate low-energy
staggered conformations, but also unusual conformations which would correspond to highenergy conformers of a freely rotating molecule like GABA.
To determine whether the bicyclo[3.2.0]heptane scaffold could be used to build
conformationally locked analogs of 1,3-bis-pharmacophores such as GABA, compounds with
a (1,4)-disubstitution and (2,7)-disubstitution pattern were chosen for this work. The former
substitution mode was represented by the epimeric pair (±)-151 and (±)-152, which were
obtained from an unprecedented intramolecular photo-induced [2+2] cycloaddition of the
corresponding 1,6-diene precursor. On the other hand, the (2,7)-disubstitution mode was
intended to be showcased by the four configurational isomers (±)-153, (±)-154, (±)-155 and
(±)-156. The attempt to access their bicyclo[3.2.0]heptane structure by a Lewis acid promoted
[2+2] cycloaddition of allylsilane 182 and cyclopentenone 187 was unsuccessful, and the
synthesis of the four isomers could not be completed.
Superimposition of the crystal structures obtained from (±)-151 and (±)-152 with theoretical
1,4-dimethylbicyclo[3.2.0]heptane models generated from force-field calculations showed an
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exceptionally good overlap between the experimental and theoretical structures. This
observation provided strong evidence for the hypothesis that (±)-151 and (±)-152 can serve as
restricted analogs for unusual, high-energy conformations of GABA. Furthermore, a
comparison between the two bicyclo[3.2.0]heptane cores from the X-ray structures of (±)-151
and (±)-152 revealed only small deviations between the two structures (rmsd ≤ 0.05 Å). This
finding documented the considerable conformational robustness of the boat-shaped bicyclic
core structure, independently of the stereoisomeric substitution pattern.
Many more modes for the incorporation of X-CCC-Y units remain to be explored. Of
particular interest is the (2,7)-disubstitution pattern with its configurational isomers (±)-153(±)-156, as it would provide four examples of locked analogs of GABA, representing either
low-energy staggered or high-energy conformations of the freely rotating linear molecule. In
an alternative synthesis, suggested in Scheme 57, these four building blocks could be accessed
from tricyclic lactone (±)-200, reported by Font and coworkers.157 Opening of the lactone could
occur either by nucleophilic attack on the ester or a reduction/oxidation sequence to afford
bicyclo[3.2.0]heptane (±)-201. Further transformations of the ketone and carboxylic acid
functionality could lead to analogs (±)-155 and (±)-156. Eventually, inversion of configuration
at the C7 carbon would afford analogs (±)-153 and (±)-154.

Scheme 57. Possible synthesis to access GABA analogs (±)-153-(±)-156.

GABA analogs displaying the other modes of incorporation can be accessed through strategic
application of [2+2] cycloadditions to form the bicyclo[3.2.0]heptane scaffold. The theoretical
1,4-dimethylbicyclo[3.2.0]heptane models have proven to be capable of accurately predict the
conformation of bicyclic analogs. They are a valuable tool to help identify structures featuring
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substituents with the desired spatial orientation for focused chemistry libraries for receptor
screening. Further modifications to bicyclo[3.2.0]heptane core could involve incorporation of
heteroatoms in order to modify the polarity of the molecule. The robustness of the boat-type
conformation would also allow the addition of a further pharmacophoric group to the
bicyclo[3.2.0]heptane scaffold without disrupting the whole structure. This could be useful if
an additional interaction is required for a better binding to a potential receptor.
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General Informations. All non-aqueous reactions were carried out using oven-dried (120 °C)
glassware under a positive pressure of dry nitrogen unless otherwise noted. Except if indicated
otherwise, reactions were magnetically stirred and monitored by thin-layer chromatography
using Merck Silica Gel 60 F254 or Merck Aluminum oxide 60 F254 plates and visualized by
fluorescence quenching under UV light. In addition, TLC plates were stained using ceric
ammonium molybdate, potassium permanganate or ninhydrin stain. Chromatographic
purification of products (flash chromatography) was performed on Fluka Silica Gel 60 (230400 mesh) using a forced flow of eluant at 0.3-0.5 bar. Concentration under reduced pressure
was performed by rotary evaporation at 40 °C at the appropriate pressure, unless otherwise
stated. Purified compounds were further dried for 12-72 h under high vacuum (0.01-0.05 Torr).
Yields refer to chromatographically purified and spectroscopically characterized compounds,
unless otherwise stated. For property measurements samples were further purified if needed by
HPLC on Reprosil Chiral-NR columns (50 mm x 250 mm, particle size 8 µm) under isocratic
conditions with solvent mixtures of n-heptane and ethanol in various ratios as indicated
individually to purity of ≥ 99.5%.
Chemicals. Tetrahydrofuran, diethyl ether, toluene, and methylene chloride were purified by
distillation and dried by passage over activated alumina under an argon atmosphere (H2O
content < 30 ppm, Karl–Fischer titration). Dioxane was distilled from calcium hydride under
an inert atmosphere. Triethylamine was distilled from KOH under an atmosphere of dry
nitrogen. All other commercially available reagents were purchased from Acros, Aldrich, Fluka,
Merck, Lancaster, ABCR, Fluorochem, Combi-Block or TCI and used without further
purification if not mentioned otherwise.
NMR Spectra. Proton nuclear magnetic resonance (1H NMR) spectra, carbon nuclear
magnetic resonance (13C NMR) spectra, and fluorine nuclear magnetic resonance (19F NMR)
spectra were recorded on Bruker AV400 (400 MHz) spectrometer. Chemical shifts (δ) are
reported in ppm with the solvent resonance as the internal standard relative to chloroform (δ
7.26), water (δ 4.79) or acetonitrile (δ 1.94) for 1H, and chloroform (δ 77.16) and acetonitrile
(δ 1.32) for 13C. 19F NMR spectra are referenced relative to CFCl3 in CDCl3. Coupling constants
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(J) are given in units of hertz (Hz). All
decoupling. All

19

13

C spectra were measured with complete proton

F NMR spectra were recorded either with or without proton decoupling.

Multiplicities are abbreviated by s (singlet), bs (broad singlet), d (doublet), bs (broad doublet),
dd (doublet of doublet), ddd (doublet of doublet of doublet), t (triplet), dt (doublet of triplet),
dqt (doublet of quartet of triplet), appdq (apparent doublet of quartet), td (triplet of doublet),
tdd (triplet of doublet of doublet), tt (triplet of triplet), ttd (triplet of triplet of doublet), q
(quartet), appq (apparent quartet), qd (quartet of doublet), p (quintet), h (sextet), and m
(multiplet).
IR Spectra. IR spectra were recorded on a PerkinElmer Spectrum RXI FT-IR
spectrophotometer. Absorption band positions are given in wave numbers (cm-1).
Mass Spectra. Mass spectra were recorded by the MS service at ETH Zürich, using EI-MS
(m/z) on a VG-TRIBRID spectrometer, and MALDI-MS (m/z) on a IonSpec Ultima Fourier
Transform Mass Spectrometer.
Optical Rotations. Optical rotations were measured on a JASCO DIP-2000 polarimeter at 25
°C on the sodium wavelength using a 10 cm, 1 mL cell. Concentrations are given in g/100 mL
in the indicated solvent. Measurements were carried out typically at concentrations of 5-10
mg/mL. Specific optical rotations are given in units of °·dm-1·(g/mL)-1.
X-Ray Crystallography. X-ray crystallography analyses were performed by Dr. Bernd
Schweizer, Dr. Michael D. Wörle, Dr. Niels Trapp and Michael Solar from the Small Molecule
Crystallography Center (SMoCC) at ETH Zurich. Samples were measured on a Bruker/Nonius
Kappa APEX-II diffractometer equipped with sealed-tube Mo-Kα radiation, or a Bruker Kappa
APEX-II Duo diffractometer using microfocus Cu-Kα radiation and mirror optics. All
measurements were carried out at 100K using an Oxford Cryosystems Cryostream 700 sample
cryostat. Data were integrated using SAINT from the Bruker Apex-II program suite and
corrected for absorption effects using the multi-scan method (SADABS).175 The structures
were solved using direct methods using SHELXS176 and refined by full-matrix least-squares
analysis (SHELXL)176 within the program package OLEX2.177 All non-hydrogen atoms were
refined anisotropically. Hydrogen atoms were constrained to ideal geometries and refined with
fixed isotropic displacement parameters in terms of a riding model.
The determinations of pharmacologically relevant compound properties, basicity (pKa),
lipophilicity (logD), solubility (logS), and microsomal degradation (Clint), were performed by
groups in the Department of Pharmaceutical Sciences at F. Hoffmann-La Roche AG, Basel.
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Determination of ionization constants (pKa). Ionization constants are determined at 23±1°C
by spectrophotometry using a ProfilerSGA SIRIUS instrument in buffered water solution at an
ionic strength of 150 mM. To this end the UV-spectrum of a compound is measured at different
pH values. The solution of the sample is injected at constant flow rate into a flowing pH
gradient. Changes in UV absorbance are monitored as a function of the pH gradient. The pKa
values are found and determined where the rate of change of absorbance is at a maximum. The
pH gradient is established by proportionally mixing two flowing buffer solutions. The buffer
solutions contain mixtures of weak acids and bases that are UV-spectroscopically transparent
above 240 nm. It is necessary to calibrate the gradient in order to know exactly the pH at any
given time. This is achieved by introducing standard compounds with known pKa values.
Determination of lipophilicity (logDpH=7.4). Measurements of logD start with the accurate
coating of the hydrophobic layer (0.45 µm PVDF membranes), which is fixed on the bottom of
each DIFI©-tube. The coated membranes are then connected to a 96-well plate prefilled with
exactly 150 µL of an aqueous buffer solution (25 mM PO, pH=7.4) containing the compound
of interest at a start concentration of at least 85 µM. To expand the measurement range of -0.5
≤ logD ≤ 4, it is necessary to carry out the procedure at two different octanol/water ratios, one
with an excess of octanol for hydrophilic compounds (logD<1) and one with a low volume of
octanol for the lipophilic compounds (logD>1). Therefore, part of the DIFI©-tubes are filled
with 15 µl 1-octanol and another part with 1 µl 1-octanol. The resulting sandwich ensures that
the membrane is completely immersed in the buffer solution. The plate is then sealed and
shaken for 12 hours at room temperature (23 °C). During this time the substance is distributed
between the layer, the octanol, and the buffer solution. After reaching equilibrium distribution
the DIFI©-tubes are disassembled from the top of the 96-well plate, and the resultant sample
concentration in the aqueous phase is determined by LC/MS.
Determination of solubility (logSpH=6.5, logSpH=10.0). For each compound, a sample of
approximately 2 mg was added to 150 µL of a 50 mM aqueous phosphate buffer at pH 6.5 and
transferred to a standard 96-well plate at room temperature (22.5±1 °C). For determination of
logS at pH 10.0, compound suspensions were treated with a concentrated NaOH solution. The
96-well plate was placed on a plate shaker which agitated the suspensions overnight. At the
next day the samples were filtered with a micronic filter plate (MSGVN2250) to separate the
solid material from the solution. After confirming unchanged pH of the solutions by way of
micro- pH-meter measurements, the solution concentrations were determined by calibrated
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HPLC. The calibrations were obtained by HPLC analysis of different concentrations of each
compound in DMSO.
Determination of metabolic stability (Clint). Microsomal incubations were carried out in 96deep-well plates with a final incubation volume of 600 µL. Each incubation contained 2 µM of
test compound, 0.5 mg/mL human liver microsomes and NADPH regenerating system,
containing potassium phosphate buffer (50 mM, pH 7.4), MgCl2 (10 mM), EDTA (1 mM),
NADP+ (2 mM), glucose-6-phosphate·2H2O (20 mM), glucose-6-phosphate dehydrogenase (4
units/mL). Test compounds were incubated for up to 45 min at 37 °C under vortexing at 800
rpm. Aliquots of 50 µL were removed after 1, 3, 6, 9, 15, 25, 35, and 45 minutes and quenched
in 150 µL acetonitrile containing internal standard. Samples are then cooled and centrifuged
before analysis by high-performance liquid chromatography (HPLC) coupled with tandemmass spectrometry (LC/MS/MS). The system consisted of a Shimadzu binary gradient HPLC
system, a Waters XTerra® MS C18 column (1 mm x 50 mm) and a Sciex API 2000 mass
spectrometer. A two-component mobile phase, pumped at 0.15 mL/min, contained the
following solvents: solvent A (1% aqueous formic acid and MeOH 80:20) and solvent B
(MeOH). An initial isocratic step of 0.5 min solvent A was followed by a gradient of 0 to 80%
solvent B within 1 min. Detection was performed in positive mode. Log peak area ratios (test
compound peak area / internal standard peak area) were plotted against incubation time, and a
linear fit was made with an emphasis on the initial rate of compound disappearance. The slope
of the fit is used to estimate a pseudo-first-order rate constant of intrinsic clearance, Clint in
units of min-1/(mg/µL of protein concentration) with a 95%-confidence interval from the
measurements at 8 successive time points.
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Synthetic Procedures to Chapter 3

(S)-1-Propyl-N-(2,6-dimethylphenyl)piperidine-2-carboxamide

((S)-(-)-Ropivacaine)

(22): To a stirred solution of n-propyl 4-nitrobenzenesulfonate (46) (0.28 g, 1.1 mmol, 1.0
equiv.) in 1.5 mL acetonitrile was added a solution of (S)-N-(2,6-dimethylphenyl)piperidine-2carboxamide (43) (0.28 g, 1.1 mmol, 1.0 equiv.) in 1.5 mL acetonitrile and K2CO3 (0.34 g, 2.5
mmol, 2.2 equiv.). The reaction mixture was brought to 80 °C and stirred for 5.5 h, then allowed
to cool to room temperature. The reaction was quenched with saturated NaHCO3 (20 mL) and
the mixture extracted with EtOAc (3 x 20 mL). The organic layer was washed with brine (50
mL), dried over Na2SO4 and concentrated in vacuo. The crude product was purified by flash
column chromatography (4:1 to 2:1 hexane/EtOAc) to give ropivacaine (22) (0.29 g, 1.1 mmol,
94% yield) as a white solid. 97.0% purity by analytical HPLC; 99.9% purity after preparative
HPLC (Reprosil Chiral-NR, heptane:EtOH = 80:20). Crystals for X-Ray crystallography were
obtained by slow evaporation from n-hexane/DCM. The material (5-10 mg) was dissolved in
DCM (0.3-0.4 mL) and covered with a layer of n-hexane (0.4-0.6 mL). The solvents were
evaporated at room temperature over a period of 2-3 weeks.
TLC: Rf = 0.3 (2:1 hexane/EtOAc; UV, KMnO4); Melting Point: 139 – 143 °C, (Lit.159 144 –
146 °C); 1H NMR (400 MHz, CDCl3): δ 8.15 (brs, 1H), 7.13 – 7.05 (m, 3H), 3.20 (dtd, J =
11.8, 3.8, 1.3 Hz, 1H), 2.88 (dd, J = 10.4, 3.6 Hz, 1H), 2.79 (ddd, J = 12.5, 10.5, 6.1 Hz, 1H),
2.25 (s, 6H), 2.28 – 2.17 (m, 1H), 2.15 – 2.08 (m, 1H), 2.05 (td, J = 11.5, 2.8 Hz, 1H), 1.82 –
1.63 (m, 4H), 1.58 – 1.46 (m, 2H), 1.34 (d, J = 12.1 Hz, 1H), 0.91 (t, J = 7.4 Hz, 3H); 13C NMR
(101 MHz, CDCl3): δ 172.98, 135.34, 133.71, 128.33, 127.06, 68.64, 59.47, 51.65, 30.78,
24.95, 23.56, 20.72, 18.75, 11.63; IR (neat): 3170, 2929, 1652, 1531, 1464, 1220, 897, 767 cm1

; HRMS (ESI+) m/z: exact mass calculated for C17H27N2O [M+H]+, 275.2118; found

1
13
275.2118; [𝜶]𝟐𝟓
𝑫 = -111.0 (c = 1.0, CHCl3). The H and C NMR data of this material were in

good agreement with those reported.158 X-Ray structure on page 226.
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(S)-1-Butyl-N-(2,6-dimethylphenyl)piperidine-2-carboxamide ((S)-(-)-Levobupivacaine)
(23): To a stirred solution of (S)-N-(2,6-dimethylphenyl)piperidine-2-carboxamide (43) (0.56
g, 2.4 mmol, 1.2 equiv.) and Na2CO3 (0.46 g, 4.4 mmol, 2.2 equiv) in 1.5 mL MeCN was added
n-butyl 4-nitrobenzenesulfonate (47) (0.52 g, 2.0 mmol, 1.0 equiv) in 2 mL MeCN. The reaction
mixture was heated to 80 °C and monitored by TLC. After 19 h the reaction mixture was
allowed to cool to room temperature and diluted with EtOAc (50 mL). The mixture was then
washed with saturated NaHCO3 (3 x 50 mL). The organic layer was washed with brine (50 mL),
dried over Na2SO4 and concentrated in vacuo. The crude product was purified by flash column
chromatography (4:1 to 2:1 hexane/EtOAc) to give Levobupivacaine (23) (0.50 g, 1.7 mmol,
87% yield) as a white solid of 100% purity by analytical HPLC (Lux 5µ Cellulose-2). Crystals
for X-Ray crystallography were obtained by slow evaporation from n-hexane/DCM. The
material (5-10 mg) was dissolved in DCM (0.3-0.4 mL) and covered with a layer of n-hexane
(0.4-0.6 mL). The solvents were evaporated at room temperature over a period of 2-3 weeks.
TLC: Rf = 0.37 (7:3 hexane/EtOAc; UV, KMnO4); Melting Point: 130 – 132 °C, (Lit.159 135
– 137 °C); 1H NMR (400 MHz, CDCl3): δ 8.16 (brs, 1H), 7.14 – 6.99 (m, 3H), 3.21 (dtd, J =
11.7, 3.9, 1.3 Hz, 1H), 2.93 – 2.75 (m, 2H), 2.33 – 2.22 (m, 1H), 2.25 (m, 6H), 2.17 – 1.99 (m,
2H), 1.85 – 1.61 (m, 4H), 1.60 – 1.45 (m, 2H), 1.43 – 1.26 (m, 3H), 0.92 (t, J = 7.4 Hz, 3H);
13C

NMR (101 MHz, CDCl3): δ 173.09, 135.44, 133.85, 128.45, 127.16, 68.72, 57.70, 51.80,

30.85, 29.92, 25.05, 23.67, 20.82, 18.89, 14.29 ; IR (neat): 3173, 2934, 2851, 1648, 1524, 1464,
1225, 765; HRMS (EI+) m/z: exact mass calculated for C18H29N2O [M+H]+, 289.2274; found
1
13
289.2278; [𝜶]𝟐𝟓
𝑫 = -108.6 (c = 1.0, CHCl3). The H and C NMR data of this material were in

good agreement with those reported.159 X-Ray structure on page 227.
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(S)-1-(4-Fluoropropyl)-N-(2,6-dimethylphenyl)piperidine-2-carboxamide (24): To a
stirred solution of (S)-N-(2,6-dimethylphenyl)piperidine-2-carboxamide (43) (0.46 g, 2.0
mmol, 1.2 equiv.) in 4 mL MeCN was added Na2CO3 (0.39 g, 3.7 mmol, 2.2 equiv.) and 3fluoropropyl 4-nitrobenzenesulfonate (54) (0.44 g, 1.67 mmol, 1.00 equiv.) in 3 mL MeCN,
and the reaction mixture was stirred at reflux temperature for 14 h. The reaction mixture was
allowed to cool to room temperature and diluted with EtOAc (30 mL). The mixture was
extracted with saturated NaHCO3 (3 x 20 mL) and the organic layer was washed with brine (40
mL), dried over Na2SO4 and concentrated in vacuo. The crude product was purified by flash
column chromatography (2:1 to 1:2 hexane/EtOAc) to give fluoride (3) (0.45 g, 1.5 mmol, 93
% yield) as a white solid. 96.8% purity by analytical HPLC; 99.6% purity after preparative
HPLC (Reprosil Chiral-NR, heptane:EtOH = 80:20). Crystals for X-Ray crystallography were
obtained by slow evaporation from n-hexane/DCM. The material (5-10 mg) was dissolved in
DCM (0.3-0.4 mL) and covered with a layer of n-hexane (0.4-0.6 mL). The solvents were
evaporated at room temperature over a period of 2-3 weeks.
TLC: Rf = 0.31 (3:2 hexane/EtOAc; UV, KMnO4); Melting Point: 134 – 136 °C; 1H NMR
(400 MHz, CDCl3): δ 8.06 (s, 1H), 7.13 – 7.04 (m, 3H), 4.65 – 4.39 (m, 2H), 3.22 – 3.14 (m,
1H), 3.06 (ddd, J = 12.7, 9.5, 6.9 Hz, 1H), 2.93 (dd, J = 10.0, 3.6 Hz, 1H), 2.45 – 2.36 (m, 1H),
2.25 (s, 6H), 2.17 – 1.84 (m, 4H), 1.83 – 1.69 (m, 3H), 1.59 – 1.47 (m, 1H), 1.43 – 1.30 (m,
1H);

13C

NMR (101 MHz, CDCl3): δ 172.63, 135.51, 133.76, 128.46, 127.26, 82.20 (d, J =

165.4 Hz), 68.68, 53.41 (d, J = 4.3 Hz), 51.64, 30.75, 28.45 (d, J = 19.7 Hz), 24.89, 23.61,
18.89 (d, J = 1.0 Hz); 19F NMR (377 MHz, CDCl3, decoupled): δ -216.66; 19F NMR (377 MHz,
CDCl3, not decoupled): δ -219.66 (tt, J = 47.1, 26.6 Hz); IR (neat): 3177, 3024, 2929, 1651,
1531, 1473, 1435, 1316, 1263, 1225, 1043, 961, 909, 770, 727 cm-1; HRMS (ESI+) m/z: exact
mass calculated for C17H26FN2O [M+H]+, 293.2024; found 293.2030; [𝜶]𝟐𝟓
𝑫 = -100.7 (c = 1.0,
CHCl3). X-Ray structure on page 228.
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(S)-1-(3,3-Difluoropropyl)-N-(2,6-dimethylphenyl)piperidine-2-carboxamide (25): To a
stirred solution of (S)-N-(2,6-dimethylphenyl)piperidine-2-carboxamide (43) (0.22 g, 0.8
mmol, 1.0 equiv.) in 1.5 mL MeCN was added potassium carbonate (0.24 g, 1.7 mmol, 2.2
equiv.) and 3,3-difluoropropyl 4-nitrobenzenesulfonate (61) (0.22 g, 0.8 mmol, 1.0 equiv.)
dissolved in 2 mL MeCN. The reaction mixture was heated to 80 °C and stirred for 12 h, then
allowed to cool to room temperature. The reaction was quenched with saturated NaHCO3 (20
mL) and the mixture extracted with EtOAc (3 x 20 mL) and the collected organic layers were
washed with brine (50 mL), dried over Na2SO4 and concentrated in vacuo. The crude product
was purified by flash column chromatography (8:1 to 6:1 hexane/EtOAc) to give difluoride 25
(187 mg, 0.60 mmol, 76% yield) as a white solid. 96.6% purity by analytical HPLC; 100%
purity after preparative HPLC (Reprosil Chiral-NR, heptane:EtOH = 80:20). Crystals for XRay crystallography were obtained by slow evaporation from n-hexane/DCM. The material (510 mg) was dissolved in DCM (0.3-0.4 mL) and covered with a layer of n-hexane (0.4-0.6 mL).
The solvents were evaporated at room temperature over a period of 2-3 weeks.
TLC: Rf = 0.31 (3:2 hexane/EtOAc; UV, KMnO4); Melting Point: 142 – 146 °C; 1H NMR
(400 MHz, CDCl3): δ 7.96 (s, 1H), 7.12 – 7.05 (m, 3H), 5.90 (tt, J = 56.4, 4.4 Hz, 1H), 3.19 –
3.13 (m, 1H), 3.07 (ddd, J = 12.8, 9.4, 7.1 Hz, 1H), 2.94 (dd, J = 9.9, 3.6 Hz, 1H), 2.48 (ddd, J
= 12.8, 9.1, 4.9 Hz, 1H), 2.24 (s, 6H), 2.22 – 2.02 (m, 4H), 1.84 – 1.69 (m, 3H), 1.60 – 1.47 (m,
1H), 1.44 – 1.31 (m, 1H);

13C

NMR (101 MHz, CDCl3): δ 172.25, 135.45, 133.63, 128.50,

127.34, 116.32 (t, J = 239.3 Hz), 68.60, 51.58, 50.19, 32.14 (t, J = 20.9 Hz), 30.59, 24.76, 23.48,
18.86; 19F NMR (377 MHz, CDCl3, decoupled): δ -116.01 (s, 1F), -116.02 (s, 1F); 19F NMR
(377 MHz, CDCl3, not decoupled): δ -116.01 (dtd, J = 56.5, 17.4, 1.7 Hz, 2F); IR (neat): 3175,
2949, 2857, 1714, 1651, 1533, 1471, 1438, 1398, 1232, 1121, 1108, 1040, 907, 772, 730 cm-1;
HRMS (ESI+) m/z: exact mass calculated for C17H25F2N2O [M+H]+: 311.1929; found:
311.1929; [𝜶]𝟐𝟓
𝑫 = -83.9 (c = 1.0, CHCl3). X-Ray structure on page 229.
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(S)-1-(3,3,3-Trifluoropropyl)-N-(2,6-dimethylphenyl)piperidine-2-carboxamide (26): To
a stirred solution of (S)-N-(2,6-dimethylphenyl)piperidine-2-carboxamide (43) (0.22 g, 0.95
mmol, 1.1 equiv.) in 1.5 mL acetonitrile was added Na2CO3 (0.20 g, 1.9 mmol, 2.2 mmol) and
3,3,3-trifluoropropyl 4-nitrobenzenesulfonate (26) (0.26 g, 0.87 mmol, 1.0 equiv.) in 5 mL
acetonitrile. The reaction mixture was stirred at 80 °C for 20 h, then diluted with EtOAc (5 mL)
and washed with saturated NaHCO3 (3 x 20 mL). The organic layer was washed with brine,
dried over Na2SO4 and concentrated in vacuo. The crude product was purified by flash column
chromatography (4:1 to 1:1 hexane/EtOAc) to afford trifluoride 26 (0.25 g, 0.75 mmol, 87%)
as a white solid. 97.2% purity by analytical HPLC; 100% purity after preparative HPLC
(Reprosil Chiral-NR, heptane:EtOH = 90:10). Crystals for X-Ray crystallography were
obtained by slow evaporation from n-hexane/DCM. The material (5-10 mg) was dissolved in
DCM (0.3-0.4 mL) and covered with a layer of n-hexane (0.4-0.6 mL). The solvents were
evaporated at room temperature over a period of 2-3 weeks.
TLC: Rf = 0.27 (3:1 hexane/EtOAc; UV, KMnO4); Melting Point: 171 – 176 °C; 1H NMR
(400 MHz, CDCl3): δ 7.97 (s, 1H), 7.16 – 7.04 (m, 3H), 3.18 – 3.06 (m, 2H), 2.98 (dd, J = 9.9,
3.7 Hz, 1H), 2.61 (ddd, J = 12.9, 9.9, 4.9 Hz, 1H), 2.51 – 2.28 (m, 2H), 2.24 (s, 6H), 2.22 – 2.06
(m, 2H), 1.84 – 1.70 (m, 3H), 1.60 – 1.48 (m, 1H), 1.45 – 1.33 (m, 1H); 13C NMR (101 MHz,
CDCl3): δ 171.98, 135.38, 126.56 (q, J = 276.7 Hz), 68.26, 51.53, 49.82 (q, J = 3.0 Hz), 32.12
(q, J = 27.8 Hz), 24.59, 18.81; 19F NMR (377 MHz, CDCl3, decoupled): δ -64.87 (s, 3F); 19F
NMR (377 MHz, CDCl3, not decoupled): δ -64.87 (t, J = 10.6 Hz, 3F); IR (neat): 3264, 2948,
1655, 1502, 1253, 1143, 1110, 990, 765 cm-1; HRMS (ESI+) m/z: exact mass calculated for
C17H24F3N2O [M+H]+: 323.1835; found: 329.1839; [𝜶]𝟐𝟓
𝑫 = -75.9 (c = 1.0, CHCl3). X-Ray
structure on page 230.
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(2S)-1-((2’S)-2,3-Difluoropropyl)-N-(2,6-dimethylphenyl)piperidine-2-carboxamide
(27): To a stirred solution of (S)-2,3-difluoropropyl 4-nitrobenzenesulfonate (74) (0.42 g, 1.5
mmol, 1.0 equiv.) in 1.5 mL MeCN was added carboxamide 43 (0.42 g, 1.8 mmol, 1.2 equiv.)
and sodium carbonate (0.35 g, 3.3 mmol, 2.2 equiv.). The reaction mixture was stirred at 80 °C
for 12 h and then allowed to cool to room temperature. The reaction was quenched with
saturated NaHCO3 (5 mL) and the mixture extracted with EtOAc (3 x 20 mL). The collected
organic layers were dried over Na2SO4 and concentrated in vacuo. The crude product was
purified by flash column chromatography (4:1 to 2:1 hexane/EtOAc) to afford vicinal difluoride
27 (0.44 g, 1.4 mmol, 95%) as a white solid. 99.7% purity by analytical HPLC (Reprosil ChiralNR). Crystals for X-Ray crystallography were obtained by slow evaporation from nhexane/DCM. The material (5-10 mg) was dissolved in DCM (0.3-0.4 mL) and covered with a
layer of n-hexane (0.4-0.6 mL). The solvents were evaporated at room temperature over a
period of 2-3 weeks.
TLC: Rf = 0.31 (3:2 hexane/EtOAc; UV, KMnO4); Melting Point: 128 – 129 °C; 1H NMR
(400 MHz, CDCl3): δ 8.01 (s, 1H), 7.16 – 7.02 (m, 3H), 5.04 – 4.79 (m, 1H), 4.73 – 4.37 (m,
2H), 3.35 – 3.19 (m, 2H), 3.01 (dd, J = 10.0, 3.6 Hz, 1H), 2.49 (ddd, J = 32.7, 14.4, 2.1 Hz,
1H), 2.24 (s, 6H), 2.22 – 2.11 (m, 2H), 1.86 – 1.69 (m, 3H), 1.66 – 1.52 (m, 1H), 1.45 – 1.33
(m, 1H); 13C NMR (101 MHz, CDCl3): δ 172.12, 135.83, 133.77, 128.43, 127.40, 88.56 (dd, J
= 176.2, 19.5 Hz), 82.97 (dd, J = 174.7, 22.8 Hz), 68.52, 57.12 (dd, J = 19.8, 7.0 Hz), 52.48,
30.90, 24.85, 23.44, 18.92; 19F NMR (377 MHz, CDCl3, decoupled): δ -191.30 (d, J = 13.0 Hz,
1F), -232.86 (d, J = 13.0 Hz, 1F); 19F NMR (377 MHz, CDCl3, not decoupled): δ -186.47 – 194.55 (m, 1F), -232.87 (tdd, J = 47.4, 22.9, 12.9 Hz, 1F); IR (neat): 3224, 2931, 2854, 1654,
1536, 1501, 1477, 1232, 1088, 1065, 1025, 857, 773 cm-1; HRMS (ESI+) m/z: exact mass
calculated for C17H25F2N2O [M+H]+: 311.1929; found: 311.1932; [𝜶]𝟐𝟓
𝑫 = -102.8 (c = 1.0,
CHCl3). X-Ray structure on page 231.
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(2S)-1-((2’R)-2,3-Difluoropropyl)-N-(2,6-dimethylphenyl)piperidine-2-carboxamide
(28): To a stirred solution of (R)-2,3-Difluoropropyl 4-nitrobenzenesulfonate (74) (0.41 g, 1.8
mmol, 1.0 equiv.) in 1.5 mL MeCN was added carboxamide 43 (0.45 g, 1.6 mmol, 1.1 equiv.)
and sodium carbonate (0.37 g, 3.5 mmol, 2.2 equiv.). The reaction mixture was stirred at 80 °C
for 24 h and then allowed to cool to room temperature. The reaction was quenched with
saturated NaHCO3 (5 mL) and the mixture extracted with EtOAc (3 x 20 mL). The collected
organic layers were dried over Na2SO4 and concentrated in vacuo. The crude product was
purified by flash column chromatography (4:1 to 2:1 hexane/EtOAc) to afford vicinal difluoride
28 (0.41 g, 1.3 mmol, 83%) as a white solid. 97.0% purity by analytical HPLC; 100% purity
after preparative HPLC (Reprosil Chiral-NR, heptane:EtOH = 70:30). Crystals for X-Ray
crystallography were obtained by slow evaporation from n-hexane/DCM. The material (5-10
mg) was dissolved in DCM (0.3-0.4 mL) and covered with a layer of n-hexane (0.4-0.6 mL).
The solvents were evaporated at room temperature over a period of 2-3 weeks.
TLC: Rf = 0.31 (3:2 hexane/EtOAc; UV, KMnO4); Melting Point: 158 – 163 °C; 1H NMR
(400 MHz, CDCl3): δ 7.13 – 7.05 (m, 3H), 5.02 – 4.78 (m, 1H), 4.72 – 4.44 (m, 2H), 3.25 –
3.17 (m, 1H), 3.16 – 3.01 (m, 2H), 2.83 (td, J = 14.6, 14.0, 7.2 Hz, 1H), 2.43 – 2.35 (m, 1H),
2.23 (s, 6H), 2.09 – 1.98 (m, 1H), 1.94 – 1.83 (m, 1H), 1.80 – 1.66 (m, 2H), 1.63 – 1.39 (m,
2H); 13C NMR (101 MHz, CDCl3): δ 171.62, 135.35, 133.72, 128.50, 127.36, 90.88 (dd, J =
174.8, 19.4 Hz), 82.85 (dd, J = 174.3, 23.9 Hz), 67.52, 55.88 (dd, J = 22.6, 6.3 Hz), 52.82 (d, J
= 2.1 Hz), 28.87, 24.09, 23.05, 18.93; 19F NMR (377 MHz, CDCl3, decoupled): δ -190.74 (d, J
= 13.4 Hz, 1F), -232.35 (d, J = 13.4 Hz, 1F); 19F NMR (377 MHz, CDCl3, not decoupled): δ 190.51 – -191.13 (m, 1F), -232.35 (tdd, J = 47.2, 22.0, 13.3 Hz, 1F); IR (neat): 3238, 2939,
2856, 1715, 1653, 1523, 1499, 1444, 1375, 1232, 1086, 1029, 915, 772, 729 cm-1; HRMS
(ESI+) m/z: exact mass calculated for C17H25F2N2O [M+H]+: 311.1929; found: 311.1934; [𝜶]𝟐𝟓
𝑫
= -56.8 (c = 1.0, CHCl3). X-Ray structure on page 232.
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(S)-1-(2,2-Difluoropropyl)-N-(2,6-dimethylphenyl)piperidine-2-carboxamide (29): To a
suspension of Pd/C (10 wt.%) (0.34 g, 0.32 mmol, 0.10 equiv.) in 6 mL MeOH was added a
solution of (S)-benzyl 1-(2,2-difluoropropyl)piperidine-2-carboxylate (100) (0.94 g, 3.2 mmol,
1.0 equiv.) in 2 mL MeOH. The mixture was flushed with nitrogen and a balloon of hydrogen
gas. The reaction mixture was stirred for 4 h under a hydrogen atmosphere, and then filtered
through a pad of celite. The filtrate was concentrated under reduced pressure to obtain a yellow
oil. The crude product was dissolved in 8 mL DCM and Et3N (0.49 mL, 3.5 mmol, 1.1 equiv.)
and isobutyl chloroformate (0.47 mL, 3.5 mmol, 1.1 equiv.) were added at 0 °C. The reaction
mixture was stirred at that temperature for 40 minutes then 2,6-dimethylaniline (0.48 mL, 3.8
mmol, 1.2 equiv.) was added and the mixture was stirred at room temperature for 20 h. The
reaction mixture was transferred to a separator funnel and washed with 20 mL 1M KHSO4, 30
mL saturated NaHCO3 and 20 mL brine. The organic layer was then dried over Na2SO4 and
concentrated in vacuo. The crude product was purified by flash column chromatography (9:1
to 4:1 hexane/EtOAc) to afford geminal difluoride 29 (0.20 g, 0.64 mmol, 20%) as a white
solid. 99.4 % purity by analytical HPLC; 100% purity after preparative HPLC (Reprosil ChiralNR, heptane:EtOH = 70:30). Crystals for X-Ray crystallography were obtained by slow
evaporation from n-hexane/DCM. The material (5-10 mg) was dissolved in DCM (0.3-0.4 mL)
and covered with a layer of n-hexane (0.4-0.6 mL). The solvents were evaporated at room
temperature over a period of 2-3 weeks.
TLC: Rf = 0.43 (4:1 hexane/EtOAc; UV, KMnO4); Melting Point: 171 – 172 °C; 1H NMR
(400 MHz, CDCl3): δ 8.38 (s, 1H), 7.13 – 7.06 (m, 3H), 3.33 – 3.22 (m, 2H), 3.17 – 3.04 (m,
1H), 2.95 – 2.83 (m, 1H), 2.54 – 2.46 (m, 1H), 2.24 (s, 6H), 2.09 – 1.99 (m, 1H), 1.97 – 1.88
(m, 1H), 1.72 – 1.58 (m, 1H), 1.65 (t, J = 18.5 Hz, 3H), 1.58 – 1.46 (m, 3H); 13C NMR (101
MHz, CDCl3): δ 171.28, 135.42, 133.98, 128.44, 127.27, 123.58 (t, J = 239.6 Hz), 66.83, 60.97
(t, J = 25.8 Hz), 53.04 (t, J = 1.8 Hz), 26.78, 23.38, 22.60, 22.47 (t, J = 27.0 Hz), 18.90; 19F
NMR (377 MHz, CDCl3, decoupled): δ -94.14 (d, J = 271.70 Hz, 1F), -94.78 (d, J = 271.70 Hz,
1F); 19F NMR (377 MHz, CDCl3, not decoupled): δ -93.64 – -95.29 (m, 2F); IR (neat): 3306,
2916, 2847, 1663, 1498, 1444, 1128, 1097, 937, 894, 779 cm-1; HRMS (ESI+) m/z: exact mass
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calculated for C17H25F2N2O [M+H]+: 311.1929; found: 311.1932; [𝜶]𝟐𝟓
𝑫 = -45.6 (c = 1.0,
CHCl3). X-Ray structure on page 233.

(S)-1-(4-Fluorobutyl)-N-(2,6-dimethylphenyl)piperidine-2-carboxamide

(30):

To

a

stirred solution of (S)-N-(2,6-dimethylphenyl)piperidine-2-carboxamide (43) (0.25 g, 1.1
mmol, 1.1 equiv.) in 1 mL MeCN was added Na2CO3 (0.23 g, 3.1 mmol, 1.0 equiv.) and 4fluorobutyl 4-nitrobenzenesulfonate (55) (0.44 g, 1.7 mmol, 1.0 equiv.) in 1.5 mL MeCN, and
the reaction mixture was stirred at 60 °C for 24 h. The reaction mixture was allowed to cool to
room temperature and diluted with EtOAc (2 mL). The mixture was extracted with saturated
NaHCO3 (3 x 10 mL) and the organic layer was washed with brine (20 mL), dried over Na2SO4
and concentrated in vacuo. The crude product was purified by flash column chromatography
(4:1 to 1:1 hexane/EtOAc) to give fluoride (30) (0.25 g, 0.80 mmol, 82%) as a white solid.
100% purity by analytical HPLC (Lux 5µ Cellulose-2). Crystals for X-Ray crystallography
were obtained by slow evaporation from n-hexane/DCM. The material (5-10 mg) was dissolved
in DCM (0.3-0.4 mL) and covered with a layer of n-hexane (0.4-0.6 mL). The solvents were
evaporated at room temperature over a period of 2-3 weeks.
TLC: Rf = 0.32 (3:2 hexane/EtOAc; UV, KMnO4); Melting Point: 114 – 116 °C; 1H NMR
(400 MHz, CDCl3): δ 8.10 (brs, 1H), 7.14 – 7.03 (m, 3H), 4.45 (dt, J = 47.4, 5.7 Hz, 2H), 3.21
(dtd, J = 11.7, 3.8, 1.2 Hz, 1H), 2.96 – 2.80 (m, 2H), 2.33 (ddd, J = 11.3, 9.0, 4.1 Hz, 1H), 2.24
(s, 6H), 2.16 – 2.02 (m, 2H), 1.86 – 1.58 (m, 7H), 1.59 – 1.45 (m, 1H), 1.42 – 1.29 (m, 1H); 13C
NMR (101 MHz, CDCl3): δ 172.89, 135.39, 133.75, 128.49, 127.25, 83.88 (d, J = 165.2 Hz),
68.70, 57.24, 51.70, 30.74, 28.49 (d, J = 19.9 Hz), 24.96, 23.60, 23.60 (d, J = 4.6 Hz), 18.89;
19F

NMR (377 MHz, CDCl3, decoupled): δ -218.20 (s, 1F); 19F NMR (377 MHz, CDCl3, not

decoupled): δ -217.96 – -218.46 (m, 1F); IR (neat): 3182, 2934, 1768, 1648, 1519, 1469, 1230,
1036, 954, 774 cm-1; HRMS (ESI+) m/z: exact mass calculated for C18H28FN2O [M+H]+:
307.2180; found: 307.2176; [𝜶]𝟐𝟓
𝑫 = -108.6 (c = 1.0, CHCl3). X-Ray structure on page 234.
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Experimental Part

(S)-1-(4,4-Difluorobutyl)-N-(2,6-dimethylphenyl)piperidine-2-carboxamide (31): To a
stirred solution of 4,4-difluorobutyl-4-nitrobenzenesulfonate (63) (0.35 g, 1.5 mmol, 1.0 equiv.)
and (S)-N-(2,6-dimethylphenyl)piperidine-2-carboxamide (43) (0.49 g, 1.7 mmol, 1.1 equiv.)
in 8 mL MeCN was added K2CO3 (0.46 g, 3.3 mmol, 2.2 equiv.) in one portion and the mixture
was stirred at 80 °C for 13 h. The reaction mixture was then allowed to cool to room temperature
and diluted with EtOAc (50 mL). The mixture was extracted with saturated NaHCO3 (3 x 30
mL), and the organic layer was washed with brine (50 mL), dried over Na2SO4 and concentrated
in vacuo. The crude product was purified by flash column chromatography (4:1 to 1:1
hexane/EtOAc) to give difluoride 31 (0.37 g, 1.1 mmol, 76% yield) as light yellow solid. 100%
purity by analytical HPLC (Lux 5µ Cellulose-2). Crystals for X-Ray crystallography were
obtained by slow evaporation from n-hexane/DCM. The material (5-10 mg) was dissolved in
DCM (0.3-0.4 mL) and covered with a layer of n-hexane (0.4-0.6 mL). The solvents were
evaporated at room temperature over a period of 2-3 weeks.
TLC: Rf = 0.27 (3:2 hexane/EtOAc; UV, KMnO4); Melting Point: 99 – 104 °C; 1H NMR
(400 MHz, CDCl3): δ 8.03 (s, 1H), 7.15 – 7.05 (m, 3H), 5.84 (tt, J = 56.5, 3.9 Hz, 1H), 3.20 (dt,
J = 10.6, 3.2 Hz, 1H), 2.92 (dd, J = 10.0, 3.6 Hz, 1H), 2.89 – 2.82 (m, 1H), 2.39 – 2.30 (m, 1H),
2.24 (s, 6H), 2.15 – 2.04 (m, 2H), 1.94 – 1.62 (m, 7H), 1.59 – 1.46 (m, 1H), 1.42 – 1.30 (m,
1H); 13C NMR (101 MHz, CDCl3): δ 172.70, 135.36, 133.68, 128.53, 127.33, 116.94 (t, J =
239.1 Hz), 68.64, 56.71, 51.62, 32.07 (t, J = 21.3 Hz), 30.61, 24.87, 23.55, 20.15 (t, J = 5.1 Hz),
18.89; 19F NMR (377 MHz, CDCl3, decoupled): δ -115.63 (d, J = 279.70 Hz, 1F), -116.35 (d,
J = 279.70 Hz, 1F); 19F NMR (377 MHz, CDCl3, not decoupled): δ -115.84 – -116.20 (m, 2F);
IR (neat): 3251, 2935, 2858, 1658, 1495, 1442, 1404, 1265, 1226, 1121, 1049, 992, 767 cm-1;
HRMS (ESI+) m/z: exact mass calculated for C18H27F2N2O5 [M+H]+: 325.2086; found:
325.2081; [𝜶]𝟐𝟓
𝑫 = -89.7 (c = 1.0, CHCl3). X-Ray structure on page 235.
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(S)-1-(4,4,4-Trifluorobutyl)-N-(2,6-dimethylphenyl)piperidine-2-carboxamide (32): To a
stirred solution of (S)-N-(2,6-dimethylphenyl)piperidine-2-carboxamide (43) (0.17 g, 0.75
mmol, 1.2 equiv.) in 1.5 mL acetonitrile was added Na2CO3 (0.15 g, 1.4 mmol, 2.2 mmol) and
4,4,4-Trifluorobutyl 4-nitrobenzenesulfonate (67) (0.20 g, 0.63 mmol, 1.0 equiv.) in 2 mL
acetonitrile. The reaction mixture was stirred at 80 °C for 13 h, then diluted with EtOAc (5 mL)
and washed with saturated NaHCO3 (3 x 20 mL). The organic layer was washed with brine,
dried over Na2SO4 and concentrated in vacuo. The crude product was purified by flash column
chromatography (4:1 to 6:4 hexane/EtOAc) to afford trifluoride 32 (0.20 g, 0.57 mmol, 91%)
as a white solid. 100 % purity by analytical HPLC (Lux 5µ Cellulose-2). Crystals for X-Ray
crystallography were obtained by slow evaporation from n-hexane/DCM. The material (5-10
mg) was dissolved in DCM (0.3-0.4 mL) and covered with a layer of n-hexane (0.4-0.6 mL).
The solvents were evaporated at room temperature over a period of 2-3 weeks.
TLC: Rf = 0.20 (3:1 hexane/EtOAc; UV, KMnO4); Melting Point: 131 – 132 °C; 1H NMR
(400 MHz, CDCl3): δ 7.99 (s, 1H), 7.13 – 7.05 (m, 3H), 3.22 – 3.16 (m, 1H), 2.94 (dd, J = 10.0,
3.7 Hz, 1H), 2.87 (ddd, J = 12.6, 10.0, 6.6 Hz, 1H), 2.51 – 2.30 (m, 1H), 2.24 (s, 6H), 2.18 –
2.01 (m, 4H), 2.00 – 1.85 (m, 1H), 1.84 – 1.68 (m, 4H), 1.54 (td, J = 7.1, 6.2, 3.3 Hz, 1H), 1.44
– 1.29 (m, 1H); 13C NMR (101 MHz, CDCl3): δ 172.54, 135.34, 133.64, 128.55,127.08 (q, J =
276.0 Hz), 68.55, 56.04, 51.57, 31.83 (q, J = 29.1 Hz), 30.43, 24.77, 23.48, 20.27, 18.86; 19F
NMR (377 MHz, CDCl3, decoupled): δ -66.36 (s, 3F);

19F

NMR (377 MHz, CDCl3, not

decoupled): δ -66.36 (t, J = 10.7 Hz, 3F); IR (neat): 3283, 2943, 2842, 1657, 1496, 1377, 1253,
1147, 1124, 1101, 1055, 1023, 765 cm-1; HRMS (ESI+) m/z: exact mass calculated for
C18H26F3N2O5 [M+H]+: 343.1992; found: 343.1994; [𝜶]𝟐𝟓
𝑫 = -72.9 (c = 1.0, CHCl3). X-Ray
structure on page 236.
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Experimental Part

(2S)-1-((2’R)-2-Fluorobutyl)-N-(2,6-dimethylphenyl)piperidine-2-carboxamide (33): To
a stirred solution of (2S)-1-((2’R)-2-hydroxybutyl)-N-(2,6-dimethylpheny)piperidine-2carboxamide (89) (0.73 g, 2.4 mmol, 1.0 equiv.) in 12 mL MeCN were added Et3N (2.00 mL,
14.5 mmol, 6.00 equiv.), triethylamine trihydrofluoride (0.83 mL, 4.8 mmol, 2.0 equiv.) and
nonaflyl fluoride (0.90 mL, 4.8 mmol, 2.0 equiv.) at room temperature. The suspension was
stirred for 27 h. The reaction was then quenched with saturated NaHCO3 (40 mL) and the
mixture extracted with EtOAc (3 x 30 mL). The collected organic layers were dried over
Na2SO4 and concentrated in vacuo. The crude product was purified by flash column
chromatography (9:1 to 7:3 hexane/EtOAc) to afford fluoride 33 (0.39 g, 1.3 mmol, 53%) as a
white solid. 99.7% purity by analytical HPLC (Reprosil Chiral-NR). Crystals for X-Ray
crystallography were obtained by slow evaporation from n-hexane/DCM. The material (5-10
mg) was dissolved in DCM (0.3-0.4 mL) and covered with a layer of n-hexane (0.4-0.6 mL).
The solvents were evaporated at room temperature over a period of 2-3 weeks.
TLC: Rf = 0.19 (8:1 EtOAc/hexane; UV, KMnO4); Melting Point: 104 – 105 °C; 1H NMR
(400 MHz, CDCl3): δ 8.24 (s, 1H), 7.11 – 7.03 (m, 3H), 4.79 – 4.55 (m, 1H), 3.25 (dd, J = 11.3,
4.1 Hz, 1H), 3.15 – 3.02 (m, 1H), 2.96 (dd, J = 9.9, 3.7 Hz, 1H), 2.37 (dd, J = 35.9, 13.2 Hz,
1H), 2.25 (s, 6H), 2.20 – 2.07 (m, 1H), 1.84 – 1.69 (m, 3H), 1.69 – 1.47 (m, 3H), 1.43 – 1.30
(m, 1H), 1.00 (t, J = 7.5 Hz, 3H);

13C

NMR (101 MHz, CDCl3): δ 172.59, 135.85, 133.92,

128.38, 127.30, 91.89 (d, J = 170.8 Hz), 68.58, 61.63 (d, J = 19.1 Hz), 52.58, 31.20, 26.67 (d,
J = 20.8 Hz), 24.96, 23.59, 19.00 (d, J = 1.4 Hz), 9.52 (d, J = 5.5 Hz); 19F NMR (377 MHz,
CDCl3, decoupled): δ -183.53 (s, 1F); 19F NMR (377 MHz, CDCl3, not decoupled): δ -183.20
– -183.81 (m, 1F); IR (neat): 3241, 2969, 2936, 1657, 1519, 1476, 1314, 1222, 1097, 923, 893,
765, 715 cm-1; HRMS (ESI+) m/z: exact mass calculated for C18H28FN2O [M+H]+: 307.2180;
found: 307.2185; [𝜶]𝟐𝟓
𝑫 = -104.3 (c = 1.0, CHCl3). X-Ray structure on page 237.

Experimental Part

146

(2S)-1-((2’S)-2-Fluorobutyl)-N-(2,6-dimethylphenyl)piperidine-2-carboxamide (34): To
a stirred solution of (2S)-1-((2’S)-2-hydroxybutyl)-N-(2,6-dimethylpheny)piperidine-2carboxamide (90) (0.57 g, 1.9 mmol, 1.0 equiv.) in 10 mL MeCN were added Et3N (1.60 mL,
11.2 mmol, 6.00 equiv.), triethylamine trihydrofluoride (0.64 mL, 3.7 mmol, 2.0 equiv.) and
nonaflyl fluoride (0.73 mL, 3.7 mmol, 2.0 equiv.) at room temperature. The suspension was
stirred for 5 h. The reaction was then quenched with saturated NaHCO3 (40 mL) and the mixture
extracted with EtOAc (3 x 30 mL). The collected organic layers were dried over Na2SO4 and
concentrated in vacuo. The crude product was purified by flash column chromatography (9:1
to 7:3 hexane/EtOAc) to afford fluoride 34 (0.19 g, 0.61 mmol, 32%) as a white solid. 99.9%
purity by analytical HPLC (Reprosil Chiral-NR). Crystals for X-Ray crystallography were
obtained by slow evaporation from n-hexane/DCM. The material (5-10 mg) was dissolved in
DCM (0.3-0.4 mL) and covered with a layer of n-hexane (0.4-0.6 mL). The solvents were
evaporated at room temperature over a period of 2-3 weeks.
TLC: Rf = 0.15 (8:1 EtOAc/hexane; UV, KMnO4); Melting Point: 117 – 119 °C; 1H NMR
(400 MHz, CDCl3): δ 8.18 (brs, 1H), 7.12 – 7.04 (m, 3H), 4.75 – 4.56 (m, 1H), 3.32 – 3.25 (m,
1H), 3.10 (dd, J = 8.8, 4.0 Hz, 1H), 2.91 (ddd, J = 31.7, 14.3, 2.9 Hz, 1H), 2.70 (ddd, J = 16.9,
14.3, 7.6 Hz, 1H), 2.37 (ddd, J = 12.4, 9.5, 2.8 Hz, 1H), 2.24 (s, 6H), 2.06 – 1.98 (m, 1H), 1.92
– 1.80 (m, 1H), 1.77 – 1.37 (m, 6H), 1.00 (t, J = 7.5 Hz, 3H); 13C NMR (101 MHz, CDCl3): δ
172.60, 135.89, 133.96, 128.41, 127.32, 91.93 (d, J = 171.0 Hz), 68.64, 61.69 (d, J = 19.2 Hz),
52.61, 31.26, 26.70 (d, J = 20.8 Hz), 25.02, 23.64, 19.04 (d, J = 1.4 Hz), 9.55 (d, J = 5.5 Hz);
19F

NMR (377 MHz, CDCl3, decoupled): δ -183.55 (s, 1F); 19F NMR (377 MHz, CDCl3, not

decoupled): δ -183.32 – -183.77 (m, 1F); IR (neat): 3181, 3023, 2929, 2856, 1648, 1531, 1474,
1439, 1310, 1232, 766, 719 cm-1; HRMS (ESI+) m/z: exact mass calculated for C18H28FN2O
[M+H]+: 307.2180; found: 307.2183; [𝜶]𝟐𝟓
𝑫 = -53.4 (c = 0.5, CHCl3). X-Ray structure on page
238.
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Experimental Part

(2S)-1-((2’S,3’S)-2,3-Difluorobutyl)-N-(2,6-dimethylphenyl)piperidine-2-carboxamide
(35): To a stirred solution of (2S,3S)-2,3-difluorobutyl 4-nitrobenzenesulfonate (125) (0.35 g,
1.2 mmol, 1.0 equiv.) in 6 mL MeCN was added carboxamide 43 (0.33 g, 1.4 mmol, 1.2 equiv.)
and Na2CO3 (0.28 g, 2.6 mmol, 2.2 equiv.). The reaction mixture was stirred at 80 °C for 19 h
and then allowed to cool to room temperature. The reaction was quenched with saturated
NaHCO3 (30 mL) and the mixture extracted with EtOAc (3 x 20 mL). The collected organic
layers were dried over Na2SO4 and concentrated in vacuo. The crude product was purified by
flash column chromatography (4:1 to 3:2 hexane/EtOAc) to afford a mixture of 92% 35 and 8%
36, together (0.33 g, 1.0 mmol, 87%). Further purification by preparative HPLC (Reprosil
Chiral-NR, heptane:EtOH = 70:30) provided the product 35 as a white solid of 99.9% purity.
Crystals for X-Ray crystallography were obtained by slow evaporation from n-hexane/DCM.
The material (5-10 mg) was dissolved in DCM (0.3-0.4 mL) and covered with a layer of nhexane (0.4-0.6 mL). The solvents were evaporated at room temperature over a period of 2-3
weeks.
TLC: Rf = 0.25 (7:3 hexane/EtOAc; UV, KMnO4); Melting Point: 116 – 117 °C °C; 1H NMR
(400 MHz, CDCl3): δ 8.12 (brs, 1H), 7.11 – 7.04 (m, 3H), 4.78 – 4.52 (m, 2H), 3.34 (td, J =
14.4, 10.1 Hz, 1H), 3.23 (app dt, J = 11.1, 4.0 Hz, 1H), 3.01 (app dd, J = 10.2, 3.6 Hz, 1H),
2.56 – 2.38 (m, 1H), 2.25 (s, 6H), 2.23 – 2.12 (m, 2H), 1.86 – 1.70 (m, 3H), 1.66 – 1.53 (m,
1H), 1.42 (dd, J = 23.0, 6.5 Hz, 3H) 1.45 – 1.31 (m, 1H);

13C

NMR (101 MHz, CDCl3): δ

172.23, 135.93, 133.83, 128.41, 127.37, 90.50 (dd, J = 180.1, 20.2 Hz), 89.03 (dd, J = 174.6,
20.2 Hz), 68.58, 57.81 (dd, J = 20.2, 5.7 Hz), 52.48, 31.11, 24.94, 23.52, 18.94, 16.50 (dd, J =
23.2, 5.8 Hz); 19F NMR (377 MHz, CDCl3, decoupled): δ -190.00 (d, J = 10.0 Hz, 1F), -199.89
(d, J = 10.0 Hz,1F ); 19F NMR (377 MHz, CDCl3, not decoupled): δ -189.73 – -190.27 (m, 1F),
-199.67 – -200.17 (m, 1F); IR (neat): 3261, 2937, 2857, 1663, 1493, 1041, 990, 787 cm-1;
HRMS (ESI+) m/z: exact mass calculated for C18H27F2N2O [M+H]+: 325.2086; found:
325.2087; [𝜶]𝟐𝟓
𝑫 = -95.2 (c = 0.5, CHCl3). X-Ray structure on page 239.
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(2S)-1-((2’R,3’R)-2,3-Difluorobutyl)-N-(2,6-dimethylphenyl)piperidine-2-carboxamide
(36): To a stirred solution of (2R,3R)-2,3-difluorobutyl 4-nitrobenzenesulfonate (126) (0.19 g,
0.66 mmol, 1.0 equiv.) in 3 mL MeCN was added carboxamide 43 (0.18 g, 0.79 mmol, 1.2
equiv.) and Na2CO3 (0.15 g, 1.4 mmol, 2.2 equiv.). The reaction mixture was stirred at 80 °C
for 48 h and then allowed to cool to room temperature. The reaction was quenched with
saturated NaHCO3 (30 mL) and the mixture extracted with EtOAc (3 x 20 mL). The collected
organic layers were dried over Na2SO4 and concentrated in vacuo. The crude product was
purified by flash column chromatography (4:1 to 3:2 hexane/EtOAc) to afford a mixture of 91%
36 and 9% 35, together (0.18 g, 0.56 mmol, 85%). Further purification by preparative HPLC
(Reprosil Chiral-NR, heptane:EtOH = 70:30) provided the product 36 as a white solid of 100%
purity. Crystals for X-Ray crystallography were obtained by slow evaporation from nhexane/DCM. The material (5-10 mg) was dissolved in DCM (0.3-0.4 mL) and covered with a
layer of n-hexane (0.4-0.6 mL). The solvents were evaporated at room temperature over a
period of 2-3 weeks.
TLC: Rf = 0.25 (7:3 hexane/EtOAc; UV, KMnO4); Melting Point: 145 – 146 °C; 1H NMR
(400 MHz, CDCl3): δ 8.07 (brs, 1H), 7.12 – 7.05 (m, 3H), 4.90 – 4.51 (m, 2H), 3.24 – 3.04 (m,
3H), 2.88 (app td, J = 14.1, 7.5 Hz, 1H), 2.44 – 2.34 (m, 1H), 2.24 (s, 6H), 2.09 – 1.99 (m, 1H),
1.94 – 1.81 (m, 1H), 1.79 – 1.65 (m, 2H), 1.61 – 1.41 (m, 2H), 1.42 (ddd, J = 24.0, 6.6, 1.0 Hz,
3H);

13C

NMR (101 MHz, CDCl3): δ 135.42, 133.80, 128.47, 127.31, 92.82 (dd, J = 178.7,

20.1 Hz), 88.81 (dd, J = 174.3, 21.7 Hz), 67.36, 56.12 (dd, J = 23.4, 4.5 Hz), 52.73, 28.87,
24.16 – 23.89 (m), 23.08, 18.92, 16.22 (dd, J = 23.2, 5.8 Hz);

19F

NMR (377 MHz, CDCl3,

decoupled): δ -191.12 (d, J = 9.5 Hz, 1F), -199.73 (d, J = 9.5 Hz, 1F); 19F NMR (377 MHz,
CDCl3, not decoupled): δ -191.12 (dpd, J = 47.8, 24.0, 9.4 Hz, 1F), -199.51 – -199.96 (m, 1F);
IR (neat): 3328, 2945, 2855, 1651, 1495, 1106, 996, 831, 766, 696 cm-1; HRMS (ESI+) m/z:
exact mass calculated for C18H27F2N2O [M+H]+: 325.2086; found: 325.2087; [𝜶]𝟐𝟓
𝑫 = -58.9 (c
= 0.5, CHCl3). X-Ray structure on page 240.
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Experimental Part

(2S)-1-((2’S,3’R)-2,3-Difluorobutyl)-N-(2,6-dimethylphenyl)piperidine-2-carboxamide
(37): To a stirred solution of (2S,3R)-2,3-difluorobutyl 4-nitrobenzenesulfonate (127) (0.18 g,
0.54 mmol, 1.0 equiv.) in 5 mL MeCN was added carboxamide 43 (0.15 g, 0.65 mmol, 1.2
equiv.) and Na2CO3 (0.13 g, 1.2 mmol, 2.2 equiv.). The reaction mixture was stirred at 80 °C
for 19 h and then allowed to cool to room temperature. The reaction was quenched with
saturated NaHCO3 (30 mL) and the mixture extracted with EtOAc (3 x 20 mL). The collected
organic layers were dried over Na2SO4 and concentrated in vacuo. The crude product was
purified by flash column chromatography (4:1 to 3:2 hexane/EtOAc) to afford vicinal difluoride
37 (0.14 g, 0.45 mmol, 83%) as a 5:1 mixture of diastereoisomers. Further purification by
preparative HPLC provided the product as a white solid. 99.7% purity by analytical HPLC
(Reprosil Chiral-NR). Crystals for X-Ray crystallography were obtained by slow evaporation
from n-hexane/DCM. The material (5-10 mg) was dissolved in DCM (0.3-0.4 mL) and covered
with a layer of n-hexane (0.4-0.6 mL). The solvents were evaporated at room temperature over
a period of 2-3 weeks.
TLC: Rf = 0.25 (7:3 hexane/EtOAc; UV, KMnO4); Melting Point: 110 – 112 °C; 1H NMR
(400 MHz, CDCl3): δ 1H NMR 8.12 (s, 1H), 7.12 – 7.03 (m, 3H), 4.84 – 4.58 (m, 2H), 3.27 –
3.10 (m, 2H), 3.00 (dd, J = 10.0, 3.6 Hz, 1H), 2.63 – 2.48 (m, 1H), 2.25 (s, 6H), 2.21 – 2.12 (m,
2H), 1.85 – 1.70 (m, 3H), 1.65 – 1.52 (m, 1H), 1.47 – 1.33 (m, 4H);

13C

NMR (101 MHz,

CDCl3): δ 172.20, 135.83, 133.82, 128.41, 127.35, 91.23 (dd, J = 176.7, 23.9 Hz), 89.18 (dd, J
= 171.6, 24.3 Hz), 68.62, 57.22 (dd, J = 19.6, 5.3 Hz), 52.55, 31.06, 24.87, 23.51, 19.08 – 18.10
(m), 16.44 (dd, J = 22.5, 5.5 Hz); 19F NMR (377 MHz, CDCl3, decoupled): δ -185.53 (d, J =
14.2 Hz, 1F), -192.06 (d, J = 14.2 Hz, 1F); 19F NMR (377 MHz, CDCl3, not decoupled): δ 185.31 – -185.77 (m, 1F), -191.81 – -192.41 (m, 1F); IR (neat): 3184, 3944, 2859, 1543, 1531,
1474, 1439, 1232, 1009, 990, 769, 780, 722 cm-1; HRMS (ESI+) m/z: exact mass calculated for
C18H27F2N2O [M+H]+: 325.2086; found: 325.2087; [𝜶]𝟐𝟓
𝑫 = -12.9 (c = 0.02, CHCl3). X-Ray
structure on page 241.
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(S)-1-((2’R,3’S)-2,3-Difluorobutyl)-N-(2,6-dimethylphenyl)piperidine-2-carboxamide
(38): To a stirred solution of (2R,3S)-2,3-difluorobutyl 4-nitrobenzenesulfonate (128) (0.80 g,
2.7 mmol, 1.0 equiv.) in 12 mL MeCN was added carboxamide 43 (0.75 g, 3.2 mmol, 1.2 equiv.)
and Na2CO3 (0.63 g, 6.0 mmol, 2.2 equiv.). The reaction mixture was stirred at 80 °C for 48 h
and then allowed to cool to room temperature. The reaction was quenched with saturated
NaHCO3 (50 mL) and the mixture extracted with EtOAc (3 x 40 mL). The collected organic
layers were dried over Na2SO4 and concentrated in vacuo. The crude product was purified by
flash column chromatography (4:1 to 3:2 hexane/EtOAc) to afford a mixture of 80% 38 and
20% 37, together (0.79 g, 2.4 mmol, 90%). Further purification by preparative HPLC (Reprosil
Chiral-NR, heptane:EtOH = 70:30) provided the product 38 as a white solid of 99% purity.
Crystals for X-Ray crystallography were obtained by slow evaporation from n-hexane/DCM.
The material (5-10 mg) was dissolved in DCM (0.3-0.4 mL) and covered with a layer of nhexane (0.4-0.6 mL). The solvents were evaporated at room temperature over a period of 2-3
weeks.
TLC: Rf = 0.25 (7:3 hexane/EtOAc; UV, KMnO4); Melting Point: 141 – 142 °C; 1H NMR
(400 MHz, CDCl3): δ 8.11 (brs, 1H), 7.12 – 7.04 (m, 3H), 4.81 – 4.55 (m, 2H), 3.33 – 3.22 (m,
1H), 3.19 – 3.02 (m, 2H), 2.84 – 2.69 (m, 1H), 2.46 – 2.36 (m, 1H), 2.23 (s, 6H), 2.07 – 1.97
(m, 1H), 1.89 (dtd, J = 13.0, 9.0, 8.6, 3.5 Hz, 1H), 1.79 – 1.64 (m, 2H), 1.61 – 1.38 (m, 2H),
1.40 (dd, J = 24.6, 6.2, 1.8, 3H );

13C

NMR (101 MHz, CDCl3): δ 171.68, 135.23, 133.76,

128.45, 127.24, 93.91 (dd, J = 176.1, 25.0 Hz), 88.97 (dd, J = 171.0, 26.1 Hz), 67.15, 56.46
(dd, J = 20.4, 5.0 Hz), 52.82 (d, J = 2.8 Hz), 28.62, 24.02, 22.95, 18.92, 16.32 (dd, J = 22.4, 5.0
Hz); 19F NMR (377 MHz, CDCl3, decoupled): δ -183.47 (d, J = 14.4 Hz, 1F), -191.82 (d, J =
14.4 Hz, 1F); 19F NMR (377 MHz, CDCl3, not decoupled): δ -183.20 – -183.74 (m, 1F), -191.52
– -192.08 (m, 1F); IR (neat): 3189, 2928, 2854, 1645, 1526, 1473, 1232, 1069, 991, 958, 771,
720, 656 cm-1; HRMS (ESI+) m/z: exact mass calculated for C18H27F2N2O [M+H]+: 325.2086;
found: 325.2088; [𝜶]𝟐𝟓
𝑫 = -41.0 (c = 1.0, CHCl3). X-Ray structure on page 242.
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(2S)-1-((3’R)-3,4-Difluorobutyl)-N-(2,6-dimethylphenyl)piperidine-2-carboxamide (39):
To a stirred solution of (R)-3,4-difluorobutyl 4-nitrobenzenesulfonate (85) (0.45 g, 1.5 mmol,
1.0 equiv.) in 6 mL MeCN was added carboxamide 43 (0.42 g, 1.8 mmol, 1.2 equiv.) and
sodium carbonate (0.35 g, 3.3 mmol, 2.2 equiv.) in 6 mL MeCN. The reaction mixture was
stirred at 80 °C for 11 h and then allowed to cool to room temperature. The reaction was
quenched with saturated NaHCO3 (30 mL) and the mixture extracted with EtOAc (3 x 20 mL).
The collected organic layers were dried over Na2SO4 and concentrated in vacuo. The crude
product was purified by flash column chromatography (2:1 to 1:2 hexane/EtOAc) to afford
vicinal difluoride 39 (0.43 g, 1.3 mmol, 86%) as a white solid. 99.9% purity by analytical HPLC
(Reprosil Chiral-NR). Crystals for X-Ray crystallography were obtained by slow evaporation
from n-hexane/DCM. The material (5-10 mg) was dissolved in DCM (0.3-0.4 mL) and covered
with a layer of n-hexane (0.4-0.6 mL). The solvents were evaporated at room temperature over
a period of 2-3 weeks.
TLC: Rf = 0.31 (3:2 hexane/EtOAc; UV, KMnO4); Melting Point: 110 – 111 °C; 1H NMR
(400 MHz, CDCl3): δ 8.02 (s, 1H), 7.12 – 7.04 (m, 3H), 4.82 – 4.34 (m, 3H), 3.22 – 3.16 (m,
1H), 3.11 (ddd, J = 12.7, 9.8, 7.1 Hz, 1H), 2.96 (dd, J = 9.9, 3.7 Hz, 1H), 2.47 – 2.39 (m, 1H),
2.25 (s, 6H), 2.18 – 2.06 (m, 2H), 2.02 – 1.85 (m, 2H), 1.84 – 1.68 (m, 3H), 1.61 – 1.47 (m,
1H), 1.43 – 1.30 (m, 1H);

13C

NMR (101 MHz, CDCl3): δ 172.46, 135.44, 133.67, 128.50,

127.30, 90.49 (dd, J = 173.8, 19.8 Hz), 84.06 (dd, J = 174.5, 23.3 Hz), 68.46, 53.28 (d, J = 4.0
Hz), 51.85, 30.57, 28.49 (dd, J = 20.9, 5.9 Hz), 24.86, 23.50, 18.90 (d, J = 1.1 Hz); 19F NMR
(377 MHz, CDCl3, decoupled): δ -189.58 (d, J = 13.4 Hz, 1F), -230.46 (d, J = 13.4, 1F); 19F
NMR (377 MHz, CDCl3, not decoupled): δ -189.35 – -189.79 (m, 1F), -230.46 (tdd, J = 48.0,
21.4, 13.6 Hz, 1F); IR (neat): 3164, 2938, 1643, 1519, 1470, 1454, 1227, 1133, 1089, 1034,
961, 861, 710 cm-1; HRMS (ESI+) m/z: exact mass calculated for C18H27F2N2O [M+H]+:
325.2086; found: 325.2087; [𝜶]𝟐𝟓
𝑫 = -94.1 (c = 0.5, CHCl3). X-Ray structure on page 243.
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(2S)-1-((3’S)-3,4-Difluorobutyl)-N-(2,6-dimethylphenyl)piperidine-2-carboxamide (40):
To a stirring solution of (S)-3,4-difluorobutyl 4-nitrobenzenesulfonate (86) (0.45 g, 1.5 mmol,
1.0 equiv.) in 6 mL MeCN was added carboxamide 43 (0.42 g, 1.8 mmol, 1.2 equiv.) and
sodium carbonate (0.35 g, 3.3 mmol, 2.2 equiv.) in 6 mL MeCN. The reaction mixture was
stirred at 80 °C for 14 h and then allowed to cool to room temperature. The reaction was
quenched with saturated NaHCO3 (30 mL) and the mixture extracted with EtOAc (3 x 20 mL).
The collected organic layers were dried over Na2SO4 and concentrated in vacuo. The crude
product was purified by flash column chromatography (2:1 to 1:2 hexane/EtOAc) to afford
vicinal difluoride 40 (0.37 g, 1.1 mmol, 74%) as a white solid. 100% purity by analytical HPLC
(Reprosil Chiral-NR). Crystals for X-Ray crystallography were obtained by slow evaporation
from n-hexane/DCM. The material (5-10 mg) was dissolved in DCM (0.3-0.4 mL) and covered
with a layer of n-hexane (0.4-0.6 mL). The solvents were evaporated at room temperature over
a period of 2-3 weeks.
TLC: Rf = 0.31 (3:2 hexane/EtOAc; UV, KMnO4); Melting Point: 128 – 129 °C; 1H NMR
(400 MHz, CDCl3): δ 7.96 (s, 1H), 7.12 – 7.05 (m, 3H), 4.95 – 4.71 (m, 1H), 4.64 – 4.35 (m,
2H), 3.20 – 3.10 (m, 1H), 3.08 (dt, J = 12.6, 8.4 Hz, 1H), 2.94 (dd, J = 10.1, 3.6 Hz, 1H), 2.56
– 2.42 (m, 1H), 2.24 (s, 6H), 2.18 – 1.69 (m, 7H), 1.64 – 1.45 (m, 1H), 1.46 – 1.30 (m, 1H); 13C
NMR (101 MHz, CDCl3): δ 172.46, 135.59, 133.74, 128.49, 127.36, 89.83 (dd, J = 173.2, 19.9
Hz), 84.19 (dd, J = 174.4, 23.3 Hz), 68.84, 52.21 (d, J = 3.1 Hz), 51.41, 30.91, 27.77 (dd, J =
20.6, 5.9 Hz), 24.87, 23.64, 18.88 (d, J = 1.2 Hz);

19F

NMR (377 MHz, CDCl3, decoupled): δ

-190.86 (d, J = 13.5, 1F), -229.72 (d, J = 13.5 Hz, 1F);

19F

NMR (377 MHz, CDCl3, not

decoupled): δ -190.62 – -191.11 (m, 1F), -229.72 (tdd, J = 47.5, 21.0, 13.5 Hz, 1F); IR (neat):
3290, 2949, 1651, 1488, 1091, 1044, 989, 768 cm-1; HRMS (ESI+) m/z: exact mass calculated
for C18H27F2N2O [M+H]+: 325.2086; found: 325.2087; [𝜶]𝟐𝟓
𝑫 = -82.1 (c = 0.5, CHCl3). X-Ray
structure on page 244.
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(S)-N-(2,6-Dimethylphenyl)piperidine-2-carboxamide (43):72 To a stirred solution of (S)1-(tert-butoxycarbonyl)piperidine-2-carboxylic acid (41) (2.50 g, 10.7 mmol, 1.00 equiv.) in
21 mL DCM was added Et3N (1.6 mL, 12 mmol, 1.1 equiv.) and isobutyl chloroformate (1.6
mL, 12 mmol, 1.1 equiv.) at 0 °C. After 55 min, 2,6-dimethylaniline (1.67 mL, 13.4 mmol, 1.35
equiv.) was added and the reaction mixture was allowed to warm to room temperature. After
24 h the mixture was washed with 1 M KHSO4 (40 mL), saturated NaHCO3 (40 mL), and brine
(40 mL). The organic layer was then dried over Na2SO4, and concentrated in vacuo. The crude
product was purified by flash chromatography (95:5 to 4:1 hexane/EtOAc) to afford crude
carboxamide 42 (2.77 g, 8.33 mmol, 78% yield) as a light pink solid with some traces of 2,6dimethylaniline. The solid was then dissolved in 17 mL DCM and trifluoroacetic acid (3.56
mL, 45.3 mmol, 5.40 equiv.) was added dropwise over 15 minutes. The reaction mixture was
stirred for 8.5 h at room temperature, then the solvent was evaporated and water (10 mL) was
added. The pH value of the mixture was brought into the range of 10-12 by the addition of 2 M
NaOH. The aqueous phase was extracted with DCM (5 x 20 mL) and combined organic phases
were washed with brine (50 mL), dried over Na2SO4 and evaporated in vacuo. The resulting
carboxamide 43 was isolated as a colorless solid (1.80 g, 7.77 mmol, 93%) and used for the
next step without further purification.
TLC: Rf = 0.37 (9:1 DCM/MeOH; UV, CAM); Melting Point: 114 – 122 °C, (Lit.158 127 –
129 °C); 1H NMR (400 MHz, CDCl3): δ 8.27 (brs, 1H), 7.11 – 7.03 (m, 3H), 3.44 (dd, J =
10.1, 3.4 Hz, 1H), 3.17 – 3.07 (m, 1H), 2.85 – 2.73 (m, 1H), 2.22 (s, 6H), 2.13 – 2.05 (m, 1H),
1.87 – 1.79 (m, 1H), 1.69 – 1.56 (m, 2H), 1.49 (m, 2H); 13C NMR (101 MHz, CDCl3): δ 172.38,
135.25, 133.77, 128.30, 127.16, 60.77, 45.91, 30.47, 26.01, 24.10, 18.67; IR (neat): 3266, 2929,
2852, 1656, 1503, 1474, 1440, 1228, 762 cm-1; HRMS (ESI+) m/z: exact mass calculated for
C14H20N2O [M+H]+, 233.1648; found 233.1650. The 1H and
were in good agreement with those reported.160

13

C NMR data of this material
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n-Propyl 4-nitrobenzenesulfonate (46): To a stirred solution of propan-1-ol (0.30 mL, 4.0
mmol, 1.0 equiv.) in 14 mL DCM were added Et3N (1.1 mL, 7.9 mmol, 2.0 equiv.), 4nitrobenzene-1-sulfonyl chloride (1.08 g, 4.77 mmol, 1.20 equiv.) and DMAP (50 mg, 0.40
mmol, 0.10 equiv.). After stirring for 4 h the, reaction was quenched with saturated NH4Cl (50
mL) and the mixture extracted with EtOAc (3 x 40 mL). The collected organic layers were
washed with brine, dried over Na2SO4 and concentrated in vacuo. The crude product was
purified by flash column chromatography (4:1 to 2:1 hexane/EtOAc) to give nosylate 46 (0.83
g, 3.4 mmol, 85% yield) as a light yellow solid. Purity: TLC-homogeneous.
TLC: Rf = 0.45 (4:1 hexane/EtOAc; KMnO4); Melting Point: 76 – 77 °C; 1H NMR (400 MHz,
CDCl3): δ 8.44 – 8.37 (m, 2H), 8.15 – 8.08 (m, 2H), 4.11 (td, J = 6.6, 1.3 Hz, 2H), 1.77 – 1.67
(m, 2H), 0.92 (td, J = 7.4, 1.6 Hz, 3H); 13C NMR (101 MHz, CDCl3): δ 150.85, 142.24, 129.30,
124.58, 73.54, 22.52, 10.04; IR (neat): 3093, 2977, 2871, 1604, 1522, 1349, 1180, 1009, 935,
839, 743, 613 cm-1; HRMS (EI) m/z: exact mass calculated for C9H11NO5S [M]+, 245.0358;
found 245.0355.

n-Butyl 4-nitrobenzenesulfonate (47): To a stirring solution of butan-1-ol (0.30 mL, 3.3
mmol, 1.0 equiv.) in 14 mL DCM were added Et3N (0.50 mL, 3.6 mmol, 1.1 equiv.), 4nitrobenzene-1-sulfonyl chloride (0.96 g, 4.2 mmol, 1.3 equiv.) and DMAP (41 mg, 0.33 mmol,
0.10 equiv.). The reaction mixture was stirred for 4 h at room temperature. The reaction was
then quenched with saturated NH4Cl (50 mL) and the mixture extracted with EtOAc (3 x 40
mL). The collected organic layers were dried over Na2SO4 and concentrated in vacuo. The crude
product was purified by flash column chromatography (9:1 hexane/EtOAc) to give nosylate 47
(0.69 g, 2.7 mmol, 82 % yield) as a light yellow solid. Purity: TLC-homogeneous.
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TLC: Rf = 0.48 (4:1 hexane/EtOAc; UV, KMnO4); Melting Point: 62 – 63 °C, (Lit.161 62 – 63
°C); 1H NMR (400 MHz, CDCl3): δ 8.43 – 8.37 (m, 2H), 8.14 – 8.08 (m, 2H), 4.14 (t, J = 6.5
Hz, 2H), 1.72 – 1.62 (m, 2H), 1.35 (h, J = 7.4 Hz, 2H), 0.88 (t, J = 7.4 Hz, 3H); 13C NMR (101
MHz, CDCl3): δ 150.84, 142.20, 129.30, 124.58, 71.84, 30.93, 18.70, 13.48; IR (neat): 3111,
2963, 2875, 1609, 1540, 1364, 1353, 1314, 1180, 1095, 949, 856, 828, 738, 682, 616 cm-1;
HRMS (EI+) m/z: exact mass calculated for C10H13NO5S [M]+, 259.0514; found 259.0509.

3-(Benzyloxy)propan-1-ol (50):73 Powdered KOH (3.55 g, 63.3 mmol, 4.40 equiv.) and
benzyl bromide (1.75 mL, 14.4 mmol, 1.00 equiv.) were added in four equal portions over 1 h
to 1,3-propanol (4.60 mL, 14.4 mmol, 1.00 equiv.) under stirring in a 10 mL round bottom flask
at room temperature. 10 mL water were added and the mixture was extracted with Et2O (4 x 10
mL). The combined organic layers were dried over MgSO4 and the solvent was removed in
vacuo. The crude product was purified by flash column chromatography (3:1 to 1:1
hexane/EtOAc) to afford 50 (1.75 g, 10.5 mmol, 73%) as a colorless liquid. Purity: TLChomogeneous.
TLC: Rf = 0.4 (3:2 hexane/EtOAc; CAM stain); 1H NMR (400 MHz, CDCl3): δ 7.38 – 7.26
(m, 5H), 4.53 (s, 2H), 3.79 (appq, J = 5.6 Hz, 2H), 3.67 (t, J = 5.8 Hz, 2H), 2.26 (brs, 1H), 1.88
(p, J = 5.7 Hz, 2H);

13C

NMR (101 MHz, CDCl3): 138.22, 128.59, 127.85, 127.79, 73.44,

69.58, 62.11, 32.27; IR (neat): 3378, 2938, 2862, 1494, 1450, 1364, 1202, 1073, 733, 690 cm1

; HRMS (EI) m/z: exact mass calculated for C10H14O2 [M]+, 165.0994; found 165.0910. The

1

H and 13C NMR data of this material were in good agreement with those reported.174

4-(Benzyloxy)butan-1-ol (51):73 Powdered KOH (4.66 g, 71.4 mmol, 4.33 equiv) and benzyl
bromide (2.00 mL, 16.5 mmol, 1.00 equiv) were added in four equal portions over 1 h to 1,4butanol (6.60 mL, 73.7 mmol, 4.47 equiv.) under stirring in a 25 mL round bottom flask at room
temperature. 10 mL water were added and the mixture was extracted with Et2O (4 x 20 mL).
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The combined organic layers were dried over MgSO4 and the solvent was removed in vacuo.
The crude product was purified by flash column chromatography (3:1 to 1:1 hexane/EtOAc) to
afford 51 (2.93 g, 16.3 mmol, 99%) was obtained as colorless liquid. Purity: TLChomogeneous.
TLC: Rf = 0.37 (3:2 hexane/EtOAc; CAM stain); 1H NMR (400 MHz, CDCl3): δ 7.38 – 7.25
(m, 5H), 4.52 (s, 2H), 3.65 (t, J = 5.8 Hz, 2H), 3.53 (t, J = 5.8 Hz, 2H), 2.26 (brs, 1H), 1.76 –
1.6 (m, 4H); 13C NMR (101 MHz, CDCl3): 138.28, 128.55, 127.85, 127.80, 73.20, 70.48, 62.86,
30.30, 26.84; IR (neat): 3378, 2943, 2878 , 1451, 1315, 1274, 1179, 1117, 1070, 710 cm-1;
HRMS (EI) m/z: exact mass calculated for C11H16O2 [M+H]+, 180.1145; found 180.1145. The
1

H and 13C NMR data of this material were in good agreement with those reported.73

1-Benzyloxy-3-fluoropropane (52): DBU (1.7 mL, 11 mmol, 1.1 equiv.) was added to a
stirred solution of 3-benzyloxypropan-1-ol (50) (1.70 g, 10.2 mmol, 1.00 equiv.) in 15 mL THF
at 0 °C. After 5 minutes the mixture was slowly added to a stirred solution of nonaflyl fluoride
(2.87 mL, 15.3 mmol, 1.50 equiv.) and TBAF(tBuOH)4[74] (7.0 mL, 1.5 mmol, 0.15 equiv., 0.22
M in THF) in 7 mL THF at 0 °C. The reaction mixture was kept at 0 °C for 10 minutes then
allowed to warm to room temperature and stirred for 1 h. The reaction was quenched with
saturated NaHCO3 (30 mL) and the mixture extracted with EtOAc (3 x 30 mL). The organic
layers were washed with brine (50 mL), dried over Na2SO4 and concentrated in vacuo. The
crude product was purified by flash column chromatography (4:1 hexane/EtOAc) to yield
fluoride (52) (1.42 g, 8.44 mmol, 83% yield) as a colorless liquid. Purity: TLC-homogeneous.
TLC: Rf = 0.81 (3:1 hexane/EtOAc; UV, CAM); 1H NMR (400 MHz, CDCl3): δ 7.39 – 7.26
(m, 5H), 4.58 (dt, J = 47.2, 6.0 Hz, 2H), 4.53 (s, 2H), 3.61 (t, J = 6.2 Hz, 2H), 2.01 (dqt, J =
25.7, 6.0 Hz, 2H); 13C NMR (101 MHz, CDCl3): δ 138.45, 128.55, 127.77, 127.76, 81.41 (d, J
= 163.9 Hz), 73.27, 66.12 (d, J = 5.6 Hz), 31.05 (d, J = 19.8 Hz); 19F NMR (377 MHz, CDCl3,
decoupled): δ -221.68;

19F

NMR (377 MHz, CDCl3, not decoupled): δ -221.68 (tt, J = 47.2,

25.7 Hz); IR (neat): 2967, 2852, 1494, 1455, 1364, 1111, 1044, 1001, 953, 733, 690 cm -1;
HRMS (EI+) m/z: exact mass calculated for C10H14O2 [M-H]+, 167.2160; found 167.0867. The
1

H and 19F NMR data of this material were in good agreement with those reported.160
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1-Benzyloxy-4-fluorobutane (53): DBU (0.42 mL, 2.8 mmol, 1.0 equiv.) was added to a
stirred solution of 4-benzyloxybutan-1-ol (51) (0.50 g, 2.8 mmol, 1.0 equiv.) in 20 mL THF at
0 °C. After 5 minutes the mixture was slowly added to a stirred solution of nonaflyl fluoride
(0.78 mL, 4.2 mmol, 1.5 equiv) and TBAF(tBuOH)474 (6.30 mL, 1.39 mmol, 0.50 equiv., 0.22
M in THF) in 8 mL THF at 0 °C. The reaction mixture was kept at 0 °C for 10 minutes then
allowed to warm to room temperature and stirred for 1 h. The reaction was quenched with
saturated NaHCO3 (30 mL) and the mixture extracted with EtOAc (3 x 30 mL). The organic
layers were washed with brine (50 mL), dried over Na2SO4 and concentrated in vacuo. The
crude product was purified by flash column chromatography (9:1 to 4:1 hexane/EtOAc) to yield
fluoride (53) (0.42 g, 2.3 mmol, 84%) as a colorless liquid. Purity: TLC-homogeneous.
TLC: Rf = 0.65 (3:1 hexane/EtOAc; UV, CAM); 1H NMR (400 MHz, CDCl3): δ 7.38 – 7.27
(m, 5H), 4.51 (s, 2H), 4.47 (dt, J = 47.3, 5.8 Hz, 2H), 3.52 (t, J = 6.2 Hz, 2H), 1.89 – 1.69 (m,
4H); 13C NMR (101 MHz, CDCl3): δ 138.63, 128.52, 127.75, 127.70, 84.10 (d, J = 164.3 Hz),
73.05, 69.84, 27.50 (d, J = 19.8 Hz), 25.72 (d, J = 5.3 Hz);

19F

NMR (377 MHz, CDCl3,

decoupled): δ -218.29; 19F NMR (377 MHz, CDCl3, not decoupled): δ -218.08 – -218.51 (m);
IR (neat): 3030, 2960, 2856, 1496, 1454, 1362, 1203, 110, 1050, 1028, 992, 953, 736, 697, 668
cm-1; HRMS (EI+) m/z: exact mass calculated for C11H15FO2 [M]+, 182.1107; found 182.1102.

3-Fluoropropyl 4-nitrobenzenesulfonate (54): A 50 mL two-necked flask was loaded with
Pd/C (10 wt. %) (0.50 g, 0.47 mmol, 0.060 equiv.) followed by the addition of 1-benzyloxy-3fluoropropane (52) (1.34 g, 7.97 mmol, 1.00 equiv.) in 15 mL DCM. The flask was flushed
with nitrogen and one balloon of hydrogen gas. The reaction mixture was stirred at room
temperature under a hydrogen atmosphere for 5.5 h. The reaction mixture was then filtered
through a pad of celite and washed with 10 mL DCM. The filtrate was added to a stirred solution
of 4-nitrobenzenesulfonyl chloride (2.04 g, 8.76 mmol, 1.10 equiv) in 10 mL DCM together

Experimental Part

158

with Et3N (2.40 mL, 15.9 mmol, 2.00 equiv.) and DMAP (97 mg, 0.80 mmol, 0.10 equiv.). The
reaction mixture was stirred at room temperature for 2 h. The reaction was then quenched with
saturated NH4Cl (80 mL). The organic phase was separated and concentrated in vacuo. The
crude product was purified by flash column chromatography (4:1 to 2:1 hexane/EtOAc)
yielding fluoride 54 (0.56 mg, 2.1 mmol, 27 % yield) as a yellow oil. Purity: TLChomogeneous.
TLC: Rf = 0.68 (3:2 hexane/EtOAc; UV, KMnO4); 1H NMR (400 MHz, CDCl3): δ 8.45 – 8.38
(m, 2H), 8.15 – 8.09 (m, 2H), 4.50 (dt, J = 46.8, 5.6 Hz, 2H), 4.28 (t, J = 6.1 Hz, 2H), 2.16 –
2.03 (m, 2H); 13C NMR (101 MHz, CDCl3): δ 150.98, 141.74, 129.38, 124.67, 79.33 (d, J =
166.6 Hz), 67.48 (d, J = 4.6 Hz), 30.12 (d, J = 20.2 Hz);

19

F NMR (377 MHz, CDCl3,

decoupled): δ -223.86; 19F NMR (377 MHz, CDCl3, not decoupled): δ -223.86 (tt, J = 46.8, 25.9
Hz); IR (neat): 2919, 2952, 1527, 1350, 1183, 910, 743 cm-1; HRMS (EI+) m/z: exact mass
calculated for C9H10FNO5S [M]+, 263.0264; found 263.0255.

4-Fluorobutyl 4-nitrobenzenesulfonate (55): A 25 mL two-necked flask was loaded with
Pd/C (10 wt. %) (0.51 g, 0.24 mmol, 0.060 equiv.) followed by the addition of 1-benzyloxy-4fluorobutane (53) (0.80 g, 4.0 mmol, 1.0 equiv.) in 10 mL DCM. The flask was flushed with
nitrogen and one balloon of hydrogen gas. The reaction mixture was stirred at room temperature
under a hydrogen atmosphere for 1.5 h. The reaction mixture was then filtered through a pad
of celite and washed with 3 mL DCM. The filtrate was added to a stirring solution of 4nitrobenzenesulfonyl chloride (1.08 g, 4.79 mmol, 1.20 equiv) in 10 mL DCM together with
Et3N (1.11 mL, 7.99 mmol, 2.00 equiv.) and DMAP (49 mg, 0.40 mmol, 0.10 equiv.). The
reaction mixture was stirred at room temperature for 2 h. The reaction was quenched with
saturated NH4Cl (40 mL) and the organic phase was separated and concentrated in vacuo. The
crude product was purified by flash column chromatography (9:1 to 7:3 hexane/EtOAc)
yielding fluoride 54 (0.67 g, 2.4 mmol, 60%) as a light yellow solid. Purity: TLC-homogeneous.
TLC: Rf = 0.4 (3:1 hexane/EtOAc; UV, KMnO4); Melting Point: 64 – 65 °C, (Lit.163 64.5 °C);
1H

NMR (400 MHz, CDCl3): δ 8.44 – 8.39 (m, 2H), 8.14 – 8.09 (m, 2H), 4.44 (dt, J = 47.4,

5.6 Hz, 2H), 4.20 (t, J = 6.2 Hz, 2H), 1.91 – 1.69 (m, 4H);

13C

NMR (101 MHz, CDCl3): δ
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150.93, 142.00, 129.34, 124.64, 83.18 (d, J = 165.7 Hz), 71.33 (d, J = 1.1 Hz),
26.56 (d, J = 20.2 Hz), 25.47 (d, J = 4.3 Hz);

19

F NMR (377 MHz, CDCl3,

decoupled): δ -219.50; 19F NMR (377 MHz, CDCl3, not decoupled): δ -219.50 (tt,
J = 47.4, 26.5 Hz); IR (neat): 3101, 2977, 1609, 1529, 1371, 1348, 1180, 1029, 957, 944, 902,
816, 747, 737, 682 cm-1; HRMS (EI+) m/z: exact mass calculated for C6H6NO5S [M-C4H6F]+:
203.9967; found: 203.9962.

3-(Trityloxy)propan-1-ol (56).75 To a stirred solution of propane-1,3-diol (48) (6.51 mL, 87.0
mmol, 10.0 equiv.) in 35 mL anhydrous DCM at 0 °C, Et3N (1.33 mL, 9.57 mmol, 1.10 equiv.),
DMAP (43 mg, 0.35 mmol, 0.04 equiv.) and trityl chloride (2.5 g, 8.7 mmol, 1.0 equiv.) were
added. The mixture was stirred at room temperature for 19 h. The reaction mixture was then
diluted with 20 mL DCM and 10 mL water. The two phases were separated and the organic
layer was dried over Na2SO4 and concentrated in vacuo. The residue was purified by flash
column chromatography (9:1 to 3:1 hexane/EtOAc) to afford 56 (2.40 g, 7.53 mmol, 87 %
yield) as a white solid. Purity: TLC-homogeneous.
TLC: Rf = 0.45 (7:3 hexane/EtOAc; CAM stain); Melting Point: 120 – 121 °C, (Lit.164 121 –
123 °C); 1H NMR (400 MHz, CDCl3): δ 7.49 – 7.43 (m, 6H), 7.36 – 7.29 (m, 6H), 7.29 – 7.23
(m, 3H), 3.79 (q, J = 5.7 Hz, 2H), 3.30 (t, J = 5.8 Hz, 2H), 2.17 – 2.10 (m, 1H), 1.88 (p, J = 5.8
Hz, 2H); 13C NMR (101 MHz, CDCl3): δ 144.12, 128.73, 128.00, 127.17, 87.18, 62.62, 32.58;
IR (neat): 3232, 2948, 2869, 1488, 1443, 1208, 1066, 757, 698 cm-1; HRMS (ESI) m/z: exact
mass calculated for C22H22O2 [M]+: 318.1620; found: 318.1617. The 1H NMR data of this
material were in good agreement with those reported.164
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4-Hydroxybutyl benzoate (57):76 Butane-1,4-diol (49) (1.97 g, 21.8 mmol, 3.10 equiv.) was
suspended in 34 mL anhydrous MeCN together with diisopropylethylamine (1.23 mL, 7.04
mmol, 1.00 equiv.). Benzoyl chloride (0.83 mL, 7.0 mmol, 1.0 equiv.), previously dissolved in
14 mL anhydrous MeCN, was added dropwise while maintaining the solution at 0 °C. DMAP
(86 mg, 0.70 mmol, 0.10 equiv.) was added and the mixture was stirred for 15 minutes at 0 °C
then allowed to warm to room temperature and stirred for an additional 2 h. The solvent was
removed under reduced pressure and the crude oil was purified by flash column
chromatography (9:1 to 3:2 hexane/EtOAc) to afford 57 (1.25 g, 6.41 mmol, 91% yield) as
colorless liquid. Purity: TLC-homogeneous.
TLC: Rf = 0.31 (3:2 hexane/EtOAc; KMnO4 stain); 1H NMR (400 MHz, CDCl3): δ 8.08 – 8.01
(m, 2H), 7.58 – 7.52 (m, 1H), 7.46 – 7.41 (m, 2H), 4.36 (t, J = 6.4 Hz, 2H), 3.72 (t, J = 6.4 Hz,
2H), 1.87 (dq, J = 8.3, 6.5 Hz, 2H), 1.73 (dq, J = 9.8, 6.7 Hz, 2H), 1.58 (s, 1H); 13C NMR (101
MHz, CDCl3): δ 166.80, 133.03, 130.47, 129.66, 128.48, 64.89, 62.54, 29.38, 25.37; IR (neat):
3175, 2949, 2857, 1714, 1651, 1533, 1471, 1438, 1398, 1232, 1121, 1108, 1040, 907, 772, 730
cm-1; HRMS (ESI) m/z: exact mass calculated for C11H14NaNO3 [M+Na]+: 217.0835; found:
217.0841. The 1H NMR data of this material were in good agreement with those reported.76

3-Trityloxypropanal (58): A solution of 3-trityloxypropan-1-ol (56) (1.00 g, 3.14 mmol, 1.00
equiv.) in 3 mL DCM was added in one portion, at room temperature, to a stirred suspension of
PCC (1.01 g, 4.71 mmol, 1.50 equiv.) and celite (1.00 g) in 9 mL DCM. The resulting darkbrown reaction mixture was stirred for 3 h at room temperature, then diluted with diethyl ether
(10 mL) and filtered through a short pad of celite. The filtrate was concentrated and the crude
residue purified by flash column chromatography (9:1 to 4:1 hexane/EtOAc) to afford aldehyde
58 (0.65 g, 2.1 mmol, 66% yield) as colorless solid. Purity: TLC-homogeneous.
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TLC: Rf = 0.51 (4:1 hexane/EtOAc; UV, KMnO4); Melting Point: 82 – 85 °C, (Lit.164 97 – 98
°C); 1H NMR (400 MHz, CDCl3): δ 9.81 – 9.78 (m, 1H), 7.52 – 7.44 (m, 6H), 7.39 – 7.32 (m,
6H), 7.32 – 7.25 (m, 3H), 3.52 (q, J = 6.0 Hz, 2H), 2.68 (t, J = 6.1 Hz, 2H); 13C NMR (101
MHz, CDCl3): δ 201.70, 143.90, 128.74, 128.01, 127.25, 87.09, 58.03, 44.20; IR (neat): 3040,
2881, 2724, 1719, 1489, 1449, 1214, 1150, 1077, 905, 748, 699, 638, 409 cm-1; HRMS (EI+)
m/z: exact mass calculated for C22H20O2 [M]+: 316.1463; found: 316.1458. The 1H NMR data
of this material were in good agreement with those reported.165

4-Benzoyloxybutanal (59):77 A solution of 4-hydroxybutyl benzoate (57) (5.14 g, 26.5 mmol,
1.00 equiv.) dissolved in 18 mL anhydrous DCM was added via an addition funnel over 20
minutes at room temperature to a stirred suspension of PCC (8.73 g, 39.7 mmol, 1.50 equiv.)
and celite (8.73 g) in 72 mL anhydrous DCM. The resulting dark-brown reaction mixture was
kept at room temperature for 2 h and then diluted with Et2O (50 mL) and filtered through a
short pad of celite on a sintered-glass funnel. The solvents were evaporated under reduced
pressure and the crude residue was purified by flash column chromatography (9:1
hexane/EtOAc) to afford 59 (4.19 g, 21.8 mmol, 82% yield) as a colorless liquid. Purity: TLChomogeneous.
TLC: Rf = 0.56 (3:2 hexane/EtOAc; KMnO4 stain); 1H NMR (400 MHz, CDCl3): δ 9.84 (t, J
= 1.3 Hz, 1H), 8.05 – 8.00 (m, 2H), 7.59 – 7.54 (m, 1H), 7.47 – 7.42 (m, 2H), 4.37 (t, J = 6.3
Hz, 2H), 2.64 (td, J = 7.2, 1.3 Hz, 2H), 2.12 (p, J = 6.9 Hz, 2H); 13C NMR (101 MHz, CDCl3):
δ 201.27, 166.61, 133.18, 130.20, 129.69, 128.55, 64.06, 30.67, 23.93; IR (neat): 2943, 2878,
1717, 2451, 1315, 1274, 1179, 1117, 1070, 1029, 710 cm-1; HRMS (EI+) m/z: mass not found.
The 1H and 13C NMR data of this material were in good agreement with those reported.77
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1-Trityloxy-3,3-difluoropropane (60): To a solution of 3-(trityloxypropanal (58) (3.54 g,
11.2 mmol, 1.00 equiv.) stirred in 33 mL DCM at 0 °C under N2 atmosphere was added
dropwise DAST (3.11 mL, 22.4 mmol, 2.00 equiv.) followed by one drop of ethanol. After 10
minutes the reaction mixture was allowed to warm to room temperature and stirred for another
20 minutes. The reaction mixture was then cooled to 0 °C, diluted with 10 mL DCM, and the
reaction carefully quenched with 5 mL saturated NaHCO3. The mixture was extracted with
DCM (3 x 50 mL), and the organic layers dried over Na2SO4 and concentrated in vacuo. The
crude yellow residue was purified by flash column chromatography (100:1 to 9:1
hexane/EtOAc) to give difluoride 60 (3.84 g, 10.0 mmol, 89% yield) as a white solid. Purity:
TLC-homogeneous.
TLC: Rf = 0.77 (9:1 hexane/EtOAc; UV, CAM); Melting Point: 86 – 87 °C; 1H NMR (400
MHz, CDCl3): δ 7.50 – 7.41 (m, 6H), 7.38 – 7.23 (m, 9H), 6.11 (app tq, J = 56.9, 4.5 Hz, 1H),
3.33 – 3.27 (m, 3H), 2.19 – 2.04 (m, 2H);

13C

NMR (101 MHz, CDCl3): δ 143.92, 128.70,

128.01, 127.26, 116.26 (t, J = 238.4 Hz), 87.04, 57.84 (t, J = 6.8 Hz), 35.13 (t, J = 21.4 Hz);
19F

NMR (377 MHz, CDCl3, decoupled): δ -116.96 – -117.01 (m, 2F); 19F NMR (377 MHz,

CDCl3, not decoupled): δ -116.83 – -117.13 (m, 2F); IR (neat): 3077, 2989, 2930, 2881, 1597,
1489, 1440, 1381, 1090, 1031, 1002, 977, 761, 703 cm-1; HRMS (EI+) m/z: exact mass
calculated for C22H20F2O [M]+: 338.1482; found: 338.1477.

3,3-Difluoropropyl 4-nitrobenzenesulfonate (61): 1-Trityloxy-3,3-difluoropropane (60)
(3.38 g, 10.0 mmol) was dissolved in 18 mL DCM and cooled to 0 °C. After 5 minutes HCl
(10.0 mL, 20.0 mmol, 2.00 equiv., 2M in Et2O) was added dropwise and the mixture was stirred
at room temperature for 24 h. The solvent was then removed by distillation and the intermediate
product collected in a second fraction (Tbp = 120 °C, 1 atm). The isolated product was dissolved
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in 30 mL DCM followed by the addition of Et3N (2.79 mL, 20.0 mmol, 2.00 equiv), DMAP
(61 mg, 0.50 mmol, 0.050 equiv.) and 4-nitrobenzenesulfonyl chloride (2.50 g, 11.0 mmol, 1.10
equiv.). The reaction mixture was stirred at room temperature for 1.5 h. The reaction was then
quenched with saturated NaHCO3 (30 mL) and the mixture extracted with EtOAc (3 x 30 mL).
The collected organic layers were dried over Na2SO4 and concentrated in vacuo. The crude
product was purified by flash column chromatography (9:1 to 6:1 hexane/EtOAc) to afford
difluoride 61 (0.16 g, 0.56 mmol, 6% yield) as yellow solid. Purity: TLC-homogeneous.
TLC: Rf = 0.52 (7:3 hexane/EtOAc; UV, KMnO4); Melting Point: 78 – 79 °C; 1H NMR (400
MHz, CDCl3): δ 8.45 – 8.40 (m, 2H), 8.15 – 8.10 (m, 2H), 5.92 (tt, J = 55.8, 4.3 Hz, 1H), 4.31
(t, J = 6.1 Hz, 2H), 2.28 (ttd, J = 16.3, 6.1, 4.3 Hz, 2H); 13C NMR (101 MHz, CDCl3): δ 151.10,
141.40, 129.44, 124.75, 114.27 (t, J = 239.9 Hz), 65.01 (t, J = 7.0 Hz), 33.93 (t, J = 22.7 Hz);
19F

NMR (377 MHz, CDCl3, decoupled): δ -118.44 (s, 2F); 19F NMR (377 MHz, CDCl3, not

decoupled): δ –118.44 (dt, J = 55.8, 16.3 Hz, 2F); IR (neat): 3111, 1531, 1350, 1311, 1180,
1095, 1014, 969, 923, 856, 836, 777, 745, 733, 684 cm-1; HRMS (EI+) m/z: exact mass
calculated for C9H9F2NO2S [M]+: 281.0169; found: 281.0164.

1-Benzoyloxy-4,4-difluorobutane (62): To a solution of 4-benzoyloxybutanal (59) (4.15 g,
21.6 mmol, 1.00 equiv.) stirred in 54 mL DCM at 0 °C under an N2 atmosphere was added
dropwise DAST (5.40 mL, 38.9 mmol, 1.80 equiv.). After 10 minutes the reaction mixture was
allowed to warm to room temperature and stirred for another 50 minutes. The reaction was then
carefully quenched with saturated NaHCO3 (20 mL) at 0 °C, and the reaction mixture extracted
with DCM (3 x 20 mL). The collected organic layers were dried over Na2SO4 and the solvent
was concentrated in vacuo. The crude yellow compound was purified by flash column
chromatography (95:5 to 9:1 hexane/EtOAc) to give difluoride 62 (3.88 g, 18.1 mmol, 84%
yield) as a colorless liquid. Purity: TLC-homogeneous.
TLC: Rf = 0.61 (4:1 hexane/EtOAc; UV, CAM); 1H NMR (400 MHz, CDCl3): δ 8.07 – 8.01
(m, 2H), 7.61 – 7.54 (m, 1H), 7.45 (dd, J = 8.3, 7.0 Hz, 2H), 5.91(tt, J = 56.6, 4.2 Hz,1H), 4.38
(t, J = 6.0 Hz, 2H), 2.10 – 1.91 (m, 4H);

13C

NMR (101 MHz, CDCl3): δ 166.57, 133.20,
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130.20, 129.68, 128.56, 116.89 (t, J = 239.1 Hz), 64.00, 31.13 (t, J = 21.5 Hz), 21.75 (t, J = 5.6
Hz);

19F

NMR (377 MHz, CDCl3, decoupled): δ -116.28;

19

F NMR (377 MHz, CDCl3, not

decoupled): δ -116.28 (dt, J = 56.5, 16.9 Hz, 2F); IR (neat): 3069, 2964, 2887, 1715, 1600,
1447, 1409, 1313, 1274, 1179, 1116, 1064, 1025, 973, 704 cm-1; HRMS (ESI+) m/z: exact mass
calculated for C11H13F2O2 [M+H]+: 215.0878; found: 215.0878. The 1H, 13C and 19F NMR data
of this material were in good agreement with those reported.166

4,4-Difluorobutyl 4-nitrobenzenesulfonate (63): Solid sodium methoxide (1.52 g, 27.1
mmol, 1.50 equiv.) was added in one portion to a stirred solution of 1-benzoyloxy-4,4difluorobutane (62) (3.87 g, 18.1 mmol, 1.00 equiv.) in 36 mL MeOH at 0 °C. After 1.5 h TFA
(2.13 mL, 27.1 mmol, 1.50 equiv.) was added and the clear reaction mixture was stirred for
another 30 minutes. Methanol was then removed under reduced pressure and the residue
partitioned between Et2O (20 mL) and brine (50 mL). The aqueous layer was extracted with
Et2O (3 x 20 mL) and the collected organic phases were concentrated in vacuo. The crude
product was dissolved again in 40 mL DCM followed by the addition of Et3N (3.00 mL, 21.5
mmol, 1.20 equiv.), 4-nitrobenzenesulfonyl chloride (4.00 g, 17.7 mmol, 1.00 equiv) and
DMAP (0.11 g, 0.90 mmol, 0.05 equiv.). The reaction mixture was stirred at room temperature
for 1.5 h. The reaction was then quenched with saturated NH4Cl (70 mL) and the mixture
extracted with EtOAc (3 x 40 mL). The collected organic phases were dried over Na2SO4 and
concentrated in vacuo. The crude product was purified by flash column chromatography (9:1
to 7:3 hexane/EtOAc) to afford difluoride 63 (2.73 g, 9.25 mmol, 51% yield) as a yellow oil.
Purity: TLC-homogeneous.
TLC: Rf = 0.40 (3:2 hexane/EtOAc; UV, KMnO4); 1H NMR (400 MHz, CDCl3): δ 8.45 – 8.39
(m, 2H), 8.15 – 8.09 (m, 2H), 5.84 (tt, J = 56.2, 3.6 Hz, 1H), 4.20 (t, J = 6.0 Hz, 2H), 2.01 –
1.84 (m, 4H); 13C NMR (101 MHz, CDCl3): δ 151.00, 141.82 129.35, 124.69, 116.27 (t, J =
239.4 Hz), 70.59, 30.20 (t, J = 21.7 Hz), 21.83 (t, J = 5.5 Hz);

19

F NMR (377 MHz, CDCl3,

decoupled): δ -116.75; 19F NMR (377 MHz, CDCl3, not decoupled): δ -116.75 (dt, J = 56.3,
17.4 Hz, 2F); IR (neat): 3069, 2964, 2887, 1715, 1600, 1447, 1409, 1313, 1274, 1179, 1116,
1064, 1025, 973, 704 cm-1; HRMS (ESI+) m/z: exact mass calculated for C18H26F2NO5S[M]+:
295.0326; found: 295.0321.
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3,3,3-Trifluoropropyl 4-nitrobenzenesulfonate (66): To a stirred solution of 3,3,3trifluoropropan-1-ol (64) (0.20 mL, 2.3 mmol, 1.0 equiv.) in 5 mL DCM were added 4nitrobenzene-1-sulfonyl chloride (0.60 g, 2.7 mmol, 1.2 equiv.) and Et3N (0.63 mL, 4.5 mmol,
2.0 equiv.). The reaction mixture was stirred at room temperature for 15 minutes. The reaction
was then quenched with saturated NH4Cl (3 mL). The organic layer was separated, dried over
Na2SO4 and concentrated in vacuo. The crude product was purified by flash column
chromatography (20:1 to 4:1 hexane/EtOAc) to afford trifluoride 66 (0.67 g, 2.3 mmol, 99%
yield) as a yellow solid. Purity: TLC-homogeneous.
TLC: Rf = 0.51 (3:1 hexane/EtOAc; UV, KMnO4; Melting Point: 69 – 71 °C; 1H NMR (400
MHz, CDCl3): δ 8.46 – 8.40 (m, 2H), 8.15 – 8.10 (m, 2H), 4.35 (t, J = 6.2 Hz, 2H), 2.57 (qt, J
= 10.0, 6.2 Hz, 2H); 13C NMR (101 MHz, CDCl3): δ 151.14, 141.29, 129.46, 125.03 (q, J =
276.9 Hz), 124.74, 63.49 (d, J = 3.8 Hz), 33.93 (q, J = 30.1 Hz); 19F NMR (377 MHz, CDCl3,
decoupled): δ -64.96 (s, 3F); 19F NMR (377 MHz, CDCl3, not decoupled): δ -64.96 (t, J = 10.0
Hz, 3F); IR (neat): 3110, 1612, 1545, 1430, 1397, 1368, 1349, 1249, 1182, 1153, 1134, 901,
918, 856, 704, 692 cm-1; HRMS (EI+) m/z: exact mass calculated for C9H8F3NO5S [M]+:
299.0075; found: 299.0070.

4,4,4-Trifluorobutyl 4-nitrobenzenesulfonate (67): To a stirred solution of 4,4,4trifluorobutan-1-ol (65) (0.10 mL, 0.93 mmol, 1.0 equiv.) in 4.5 mL DCM were added 4nitrobenzene-1-sulfonyl chloride (0.29 g, 1.3 mmol, 1.4 equiv.) and Et3N (0.26 mL, 1.9 mmol,
2.0 equiv.). The reaction mixture was stirred at room temperature for 1 h. The reaction was then
quenched with saturated NH4Cl (3 mL). The organic layer was separated, dried over Na2SO4
and concentrated in vacuo. The crude product was purified by flash column chromatography
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(20:1 to 4:1 hexane/EtOAc) to afford trifluoride 67 (0.26 g, 0.82 mmol, 88% yield) as a light
yellow solid. Purity: TLC-homogeneous.
TLC: Rf = 0.40 (4:1 hexane/EtOAc; UV, KMnO4); Melting Point: 158 – 163 °C; 1H NMR
(400 MHz, CDCl3): δ 8.47 – 8.34 (m, 2H), 8.17 – 8.07 (m, 2H), 4.21 (t, J = 6.1 Hz, 2H), 2.27
– 2.14 (m, 2H), 2.03 – 1.95 (m, 2H); 13C NMR (101 MHz, CDCl3): δ 151.06, 141.66, 129.38,
126.59 (q, J = 276.2 Hz), 124.73, 69.57, 30.19 (q, J = 29.7 Hz), 22.19 (q, J = 3.1 Hz); 19F NMR
(377 MHz, CDCl3, decoupled): δ -66.26 (s, 3F); 19F NMR (377 MHz, CDCl3, not decoupled):
δ -66.26 (t, J = 10.2 Hz, 3F); IR (neat): 3100, 1539, 1368, 1351, 1255, 1185, 1154, 992, 904,
856, 822, 720, 614 cm-1; HRMS (EI+) m/z: exact mass calculated for C10H10F3NO5S [M]+:
313.0232; found: 313.0227.

(R)-2-((Benzyloxy)methyl)oxirane (70):78 To a solution of (R)-glycidol (68) (1.34 mL, 19.2
mmol, 1.00 equiv.) dissolved in 30 mL THF stirring at 0 °C was added NaH (1.15 g, 28.9 mmol,
1.50 equiv.) in several portions. After hydrogen evolution was complete, benzyl bromide (3.20
mL, 26.9 mmol, 1.40 equiv.) and TBAI (0.20 g, 0.54 mmol, 0.03 equiv.) were added. The
cooling bath was removed and the reaction mixture was stirred at room temperature for 18 h.
The mixture was then cooled to 0 °C and carefully quenched with saturated NH4Cl (40 mL) and
the two phases were separated. The aqueous layer was extracted with Et2O (3 x 30 mL) and the
combined organic phases were dried and the solvent concentrated in vacuo. The crude product
was purified by flash column chromatography (9:1 to 4:1 hexane/EtOAc) to afford 70 (1.59 g,
9.68 mmol, 50%) as a colorless liquid. Purity: TLC-homogeneous.
TLC: Rf = 0.31 (9:1 hexane/EtOAc; CAM stain); 1H NMR (400 MHz, CDCl3): δ 7.38 – 7.27
(m, 5H), 4.62 (d, J = 11.9 Hz, 1H), 4.56 (d, J = 11.9 Hz, 1H), 3.77 (dd, J = 11.4, 3.0 Hz, 1H),
3.45 (dd, J = 11.4, 5.8 Hz, 1H), 3.24 – 3.15 (m, 1H), 2.81 (dd, J = 5.0, 4.1 Hz, 1H), 2.63 (dd, J
= 5.0, 2.7 Hz, 1H); 13C NMR (101 MHz, CDCl3): δ 138.02, 128.56 (2C), 127.88 (3C), 73.46,
70.94, 51.00, 44.43; IR (neat): 3031, 2997, 2862, 1495, 1453, 1385, 1252, 1206, 1159, 1092,
1028, 898, 845, 736 cm-1; HRMS (EI) m/z: exact mass calculated for C10H12O2 [M]+: 164.0837;
found: 164.0832. The 1H and 13C NMR data of this material were in good agreement with those
reported.78
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(S)-2-((Benzyloxy)methyl)oxirane (71):78 To a solution of (S)-glycidol (69) (1.34 mL, 19.2
mmol, 1.00 equiv.) dissolved in 30 mL THF and stirred at 0 °C was added NaH (1.15 g, 28.9
mmol, 1.50 equiv.) in several portions. After hydrogen evolution was complete, benzyl bromide
(3.20 mL, 26.9 mmol, 1.40 equiv.) and TBAI (0.20 g, 0.54 mmol, 0.03 equiv.) were added. The
cooling bath was removed and the reaction mixture was stirred at room temperature for 18 h.
The mixture was then cooled to 0 °C and carefully quenched with saturated NH4Cl (40 mL) and
the two phases were separated. The aqueous layer was extracted with Et2O (3 x 30 mL) and the
combined organic phases were dried and the solvent concentrated in vacuo. The crude product
was purified by flash column chromatography (9:1 to 4:1 hexane/EtOAc) to afford 71 (1.59 g,
9.68 mmol, 50%) as a colorless liquid. Purity: TLC-homogeneous.
TLC: Rf = 0.31 (9:1 hexane/EtOAc; CAM stain); 1H NMR (400 MHz, CDCl3): δ 7.39 – 7.27
(m, 5H), 4.62 (d, J = 11.9 Hz, 1H), 4.56 (d, J = 11.9 Hz, 1H), 3.77 (dd, J = 11.4, 3.0 Hz, 1H),
3.45 (dd, J = 11.4, 5.8 Hz, 1H), 3.24 – 3.15 (m, 1H), 2.81 (dd, J = 5.0, 4.1 Hz, 1H), 2.62 (dd, J
= 5.0, 2.7 Hz, 1H); 13C NMR (101 MHz, CDCl3): δ 138.02, 128.56 (2C), 127.89 (3C), 73.46,
70.95, 51.00, 44.44; IR (neat): 3031, 2997, 2858, 1495, 1453, 1385, 1252, 1206, 1160, 1092,
1028, 955, 899, 846, 738 cm-1; HRMS (EI) m/z: exact mass calculated for C10H12O2 [M]+:
164.0837; found: 164.0832. The 1H and 13C NMR data of this material were in good agreement
with those reported.78

(S)-1-Benzyl-2,3-difluoropropane (72): Triethylamine trihydrofluoride (1.00 mL, 6.01
mmol, 0.630 equiv.) was added to (R)-2-((benzyloxy)methyl)oxirane 70 (1.56 g, 9.48 mmol,
1.00 equiv.), then the vessel was sealed and the mixture was heated to 150 °C and stirred for
1.5 h. The reaction was then quenched with water (10 mL) and the mixture extracted with
EtOAc (3 x 30 mL). The collected organic layers were washed with saturated NaHCO3 (50 mL),
dried over Na2SO4 and concentrated in vacuo. The obtained mixture of regioisomers was used
for the next step without further purification. The crude mixture was dissolved in 15 mL THF
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together with DBU (1.59 mL, 10.4 mmol, 1.10 equiv.) and slowly added to a stirring solution
of nonaflyl fluoride (3.19 mL, 17.07 mmol, 1.80 equiv.) in 30 mL THF at 0 °C. After 10 minutes
the reaction mixture was allowed to warm to room temperature and stirred for an additional 50
minutes. The reaction was quenched with saturated NaHCO3 (100 mL) and the mixture
extracted with EtOAc (3 x 50 mL). The collected organic layers were washed with brine, dried
over Na2SO4 and concentrated in vacuo. The crude product was purified by flash column
chromatography (20:1 to 9:1 hexane/EtOAc) to afford vicinal difluoride 72 (1.02 g, 5.46 mmol,
58%) as a colorless liquid. Purity: TLC-homogeneous.
TLC: Rf = 0.75 (4:1 hexane/EtOAc; UV, CAM); 1H NMR (400 MHz, CDCl3): δ 7.40 – 7.28
(m, 5H), 4.95 – 4.73 (m, 1H), 4.63 (ddd, J = 47.3, 24.0, 4.0 Hz, 2H), 4.59 (s, 2H), 3.72 (ddd, J
= 19.9, 5.0, 1.3 Hz, 2H); 13C NMR (101 MHz, CDCl3): δ 137.59, 128.65, 128.08, 127.86, 90.51
(dd, J = 175.6, 19.8 Hz), 82.31 (dd, J = 172.3, 23.3 Hz), 73.84, 67.97 (dd, J = 24.3, 8.0 Hz); 19F
NMR (377 MHz, CDCl3, decoupled): δ -196.14 (d, J = 13.3, 1F), -233.71 (d, J = 13.3 Hz, 1F);
19

F NMR (377 MHz, CDCl3, not decoupled): δ -195.93 – -196.37 (m, 1F), -233.70 (ddt, J =

47.3, 21.2, 13.2 Hz, 1F); IR (neat): 3033, 2865, 1496, 1453, 1364, 1094, 1027, 912, 856, 737,
698 cm-1; HRMS (EI+) m/z: exact mass calculated for C10H12F2O2 [M]+: 186.0856; found:
186.0851. The 1H, 13C and 19F NMR data of this material were in good agreement with those
reported.167

(R)-1-Benzyloxy-2,3-difluoropropane (73): Triethylamine trihydrofluoride (1.00 mL, 6.01
mmol, 0.820 equiv.) was added to (S)-2-((benzyloxy)methyl)oxirane 71 (1.20 g, 7.31 mmol,
1.00 equiv.), then the vessel was sealed and the mixture was heated to 150 °C and stirred for
1.5 h. The reaction was then quenched with water (10 mL) and the mixture extracted with
EtOAc (3 x 40 mL). The collected organic layers were washed with saturated NaHCO3 (50 mL),
dried over Na2SO4 and concentrated in vacuo. The obtained mixture of regioisomers was used
for the next step without further purification. The crude mixture was dissolved in 10 mL THF
together with DBU (1.30 mL, 8.04 mmol, 1.10 equiv.) and slowly added to a stirred solution of
nonaflyl fluoride (2.46 mL, 13.1 mmol, 1.80 equiv.) in 30 mL THF at 0 °C. After 10 minutes
the reaction mixture was allowed to warm to room temperature and stirred for an additional 50
minutes. The reaction was quenched with saturated NaHCO3 (100 mL) and the mixture
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extracted with EtOAc (3 x 50 mL). The collected organic layers were washed with brine, dried
over Na2SO4 and concentrated in vacuo. The crude product was purified by flash column
chromatography (20:1 to 9:1 hexane/EtOAc) to afford vicinal difluoride 73 (0.91 g, 4.9 mmol,
67%) as a colorless liquid. Purity: TLC-homogeneous.
TLC: Rf = 0.75 (4:1 hexane/EtOAc; UV, CAM); 1H NMR (400 MHz, CDCl3): δ 7.40 – 7.28
(m, 5H), 4.95 – 4.73 (m, 1H), 4.63 (ddd, J = 47.3, 24.0, 3.9 Hz, 2H), 4.59 (s, 2H), 3.72 (ddd, J
= 19.9, 5.0, 1.3 Hz, 2H); 13C NMR (101 MHz, CDCl3): δ 137.59, 128.66, 128.09, 127.87, 90.52
(dd, J = 175.6, 19.8 Hz), 82.31 (dd, J = 172.3, 23.3 Hz), 73.85, 67.98 (dd, J = 24.3, 8.0 Hz); 19F
NMR (377 MHz, CDCl3, decoupled): δ -196.15 (d, J = 13.2 Hz, 1F), -233.71 (d, J = 13.2 Hz,
1F); 19F NMR (377 MHz, CDCl3, not decoupled): δ -195.94 – -196.37 (m, 1F), -233.71 (ddt,
J = 47.3, 21.3, 13.1 Hz, 1F); IR (neat): 3033, 2866, 1454, 1364, 1107, 1029, 916, 856, 740, 698
cm-1; HRMS (EI+) m/z: exact mass calculated for C10H12F2O2 [M]+: 186.0856; found: 186.085.
The 1H, 13C and 19F NMR data of this material were in good agreement with those reported.167

(S)-2,3-Difluoropropyl 4-nitrobenzenesulfonate (74): A solution of (S)-1-benzyloxy-2,3difluoropropane (72) (1.00 g, 5.37 mmol, 1.00 equiv.) in 6.3 mL THF was added to a 25 mL
two-necked flask loaded with Pd/C (10 wt. %) (0.80 g, 0.38 mmol, 0.070 equiv.). The flask was
flushed with nitrogen and one balloon of hydrogen. The reaction mixture was stirred at room
temperature under a hydrogen atmosphere for 2 h then filtered through a pad of celite. The
filtrate was diluted with 4 mL DCM followed by the addition of 4-nitrobenzene-1-sulfonyl
chloride (1.58 g, 6.98 mmol, 1.30 equiv.), Et3N (1.50 mL, 10.7 mmol, 2.00 equiv.) and DMAP
(66 mg, 0.54 mmol, 0.10 equiv.). The reaction mixture was stirred for 4 h. The reaction was
then quenched with NaHCO3 (10 mL) and the mixture extracted with EtOAc (3 x 20 mL). The
collected organic layers were dried over Na2SO4 and concentrated in vacuo. The crude product
was purified by flash column chromatography (9:1 to 7:3 hexane/EtOAc) to afford vicinal
difluoride 74 (1.20 g, 4.27 mmol, 79%) as a yellow solid. Purity: TLC-homogeneous.
TLC: Rf = 0.55 (3:1 hexane/EtOAc; UV, KMnO4); Melting Point: 74 – 75 °C; 1H NMR (400
MHz, CDCl3): δ 8.47 – 8.38 (m, 2H), 8.17 – 8.09 (m, 2H), 4.99 – 4.75 (m, 1H), 4.73 – 4.45 (m,
2H), 4.47 – 4.32 (m, 2H);

13C

NMR (101 MHz, CDCl3): δ 151.14, 141.19, 129.50, 124.74,
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87.97 (dd, J = 180.3, 20.9 Hz), 80.68 (dd, J = 174.6, 24.3 Hz), 68.03 (dd, J = 25.1, 8.0 Hz); 19F
NMR (377 MHz, CDCl3, decoupled): δ -197.05 (d, J = 13.7 Hz, 1F), -235.40 (d, J = 13.7 Hz,
1F); 19F NMR (377 MHz, CDCl3, not decoupled): δ -196.84 – -197.26 (m, 1F), -235.40 (ddt,
J = 46.8, 21.2, 13.7 Hz, 1F); IR (neat): 3117, 3099, 1609, 1533, 1370, 1349, 1309, 1180, 997,
874, 815, 740, 619 cm-1; HRMS (EI+) m/z: exact mass calculated for C9H9F2NO5S [M]+:
281.0169; found: 281.0164.

(R)-2,3-Difluoropropyl 4-nitrobenzenesulfonate (75): A solution of (R)-1-Benzyloxy-2,3difluoropropane (73) (0.86 g, 4.6 mmol, 1.0 equiv.) in 6.3 mL THF was added to a 25 mL twonecked flask loaded with Pd/C (10 wt. %) (0.50 g, 0.23 mmol, 0.050 equiv.). The flask was
flushed with nitrogen and one balloon of hydrogen. The reaction mixture was stirred at room
temperature under a hydrogen atmosphere for 2.5 h then filtered through a pad of celite. The
filtrate was diluted with 4 mL DCM followed by the addition of 4-nitrobenzene-1-sulfonyl
chloride (1.40 g, 6.50 mmol, 1.40 equiv.), Et3N (1.29 mL, 9.28 mmol, 2.00 equiv.) and DMAP
(57 mg, 0.46 mmol, 0.10 equiv.). The reaction mixture was stirred for 4 h. The reaction was
then quenched with NaHCO3 (10 mL) and the mixture extracted with EtOAc (3 x 20 mL). The
collected organic layers were dried over Na2SO4 and concentrated in vacuo. The crude product
was purified by flash column chromatography (9:1 to 7:3 hexane/EtOAc) to afford vicinal
difluoride 54 (1.11 g, 3.95 mmol, 85%) as a yellow solid. Purity: TLC-homogeneous.
TLC: Rf = 0.55 (3:1 hexane/EtOAc; UV, KMnO4); Melting Point: 74 – 75 °C; 1H NMR (400
MHz, CDCl3): δ 8.46 – 8.39 (m, 2H), 8.17 – 8.09 (m, 2H), 4.99 – 4.75 (m, 1H), 4.73 – 4.45 (m,
2H), 4.47 – 4.32 (m, 2H);

13C

NMR (101 MHz, CDCl3): δ 151.13, 141.17, 129.49, 124.73,

87.98 (dd, J = 180.3, 20.9 Hz), 80.69 (dd, J = 174.5, 24.2 Hz), 68.04 (dd, J = 25.1, 8.0 Hz); 19F
NMR (377 MHz, CDCl3, decoupled): δ -197.04 (d, J = 13.6 Hz, 1F), -235.39 (d, J = 13.6 Hz,
1F); 19F NMR (377 MHz, CDCl3, not decoupled): δ -195.93 – -196.37 (m, 1F), -235.39 (ddt,
J = 46.7, 21.2, 13.7 Hz, 1F); IR (neat): 3117, 3099, 1607, 1528, 1371, 1348, 1309, 1180, 994,
873, 813, 739, 617 cm-1; HRMS (EI+) m/z: exact mass calculated for C9H9F2NO5S [M]+:
281.0169; found: 281.0164.
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(R)-2-Bromosuccinic acid (78):79 To a mixture of (R)-aspartic acid (76) (1.00 g, 7.59 mmol,
1.00 equiv.) and KBr (4.06 g, 34.1 mmol, 4.50 equiv.) was added an aqueous solution of sulfuric
acid (20 mL, 2.5 M, 6.6 equiv.) and the resulting solution was cooled to -5 °C. A solution of
sodium nitrite (0.94 g, 13.7 mmol, 1.80 equiv.) in 2 mL water was added carefully maintaining
the temperature below 0 °C during the 30 minutes addition period. The resulting dark brown
mixture was stirred for 3 h at 0 °C, and then extracted with EtOAc (4 x 40 mL). The combined
organic phases were dried over Na2SO4 and concentrated in vacuo to give 78 (1.36 g, 6.90
mmol, 91%) as a white solid. The crude product was used without further purification.
Melting Point: 165 – 166 °C, (Lit.168 166 – 167 °C); 1H NMR (400 MHz, CDCl3); 1H NMR
(400 MHz, CD3OD): δ 4.90 (brs, 2H), 4.56 (dd, J = 8.7, 6.3 Hz, 1H), 3.19 (dd, J = 17.2, 8.7 Hz,
1H), 2.95 (dd, J = 17.2, 6.3 Hz, 1H); 13C NMR (101 MHz, CD3OD): δ 173.18, 172.36, 40.78,
40.14; IR (neat): 2902, 2360, 2341, 1700, 1403, 1283, 1184, 933, 647 cm-1; HRMS (ESI-) m/z:
exact mass calculated for C4H4BrO4 [M-H]-: 194.9298; found: 194.9298. The 1H and 13C NMR
data of this material were in good agreement with those reported.168

(S)-2-Bromosuccinic acid (79):79 To a mixture of (S)-aspartic acid (77) (2.00 g, 14.88 mmol,
1.00 equiv.) and KBr (7.97 g, 66.9 mmol, 4.50 equiv.) was added a aqueous solution of sulfuric
acid (40 mL, 2.5 M, 6.6 equiv.) and the resulting solution was cooled to -5 °C. A solution of
sodium nitrite (1.85 g, 26.8 mmol, 1.80 equiv.) in 4 mL water was added while being careful to
maintain the temperature below 0 °C during the 30 minutes addition period. The resulting dark
brown mixture was stirred for 3 h at 0 °C, and then extracted with EtOAc (4 x 80 mL). The
combined organic phases were dried over Na2SO4 and concentrated in vacuo to give 79 (2.59
g, 13.15 mmol, 89%) as a white solid. The crude product was used without further purification.
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Melting Point: 165 – 168 °C, (Lit.79 171 – 172 °C); 1H NMR (400 MHz, CD3OD): δ 4.90 (brs,
2H), 4.56 (dd, J = 8.7, 6.3 Hz, 1H), 3.19 (dd, J = 17.2, 8.7 Hz, 1H), 2.95 (dd, J = 17.2, 6.3 Hz,
1H);

13C

NMR (101 MHz, CD3OD): δ 173.18, 172.36, 40.78, 40.14; IR (neat): 2902, 2360,

2341, 1700, 1403, 1283, 1184, 933, 647 cm-1; HRMS (ESI-) m/z: exact mass calculated for
C4H4BrO4 [M-H]-: 194.9298; found: 194.9298. The 1H and 13C NMR data of this material were
in good agreement with those reported.79

(R)-2-Bromobutane-1,4-diol (80):79 To a suspension of (R)-2-bromosuccinic acid (78) (1.20
g, 6.09 mmol, 1.00 equiv) in 15 mL THF was slowly added BH3.THF (18.3 mL, 1 M, 3.00
equiv.) at 0 °C, the reaction was then stirred at room temperature for 40 minutes. The excess
borane was quenched by addition of THF/H2O (1:1) followed by 3.5 g K2CO3. The mixture was
stirred, then filtered, and the solid residue was washed with Et2O (3 x 20 mL). The combined
filtrate and ether washes were concentrated to a mixture of an oil and borate salts. The oil was
dissolved in Et2O, filtered, and evaporated in vacuo. The crude product was purified by flash
column chromatography (3:2 to 1:1 DCM/acetone) to afford 80 (0.88 g, 5.2 mmol, 86%) as a
colorless oil. Purity: TLC-homogeneous.
TLC: Rf = 0.45 (3:2 DCM/acetone; CAM stain); 1H NMR (400 MHz, CDCl3): δ 4.37 – 4.29
(m, 1H), 3.93 – 3.76 (m, 4H), 2.83 (brs, 1H), 2.25 (brs, 1H), 2.20 – 2.04 (m, 2H); 13C NMR
(101 MHz, CDCl3): δ 67.25, 60.21, 55.25, 37.90; IR (neat): 3307, 2933, 2885, 1420, 1163,
1052, 1023, 930, 820, 640 cm-1; HRMS (EI) m/z: exact mass calculated for C3H7BrO [MCH2O]+: 137.9983; found: 137.9675. The 1H and 13C NMR data of this material were in good
agreement with those reported.168

(S)-2-Bromobutane-1,4-diol (81):79 To a suspension of (S)-2-bromosuccinic acid (79) (1.00
g, 5.08 mmol, 1.00 equiv) in 7.8 mL THF was slowly added BH3.THF (15.2 mL, 1 M, 3.00

173

Experimental Part

equiv.) at 0 °C, the reaction was then stirred at room temperature for 40 minutes. The excess
borane was quenched by addition of THF/H2O (1:1) followed by 3 g K2CO3. The mixture was
stirred, then filtered, and the solid residue was washed with Et2O (3 x 20 mL). The combined
filtrate and ether washes were concentrated to a mixture of an oil and borate salts. The oil was
dissolved in Et2O, filtered, and evaporated in vacuo. The crude product was purified by flash
column chromatography (3:2 to 1:1 DCM/acetone) to afford 81 (0.75g, 4.42 mmol, 86%) as a
colorless oil. Purity: TLC-homogeneous.
TLC: Rf = 0.45 (3:2 DCM/acetone; CAM stain); 1H NMR (400 MHz, CDCl3): δ 4.38 – 4.28
(m, 1H), 3.94 – 3.75 (m, 4H), 2.83 (brs, 1H), 2.25 (brs, 1H), 2.19 – 2.04 (m, 2H); 13C NMR
(101 MHz, CDCl3): δ 67.26, 60.23, 55.28, 37.92; IR (neat): 3307, 2933, 2885, 1419, 1052,
1030, 930, 819, 632 cm-1; HRMS (EI) m/z: exact mass calculated for C3H7BrO [M-CH2O]+:
137.9983; found: 137.9675. The 1H and 13C NMR data of this material were in good agreement
with those reported.168

(S)-2-(2-(Benzyloxy)ethyl)oxirane (82):79 NaH (0.96 g, 24 mmol, 3.0 equiv., 60% in mineral
oil, 3eq.) was suspended in 23 mL dry THF. The suspension was cooled to -5 °C and a solution
of (R)-2-bromobutane-1,4-diol (80) (1.35 g, 7.99 mmol, 1.00 equiv.) 5 mL THF was slowly
added. After 5 minutes the suspension was allowed to warm to room temperature over a 1 h
period, then again cooled to -5 °C followed by the addition of benzyl bromide (1.26 mL, 10.4
mmol, 1.30 equiv.) and TBAI (0.29 g, 0.80 mmol, 0.10 equiv.). After 5 minutes the reaction
was brought to room temperature and stirred for 7 h. The reaction mixture was quenched with
50 mL saturated NaHCO3 and the aqueous layer was extracted with EtOAc (3 x 60 mL). The
combined organic phases were washed with brine, dried over Na2SO4 and concentrated. The
crude product was purified by flash column chromatography (20:1 to 8:1 hexane/EtOAc) to
afford 82 (1.17 g, 6.56 mmol, 82%) as a colorless oil. Purity: TLC-homogeneous.
TLC: Rf = 0.25 (9:1 hexane/EtOAc; CAM stain); 1H NMR (400 MHz, CDCl3): δ 7.39 – 7.26
(m, 5H), 4.53 (s, 2H), 3.68 – 3.58 (m, 2H), 3.10 – 3.05 (m, 1H), 2.81 – 2.77 (m, 1H), 2.53 (dd,
J = 5.0, 2.7 Hz, 1H), 1.96 – 1.88 (m, 1H), 2.62 (appdq, J = 14.4, 6.0 Hz, 1H); 13C NMR (101
MHz, CDCl3): δ 138.43, 128.55 (2C), 127.77 (3C), 73.26, 67.20, 50.23, 47.26, 33.13; IR (neat):
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3031, 2922, 2858, 1455, 1362, 1103, 912, 689 cm-1; HRMS (EI) m/z: exact mass calculated for
C11H13O2 [M-H]+: 177.0916; found: 177.0910. The 1H and 13C NMR data of this material were
in good agreement with those reported.168

(R)-2-(2-(Benzyloxy)ethyl)oxirane (83):79 NaH (0.79 g, 20 mmol, 3.0 equiv., 60% in mineral
oil, 3eq.) was suspended in 22 mL dry THF. The suspension was cooled to -5 °C and a solution
of (S)-2-bromobutane-1,4-diol 81 (0.71 g, 4.22 mmol, 1.00 equiv.) 4 mL THF was slowly
added. After 5 minutes the suspension was allowed to warm to room temperature over a 1 h
period, then again cooled to -5 °C followed by the addition of benzyl bromide (1.05 mL, 8.61
mmol, 1.30 equiv.) and TBAI (0.24 g, 0.66 mmol, 0.10 equiv.). After 5 minutes the reaction
was brought to room temperature and stirred for 7 h. The reaction mixture was quenched with
40 mL saturated NaHCO3 and the aqueous layer was extracted with EtOAc (3 x 60 mL). The
combined organic phases were washed with brine, dried over Na2SO4 and concentrated. The
crude product was purified by flash column chromatography (20:1 to 8:1 hexane/EtOAc) to
afford 83 (0.98 g, 5.5 mmol, 83%) as a colorless oil. Purity: TLC-homogeneous.
TLC: Rf = 0.25 (9:1 hexane/EtOAc; CAM stain); 1H NMR (400 MHz, CDCl3): δ 7.38 – 7.26
(m, 5H), 4.54 (s, 2H), 3.68 – 3.59 (m, 2H), 3.10 – 3.05 (m, 1H), 2.81 – 2.77 (m, 1H), 2.53 (dd,
J = 5.0, 2.7 Hz, 1H), 1.97 – 1.88 (m, 1H), 1.79 (appdq, J = 14.4, 6.0 Hz, 1H); 13C NMR (101
MHz, CDCl3): δ 138.44, 128.55 (2C), 127.76 (3C), 73.26, 67.20, 50.22, 47.25, 33.13; IR (neat):
3031, 2922, 2858, 1454, 1362, 1101, 911, 697cm-1; HRMS (EI+) m/z: exact mass calculated
for C11H13O2 [M-H]+: 177.0916; found: 177.0910. The 1H and 13C NMR data of this material
were in good agreement with those reported.168

(R)-1-Benzyloxy-3,4-difluorobutane (84): A mixture of triethylamine trihydrofluoride (0.51
mL, 3.1 mmol, 0.50 equiv.) and (S)-2-(2-benzyloxyethyl)oxirane (82) (1.10 g, 6.17 mmol, 1.00
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equiv.) was stirred in a sealed vessel at 150 °C for 2 h. The reaction was then quenched with
water (10 mL) and the mixture extracted with EtOAc (3 x 20 mL). The collected organic layers
were dried over Na2SO4 and evaporated in vacuo. The crude product was then dissolved in 18
mL THF followed by the addition of nonaflyl fluoride (2.31 mL, 12.3 mmol, 2.00 equiv.),
triethylamine trihydrofluoride (2.05 mL, 12.3 mmol, 2.00 equiv.) and Et 3N (5.16 mL, 37.0
mmol, 6.00 equiv.). The reaction mixture was stirred at room temperature for 3 h. The reaction
was then quenched with saturated NaHCO3 (50 mL) and the mixture extracted with Et2O (3 x
50 mL). The collected organic layers were washed with brine, dried over Na2SO3 and
concentrated in vacuo. The crude product was purified by flash column chromatography (9:1
hexane/Et2O) to afford vicinal difluoride 84 (1.02 g, 3.47 mmol, 56%) as colorless liquid.
Purity: TLC-homogeneous.
TLC: Rf = 0.8 (7:3 hexane/EtOAc; UV, CAM); 1H NMR (400 MHz, CDCl3): δ 7.40 – 7.27
(m, 5H), 5.04 – 4.79 (m, 1H), 4.71 – 4.34 (m, 2H), 4.52 (s, 2H), 3.67 – 3.60 (m, 2H), 2.08 –
1.85 (m, 2H); 13C NMR (101 MHz, CDCl3): δ 138.20, 128.60, 127.88, 127.79, 89.58 (dd, J =
172.4, 19.2 Hz), 84.43 (dd, J = 173.5, 22.0 Hz), 73.34, 65.44 (d, J = 5.4 Hz), 30.74 (dd, J =
21.1, 6.8 Hz);

19F

NMR (377 MHz, CDCl3, decoupled): δ -191.13 (d, J = 12.9 Hz, 1F), -229.86

(d, J = 12.9 Hz, 1F); 19F NMR (377 MHz, CDCl3, not decoupled): δ -190.90 – -191.36 (m), 229.86 (tdd, J = 47.6, 22.3, 12.9 Hz); IR (neat): 3032, 2864, 1496, 1454, 1363, 1096, 1027,
1002, 939, 898, 859, 738, 698 cm-1; HRMS (EI+) m/z: exact mass calculated for C11H13F2O
[M-H]+: 199.0934; found: 199.0929.

(S)-1-Benzyloxy-3,4-difluorobutane (85): A mixture of triethylamine trihydrofluoride (0.46
mL, 2.8 mmol, 0.50 equiv.) and (R)-2-(2-benzyloxyethyl)oxiranes (83) (0.98 g, 5.5 mmol, 1.0
equiv.) was stirred in a sealed vessel at 150 °C for 1.5 h. The reaction was then quenched with
water (10 mL) and the mixture extracted with EtOAc (3 x 20 mL). The collected organic layers
were dried over Na2SO4 and evaporated in vacuo. The crude product was then dissolved in 16
mL THF followed by the addition of nonaflyl fluoride (2.06 mL, 11.0 mmol, 2.00 equiv.),
triethylamine trihydrofluoride (1.83 mL, 11.0 mmol, 2.00 equiv.) and Et 3N (4.61 mL, 33.1
mmol, 6.00 equiv.). The reaction mixture was stirred at room temperature for 2.5 h. The reaction
was then quenched with saturated NaHCO3 (50 mL) and the mixture extracted with Et2O (3 x
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50 mL). The collected organic layers were washed with brine, dried over Na2SO3 and
concentrated in vacuo. The crude product was purified by flash column chromatography (9:1
hexane/Et2O) to afford vicinal difluoride 85 (0.59 g, 2.7 mmol, 49%) as colorless liquid. Purity:
TLC-homogeneous.
TLC: Rf = 0.8 (7:3 hexane/EtOAc; UV, CAM); 1H NMR (400 MHz, CDCl3): δ 7.39 – 7.27
(m, 5H), 5.04 – 4.79 (m, 1H), 4.52 (s, 2H), 4.72 – 4.34 (m, 2H), 3.65 – 3.61 (m, 2H), 2.07 –
1.84 (m, 2H); 13C NMR (101 MHz, CDCl3): δ 138.20, 128.60, 127.89, 127.79, 89.58 (dd, J =
172.4, 19.2 Hz), 84.44 (dd, J = 173.6, 22.0 Hz), 73.35, 30.74 (dd, J = 21.1, 6.8 Hz);

19F

NMR

(377 MHz, CDCl3, decoupled): δ -191.14 (d, J = 12.9 Hz, 1F), -229.87 (d, J = 12.9 Hz, 1F); 19F
NMR (377 MHz, CDCl3, not decoupled): δ -190.91 – -191.37 (m, 1F), -229.87 (tdd, J = 47.7,
22.3, 12.9 Hz, 1F); IR (neat): 3032, 2866, 1496, 1454, 1363, 1096, 1027, 1002, 939, 897, 859,
736, 689, 668 cm-1; HRMS (EI+) m/z: exact mass calculated for C11H13F2O [M-H]+: 199.0934;
found: 199.0929.

(R)-3,4-Difluorobutyl 4-nitrobenzenesulfonate (86): A solution of (R)-1-benzyloxy-3,4difluorobutane (84) (0.50 g, 2.5 mmol, 1.0 equiv.) in 10 mL THF was added to a suspension of
Pd/C (10 wt. %) (0.32 g, 0.15 mmol, 0.060 eq.) in 2 mL THF. The reaction flask was flushed
with nitrogen and one balloon of hydrogen gas. The reaction mixture was stirred at room
temperature under a hydrogen atmosphere for 3 h then filtered through a pad of celite and
washed with 20 mL DCM. The filtrate was then treated with 4-nitrobenzene-1-sulfonyl chloride
(0.79 g, 3.5 mmol, 1.4 equiv.), Et3N (0.70 mL, 5.0 mmol, 2.0 equiv.) and DMAP (31 mg, 0.25
mmol, 0.10 equiv.) and stirred for 2.5 h at room temperature. The reaction was then quenched
with saturated NH4Cl (40 mL) and the mixture extracted with EtOAc (3 x 20 mL). The collected
organic layers were dried over Na2SO4 and concentrated under reduced pressure. The crude
product was purified by flash column chromatography (9:1 to 7:1 hexane/EtOAc) to give
vicinal difluoride 86 (0.51, 1.7 mmol, 70%) as a light yellow solid. Purity: TLC-homogeneous.
TLC: Rf = 0.40 (3:1 hexane/EtOAc; UV, KMnO4); Melting Point: 64 – 65 °C; 1H NMR (400
MHz, CDCl3): δ 8.42 (d, J = 9.1 Hz, 2H), 8.12 (d, J = 9.1 Hz, 2H), 4.90 – 4.25 (m, 5H), 2.23 –
1.96 (m, 2H); 13C NMR (101 MHz, CDCl3): δ 151.05, 141.56, 129.41, 124.73, 87.68 (dd, J =
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175.0, 20.0 Hz), 83.51 (dd, J = 175.4, 22.4 Hz), 66.96 (dd, J = 4.7, 1.1 Hz), 30.07 (dd, J = 21.4,
6.9 Hz); 19F NMR (377 MHz, CDCl3, decoupled): δ -193.68 (d, J = 12.5 Hz, 1F), -232.07 (d, J
= 12.5 Hz, 1F); 19F NMR (377 MHz, CDCl3, not decoupled): δ -193.46 – -193.91 (m, 1F), 232.07 (tdd, J = 47.3, 22.9, 12.4 Hz, 1F); IR (neat): 3113, 2975, 1609, 1529, 1366, 1350, 1314,
1179, 1117, 1092, 1063, 970, 951, 854, 827, 792, 736, 682 cm-1; HRMS (ESI+) m/z: exact
mass calculated for C11H11F2NNaO5S [M]+: 318.2018; found: 318.0217.

(S)-3,4-Difluorobutyl 4-nitrobenzenesulfonate (87): A solution of (S)-1-benzyloxy-3,4difluorobutane (85) (0.59 g, 2.7 mmol, 1.0 equiv.) in 8 mL THF was added to a suspension of
Pd/C (10 wt. %) (0.28 g, 0.13 mmol, 0.050 eq.) in 2 mL THF. The reaction flask was flushed
with nitrogen and one balloon of hydrogen gas. The reaction mixture was stirred at room
temperature under a hydrogen atmosphere for 2 h then filtered through a pad of celite and
washed with 20 mL DCM. The filtrate was then treated with 4-nitrobenzene-1-sulfonyl chloride
(0.85 g, 3.7 mmol, 1.4 equiv.), Et3N (0.75 mL, 5.4 mmol, 2.0 equiv.) and DMAP (33 mg, 0.27
mmol, 0.10 equiv.) and stirred for 4 h at room temperature. The reaction was then quenched
with saturated NH4Cl (40 mL) and the mixture extracted with EtOAc (3 x 20 mL). The collected
organic layers were dried over Na2SO4 and concentrated under reduced pressure. The crude
product was purified by flash column chromatography (9:1 to 7:1 hexane/EtOAc) to give
vicinal difluoride 87 (0.54, 1.8 mmol, 68%) as a light yellow solid. Purity: TLC-homogeneous.
TLC: Rf = 0.40 (3:1 hexane/EtOAc; UV, KMnO4); Melting Point: 67 – 68 °C; 1H NMR (400
MHz, CDCl3): δ 8.42 (d, J = 9.1 Hz, 2H), 8.12 (d, J = 9.0 Hz, 2H), 4.91 – 4.26 (m, 5H), 2.22 –
1.97 (m, 2H); 13C NMR (101 MHz, CDCl3): δ 151.07, 141.57, 129.41, 124.73, 87.68 (dd, J =
175.0, 20.0 Hz), 83.51 (dd, J = 175.4, 22.4 Hz), 66.95 (dd, J = 4.6, 1.1 Hz), 30.08 (dd, J = 21.4,
6.9 Hz); 19F NMR (377 MHz, CDCl3, decoupled): δ -193.69 (d, J = 12.5 Hz, 1F), -232.08 (d, J
= 12.5 Hz, 1F); 19F NMR (377 MHz, CDCl3, not decoupled): δ -193.48 – -193.90 (m, 1F), 232.08 (tdd, J = 47.4, 22.9, 12.5 Hz, 1F); IR (neat): 3118, 2975, 1609, 1529, 1368, 1350, 1315,
1180, 1118, 1093, 1064, 968, 951, 859, 827, 792, 737, 683 cm-1; HRMS (ESI+) m/z: exact mass
calculated for C11H11F2NNaO5S [M]+: 318.2018; found: 318.0219.
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(2S)-1-((2’R)-2-Hydroxybutyl)-N-(2,6-dimethylphenyl)piperidine-2-carboxamide (90):80
A solution of carboxamide 43 (0.80 g, 3.4 mmol, 1.0 equiv.) in 5.3 mL MeCN was treated with
lithium perchlorate (0.59 g, 5.4 mmol, 1.6 equiv.) and (R)-2-ethyloxirane (88) (0.47 mL, 5.4
mmol, 1.6 equiv.). The reaction was carried out in a sealed vessel stirring at 80 °C for 15 h. The
reaction was quenched with saturated NaHCO3 (40 mL) and the resulting mixture was extracted
with EtOAc (3 x 40 mL). The collected organic layers were washed with brine, dried over
Na2SO4 and concentrated in vacuo. The crude product was purified by flash column
chromatography (9:1 to 4:1 hexane/EtOAc) to give alcohol 90 (0.80 g, 2.6 mmol, 78 %) as a
white solid. Purity: TLC-homogeneous.
TLC: Rf = 0.19 (9:1 DCM/acetone; UV, KMnO4); Melting Point: 195 – 196 °C; 1H NMR
(400 MHz, CDCl3): δ 7.95 (s, 1H), 7.11 – 7.02 (m, 3H), 3.83 – 3.74 (m, 1H), 3.26 – 3.19 (m,
1H), 3.00 – 2.93 (m, 1H), 2.82 – 2.69 (m, 1H), 2.32 – 2.26 (m, 1H), 2.24 (s, 6H), 2.20 – 2.11
(m, 1H), 2.09 – 1.99 (m, 1H), 1.87 – 1.77 (m, 1H), 1.77 – 1.68 (m, 2H), 1.63 – 1.29 (m, 4H),
0.97 (t, J = 7.5 Hz, 3H);

13C

NMR (101 MHz, CDCl3): δ 172.44, 135.88, 133.81, 128.38,

127.38, 69.49, 68.46, 62.90, 52.21, 31.81, 28.16, 25.28, 23.82, 19.14, 10.20; IR (neat): 3205,
2937, 2856, 2795, 1651, 1518, 1471, 1442, 1275, 1236, 1109, 1051, 989, 775, 711, 641 cm-1;
HRMS (ESI+) m/z: exact mass calculated for C18H29N2O2 [M+H]+: 305.2224; found: 305.2228.

(2S)-1-((2’S)-2-Hydroxybutyl)-N-(2,6-dimethylphenyl)piperidine-2-carboxamide (91):80
A solution of carboxamide 43 (0.90 g, 3.8 mmol, 1.0 equiv.) in 5.3 mL MeCN was treated with
lithium perchlorate (0.44 g, 6.1 mmol, 1.6 equiv.) and rac-2-ethyloxirane (89) (0.53 mL, 6.1
mmol, 1.6 equiv.). The reaction was carried out in a sealed vessel stirring at 80 °C for 13 h. The
reaction was quenched with saturated NaHCO3 (40 mL) and the resulting mixture was extracted
with EtOAc (3 x 40 mL). The collected organic layers were washed with brine, dried over
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Na2SO4 and concentrated in vacuo to obtain a crude mixture of epimers. The mixture was
separated by flash column chromatography (9:1 to 4:1 hexane/EtOAc) to get the (2S,2’S)
epimer 91 (0.61 g, 1.8 mmol, 47%) as a white solid. Purity: TLC-homogeneous.
TLC: Rf = 0.10 (9:1 DCM/acetone; UV, KMnO4); Melting Point: 129 – 132 °C; 1H NMR
(400 MHz, CDCl3): δ 8.11 (s, 1H), 7.12 – 7.01 (m, 3H), 3.74 – 3.65 (m, 1H), 3.28 – 3.19 (m,
2H), 2.94 – 2.86 (m, 1H), 2.54 – 2.36 (m, 2H), 2.22 (s, 6H), 1.98 – 1.89 (m, 2H), 1.73 – 1.38
(m, 6H), 0.97 (t, J = 7.5 Hz, 3H);

13C

NMR (101 MHz, CDCl3): δ 171.88, 135.36, 133.94,

128.37, 127.21, 70.85, 65.63, 61.69, 52.23, 28.38, 27.04, 23.59, 22.63, 18.95, 10.09; IR (neat):
3262, 2914, 2850, 1650, 1601, 1460, 1441, 1071, 1031, 777, 738 cm-1; HRMS (ESI+) m/z:
exact mass calculated for C18H29N2O2 [M+H]+: 305.2224; found: 305.2228.

(S)-2-Benzyl 1-tert-butyl piperidine-1,2-dicarboxylate (98):81 A solution of (S)-1-(tertbutoxycarbonyl)piperidine-2-carboxylic acid (41) (1.0 g, 4.3 mmol, 1.0 equiv.) in 20 mL DCM
was treated with a solution of saturated aqueous NaHCO3 (13.5 mL), TBAI (1.58 g, 4.27 mmol,
1.00 equiv.) and benzyl bromide (0.78 mL, 6.4 mmol, 1.5 equiv.). The resulting mixture was
stirred at room temperature for 25 h, and then extracted with DCM (3 x 40 mL). The combined
organic layers were dried over Na2SO4 and concentrated in vacuo. The crude product was
purified by flash column chromatography (9:1 to 7:1 hexane/EtOAc) to afford 98 (1.32 g, 4.13
mmol, 97%) as a colorless oil. Purity: TLC-homogeneous.
TLC: Rf = 0.30 (3:1 hexane/EtOAc; KMnO4 stain); 1H NMR (400 MHz, CDCl3): δ 7.38 – 7.28
(m, 5H), 5.19 (s, 2H), 4.96 (brs, 0.5H), 4.75 (brs, 0.5H), 4.02 (d, J = 12.2 Hz, 0.5H), 3.91 (d, J
= 12.2 Hz, 0.5H), 3.02 – 2.82 (m, 1H), 2.30 – 2.14 (m, 1H), 1.74 – 1.52 (m, 3H), 1.45 (s, 4.5H),
1.50 – 1.32 (m, 1H), 1.37 (s, 4.5H), 1.29 – 1.12 (m, 1H);

13C

NMR (101 MHz, CDCl3): δ

172.03, 171.82, 156.19, 155.98, 135.82, 128.54, 128.27, 128.14, 127.95, 79.96, 66.66, 55.02,
53.86, 42.13, 41.13, 28.34, 28.30, 26.79, 24.80, 24.60, 20.83, 20.64; IR (neat): 2939, 2861,
1739, 1693, 1455, 1392, 1364, 1268, 1246, 1180, 1150, 1124, 1090, 1044, 1002, 872, 697 cm1

; HRMS (ESI+) m/z: exact mass calculated for C18H26NO4 [M+H]+: 320.1856; found:

320.1856. The 1H and
reported.81

13

C NMR data of this material were in good agreement with those
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(S)-Benzyl piperidine-2-carboxylate (99): To a solution of (S)-2-benzyl 1-tert-butyl
piperidine-1,2-dicarboxylate (98) (1.3 g, 4.1 mmol, 1.0 equiv.) in 8 mL DCM were slowly
added 1.9 mL TFA (24 mmol, 6.0 equiv.) and the solution was stirred at room temperature for
12 h. The solvent was then removed under reduced pressure and 10 mL of water were added.
The pH of the mixture was brought into the range of 10-12 by the addition of 2 M NaOH, and
then the mixture was extracted with DCM (5 x 40 mL). The combined organic phases were
washed with brine, dried over Na2SO4 and concentrated in vacuo to yield 99 (0.77 g, 3.5 mmol,
86%) as a colorless liquid. Purity: TLC-homogeneous.
TLC: Rf = 0.47 (9:1 DCM/MeOH; KMnO4 stain); 1H NMR (400 MHz, CDCl3): δ 7.40 – 7.28
(m, 5H), 5.18 (d, J = 12.3 Hz, 1H), 5.13 (d, J = 12.3 Hz, 1H), 3.40 (dd, J = 9.9, 3.3 Hz, 1H),
3.08 (dt, J = 12.0, 3.6 Hz, 1H), 2.65 (ddd, J = 12.9, 10.0, 3.2 Hz, 1H), 2.02 – 1.89 (m, 2H), 1.83
– 1.72 (m, 1H), 1.62 – 1.51 (m, 2H), 1.51 – 1.36 (m, 2H);

13C

NMR (101 MHz, CDCl3): δ

173.56 , 135.94 , 128.70 , 128.41 , 128.35 , 66.58 , 58.82 , 45.91 , 29.38 , 26.03 , 24.22; IR
(neat): 2933, 2854, 1732, 1454, 1255, 1174, 1126, 1044, 1027, 966, 734 cm-1; HRMS (ESI+)
m/z: exact mass calculated for C13H18NO2 [M+H]+: 220.1332; found: 220.1329. The 1H and 13C
NMR data of this material were in partial agreement with those reported.81

(S)-Benzyl 1-(2-oxopropyl)piperidine-2-carboxylate (100): To a stirred solution of (S)benzyl piperidine-2-carboxylate (99) (1.91 g, 8.71 mmol, 1.00 equiv.) in 10 mL MeCN was
added K2CO3 (2.41 g, 17.4 mmol, 2.00 equiv.) and chloroacetone (1.39 mL, 17.4 mmol, 2.00
equiv.). The reaction mixture was stirred at room temperature for 24 h, and then diluted with
20 mL water. The mixture was extracted with EtOAc (3 x 20 mL), and the collected organic
layers were washed with brine, dried over Na2SO4 and concentrated in vacuo. The crude product
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was purified by flash column chromatography (4:1 to 3:1 hexane/EtOAc) to afford ketone 100
(2.06 g, 7.49 mmol, 86%) as a colorless oil. Purity: TLC-homogeneous.
TLC: Rf = 0.47 (9:1 DCM/MeOH; UV, KMnO4); 1H NMR (400 MHz, CDCl3): δ 7.39 – 7.28
(m, 5H), 5.17 (d, J = 12.2 Hz, 1H), 5.10 (d, J = 12.3 Hz, 1H), 3.42 – 3.37 (m, 1H), 3.36 (d, J =
17.1 Hz, 1H), 3.16 (d, J = 17.2 Hz, 1H), 2.94 – 2.87 (m, 1H), 2.43 – 2.35 (m, 1H), 2.09 (s, 3H),
1.94 – 1.79 (m, 2H), 1.64 – 1.57 (m, 2H), 1.57 – 1.48 (m, 1H), 1.47 – 1.37 (m, 1H); 13C NMR
(101 MHz, CDCl3): δ 208.08, 173.13, 135.92, 128.71, 128.45, 128.41, 66.29, 66.16, 63.59,
51.10, 29.43, 27.56, 25.41, 22.01; IR (neat): 2937, 2855, 1727, 1711, 1454, 1352, 1213, 114,
1125, 1104, 1008, 966, 749, 697, 667 cm-1; HRMS (ESI+) m/z: exact mass calculated for
C16H22NO3 [M+H]+: 276.1594; found: 276.1594.

(S)-Benzyl 1-(2,2-difluoropropyl)piperidine-2-carboxylate (101): To a stirred solution of
(S)-benzyl 1-(2-oxopropyl)piperidine-2-carboxylate (100) (1.90 g, 6.89 mmol, 1.00 equiv.) in
23 mL DCM was slowly added DAST (1.92 mL, 13.8 mmol, 2.00 equiv.) at -5 °C. The reaction
mixture was allowed to warm to room temperature over 4.5 h, then brought to 0 °C again and
carefully quenched with saturated NaHCO3 (50 mL). The mixture was extracted with EtOAc
(3 x 40 mL) and the collected organic layers washed with brine, dried over Na2SO4 and
concentrated in vacuo. The crude product was purified by flash column chromatography (95:5
to 9:1 hexane/EtOAc) to afford geminal difluoride 101 (0.94 g, 3.2 mmol, 46%) as a yellow
liquid. Purity: TLC-homogeneous.
TLC: Rf = 0.50 (9:1 hexane/EtOAc; UV, KMnO4); 1H NMR (400 MHz, CDCl3): δ 7.42 – 7.29
(m, 5H), 5.18 (d, J = 12.3 Hz, 1H), 5.13 (d, J = 12.3 Hz, 1H), 3.52 (t, J = 4.8 Hz, 1H), 3.17 –
3.09 (m, 1H), 2.94 – 2.75 (m, 2H), 2.58 (dt, J = 11.3, 4.6 Hz, 1H), 2.02 – 1.92 (m, 1H), 1.87 –
1.77 (m, 1H), 1.64 (t, J = 18.8 Hz, 3H), 1.61 – 1.44 (m, 3H), 1.37 – 1.25 (m, 1H); 13C NMR
(101 MHz, CDCl3): δ 173.38, 136.06, 128.73, 128.41, 128.33, 124.76 (t, J = 239.3 Hz), 66.26,
63.60, 61.13 (t, J = 28.9 Hz), 50.76, 29.23, 25.80, 21.56 (t, J = 26.6 Hz), 21.29; 19F NMR (377
MHz, CDCl3, decoupled): δ -92.96 (d, J = 255.49 Hz, 1F), -93.61 (d, J = 255.49 Hz, 1F); 19F
NMR (377 MHz, CDCl3, not decoupled): δ -92.51 – -94.03 (m, 2F); IR (neat): 2936, 2854,
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1730, 1454, 1391, 1241, 1190, 1156, 1113, 1096, 1066, 1009, 697, 629 cm -1; HRMS (ESI+)
m/z: exact mass calculated for C16H22F2NO2 [M+H]+: 298.1611; found: 298.1611.

(E)-But-2-ene-1,4-diol (103):169 A solution of but-2-yne-1,4-diol (102) (4.00 g, 46.5 mmol,
1.00 equiv.) in 100 mL THF was cooled to 0 °C and added over 30 minutes via cannula to a
suspension of LAH (2.23 g, 55.8 mmol, 1.20 equiv.) stirred at 0 °C. Following the complete
addition of starting material, the reaction mixture was refluxed for 3 h, and then cooled to 0 °C.
3M NaOH was added slowly until no gas evolution was observed. The reaction mixture was
then adjusted to a pH of 10, silica gel was added and the solvent was removed under reduced
pressure. The gel mixture was then loaded on top of a prepacked silica gel column and flashed
(1:1 hexane/EtOAc), providing 103 (3.6 g, 41 mmol, 88%) as pale yellow oil. Purity: TLChomogeneous.
TLC: Rf = 0.24 (EtOAc; KMnO4 stain); 1H NMR (400 MHz, CDCl3): δ 5.91 – 5.88 (m, 2H),
4.20 – 4.14 (m, 4H), 1.64 (brs, 2H); 13C NMR (101 MHz, CDCl3): δ 130.67, 63.09; IR (neat):
3293, 2920, 2864, 1416, 1367, 1228, 1082, 988, 971, 610 cm-1; HRMS (EI+) m/z: exact mass
calculated for C4H6O [M-H2O]+: 70.0419; found: 70.0414. The 1H and 13C NMR data of this
material were in good agreement with those reported.170

(E)-4-(Benzyloxy)but-2-en-1-ol (104):171 NaH (0.91 g, 22.7 mmol, 1.1 equiv., 60% in
mineral oil) was added to a solution of (E)-but-2-ene-1,4-diol (103) (3.6 mL, 41 mmol, 2 equiv.)
in 20 mL THF at 0 °C in several portions. The resulting suspension was stirred for 1 h at 0 °C
before adding drop wise benzyl bromide (2.5 mL, 21 mmol, 1.0 equiv). The reaction mixture
was heated to 75 °C and stirred overnight, then quenched with saturated NH4Cl (80 mL). The
mixture was extracted with DCM (3 x 80 mL). The combined organic layers were dried over
Na2SO4 and concentrated under reduced pressure. The crude product was purified by flash
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column chromatography (4:1 to 2:1 hexane/EtOAc) to afford 104 (2.1 g, 12 mmol, 57%) as a
yellow solid. Purity: TLC-homogeneous.
TLC: Rf = 0.28 (7:3 hexane/EtOAc; KMnO4 stain); 1H NMR (400 MHz, CDCl3): δ 7.38 – 7.27
(m, 5H), 5.97 – 5.80 (m, 2H), 4.53 (s, 2H), 4.16 (s, 2H), 4.04 (d, J = 5.2 Hz, 2H), 1.59 (brs,
1H); 13C NMR (101 MHz, CDCl3): δ 138.31, 132.34, 128.53, 127.98, 127.89, 127.78, 72.46,
70.21, 63.15; IR (neat): 3365, 2856, 1453, 1360, 1093, 1064, 1001, 820, 738, 698, 631 cm-1;
HRMS (EI+) m/z: exact mass calculated for C11H14O2 [M]+: 178.0994; found: 178.0989. The
1

H data of this material were in good agreement with those reported.171

(E)-((4-(Benzyloxy)but-2-en-1-yl)oxy)(tert-butyl)dimethylsilane (105): To a solution of
(E)-4-(benzyloxy)but-2-en-1-ol (104) (2.0 g, 11 mmol, 1.0equiv.) in 32 mL DCM were added
in succession Et3N (3.1 mL, 22 mmol, 2.0 equiv.), DMAP (0.14 g, 1.1 mmol, 0.10 equiv.) and
TBSCl (2.54 g, 16.8 mmol, 1.50 equiv.). The mixture was stirred at room temperature for 3 h,
then the solvent was removed under reduced pressure and the residue dissolved in EtOAc (40
mL) and washed with 20 mL 10% citric acid and 20 mL brine. The organic phase was dried
and concentrated in vacuo. The crude product was purified by flash column chromatography
(95:5 hexane/Et2O) to give 105 (2.89 g, 9.90 mmol, 88%) as a colorless oil. Purity: TLChomogeneous.
TLC: Rf = 0.70 (9:1 hexane/EtOAc; CAM stain); 1H NMR (400 MHz, CDCl3): δ 7.37 – 7.27
(m, 5H), 5.85 – 5.82 (m, 2H), 4.52 (s, 2H), 4.20 (s, 2H), 4.06 – 4.02 (m, 2H), 0.92 (s, 9H), 0.08
(s, 6H); 13C NMR (101 MHz, CDCl3): 138.51 ,132.76, 128.51, 127.89, 127.71, 126.42, 72.21,
70.40, 63.31, 26.11, 18.57, -5.07; IR (neat): 2855, 1462, 1360, 1253, 1103, 834, 774, 723, 698
cm-1; HRMS (EI+) m/z: exact mass calculated for C13H19O2Si [M-C4H9]+: 235.1154; found:
235.1148. The 1H and 13C data of this material were in good agreement with those reported.172

Experimental Part

184

(2R,3R)-4-(Benzyloxy)butane-1,2,3-triol (108):82 A round bottom flask, equipped with a
magnetic stirrer, was charged with 71 mL tBuOH and 71 mL water and AD-mix-α (20 g). While
stirring the mixture at room temperature methanesulfonamide (1.4 g, 14.2 mmol, 1.00 equiv.)
was added and the temperature was brought to 0 °C. (E)-((4-(benzyloxy)but-2-en-1yl)oxy)(tert-butyl)dimethylsilane (105) (4.14 g, 14.15 mmol, 1.00 equiv.) was slowly added
and the reaction mixture was stirred overnight (15 h) in a cold room maintained at ca. 5 °C.
After adding 14.5 g sodium sulfite the reaction mixture was allowed to warm to room
temperature over a 1 h period. 100 mL saturated NaHCO3 were then added and the mixture
extracted with EtOAc (3 x 60 mL). The collected organic layers were dried over Na2SO4 and
concentrated under reduced pressure.
The crude product was dissolved again in 60 mL THF together with TBAF (3.8 g, 14.2 mmol,
1.0 eq.) and the reaction mixture was stirred at room temperature for 1 h. The reaction was
quenched with 100 mL saturated NaHCO3 and the mixture extracted with EtOAc (3 x 60 mL).
The collected organic layers were dried over Na2SO4 and concentrated in vacuo. The crude
product was purified by flash column chromatography (9:1 DCM/MeOH) to afford 108 (1.46
g, 6.53 mmol, 46%) as a colorless oil. Purity: TLC-homogeneous.
TLC: Rf = 0.19 (1:4 hexane/EtOAc; KMnO4 stain); 1H NMR (400 MHz, CDCl3): δ 7.40 – 7.27
(m, 5H), 4.60 – 4.51 (m, 2H), 3.88 – 3.81 (m, 1H), 3.75 – 3.67 (m, 3H), 3.65 – 3.58 (m, 2H),
3.07 (brs, 1H), 2.95 (brs, 1H), 2.50 (brs, 1H); 13C NMR (101 MHz, CDCl3): δ 137.59, 128.69,
128.15, 127.99, 73.84, 72.17, 71.98, 71.23, 64.67; IR (neat): 3368, 2870, 1453, 1365, 1207,
1070, 1027, 737, 697 cm-1; HRMS (EI+) m/z: exact mass calculated for C11H16O4 [M]+:
212.1049; found: 212.1043.
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(2S,3S)-4-(Benzyloxy)butane-1,2,3-triol (109):82 A round bottom flask, equipped with a
magnetic stirrer, was charged with 50 mL tBuOH and 50 mL water and AD-mix-β (13.5 g).
While stirring the mixture at room temperature methanesulfonamide (0.93 g, 9.6 mmol, 1.00
equiv.) was added and the temperature was brought to 0 °C. (E)-((4-(benzyloxy)but-2-en-1yl)oxy)(tert-butyl)dimethylsilane (105) (2.82 g, 9.63 mmol, 1.00 equiv.) was slowly added and
the reaction mixture was stirred overnight (15 h) in a cold room maintained at ca. 5 °C. After
adding 14.5 g sodium sulfite the reaction mixture was allowed to warm to room temperature
over a 1 h period. 100 mL saturated NaHCO3 were then added and the mixture extracted with
EtOAc (3 x 60 mL). The collected organic layers were dried over Na2SO4 and concentrated
under reduced pressure.
The crude product was dissolved again in 90 mL THF together with TBAF (2.6 g, 9.6 mmol,
1.0 eq.) and the reaction mixture was stirred at room temperature for 1 h. The reaction was
quenched with 100 mL saturated NaHCO3 and the mixture extracted with EtOAc (3 x 60 mL).
The collected organic layers were dried over Na2SO4 and concentrated in vacuo. The crude
product was purified by flash column chromatography (9:1 DCM/MeOH) to afford 109 (1.53
g, 7.20 mmol, 75%) as a colorless oil. Purity: TLC-homogeneous.
TLC: Rf = 0.19 (1:4 hexane/EtOAc; KMnO4 stain); 1H NMR (400 MHz, CDCl3): δ 7.38 – 7.27
(m, 5H), 4.59 – 4.46 (m, 2H), 3.87 – 3.79 (m, 1H), 3.73 – 3.63 (m, 3H), 3.62 – 3.54 (m, 2H),
3.44 (brs, 1H), 3.02 (brs, 2H); 13C NMR (101 MHz, CDCl3): δ 137.66, 128.65, 128.09, 128.01,
73.73, 72.10, 72.02, 71.04, 64.37; IR (neat): 3370, 2870, 1453, 1365, 1207, 1073, 1028, 738,
698 cm-1; HRMS (EI+) m/z: exact mass calculated for C11H16O4 [M]+: 212.1049; found:
212.1043.
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(Z)-4-(Benzyloxy)but-2-en-1-ol (111):173 NaH (1.24 g, 30.9 mmol, 1.50 equiv, 60% in
mineral oil) was added in portion to a solution of (Z)-but-2-ene-1,4-diol (110) (3.74 g, 41.2
mmol, 2.00 eq.) in 70 mL THF stirring at 0 °C. After stirring the suspension for 1 h at 0 °C
benzyl bromide (2.5 mL, 21 mmol, 1.00 equiv.) was added drop-wise and the reaction mixture
was stirred for 18 h at reflux temperature. 80 mL saturated aqueous NH4Cl were added and the
two phases were separated. The aqueous phase was extracted with DCM (3 x 80 mL) and the
collected organic phases were dried over Na2SO4 and concentrated in vacuo. The crude product
was purified by flash column chromatography (4:1 to 1:1 hexane/EtOAc) to afford 111 (3.57
g, 19.8 mmol, 96%) as a yellow oil. Purity: TLC-homogeneous.
TLC: Rf = 0.28 (7:3 hexane/EtOAc; KMnO4 stain); 1H NMR (400 MHz, CDCl3): δ 7.39 – 7.27
(m, 5H), 5.88 – 5.79 (m, 1H), 5.79 – 5.70 (m, 1H), 4.53 (s, 2H), 4.23 – 4.14 (m, 2H), 4.10 (d, J
= 6.1 Hz, 2H), 1.85 (brs, 1H); 13C NMR (101 MHz, CDCl3): δ 138.01, 132.48, 128.61, 128.53,
127.99, 127.94, 72.65, 65.83, 58.97; IR (neat): 3027, 2856, 1453, 1070, 1026, 942, 735, 696
cm-1; HRMS (EI+) m/z: exact mass calculated for C11H12O [M-H2O]+: 160.0888; found:
160.0883. The 1H and 13C data of this material were in good agreement with those reported.173

(2R,3S)-4-(Benzyloxy)butane-1,2,3-triol (112): 82 A round bottom flask, equipped with a
magnetic stirrer, was charged with 97 mL tBuOH and 97 mL water and AD-mix-α (26 g). While
stirring the mixture at room temperature methanesulfonamide (1.89 g, 19.44 mmol, 1.00 equiv.)
was added and the temperature was brought to 0 °C. (Z)-4-(benzyloxy)but-2-en-1-ol (111) (3.5
g, 9.6 mmol, 1.0 equiv.) was slowly added and the reaction mixture was stirred overnight (15
h) in a cold room maintained at ca. 5 °C. After adding 27.2 g sodium sulfite the reaction mixture
was allowed to warm to room temperature over a 1 h period. 200 mL saturated NaHCO3 were
then added and the mixture extracted with EtOAc (3 x 120 mL). The collected organic layers
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were dried over Na2SO4 and concentrated under reduced pressure. The crude product was
purified by flash column chromatography (8:1 to 9:1 EtOAc/hexane) to afford 112 (1.92 g, 13.8
mmol, 71%) as a colorless oil. Purity: TLC-homogeneous.
TLC: Rf = 0.19 (1:4 hexane/EtOAc; KMnO4 stain); 1H NMR (400 MHz, CDCl3): δ 7.39 – 7.27
(m, 5H), 4.56 (s, 2H), 3.87 – 3.71 (m, 1H), 3.77 – 3.70 (m, 3H), 3.69 – 3.59 (m, 2H), 2.85 (brs,
2H), 2.47 (brs, 1H);

13C

NMR (101 MHz, CDCl3): δ 137.60, 128.70, 128.17, 128.00, 73.80,

72.60, 71.45, 71.36, 63.78; IR (neat): 2867, 1453, 1312, 1064, 745 cm-1; HRMS (EI+) m/z:
exact mass calculated for C11H16O4 [M]+: 212.1049; found: 212.1045.

(2S,3R)-4-(Benzyloxy)butane-1,2,3-triol (113):82 A round bottom flask, equipped with a
magnetic stirrer, was charged with 97 mL tBuOH and 97 mL water and AD-mix-β (7.9 g).
While stirring the mixture at room temperature methanesulfonamide (0.53 g, 5.5 mmol, 1.00
equiv.) was added and the temperature was brought to 0 °C. (Z)-4-(benzyloxy)but-2-en-1-ol
(111) (1.0 g, 5.5 mmol, 1.0 equiv.) was slowly added and the reaction mixture was stirred
overnight (15 h) in a cold room maintained at ca. 5 °C. After adding 8.2 g sodium sulfite the
reaction mixture was allowed to warm to room temperature over a 1 h period. 80 mL saturated
NaHCO3 were then added and the mixture extracted with EtOAc (3 x 40 mL). The collected
organic layers were dried over Na2SO4 and concentrated under reduced pressure. The crude
product was purified by flash column chromatography (8:1 to 9:1 EtOAc/hexane) to afford 113
(0.86 g, 4.0 mmol, 74%) as a colorless oil. Purity: TLC-homogeneous.
TLC: Rf = 0.19 (1:4 hexane/EtOAc; KMnO4 stain); 1H NMR (400 MHz, CDCl3): δ 7.38 – 7.27
(m, 5H), 4.54 (s, 2H), 3.88 – 3.78 (m, 1H), 3.78 – 3.54 (m, 3H), 3.46 – 3.44 (m, 2H), 3.16 (brs,
2H), 2.01 (brs, 1H);

13C

NMR (101 MHz, CDCl3): δ 137.64, 128.67, 128.12, 128.01, 73.75,

72.60, 71.54, 71.30, 63.62; IR (neat): 2876, 1453, 1321, 1065, 739 cm-1; HRMS (EI+) m/z:
exact mass calculated for C11H16O4 [M]+: 212.1049; found: 212.1045.
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(R)-2-((S)-2-(Benzyloxy)-1-fluoroethyl)oxirane (114): Nonaflyl fluoride (3.26 mL, 17.4
mmol, 2.50 equiv.) was added to a stirred solution of (2R,3R)-1-(benzyloxy)butane-2,3,4-triol
(108) (1.48 g, 6.97 mmol, 1.00 equiv.) in 35 mL MeCN. The solution was then cooled to 0 °C
and DBU (3.75 mL, 24.4 mmol, 3.50 equiv.) was slowly added over a period of 10 minutes.
After the addition, the reaction mixture was allowed to warm to room temperature and stirred
for 1 h. The reaction was then quenched with saturated NaHCO3 (60 mL) and the mixture was
extracted with EtOAc (3 x 50 mL). The collected organic layers were dried over Na2SO3 and
concentrated in vacuo. The crude product was purified by flash column chromatography (9:1
to 4:1 hexane/EtOAc) to afford epifluorohydrin 114 (0.78 g, 4.0 mmol, 57%) as a colorless
liquid. Purity: TLC-homogeneous.
TLC: Rf = 0.20 (6:1 hexane/EtOAc; UV, CAM); 1H NMR (400 MHz, CDCl3): δ 7.40 – 7.27
(m, 5H), 4.61 (s, 2H), 4.50 (appdq, J = 48.2, 4.6 Hz, 1H), 3.79 – 3.70 (m, 2H), 3.23 – 3.17 (m,
1H), 2.89 – 2.78 (m, 2H);

13C

NMR (101 MHz, CDCl3): δ 137.70, 128.63, 128.02, 127.85,

91.46 (d, J = 176.4 Hz), 73.81, 69.56 (d, J = 22.3 Hz), 49.95 (d, J = 29.4 Hz), 45.18 (d, J = 4.9
Hz); 19F NMR (377 MHz, CDCl3, decoupled): δ -196.69 (s, 1F); 19F NMR (377 MHz, CDCl3,
not decoupled): δ -196.70 (dtd, J = 48.2, 24.0, 10.1 Hz, 1F); IR (neat): 3031, 2939, 2865, 1496,
1453, 1366, 1251, 1205, 1098, 933, 883, 860, 738, 698 cm-1; HRMS (EI+) m/z: exact mass
calculated for C11H13FO2 [M]+: 196.0900; found: 196.0894.

(S)-2-((R)-2-(Benzyloxy)-1-fluoroethyl)oxirane (115): Nonaflyl fluoride (2.61 mL, 13.9
mmol, 2.20 equiv.) was added to a stirred solution of (2S,3S)-1-(benzyloxy)butane-2,3,4-triol
(109) (1.35 g, 6.34 mmol, 1.00 equiv.) in 32 mL MeCN. The solution was then cooled to 0 °C
and DBU (3.22 mL, 20.9 mmol, 3.30 equiv.) was slowly added over a period of 10 minutes.
After the addition, the reaction mixture was allowed to warm to room temperature and stirred
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for 1 h. The reaction was then quenched with saturated NaHCO3 (60 mL) and the mixture was
extracted with EtOAc (3 x 50 mL). The collected organic layers were dried over Na2SO3 and
concentrated in vacuo. The crude product was purified by flash column chromatography (9:1
to 4:1 hexane/EtOAc) to afford epifluorohydrin 115 (0.82 g, 4.2 mmol, 66%) as a colorless
liquid. Purity: TLC-homogeneous.
TLC: Rf = 0.20 (6:1 hexane/EtOAc; UV, CAM); 1H NMR (400 MHz, CDCl3): δ 7.39 – 7.27
(m, 5H), 4.61 (s, 2H), 4.50 (appdq, J = 48.2, 4.6 Hz, 1H), 3.79 – 3.71 (m, 2H), 3.23 – 3.17 (m,
2H), 2.89 – 2.78 (m, 2H);

13C

NMR (101 MHz, CDCl3): δ 137.70, 128.63, 128.02, 127.85,

91.46 (d, J = 176.4 Hz), 73.81, 69.56 (d, J = 22.2 Hz), 49.96 (d, J = 29.5 Hz), 45.18 (d, J = 4.9
Hz); 19F NMR (377 MHz, CDCl3, decoupled): δ -196.68 (s, 1F); 19F NMR (377 MHz, CDCl3,
not decoupled): δ -196.68 (dtd, J = 48.2, 24.1, 10.0 Hz, 1F); IR (neat): 3031, 2933, 2865, 1496,
1454, 1366, 1250, 1205, 1097, 933, 884, 860, 737, 698 cm-1; HRMS (EI+) m/z: exact mass
calculated for C11H13FO2 [M]+: 196.0900; found: 196.0894.

(S)-2-((S)-2-(Benzyloxy)-1-fluoroethyl)oxirane (116): Nonaflyl fluoride (1.76 mL, 9.42
mmol, 2.00 equiv.) was added to a stirred solution of (2R,3S)-1-(benzyloxy)butane-2,3,4-triol
(112) (1.00 g, 4.71 mmol, 1.00 equiv.) in 7.9 mL MeCN. The solution was then cooled to 0 °C
and DBU (2.13 mL, 14.1 mmol, 3.00 equiv.) was slowly added over a period of 10 minutes.
After the addition, the reaction mixture was allowed to warm to room temperature and stirred
for 1 h. The reaction was then quenched with saturated NaHCO3 (30 mL) and the mixture was
extracted with EtOAc (3 x 40 mL). The collected organic layers were dried over Na2SO3 and
concentrated in vacuo. The crude product was purified by flash column chromatography (9:1
to 4:1 hexane/EtOAc) to afford epifluorohydrin 116 (0.72 g, 3.5 mmol, 74%) as a colorless
liquid. Purity: TLC-homogeneous.
TLC: Rf = 0.20 (6:1 hexane/EtOAc; UV, CAM); 1H NMR (400 MHz, CDCl3): δ 7.41 – 7.27
(m, 5H), 4.61 (s, 2H), 4.47 (dq, J = 47.9, 5.1 Hz, 1H), 3.80 – 3.69 (m, 2H), 3.28 – 3.19j (m,
1H), 2.88 – 2.84 (m, 1H), 2.75 – 2.72 (m, 1H); 13C NMR (101 MHz, CDCl3): δ 137.67, 128.65,
128.06, 127.87, 92.10 (d, J = 176.9 Hz), 73.87, 69.60 (d, J = 24.8 Hz), 51.13 (d, J = 23.9 Hz),
43.64 (d, J = 9.0 Hz); 19F NMR (377 MHz, CDCl3, decoupled): δ -195.80 (s, 1F);

19F
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(377 MHz, CDCl3, not decoupled): δ -195.63 – -195.97 (m, 1F); IR (neat): 2865, 1453, 1365,
1255, 1204, 1027, 881, 739 cm-1; HRMS (EI+) m/z: exact mass calculated for C11H13FO2 [M]+:
196.0900; found: 196.0894.

(R)-2-((R)-2-(Benzyloxy)-1-fluoroethyl)oxirane (117): Nonaflyl fluoride (5.37 mL, 28.7
mmol, 2.20 equiv.) was added to a stirring solution of (2S,3R)-1-(benzyloxy)butane-2,3,4-triol
(113) (2.77 g, 13.0 mmol, 1.00 equiv.) in 65 mL MeCN. The solution was then cooled to 0 °C
and DBU (6.62 mL, 43.1 mmol, 3.3 equiv.) was slowly added over a period of 10 minutes.
After the addition, the reaction mixture was allowed to warm to room temperature and stirred
for 1 h. The reaction was then quenched with saturated NaHCO3 (100 mL) and the mixture was
extracted with EtOAc (3 x 80 mL). The collected organic layers were dried over Na2SO3 and
concentrated in vacuo. The crude product was purified by flash column chromatography (9:1
to 4:1 hexane/EtOAc) to afford epifluorohydrin 117 (1.89 g, 9.63 mmol, 74%) as a colorless
liquid. Purity: TLC-homogeneous.
TLC: Rf = 0.20 (6:1 hexane/EtOAc; UV, CAM); 1H NMR (400 MHz, CDCl3): δ 7.40 – 7.28
(m, 5H), 4.61 (s, 2H), 4.47 (dq, J = 47.9, 5.1 Hz, 1H), 3.80 – 3.69 (m, 2H), 3.27 – 3.20 (m, 1H),
2.88 – 2.83 (m, 1H), 2.75 – 2.71 (m, 1H);

13C

NMR (101 MHz, CDCl3): δ 137.67, 128.64,

128.05, 127.86, 92.10 (d, J = 176.8 Hz), 73.86, 69.60 (d, J = 24.9 Hz), 51.13 (d, J = 24.0 Hz),
43.64 (d, J = 8.9 Hz); 19F NMR (377 MHz, CDCl3, decoupled): δ -195.78(s, 1F); 19F NMR (377
MHz, CDCl3, not decoupled): δ -195.61 – -195.95 (m, 1F).ppm; IR (neat): 2866, 1453, 1365,
1253, 1205, 1027, 880, 737 cm-1; HRMS (EI+) m/z: exact mass calculated for C11H13FO2 [M]+:
196.0900; found: 196.0894.
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(2S,3R)-1-(Benzyloxy)-2-fluorobutan-3-ol (118): To a stirred suspension of LAH (0.23 g,
5.9 mmol, 2.0 equiv.) in 15 mL THF was added (R)-2-((S)-2-(benzyloxy)-1-fluoroethyl)oxirane
(114) (0.58 g, 2.9 mmol, 1.00 equiv.) in 15 mL THF at 0 °C. The reaction mixture was stirred
at 0 °C for 1 h, then saturated NH4Cl (50 mL) was carefully added and stirring was continued
for another 10 minutes. The mixture was extracted with EtOAc (3 x 40 mL) and the collected
organic layers were dried over Na2SO4 and concentrated in vacuo. The crude product was
purified by flash column chromatography (4:1 hexane/EtOAc) to afford fluorohydrin 118 (0.46
g, 2.3 mmol, 79%) as a colorless liquid. Purity: TLC-homogeneous.
TLC: Rf = 0.33 (3:1 hexane/EtOAc; UV, CAM); 1H NMR (400 MHz, CDCl3): δ 7.39 – 7.28
(m, 5H), 4.59 (s, 2H), 4.47 (dtd, J = 47.5, 5.3, 3.5 Hz, 1H), 4.10 – 3.99 (m, 1H), 3.84 – 3.68 (m,
2H), 2.17 (brs, 1H), 1.25 (dd, J = 6.7, 2.0 Hz, 3H); 13C NMR (101 MHz, CDCl3): δ 137.68,
128.66, 128.06, 127.91, 94.96 (d, J = 174.5 Hz), 73.84, 69.24 (d, J = 23.3 Hz), 67.56 (d, J =
23.4 Hz), 18.61 (d, J = 5.1 Hz); 19F NMR (377 MHz, CDCl3, decoupled): δ -194.28 (s, 1F); 19F
NMR (377 MHz, CDCl3, not decoupled): δ -194.08 – -194.44 (m, 1F); IR (neat): 3409, 2977,
2934, 2869, 1453, 1369, 1257, 1206, 1093, 1058, 1028, 994, 884, 737, 697, 611 cm-1; HRMS
(EI+) m/z: exact mass calculated for C11H13FO2 [M]+: 198.1056; found: 198.1051.

(2R,3S)-1-(Benzyloxy)-2-fluorobutan-3-ol (119): To a stirred suspension of LAH (0.32 g,
8.0 mmol, 2.0 equiv.) in 20 mL THF was added (S)-2-((R)-2-(benzyloxy)-1-fluoroethyl)oxirane
(115) (0.78 g, 4.0 mmol, 1.0 equiv.) in 20 mL THF at 0 °C. The reaction mixture was stirred at
0 °C for 1.5 h, then saturated NH4Cl (50 mL) was carefully added and stirring was continued
for another 10 minutes. The mixture was extracted with EtOAc (3 x 40 mL) and the collected
organic layers were dried over Na2SO4 and concentrated in vacuo. The crude product was
purified by flash column chromatography (4:1 hexane/EtOAc) to afford fluorohydrin 119 (0.62
g, 3.1 mmol, 79%) as a colorless liquid. Purity: TLC-homogeneous.
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TLC: Rf = 0.33 (3:1 hexane/EtOAc; UV, CAM); 1H NMR (400 MHz, CDCl3): δ 7.39 – 7.28
(m, 5H), 4.59 (s, 2H), 4.47 (dtd, J = 47.5, 5.3, 3.6 Hz, 1H), 4.10 – 3.98 (m, 1H), 3.84 – 3.68 (m,
2H), 2.16 (brs, 1H), 1.25 (dd, J = 6.5, 1.5 Hz, 3H); 13C NMR (101 MHz, CDCl3): δ 137.68,
128.66, 128.07, 127.92, 94.96 (d, J = 174.6 Hz), 73.85, 69.25 (d, J = 23.3 Hz), 67.58 (d, J =
23.3 Hz), 18.61 (d, J = 5.1 Hz); 19F NMR (377 MHz, CDCl3, decoupled): δ -194.28 (s, 1F); 19F
NMR (377 MHz, CDCl3, not decoupled): δ -194.08 – -194.44 (m, 1F); IR (neat): 3412, 2977,
2934, 2869, 1453, 1369, 1257, 1206, 1093, 1058, 1028, 994, 884, 736, 697, 610 cm-1; HRMS
(EI+) m/z: exact mass calculated for C11H13FO2 [M]+: 198.1056; found: 198.1051.

(2S,3S)-1-(Benzyloxy)-2-fluorobutan-3-ol (120): To a stirred suspension of LAH (64 mg,
1.6 mmol, 2.0 equiv.) in 5 mL THF was added (S)-2-((S)-2-(benzyloxy)-1-fluoroethyl)oxirane
(115) (0.16 g, 0.80 mmol, 1.0 equiv.) in 2 mL THF at 0 °C. The reaction mixture was stirred at
0 °C for 1.5 h, then saturated NH4Cl (10 mL) was carefully added and stirring was continued
for another 10 minutes. The mixture was extracted with EtOAc (3 x 30 mL) and the collected
organic layers were dried over Na2SO4 and concentrated in vacuo. The crude product was
purified by flash column chromatography (4:1 hexane/EtOAc) to afford fluorohydrin 120 (0.12
g, 0.63 mmol, 78%) as a colorless liquid. Purity: TLC-homogeneous.
TLC: Rf = 0.33 (3:1 hexane/EtOAc; UV, CAM); 1H NMR (400 MHz, CDCl3): δ 7.39 – 7.27
(m, 5H), 4.61 (d, J = 12.0 Hz, 1H), 4.56 (d, J = 12.0 Hz, 1H), 4.42 (dtd, J = 47.8, 4.8, 3.5 Hz,
1H), 4.09 – 3.96 (m, 1H), 3.81 – 3.65 (m, 2H), 2.25 (brs, 1H), 1.24 (d, J = 6.5, 3H); 13C NMR
(101 MHz, CDCl3): δ 137.66, 128.63, 128.04, 127.91, 95.51 (d, J = 174.7 Hz), 73.84, 69.74 (d,
J = 23.0 Hz), 67.39 (d, J = 20.2 Hz), 18.61 (d, J = 5.5 Hz); 19F NMR (377 MHz, CDCl3,
decoupled): δ -200.03 (s, 1F); 19F NMR (377 MHz, CDCl3, not decoupled): δ -199.85 – -200.30
(m, 1F); IR (neat): 3410, 2871, 1453, 1373, 1106, 836, 739 cm-1; HRMS (EI+) m/z: exact mass
calculated for C11H15FO2 [M]+: 198.1056; found: 198.1051.
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(2S,3R)-1-(Benzyloxy)-2-fluorobutan-3-ol (121): To a stirred suspension of LAH (0.23 g,
5.9 mmol, 2.0 equiv.) in 15 mL THF was added (R)-2-((S)-2-(benzyloxy)-1-fluoroethyl)oxirane
(117) (0.58 g, 2.9 mmol, 1.00 equiv.) in 15 mL THF at 0 °C. The reaction mixture was stirred
at 0 °C for 1 h, then saturated NH4Cl (50 mL) was carefully added and stirring was continued
for another 10 minutes. The mixture was extracted with EtOAc (3 x 40 mL) and the collected
organic layers were dried over Na2SO4 and concentrated in vacuo. The crude product was
purified by flash column chromatography (4:1 hexane/EtOAc) to afford fluorohydrin 121 (0.46
g, 2.3 mmol, 79%) as a colorless liquid. Purity: TLC-homogeneous.
TLC: Rf = 0.33 (3:1 hexane/EtOAc; UV, CAM); 1H NMR (400 MHz, CDCl3): δ 7.39 – 7.28
(m, 5H), 4.61 (d, J = 12.0 Hz, 1H), 4.56 (d, J = 12.0 Hz, 1H), 4.42 (dtd, J = 47.8, 4.8, 3.5 Hz,
1H), 4.09 – 3.96 (m, 1H), 3.81 – 3.62 (m, 2H), 2.24 (brs, 1H), 1.24 (dd, J = 6.5 Hz, 3H); 13C
NMR (101 MHz, CDCl3): δ 137.66, 128.64, 128.05, 127.91, 95.51 (d, J = 174.7 Hz), 73.85,
69.75 (d, J = 23.1 Hz), 67.41 (d, J = 20.1 Hz), 18.62 (d, J = 5.5 Hz); 19F NMR (377 MHz,
CDCl3, decoupled): δ -200.11 (s, 1F); 19F NMR (377 MHz, CDCl3, not decoupled): δ -199.93
– -200.29 (m, 1F); IR (neat): 3410, 2977, 2869, 1453, 1373, 1105, 835, 737 cm-1; HRMS (EI+)
m/z: exact mass calculated for C11H13FO2 [M]+: 198.1056; found: 198.1051.

(2S,3S)-1-Benzyloxy-2,3-difluorobutane (122): To a stirred solution of (2S,3R)-1(benzyloxy)-2-fluorobutan-3-ol (118) (0.48 g, 2.2 mmol, 1.0 equiv.) in 8.9 mL MeCN was
sequentially added Et3N (1.86 mL, 13.4 mmol, 6.00 equiv.), triethylamine trihydrofluoride
(0.76 mL, 4.5 mmol, 2.0 equiv.) and nonaflyl fluoride (0.83 mL, 4.5 mmol, 2.0 equiv.). The
reaction mixture was stirred at room temperature for 1 h. The reaction was then quenched with
saturated NaHCO3 (10 mL) and the mixture was extracted with Et2O (3 x 20 mL). The collected
organic phases were dried over Na2SO4 and concentrated in vacuo. The crude product was

Experimental Part

194

purified by flash column chromatography (9:1 hexane/EtOAc) to afford vicinal difluoride 122
(0.37 g, 1.9 mmol, 84%) as a colorless liquid. Purity: TLC-homogeneous.
TLC: Rf = 0.55 (4:1 hexane/EtOAc; UV, KMnO4); 1H NMR (400 MHz, CDCl3): δ 7.40 – 7.28
(m, 5H), 4.97 – 4.72 (m, 1H), 4.59 (s, 2H), 4.66 – 4.44 (m, 1H), 3.78 – 3.70 (m, 2H), 1.40 (dd,
J = 24.0, 6.5 Hz, 3H); 13C NMR (101 MHz, CDCl3): δ 137.68, 128.63, 128.05, 127.91, 93.16
(dd, J = 179.3, 19.7 Hz), 88.45 (dd, J = 172.4, 20.4 Hz), 73.84, 68.60 (dd, J = 24.5, 7.1 Hz),
16.31 (dd, J = 22.8, 6.5 Hz); 19F NMR (377 MHz, CDCl3, decoupled): δ -190.72 (d, J = 10.9
Hz, 1F), -201.53 (d, J = 10.9 Hz, 1F); 19F NMR (377 MHz, CDCl3, not decoupled): δ -190.50
– -190.95 (m, 1F), -201.35 – -201.73 (m, 1F); IR (neat): 3032, 2989, 2939, 1497, 1454, 1384,
1364, 1206, 1153, 1114, 1063, 1049, 1027, 981, 918, 880, 826, 737, 697, 675, 611 cm-1; HRMS
(EI+) m/z: exact mass calculated for C11H14F2O [M]+: 200.1013; found: 200.1008.

(2R,3R)-1-Benzyloxy-2,3-difluorobutane (123): To a stirred solution of (2R,3S)-1(benzyloxy)-2-fluorobutan-3-ol (119) (0.63 g, 3.2 mmol, 1.0 equiv.) in 12.8 mL MeCN was
sequentially added Et3N (2.67 mL, 19.2 mmol, 6.00 equiv.), triethylamine trihydrofluoride
(1.10 mL, 6.39 mmol, 2.00 equiv.) and nonaflyl fluoride (1.25 mL, 6.39 mmol, 2.00 equiv.).
The reaction mixture was stirred at room temperature for 1 h. The reaction was then quenched
with saturated NaHCO3 (10 mL) and the mixture extracted with Et2O (3 x 20 mL). The collected
organic phases were dried over Na2SO4 and concentrated in vacuo. The crude product was
purified by flash column chromatography (9:1 hexane/EtOAc) to afford vicinal difluoride 123
(0.57 g, 2.8 mmol, 89%) as a colorless liquid. Purity: TLC-homogeneous.
TLC: Rf = 0.55 (4:1 hexane/EtOAc; UV, KMnO4); 1H NMR (400 MHz, CDCl3): δ 7.39 – 7.28
(m, 5H), 4.96 – 4.72 (m, 1H), 4.58 (s, 2H), 4.68 – 4.42 (m, 1H), 3.78 – 3.69 (m, 2H), 1.40 (dd,
J = 24.1, 6.5, 3H); 13C NMR (101 MHz, CDCl3): δ 137.69, 128.64, 128.05, 127.91, 93.16 (dd,
J = 179.2, 19.7 Hz), 88.46 (dd, J = 172.4, 20.5 Hz), 73.84, 68.61 (dd, J = 24.5, 7.1 Hz), 16.31
(dd, J = 22.8, 6.5 Hz); 19F NMR (377 MHz, CDCl3, decoupled): δ -190.73 (d, J = 11.0 Hz, 1F),
-201.55 (d, J = 11.0 Hz, 1F); 19F NMR (377 MHz, CDCl3, not decoupled): δ -190.51 – -190.96
(m), -201.35 – -201.73 (m, 1F); IR (neat): 3032, 2989, 2940, 1497, 1454, 1384, 1364, 1206,
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1153, 1113, 1062, 1049, 1027, 982, 918, 880, 826, 737, 697, 675, 611 cm-1; HRMS (EI+) m/z:
exact mass calculated for C11H14F2O [M]+: 200.1013; found: 200.1008.

(2S,3R)-1-Benzyloxy-2,3-difluorobutane (124): To a stirred solution of (2S,3S)-1(benzyloxy)-2-fluorobutan-3-ol (120) (1.04 g, 4.77 mmol, 1.00 equiv.) in 19 mL MeCN was
sequentially added Et3N (4.00 mL, 28.6 mmol, 6.00 equiv.), triethylamine trihydrofluoride
(1.64 mL, 9.55 mmol, 2.00 equiv.) and nonaflyl fluoride (1.79 mL, 9.55 mmol, 2.00 equiv.).
The reaction mixture was stirred at room temperature for 2.5 h. The reaction was then quenched
with saturated NaHCO3 (30 mL) and the mixture extracted with Et2O (3 x 30 mL). The collected
organic phases were dried over Na2SO4 and concentrated in vacuo. The crude product was
purified by flash column chromatography (9:1 hexane/EtOAc) to afford vicinal difluoride 124
(0.82 g, 4.1 mmol, 86%) as a colorless liquid. Purity: TLC-homogeneous.
TLC: Rf = 0.55 (4:1 hexane/EtOAc; UV, KMnO4); 1H NMR (400 MHz, CDCl3): 7.40 – 7.28
(m, 5H), 4.97 – 4.84 (m, 0.5H), 4.83 – 4.64 (m, 1H), 4.64 – 4.51 (m, 2.5H), 3.79 – 3.64 (m,
2H), 1.41 (ddd, J = 24.7, 6.5, 1.8 Hz, 3H);

13C

NMR (101 MHz, CDCl3): δ 137.74, 128.62,

128.00, 127.84, 93.10 (dd, J = 176.9, 25.2 Hz), 88.07 (dd, J = 169.5, 25.3 Hz), 73.79, 68.38
(dd, J = 22.3, 5.9 Hz), 16.33 (dd, J = 22.3, 5.2 Hz); 19F NMR (377 MHz, CDCl3, decoupled): δ
-185.71 (d, J = 13.6 Hz, 1F), -198.26 (d, J = 13.6 Hz, 1F); 19F NMR (377 MHz, CDCl3, not
decoupled): δ -185.45 – -185.98 (m1 1F), -198.00 – -198.50 (m, 1F); IR (neat): 2863, 1453,
1065, 883, 837, 738 cm-1; HRMS (EI+) m/z: exact mass calculated for C11H14F2O [M]+:
200.1013; found: 200.1008.

(2R,3S)-1-Benzyloxy-2,3-difluorobutane (125): To a stirred solution of (2R,3R)-1benzyloxy-2-fluorobutan-3-ol (121) (1.45 g, 7.33 mmol, 1.00 equiv.) in 29 mL MeCN was
sequentially added Et3N (6.13 mL, 44.0 mmol, 6.00 equiv.), triethylamine trihydrofluoride
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(2.51 mL, 14.7 mmol, 2.00 equiv.) and nonaflyl fluoride (2.87 mL, 14.7 mmol, 2.00 equiv.).
The reaction mixture was stirred at room temperature for 3.5 h. The reaction was then quenched
with saturated NaHCO3 (30 mL) and the mixture extracted with Et2O (3 x 30 mL). The collected
organic phases were dried over Na2SO4 and concentrated in vacuo. The crude product was
purified by flash column chromatography (9:1 hexane/EtOAc) to afford vicinal difluoride 125
(1.17 g, 5.83 mmol, 80%) as a colorless liquid. Purity: TLC-homogeneous.
TLC: Rf = 0.55 (4:1 hexane/EtOAc; UV, KMnO4); 1H NMR (400 MHz, CDCl3): δ 7.39 – 7.28
(m, 5H), 4.94 – 4.83 (m, 0.5H), 4.82 – 4.64 (m, 1H), 4.64 – 4.53 (m, 2.5H), 3.79 – 3.64 (m,
2H), 1.41 (ddd, J = 24.7, 6.4, 1.8 Hz, 3H);

13C

NMR (101 MHz, CDCl3): δ 137.74, 128.63,

128.01, 127.85, 93.10 (dd, J = 176.9, 25.2 Hz), 88.07 (dd, J = 169.5, 25.3 Hz), 73.79, 68.38
(dd, J = 22.3, 5.9 Hz), 16.34 (dd, J = 22.2, 5.2 Hz); 19F NMR (377 MHz, CDCl3, decoupled): δ
-185.71 (d, J = 13.6, 1F), -198.26 (d, J = 13.6 Hz, 1F);

19F

NMR (377 MHz, CDCl3, not

decoupled): δ -185.50 – -185.93 (m, 1F), -198.07 – -198.46 (m, 1F); IR (neat): 2867, 1453,
1064, 883, 838, 737 cm-1; HRMS (EI+) m/z: exact mass calculated for C11H14F2O [M]+:
200.1013; found: 200.1008.

(2S,3S)-2,3-Difluorobutyl

4-nitrobenzenesulfonate

(126):

(2S,3S)-1-Benzyloxy-2,3-

difluorobutane (122) (0.37 g, 1.72 mmol, 1.00 equiv.) was added to a suspension of Pd/C (10
wt. %) (0.19 g, 0.18 mmol, 0.10 eq.) in 9 mL THF. The reaction flask was flushed with nitrogen
and one balloon of hydrogen gas. The reaction mixture was stirred at room temperature under
a hydrogen atmosphere for 3.5 h then filtered through a pad of celite and washed with 10 mL
DCM. The filtrate was then treated with 4-nitrobenzene-1-sulfonyl chloride (0.57 g, 2.51 mmol,
1.40 equiv.), Et3N (0.50 mL, 3.58 mmol, 2.00 equiv.) and DMAP (22 mg, 0.18 mmol, 0.10
equiv.) and stirred for 1 h at room temperature. The reaction was then quenched with saturated
NH4Cl (40 mL) and the mixture extracted with EtOAc (3 x 30 mL), dried over Na2SO4 and
concentrated under reduced pressure. The crude product was purified by flash column
chromatography (4:1 to 3:2 hexane/EtOAc) to give vicinal difluoride 126 (0.37 g, 1.2 mmol,
69%) as a light yellow solid. Purity: TLC-homogeneous.
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TLC: Rf = 0.55 (4:1 hexane/EtOAc; UV, KMnO4); 1H NMR (400 MHz, CDCl3): δ 8.45 – 8.40
(m, 2H), 8.16 – 8.10 (m, 2H), 4.88 – 4.51 (m, 2H), 4.43 – 4.34 (m, 2H), 1.42 (ddd, J = 24.1,
6.5, 1.1 Hz, 3H); 13C NMR (101 MHz, CDCl3): δ 151.12, 141.30, 129.51, 124.72, 90.58 (dd, J
= 184.2, 20.3 Hz), 87.50 (dd, J = 174.6, 20.5 Hz), 68.84 (dd, J = 25.9, 7.9 Hz), 15.98 (dd, J =
22.8, 6.1 Hz); 19F NMR (377 MHz, CDCl3, decoupled): δ -191.95 (d, J = 9.8 Hz, 1F), -204.23
(d, J = 9.8 Hz, 1F); 19F NMR (377 MHz, CDCl3, not decoupled): δ -191.72 – -192.18 (m), 204.04 – -204.46 (m); IR (neat): 3117, 3104, 1612, 1540, 1407, 1370, 1350, 1318, 1295, 1183,
1154, 1092, 1058, 848, 744, 680 cm-1; HRMS (ESI+) m/z: exact mass calculated for
C10H15F2N2O5S [M+NH4]+: 313.0664; found: 313.0665.

(2R,3R)-2,3-Difluorobutyl 4-nitrobenzenesulfonate (127): (2R,3R)-1-Benzyloxy-2,3difluorobutane (123) (0.54 g, 2.7 mmol, 1.0 equiv.) was added to a suspension of Pd/C (10 wt.
%) (0.28 g, 0.27 mmol, 0.10 equiv.) in 13.4 mL THF. The reaction flask was flushed with
nitrogen and one balloon of hydrogen gas. The reaction mixture was stirred at room temperature
under a hydrogen atmosphere for 6 h then filtered through a pad of celite and washed with 10
mL DCM. The filtrate was then treated with 4-nitrobenzene-1-sulfonyl chloride (0.91 g, 4.0
mmol, 1.5 equiv.), Et3N (0.75 mL, 5.4 mmol, 2.0 equiv.) and DMAP (33 mg, 0.27 mmol, 0.10
equiv.) and stirred for 1.5 h at room temperature. The reaction was then quenched with saturated
NH4Cl (40 mL) and the mixture extracted with EtOAc (3 x 30 mL), dried over Na2SO4 and
concentrated under reduced pressure. The crude product was purified by flash column
chromatography (4:1 to 3:2 hexane/EtOAc) to give vicinal difluoride 127 (0.21 g, 0.71 mmol,
27%) as a light yellow solid. Purity: TLC-homogeneous.
TLC: Rf = 0.55 (4:1 hexane/EtOAc; UV, KMnO4); 1H NMR (400 MHz, CDCl3): δ 8.46 – 8.40
(m, 2H), 8.16 – 8.10 (m, 2H), 4.89 – 4.50 (m, 2H), 4.45 – 4.30 (m, 2H), 1.42 (ddd, J = 24.1,
6.6, 1.1 Hz, 3H); 13C NMR (101 MHz, CDCl3): δ 151.12, 141.30, 129.51, 124.72, 90.58 (dd, J
= 184.2, 20.4 Hz), 87.50 (dd, J = 174.7, 20.5 Hz), 68.84 (dd, J = 25.9, 7.9 Hz), 15.98 (dd, J =
22.7, 6.2 Hz); 19F NMR (377 MHz, CDCl3, decoupled): δ -191.96 (d, J = 9.9 Hz, 1F), -204.23
(d, J = 9.9 Hz, 1F); 19F NMR (377 MHz, CDCl3, not decoupled): δ -191.72 – -192.18 (m), 204.04 – -204.46 (m); IR (neat): 3117, 3103, 1611, 1541, 1407, 1369, 1351, 1317, 1295, 1181,
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1155, 1092, 1058, 848, 745, 681 cm-1; HRMS (ESI+) m/z: exact mass calculated for
C10H11F2NNaO5S [M+Na]+: 318.0218; found: 318.0217.

(2S,3R)-2,3-Difluorobutyl

4-nitrobenzenesulfonate

(128):

(2S,3R)-1-Butyloxy-2,3-

difluorobutane (124) (0.86 g, 3.9 mmol, 1.0 equiv.) was added to a suspension of Pd/C (10 wt.
%) (0.21 g, 0.19 mmol, 0.10 equiv.) in 9 mL THF. The reaction flask was flushed with nitrogen
and one balloon of hydrogen gas. The reaction mixture was stirred at room temperature under
a hydrogen atmosphere for 1 h then filtered through a pad of celite and washed with 10 mL
DCM. The filtrate was then treated with 4-nitrobenzene-1-sulfonyl chloride (1.23 g, 5.43 mmol,
1.40 equiv.), Et3N (1.08 mL, 7.76 mmol, 2.00 equiv.) and DMAP (47 mg, 0.39 mmol, 0.10
equiv.) and stirred for 1 h at room temperature. The reaction was then quenched with saturated
NH4Cl (40 mL) and the mixture extracted with EtOAc (3 x 30 mL), dried over Na2SO4 and
concentrated under reduced pressure. The crude product was purified by flash column
chromatography (4:1 to 3:2 hexane/EtOAc) to give vicinal difluoride 128 (0.84 g, 2.8 mmol,
73%) as a light yellow solid. Purity: TLC-homogeneous.
TLC: Rf = 0.55 (4:1 hexane/EtOAc; UV, KMnO4); 1H NMR (400 MHz, CDCl3): δ 8.46 – 8.37
(m, 2H), 8.17 – 8.09 (m, 2H), 4.87 – 4.73 (m, 0.5H), 4.75 – 4.57 (m, 1H), 4.57 – 4.28 (m, 2.5H),
1.41 (ddd, J = 24.7, 6.4, 1.9 Hz, 3H); 13C NMR (101 MHz, CDCl3): δ 151.08, 141.39, 129.48,
124.68, 90.80 (dd, J = 181.0, 27.0 Hz), 86.85 (dd, J = 171.0, 26.5 Hz), 68.51 (dd, J = 22.0, 5.4
Hz), 16.97 (dd, J = 21.8, 3.9 Hz); 19F NMR (377 MHz, CDCl3, decoupled): δ -187.90 (d, J =
14.8 Hz, 1F), -196.57 (d, J = 14.8 Hz, 1F); 19F NMR (377 MHz, CDCl3, not decoupled): δ 187.68 – -188.11 (m, 1F), -196.35 – -196.74 (m, 1F); IR (neat): 3109, 1530, 1351, 1308, 1188,
1071, 1038, 954, 889, 854, 779, 737, 682, 653 cm-1; HRMS (ESI+) m/z: exact mass calculated
for C10H11F2NNaO5S [M+Na]+: 318.0218; found: 318.0218.
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(2R,3S)-2,3-Difluorobutyl
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4-nitrobenzenesulfonate

(128):

(2R,3S)-1-Benzyloxy-2,3-

difluorobutane (124) (1.12 g, 5.59 mmol, 1.00 equiv.) was added to a suspension of Pd/C (10
wt. %) (0.59 g, 0.56 mmol, 0.10 eq.) in 20 mL THF. The reaction flask was flushed with
nitrogen and one balloon of hydrogen gas. The reaction mixture was stirred at room temperature
under a hydrogen atmosphere for 6 h then filtered through a pad of celite and washed with 10
mL DCM. The filtrate was treated with 4-nitrobenzene-1-sulfonyl chloride (1.90 g, 8.39 mmol,
1.50 equiv.), Et3N (1.56 mL, 11.2 mmol, 2.00 equiv.) and DMAP (68 mg, 0.56 mmol, 0.10
equiv.) and stirred for 1.5 h at room temperature. The reaction was then quenched with saturated
NH4Cl (30 mL) and the mixture extracted with EtOAc (3 x 20 mL), dried over Na2SO4 and
concentrated under reduced pressure. The crude product was purified by flash column
chromatography (4:1 to 3:2 hexane/EtOAc) to give vicinal difluoride 129 (0.93 g, 3.1 mmol,
56%) as a light yellow solid. Purity: TLC-homogeneous.
TLC: Rf = 0.55 (4:1 hexane/EtOAc; UV, KMnO4; 1H NMR (400 MHz, CDCl3): δ 8.45 – 8.38
(m, 2H), 8.16 – 8.10 (m, 2H), 4.80 (appdp, J = 9.4, 6.4 Hz, 0.5H), 4.73 – 4.58 (m, 1H), 4.54 –
4.28 (m, 2.5H), 1.41 (ddd, J = 24.7, 6.4, 1.9 Hz, 3H); 13C NMR (101 MHz, CDCl3): δ 151.08,
141.39, 129.48, 124.68, 90.79 (dd, J = 181.0, 26.9 Hz), 86.85 (dd, J = 171.0, 26.5 Hz), 68.51
(dd, J = 22.0, 5.4 Hz), 16.97 (dd, J = 21.8, 3.9 Hz); 19F NMR (377 MHz, CDCl3, decoupled): δ
-187.90 (d, J = 14.9 Hz, 1F), -196.57 (d, J = 14.7 Hz, 1F); 19F NMR (377 MHz, CDCl3, not
decoupled): δ 19F NMR -187.69 – -188.11 (m, 1F), -196.38 – -196.76 (m, 1F); IR (neat): 3110,
1530, 1352, 1308, 1188, 1070, 1038, 954, 889, 855, 779, 737, 682, 654 cm -1; HRMS (ESI+)
m/z: exact mass calculated for C10H11F2NNaO5S [M+Na]+: 318.0218; found: 318.0218.
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Synthetic Procedures to Chapter 4

(S)-6-((2,6-Dimethylphenyl)carbamoyl)-5-azaspiro[4.5]decan-5-ium salt (130): (S)-1-(4Fluorobutyl)-N-(2,6-dimethylphenyl)piperidine-2-carboxamide (30) (50 mg, 0.16 mmol, 1.0
equiv.) was dissolved in 0.35 mL acetonitrile followed by the addition of 0.35 mL water. The
reaction was stirred for 3 days at room temperature, then the solvent was removed under
reduced pressure and 130 (50 mg, 0.163 mmol, 100%) was isolated as a colorless solid. Purity:
> 95% by 1H NMR.
Melting Point: 71 – 77 °C; 1H NMR (400 MHz, D2O) δ 7.29 – 7.19 (m, 3H), 4.40 (app t, J =
5.3 Hz, 1H), 4.12 – 4.02 (m, 1H), 4.01 – 3.91 (m, 1H), 3.90 – 3.80 (m, 1H), 3.80 – 3.71 (m,
1H), 3.70 – 3.59 (m, 1H), 3.38 (dt, J = 13.2, 5.5 Hz, 1H), 2.48 – 2.27 (m, 2H), 2.26 – 2.10 (m,
4H), 2.21 (s, 6H), 2.02 – 1.93 (m, 2H), 1.93 – 1.74 (m, 2H), NH was not found; 13C NMR (101
MHz, D2O): δ 168.28, 136.42, 132.56, 129.22, 128.97, 70.04, 64.69, 62.50, 60.64, 27.31, 22.81,
22.46, 20.99, 19.10, 17.82; IR (neat): 3395, 2964, 2924, 2854, 1678, 1560, 1470, 1276, 1242,
770 cm-1; HRMS (ESI+) m/z: exact mass calculated for C18H27N2O [M]+: 287.2118; found:
287.12116.

(S)-N-Mesitylpiperidine-2-carboxamide (132a): To a stirred solution of (S)-1-(tertbutoxycarbonyl)piperidine-2-carboxylic acid (41) (2.00 g, 8.55 mmol, 1.00 equiv.) in 17 mL
DCM was added Et3N (1.3 mL, 9.4 mmol, 1.1 equiv.) and isobutyl chloroformate (1.3 mL, 9.4
mmol, 1.1 equiv.) at 0 °C. After 55 min, 2,4,6-trimethylaniline (1.32 mL, 9.40 mmol, 1.1 equiv.)
was added and the reaction mixture was allowed to warm to room temperature. After 38 h the
mixture was washed with 1 M KHSO4 (40 mL), saturated NaHCO3 (40 mL) and brine (40 mL).
The organic layer was then dried over Na2SO4, and concentrated in vacuo. The crude product
was obtained as a white solid. The solid was then dissolved in 17 mL DCM and trifluoroacetic
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acid (1.7 mL, 22 mmol, 3.6 equiv.) was added dropwise over 10 minutes. The reaction mixture
was stirred for 17 h at room temperature, then the solvent was evaporated and water (20 mL)
was added. The pH value of the mixture was brought into the range of 10-12 by the addition of
2 M NaOH. The aqueous phase was extracted with DCM (5 x 40 mL) and combined organic
phases were washed with brine (50 mL), dried over Na2SO4 and evaporated in vacuo. Product
132a was isolated as a colorless solid (1.26 g, 5.11 mmol, 60%) and used for the next step
without further purification.
TLC: Rf = 0.37 (9:1 DCM/MeOH; UV, CAM); Melting Point: 133 – 139 °C; 1H NMR (400
MHz, CDCl3): δ 8.30 (brs, 1H), 6.86 (s, 2H), 3.58 – 3.48 (m, 1H), 3.18 – 3.08 (m, 1H), 2.82 (t,
J = 10.5 Hz, 1H), 2.25 (s, 3H), 2.16 (s, 6H), 2.10 – 1.99 (m, 1H), 1.86 – 1.73 (m, 1H), 1.70 –
1.36 (m, 4H), NH was not found;

13C

NMR (101 MHz, CDCl3): δ 172.03, 136.78, 135.04,

131.06, 128.97, 60.37, 45.55, 30.20, 25.49, 23.77, 21.05, 18.49; IR (neat): 3248, 3010, 2929,
2856, 1663, 1507, 1442, 1239, 1199, 1175, 1130, 955, 849, 798, 751, 719 cm-1; HRMS (ESI+)
m/z: exact mass calculated for C15H23N2O [M+H]+, 247.1805; found 247.1809.

(S)-1-(4-Fluorobutyl)-N-mesitylpiperidine-2-carboxamide (132): To a stirred solution of
(S)-N-mesitylpiperidine-2-carboxamide (132a) (85 mg, 0.35 mmol, 1.2 equiv.) in 1.5 mL
MeCN was added Na2CO3 (67

mg, 0.63

mmol, 2.2 equiv.) and 4-fluorobutyl 4-

nitrobenzenesulfonate (55) (80 mg, 0.29 mmol, 1.00 equiv.) in 2 mL MeCN, and the reaction
mixture was stirred at reflux temperature for 24 h. The reaction mixture was allowed to cool to
room temperature and diluted with EtOAc (20 mL). The mixture was extracted with saturated
NaHCO3 (3 x 10 mL) and the organic layer was washed with brine (30 mL), dried over Na2SO4
and concentrated in vacuo. The crude product was purified by flash column chromatography
(2:1 to 1:2 hexane/EtOAc) to give fluoride (132) (43 mg, 0.13 mmol, 47 % yield) as a white
solid. Purity: TLC-homogeneous.
TLC: Rf = 0.19 (3:2 hexane/EtOAc; UV, KMnO4); Melting Point: 111 – 112 °C; 1H NMR
(400 MHz, CDCl3): δ 8.00 (s, 1H), 6.89 (s, 2H), 4.45 (dt, J = 47.5, 5.7 Hz, 2H), 3.25 – 3.16 (m,
1H), 2.93 – 2.80 (m, 2H), 2.37 – 2.27 (m, 1H), 2.26 (s, 3H), 2.20 (s, 6H), 2.15 – 2.00 (m, 2H),
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1.83 – 1.59 (m, 7H), 1.58 – 1.46 (m, 1H), 1.40 – 1.27 (m, 1H); 13C NMR (101 MHz, CDCl3):
δ 173.00, 136.91, 135.14, 130.92, 129.19, 83.89 (d, J = 165.2 Hz), 68.78, 57.25, 51.75, 30.90,
28.47 (d, J = 20.0 Hz), 25.03, 23.64, 23.57 (d, J = 4.7 Hz), 21.00, 18.76; 19F NMR (377 MHz,
CDCl3, decoupled): δ -218.19 (s, 1F); 19F NMR (377 MHz, CDCl3, not decoupled): δ -217.95
– -218.44 (m, 1F); IR (neat): 3248, 2937, 2857, 2815, 1656, 1494, 1237, 1110, 1048, 848, 707
cm-1; HRMS (ESI+) m/z: exact mass calculated for C19H30FN2O [M+H]+, 321.2337; found
321.2337.

(S)-6-(Mesitylcarbamoyl)-5-azaspiro[4.5]decan-5-ium salt (133): (S)-1-(4-fluorobutyl)-Nmesitylpiperidine-2-carboxamide (132) (15.0 mg, 0.05 mmol, 1.00 equiv.) was dissolved in
0.15 mL acetonitrile followed by the addition of 0.15 mL water. The reaction was stirred for 3
days at room temperature, then the solvent was removed under reduced pressure and 132 (15.0
mg, 0.05 mmol, 100%) was isolated as a colorless solid. Purity: > 95% by 1H NMR.
1H

NMR (400 MHz, D2O): δ 7.07 (s, 2H), 4.38 (dd, J = 6.1, 4.6 Hz, 1H), 4.06 (dt, J = 12.6, 6.6

Hz, 1H), 4.02 – 3.92 (m, 1H), 3.90 – 3.81 (m, 1H), 3.81 – 3.71 (m, 1H), 3.70 – 3.59 (m, 1H),
3.38 (dt, J = 12.5, 5.3 Hz, 1H), 2.47 – 2.36 (m, 1H), 1.92 – 1.73 (m, 1H) 2.30 (s, 3H), 2.26 –
2.20 (m, 4H), 2.16 (s, 6H), 2.04 – 1.92 (m, 2H), 1.92 – 1.73 (m, 2H), NH was not found; 13C
NMR (101 MHz, D2O): δ 168.37, 139.47, 136.18, 129.86, 129.49, 70.05, 64.69, 62.42, 60.65,
27.30, 22.81, 22.46, 20.99, 20.62, 19.11, 17.71; IR (neat): 3381, 2953, 2922, 1679, 1608, 1558,
1486, 1450, 1277, 1250, 848, 710 cm-1; HRMS (ESI+) m/z: exact mass calculated for
C19H29N2O [M]+: 301.2274; found: 301.2282.
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Experimental differentiation between Intramolecular and Intermolecular reaction paths
using (1:1) mixture of 30 and 132

Scheme 58. Potential reaction pathways for the nucleophilic displacement of fluoride.

Procedure: (S)-1-(4-Fluorobutyl)-N-(2,6-dimethylphenyl)piperidine-2-carboxamide (30) (25
mg, 82 μmol, 1.05 equiv.) and (S)-1-(4-fluorobutyl)-N-mesitylpiperidine-2-carboxamide (132)
(25 mg, 78 μmol, 1.00 equiv.) were dissolved in 0.3 mL acetonitrile followed by the addition
of 0.3 mL water. After stirring for 4 days at room temperature both starting materials were
consumed according to TLC, and the solvent was removed under reduced pressure to afford 49
mg of a white solid.
The crude solid was analyzed by LC-MS and HPLC (column: Reprosil Gold 120 C18 5 μm,
125x20 mm, eluent: water/acetonitrile (+0.1% TFA), 90:10 → 10:90, linear gradient over 8
minutes (2 → 10 minutes); UV-detector: 254 nm).

Experimental Part

a)

b)

Figure 74. HPLC and LC traces of the solid recovered from the reaction between 30 and 132.
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(2R,5R,6S)/(2R,5S,6S)-6-((2,6-Dimethylphenyl)carbamoyl)-2-fluoro-5azaspiro[4.5]decan-5-ium

salt

(135):

(2S)-1-((3’R)-3,4-Difluorobutyl)-N-(2,6-

dimethylphenyl)piperidine-2-carboxamide (39) (50 mg, 0.15 mmol, 1.00 equiv.) was dissolved
in 0.3 mL acetonitrile followed by the addition of 0.3 mL water. After stirring for 10 days at
room temperature the starting material was consumed according to TLC, and the solvent was
removed under reduced pressure yielding 135 (49.3 mg, 0.152 mmol, 99%) as a colorless solid
consisting of a 3 to 1 mixture of epimers as determined by 1H NMR. The mixture was not
separated any further. The ratio of the mixture was estimated based on the signals of the proton
at C2 of the two epimers (signal at 5.37 ppm for major and 5.58 ppm for minor epimer).
Melting Point: 92 – 93 °C; HRMS (ESI+) m/z: exact mass calculated for C18H26FN2O [M]+:
305.2024; found: 305.2024.
Major epimer: 1H NMR (400 MHz, CD3CN): δ 7.08 – 7.01 (m, 3H), 5.37 (dt, J = 53.8, 5.1 Hz,
1H), 4.75 (dd, J = 11.4, 4.7 Hz, 1H), 4.71 – 4.62 (m, 1H), 4.16 – 3.90 (m, 2H), 3.82 – 3.68 (m,
1H), 3.37 – 3.30 (m, 1H), 3.23 (dt, J = 12.1, 5.9 Hz, 1H), 2.59 – 2.3 (m, 2H), 2.25 – 2.01 (m,
2H), 2.13 (s, 6H), 1.91 – 1.61 (m, 4H), NH was not found; 13C NMR (101 MHz, CD3CN): δ
166.33, 136.89, 135.18, 128.85, 128.75, 91.19 (d, J = 177.5 Hz), 70.88, 65.85 (d, J = 24.1 Hz),
63.63, 62.48, 31.09 (d, J = 22.1 Hz), 27.27, 21.67, 19.82, 18.74; 19F NMR (282 MHz, CD3CN,
coupled): δ -171.25 – -172.19 (m, 1F). Minor epimer (not all the signals could be assigned for
this epimer): 1H NMR (400 MHz, CD3CN): δ 7.08 – 7.01 (m, 3H), 5.58 (brd, J = 53.0 Hz, 1H),
4.78 – 4.74 (m, 1H), 4.14 – 4.03 (m, 1H), 4.04 – 3.85 (m, 2H), 3.68 – 3.60 (m, 1H), 3.47 (ddd,
J = 12.6, 9.0, 3.4 Hz, 1H), 3.42 – 3.35 (m, 1H), 3.66 – 3.56 (m, 1H), 2.73 – 2.57 (m, 1H), 2.50
– 2.34 (m, 1H), 2.34 –2.16 (m, 2H) 2.17 (s, 6H);

13C

NMR (101 MHz, CD3CN): δ 167.28,

128.57, 128.31, 93.09 (d, J = 176.3 Hz), 71.44, 32.12 (d, J = 21.8 Hz); 19F NMR (282 MHz,
CD3CN, coupled): δ -170.13 – -171.18 (m, 1F).
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(2S,5R,6S)/(2S,5S,6S)-6-((2,6-Dimethylphenyl)carbamoyl)-2-fluoro-5azaspiro[4.5]decan-5-ium

(136):

(2S)-1-((3’S)-3,4-Difluorobutyl)-N-(2,6-

dimethylphenyl)piperidine-2-carboxamide (40) (34 mg, 0.11 mmol, 1.00 equiv.) was dissolved
in 0.25 mL acetonitrile followed by the addition of 0.25 mL water. After stirring for 22 days at
room temperature the starting material was consumed according to TLC, and the solvent was
removed under reduced pressure and 136 (33.7 mg, 0.104 mmol, 99%) as a colorless solid
consisting of a 3.5 to 1 mixture of epimers as determined by 1H NMR. The mixture was not
separated any further. The ratio of the mixture was estimated based on the signals of the proton
at C10 of the two epimers as the proton at C2 overlapped with other signals (signal at 3.35 ppm
for major and 3.61 ppm for minor epimer).
Melting Point: 93 – 94 °C; HRMS (ESI+) m/z: exact mass calculated for C18H26FN2O [M]+:
305.2024; found: 305.2025.
Major epimer: 1H NMR (300 MHz, D2O): δ 7.28 – 7.17 (m, 3H), 5.55 (dt, J = 52.8, 4.6 Hz,
1H), 4.56 (t, J = 5.1 Hz, 1H), 4.44 – 4.32 (m, 1H), 4.28 – 4.15 (m, 1H), 4.14 – 4.02 (m, 1H),
4.01 – 3.77 (m, 2H), 3.35 (dt, J = 12.5, 4.8 Hz, 1H), 2.82 – 2.53 (m, 2H), 2.52 – 2.38 (m, 1H),
2.37 – 2.23 (m, 1H), 2.19 (s, 6H), 2.06 – 1.92 (m, 2H), 1.87 – 1.74 (m, 2H), NH was not found;
13C

NMR (101 MHz, CDCl3): δ 167.28, 135.81, 131.88, 128.57, 128.31, 91.49 (d, J = 176.3

Hz), 68.52, 67.60 (d, J = 24.7 Hz), 61.94, 61.74, 30.01 (d, J = 22.1 Hz), 26.26, 20.78, 17.75,
17.20; 19F NMR (377 MHz, CDCl3, coupled): δ -167.96 – -169.34 (m, 1F).
Minor epimer: 1H NMR (300 MHz, D2O): δ 7.28 – 7.17 (m, 3H), 5.58 (dt, J = 52.8, 4.5 Hz,
1H), 4.50 (t, J = 4.3 Hz, 1H), 4.37 – 4.25 (m, 2H), 4.16 – 4.10 (m, 1H), 4.03 – 3.97 (m, 1H),
3.86 – 3.67 (m, 1H), 3.67 – 3.56 (m, 1H), 2.78 – 2.55 (m, 2H), 2.49 –2.27 (m, 2H), 2.17 (s, 6H),
2.06 – 1.92 (m, 2H), 1.91 – 1.81 (m, 2H), NH was not found; 13C NMR (101 MHz, D2O): δ
167.28, 135.72, 131.81, 128.57, 128.31, 91.98 (d, J = 176.8 Hz), 70.64, 69.25 (d, J = 22.0 Hz),
64.48, 59.67, 31.09 (d, J = 21.7 Hz), 27.10, 20.46, 19.12, 17.20;
coupled): δ -170.13 – -171.18 (m, 1F).

19F

NMR (377 MHz, D2O,
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9.3.1 Decomposition Rates of 30, 39 and 40.
Samples of 30, 39 and 40 (ca. 50 mg) were separately dissolved in a 1:1 mixture of deuterated
acetonitrile and water (0.8 mL). Aliquots of the reactions were taken after 2, 5, 10, 24, 34, 52
(only for 39 and 40) hours. The signal of proton H in the 1H NMR spectra was used to follow
the decomposition reactions (Scheme 59). The integrals of H at the beginning ([A0]) and at a
given time t ([A]) were used to determine the time-dependent relative concentrations. For
compound 30 the proton on C6 was chosen (signal at 3.21 ppm (CDCl3) in 30, signal at 3.38
ppm (D2O) in 130). For 39 and 40 the protons in α-position to the secondary fluoride (C3’)
were followed (signal at 4.78 ppm (CDCl3) in 39, signal at 4.74 ppm (minor product) and 4.65
ppm (major product) (CD3CN) in 135; signal at 4.89 ppm (CDCl3) in 40, signal at 4.49 ppm
(D2O) in 136).

Scheme 59. Decomposition reactions of 30, 39 and 40 with the protons used to determine the timedependent relative concentrations marked in red.
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The proton signal of 30 was chosen as it did not overlap with any other signals of the product
130 (Figure 75). On the other hand, for compounds 39 and 40 only half of the signal of the
proton was followed as the other half overlapped with the α protons of the second fluoride at
C4’of 39/40.

Figure 75. 1H NMR spectra of aliquots from the reactions of 30, 39 and 40 measured in a mixture of
CD3CN/D2O, showing the transition of the H proton signal from the starting material to the product.
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Table 5. Time-dependent relative concentrations of 30, 39 and 40.

Compound

30

39

40

Time (h)
2
5
10
24
34
52

[A]/[A0]
0.98
0.8
0.6
0.3
0.09
n.a.

[A]/[A0]
0.99
0.99
0.97
0.85
0.8
0.71

[A]/[A0]
1
1
0.98
0.93
0.86
0.81

First order kinetics:

ln (

[𝐴]
) = −𝑡𝑘
[𝐴]0

Table 6. Calculated values of ln([A]/[A]0)

Compound
Time (h)
0
2
5
10
24
34
52

Time (s)
0
7200
18000
36000
86400
122400
187200

30

39

40

ln([A]/[A0]])
0
-0.02
-0.22
-0.51
-1.20
-2.41
n.a.

ln([A/A0])
0
-0.01
-0.01
-0.03
-0.16
-0.22
-0.34

ln([A/A0])
0
0.00
0.00
-0.02
-0.07
-0.15
-0.21
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Figure 75. Rate determination for 30
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Figure 76. Rate determination for 39.
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Figure 77. Rate determination for 40.
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Synthetic Procedures to Chapter 7

(rac) anti Boc-Protected 4-aminobicyclo[3.2.0]heptane-1-carboxylic acid (151): To a
solution of racemic anti tert-butyl 4-azidobicyclo[3.2.0]heptane-1-carboxylate (167) (0.16 g,
0.69 mmol, 1.0 equiv.) in 0.25 mL DCM was added TFA (0.32 mL, 4.1 mmol, 6.0 equiv.) dropwise and the reaction mixture was stirred at room temperature for 1.5 h. The solvent was then
removed under reduced pressure and the residue dissolved in benzene and evaporated two
times. The crude azide was dissolved in 0.5 mL ethanol and added to a suspension of 10% Pd/C
(73 mg, 69 µmol, 0.10 equiv.) together with di-tert-butyl dicarbonate (0.18 g, 0.82 mmol, 1.2
equiv.) dissolved in 1 mL ethanol. The reaction mixture was stirred under a hydrogen
atmosphere for 5 h, then filtered through a pad of celite and the filtrate concentrated under
reduced pressure. The crude product was purified by flash column chromatography (1:3 to 2:1
EtOAc/hexane) to afford 151 (44 mg, 0.17 mmol, 25%) as a white solid. Purity: TLChomogeneous. Crystals for X-Ray crystallography were obtained by slow evaporation from nheptane/DCM. The material (5-10 mg) was dissolved in DCM (0.3-0.4 mL) and covered with
a layer of n-heptane (0.4-0.6 mL). The solvents were evaporated at room temperature over a
period of 2-3 weeks.
TLC: Rf = 0.4 (1:1 hexane/EtOAc; KMnO4); Melting Point: 130 – 132 °C; 1H NMR (400
MHz, DMSO-d6): δ 12.05 (s, 1H), 6.54 (s, 1H), 3.57 – 3.48 (m, 1H), 2.71 (dd, J = 10.0, 5.1 Hz,
1H), 2.40 – 2.27 (m, 1H), 2.21 – 1.98 (m, 3H), 1.85 – 1.77 (m, 1H), 1.74 – 1.63 (m, 1H), 1.59
– 1.50 (m, 1H), 1.44 – 1.32 (m, 1H), 1.36 (s, 9H); 13C NMR (101 MHz, DMSO-d6): δ 177.66,
154.92, 77.53, 57.53, 51.05, 47.88, 33.65, 30.88, 28.24, 26.18, 18.84; IR (neat): 3312, 2975,
2935, 2873, 1694, 1502, 1400, 1366, 1286, 1245, 1167, 1097, 978, 858, 777, 700 cm-1; HRMS
(ESI+) m/z: exact mass calculated for C13H21NNaO4 [M+Na]+, 278.1363; found 278.1364. XRay structure on page 245.
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(rac) syn Boc-Protected 4-aminobicyclo[3.2.0]heptane-1-carboxylic acid (152): To a
stirring suspension of 10% Pd/C (13 mg, 12 µmol, 0.1 equiv) in 0.6 mL EtOH was added syn
tert-butyl 4-(benzylamino)bicyclo[3.2.0]heptane-1-carboxylate (170) (37.0 mg, 123 µmol, 1.00
equiv.). The reaction was stirred under a hydrogen atmosphere for 30 h then filtered through a
pad of celite. The filtrate was concentrated and the crude product dissolved in 0.1 mL DCM
followed by addition of TFA (76 µL, 0.98 mmol, 8.0 equiv.). The reaction mixture was stirred
for 20 minutes at room temperature, then diluted with 1 mL benzene and concentrated under
reduced pressure. The residue was dissolved in 1 mL benzene and concentrated. The crude
amino acid was dissolved in 0.2 mL 1,4-dioxane and 0.2 mL water, followed by the addition of
di-tert-butyl dicarbonate (14 mg, 62 µmol, 1.1 equiv.) and triethylamine (35 µL, 0.25 mmol,
2.0 equiv.). The reaction mixture was stirred at room temperature for 60 h, then diluted with 1
mL DCM and 1 mL water, and brought to pH 2 with the addition of 1M HCl. The mixture was
extracted with DCM (3 x 3 mL) and the collected organic layers were dried over Na2SO4 and
concentrated in vacuo. The crude product was purified by flash column chromatography (1:2
to 2:1 hexane/EtOAc) to afford 152 (20 mg, 0.08 mmol, 64%) as a colorless solid. Purity: TLChomogeneous. Crystals for X-Ray crystallography were obtained by slow evaporation from nheptane/DCM. The material (5-10 mg) was dissolved in DCM (0.3-0.4 mL) and covered with
a layer of n-heptane (0.4-0.6 mL). The solvents were evaporated at room temperature over a
period of 2-3 weeks.
TLC: Rf = 0.4 (1:1 hexane/EtOAc; KMnO4); Melting Point: 172 – 175 °C; 1H NMR (400
MHz, DMSO-d6): δ 12.09 (s, 1H), 6.95 (d, J = 7.4 Hz, 1H), 3.85 – 3.72 (m, 1H), 2.90 – 2.77
(m, 1H), 2.41 (ddd, J = 11.2, 9.4, 7.0 Hz, 1H), 2.01 – 1.83 (m, 2H), 1.83 – 1.51 (m, 5H), 1.36
(s, 9H); 13C NMR (101 MHz, DMSO-d6): δ 177.65, 155.09, 77.53, 53.52, 49.80, 42.98, 33.10,
29.16, 28.25, 26.59, 13.87; IR (neat): 3323, 2975, 2927, 2868, 1694, 1517, 1452, 1393, 1366,
1289, 1251, 1164, 1116, 1050, 1015 cm-1; HRMS (ESI+) m/z: exact mass calculated for
C13H21NNaO4 [M+Na]+, 278.1363; found 278.1365. X-Ray structure on page 246.
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tert-Butyl 2-(Hydroxymethyl)acrylate (162): To a stirred mixture of tert-butyl 2(diethoxyphosphoryl)acetate (161) (12.0 g, 47.6 mmol, 1.00 equiv.) in an aqueous
formaldehyde solution (47.6 mL, 37%) at room temperature was added a solution of potassium
carbonate (13.2 g, 95.0 mmol, 2.00 equiv.) in 58 mL water over 40 minutes. After 1.5 h 40 mL
saturated aqueous NH4Cl were added, and the whole mixture was poured into a separatory
funnel and extracted with Et2O (3 x 30 mL). The phases were separated and the organic layer
was washed with brine (30 mL), dried over Na2SO4 and concentrated in vacuo. The crude
product was purified by flash column chromatography (4:1 hexane/EtOAc) to give 162 (4.90
g, 31.0 mmol, 65 % yield) as a colorless oil. Purity: TLC-homogeneous.
TLC: Rf = 0.17 (4:1 hexane/EtOAc; KMnO4); 1H NMR (400 MHz, CDCl3): δ 6.16 – 6.14 (m,
1H), 5.74 (q, J = 1.4 Hz, 1H), 4.28 (d, J = 6.6 Hz, 2H), 2.36 (brs, 1H), 1.50 (s, 9H); 13C NMR
(101 MHz, CDCl3): δ 165.85, 140.96, 124.97, 81.55, 62.98, 28.23; IR (neat): 3418, 2978, 2934,
1705, 1637, 1368, 1314, 1282, 1256, 1147, 1052, 946, 847, 818 cm-1; HRMS (EI+) m/z: exact
mass calculated for C7H11O3 [M-CH3]+, 143.0708; found 143.0703.

tert-Butyl 2-Methylene-5-oxopentanoate (163): To a stirred solution of tert-butyl 2(hydroxymethyl)acrylate (162) (4.9 g, 31 mmol, 1.0 equiv.) in 8.6 mL ethyl vinyl ether at room
temperature was added mercury trifluoroacetate (0.61 g, 1.5 mmol, 0.050 equiv.) After stirring
for 18 h 20 mL saturated NaHCO3 were added and the mixture was poured into a separatory
funnel and extracted with Et2O (3 x 30 mL). The collected organic layers were washed with
brine (30 mL), dried over Na2SO4 and concentrated in vacuo. The residue was dissolved in 41
mL toluene, and the solution was stirred at reflux temperature for 3.5 h. After the mixture cooled
to room temperature the solvent was removed in vacuo and the crude product was purified by

215

Experimental Part

flash column chromatography (4:1 hexane/EtOAc) to give 163 (3.65 g, 17.8 mmol, 58 % yield)
as a colorless oil. Purity: TLC-homogeneous.
TLC: Rf = 0.46 (4:1 hexane/EtOAc; KMnO4); 1H NMR (400 MHz, CDCl3): δ 9.78 – 9.76 (m,
1H), 6.10 (s, 1H), 5.51 (s, 1H), 2.67 – 2.56 (m, 4H), 1.49 (s, 9H); 13C NMR (101 MHz, CDCl3):
δ 201.60, 166.03, 140.52, 125.10, 81.08, 42.87, 28.20, 24.92; IR (neat): 2978, 2935, 2725,
1709, 1632, 1393, 1368, 1313, 1255, 1147, 947, 848, 818 cm-1; HRMS (ESI+) m/z: exact mass
calculated for C10H17O3 [M+H]+, 185.1172; found 185.1174.

(rac) tert-Butyl 5-hydroxy-2-methylenehept-6-enoate (164): Vinylmagnesium bromide
(19.6 mL, 19.6 mmol, 1.10 equiv., 2M in THF) was slowly added to a solution of tert-butyl 2methylene-5-oxopentanoate (163) (3.65 g, 17.8 mmol, 1.00 equiv.) in 58 mL THF stirring at 78 °C. The suspension was slowly brought to 0 °C over 4.5 h, then quenched with 40 mL
saturated NH4Cl. The mixture was extracted with Et2O (3 x 30 mL) and the collected organic
layers were washed with brine (30 mL), dried over Na2SO4 and concentrated in vacuo. The
crude product was purified by flash column chromatography (4:1 Et2O/pentane) to give 164
(2.5 g, 12 mmol, 67 % yield) as a colorless liquid. Purity: TLC-homogeneous.
TLC: Rf = 0.52 (7:3 hexane/EtOAc; KMnO4); 1H NMR (400 MHz, CDCl3): δ 4.02 (brs, 1H),
2.83 – 2.76 (m, 1H), 2.57 – 2.48 (m, 1H), 2.24 – 2.12 (m, 2H), 2.08 – 1.96 (m, 2H), 1.84 – 1.64
(m, 3H), 1.46 (s, 9H), 1.38 – 1.27 (m, 1H); 13C NMR (101 MHz, CDCl3): δ 166.81, 141.95,
140.99, 124.36, 114.93, 80.85, 72.42, 36.33, 28.21, 27.91; IR (neat): 3421, 2979, 2933, 2868,
1710, 1630, 1368, 1250, 1211, 1149, 1055, 990, 948, 922, 851, 818 cm-1; HRMS (ESI+) m/z:
exact mass calculated for C12H20NaO3 [M+Na]+, 235.1305; found 235.1312.
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(rac) anti tert-Butyl 4-hydroxybicyclo[3.2.0]heptane-1-carboxylate (165a) and (rac) syn
tert-butyl 4-hydroxybicyclo[3.2.0]heptane-1-carboxylate (165b):

racemic tert-Butyl 5-

hydroxy-2-methylenehept-6-enoate (164) (0.57 g, 2.7 mmol, 1.00 equiv.) was dissolved in 89
mL benzene. Propiophenone (3.5 mL, 27 mmol, 10 equiv.) was then added and argon was
bubbled through the solution for 15 minutes. The vessel was then sealed with parafilm and the
solution was irradiated with a medium-pressure mercury lamp (450W) for 28 h. The reaction
mixture was then concentrated in vacuo and the crude product purified by flash column
chromatography (2:3 Et2O/pentane) two times to afford 165a (0.14 g, 0.67 mmol, 25%) and
165b (48 mg, 0.23 mmol, 8%) as colorless liquids. Purity: TLC-homogeneous.
165a: TLC: Rf = 0.41 (7:3 hexane/EtOAc; KMnO4); 1H NMR (400 MHz, CDCl3): δ 4.02 (s,
1H), 2.80 (ddd, J = 9.9, 5.8, 0.9 Hz, 1H), 2.59 – 2.47 (m, 1H), 2.25 – 2.12 (m, 2H), 2.08 – 1.96
(m, 2H), 1.85 – 1.61 (m, 3H), 1.46 (s, 9H), 1.39 – 1.27 (m, 1H); 13C NMR (101 MHz, CDCl3):
δ 176.75, 80.52, 78.32, 52.45, 51.61, 34.73, 34.43, 28.16, 26.08, 18.10; IR (neat): 3425, 2974,
2935, 1716, 1456, 1392, 1367, 1337, 1287, 1256, 1152, 1124, 997, 849 cm-1; HRMS (EI+) m/z:
exact mass calculated for C11H17O3 [M-CH3]+, 197.1178; found 197.1175.
165b: TLC: Rf = 0.40 (7:3 hexane/EtOAc; KMnO4); 1H NMR (400 MHz, CDCl3): δ 4.31 (dt,
J = 10.3, 6.6 Hz, 1H), 2.91 (q, J = 7.5, 7.1 Hz, 1H), 2.61 – 2.50 (m, 1H), 2.15 – 2.07 (m, 1H),
2.05 – 1.93 (m, 1H), 1.92 – 1.74 (m, 4H), 1.69 – 1.63 (m, 1H), 1.45 (s, 9H); 13C NMR (101
MHz, CDCl3): δ 176.20, 80.03, 74.34, 51.45, 44.57, 32.90, 32.50, 28.19, 27.94, 13.36; IR
(neat): 3418, 2955, 2870, 1718, 1699, 1456, 1367, 1335, 1286, 1150, 1071, 942, 916, 849 cm1

; HRMS (ESI+) m/z: exact mass calculated for C12H20NaO3 [M+Na]+, 235.1305; found

235.1308.
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(rac) anti tert-Butyl 4-azidobicyclo[3.2.0]heptane-1-carboxylate (169): To a stirred
solution of racemic syn tert-butyl 4-hydroxybicyclo[3.2.0]heptane-1-carboxylate (165b) (82
mg, 0.39 mmol, 1.0 equiv.) in 3.2 mL DCM was added Et3N (0.11 mL, 0.77 mmol, 2.00 equiv.),
then the temperature was brought to 0 °C and methanesulfonyl chloride (33 µL, 0.42 mmol, 1.1
equiv.) was slowly added. The reaction mixture was stirred at 0 °C for 4 h, then, 0.2 mL 0.1M
HCl was added to the solution. The phases were separated, and the organic layer was washed
with 5 mL 0.1 M HCl, 5 mL 2M NaOH, and water (2 x 5 mL). The organic layer was dried
over Na2SO4 and concentrated under vacuum to afford the crude mesylate. The crude product
was dissolved in 3.8 mL DMF and sodium azide (63 mg , 0.97 mmol, 2.5 equiv.) and 15-crown5 (8.0 µL, 39 µmol, 0.10 equiv.) were added. The reaction was then stirred at 60 °C for 18 h.
After cooling to room temperature, ice-cooled water was added, followed by 5 mL DCM.
Phases were separated, and the organic layer was washed with water (5 x 5 mL), dried over
Na2SO4 and concentrated in vacuo. The crude product purified by flash column
chromatography (95:5 Et2O/pentane) to afford 169 (55 mg, 0.23 mmol, 60%) colorless oil.
Purity: TLC-homogeneous.
TLC: Rf = 0.9 (9:1 hexane/EtOAc; KMnO4); 1H NMR (400 MHz, CDCl3): δ 3.80 (d, J = 4.3
Hz, 1H), 3.01 – 2.94 (m, 1H), 2.58 – 2.48 (m, 1H), 2.27 – 2.06 (m, 3H), 2.05 – 1.97 (m, 1H),
1.78 – 1.67 (m, 2H), 1.47 (s, 9H), 1.44 – 1.33 (m, 1H); 13C NMR (101 MHz, CDCl3): δ 175.62,
80.35, 67.41, 52.73, 46.79, 34.56, 31.35, 28.14, 26.42, 18.96; IR (neat): 2975, 2937, 2863,
2092, 1718, 1457, 1392, 1367, 1291, 1244, 1150, 1115, 1089, 1016, 849 cm-1; HRMS (EI+)
m/z: exact mass calculated for C11H16N3O2 [M-CH3]+, 222.1243; found 222.1237.
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(rac) tert-Butyl 4-Oxobicyclo[3.2.0]heptane-1-carboxylate (170): To a stirred solution of racemic
anti tert-butyl 4-hydroxybicyclo[3.2.0]heptane-1-carboxylate (165a) (83 mg, 0.39 mmol, 1.0 equiv.) in
3.9 mL DCM was added NaHCO3 (0.16 g, 1.9 mmol, 5.0 equiv.) and Dess-Martin periodinane (0.33 g,
0.78 mmol, 2.0 equiv.) at 0 °C. After stirring at room temperature for 0.5 h the reaction was quenched
with 5 mL 50% Na2S2O3 and the mixture was extracted with EtOAc (3 x 4 mL). The organic extracts
were washed with 10 mL saturated aqueous NaHCO3 and 10 mL brine, dried and concentrated. The
organic layer was dried over Na2SO4 and concentrated in vacuo. The crude product was purified by flash
column chromatography (9:1 hexane/EtOAc) to afford 170 (65 mg, 0.31 mmol, 79%) as a colorless oil.
Purity: TLC-homogeneous.
TLC: Rf = 0.5 (4:1 hexane/EtOAc; KMnO4); 1H NMR (400 MHz, CDCl3): δ 2.93 (dd, J = 10.7, 4.7 Hz,
1H), 2.77 – 2.58 (m, 2H), 2.56 – 2.38 (m, 2H), 2.38 – 2.27 (m, 1H), 2.13 – 2.02 (m, 2H), 1.91 – 1.81
(m, 1H), 1.47 (s, 9H); 13C NMR (101 MHz, CDCl3): δ 219.86, 174.54, 80.98, 49.94, 48.42, 38.18, 30.92,
28.35, 28.15, 20.11; IR (neat): 2977, 2948, 1737, 1720, 1368, 1336, 1295, 1256, 1150, 1100, 847, 808
cm-1; HRMS (EI+) m/z: exact mass calculated for C12H18O3 [M]+, 210.1256; found 210.1251.

(rac) syn tert-Butyl 4-(Benzylamino)bicyclo[3.2.0]heptane-1-carboxylate (171): To a
stirred solution of racemic tert-butyl 4-oxobicyclo[3.2.0]heptane-1-carboxylate (170) (51 mg,
0.24 mmol, 1.0 equiv.) stirring in 0.2 mL DCM was added benzylamine (26 µL, 0.24 mmol,
1.0 equiv) and the reaction mixture was stirred at room temperature for 2 h. 10 mg MgSO4 were
then added and the resulting mixture was stirred for 24 h. The reaction mixture was then filtered
to remove solid residues and the filtrate concentrated under reduced pressure. The resulting
imine was dissolved in 0.6 mL THF and 0.6 mL MeOH. Sodium borohydride (9.2 mg, 0.24
mmol, 1.0 equiv.) was added in portions, and the reaction mixture was stirred at room
temperature overnight. The mixture was concentrated in vacuo and the crude product purified
by flash column chromatography (9:1 DCM/MeOH) to afford 171 (51 mg, 0.17 mmol, 70%)
as a light yellow oil. Purity: TLC-homogeneous.
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TLC: Rf = 0.35 (7:3 hexane/EtOAc; UV, KMnO4); 1H NMR (400 MHz, CDCl3): δ 7.31 – 7.17
(m, 5H), 3.63 (d, J = 1.8 Hz, 2H), 3.21 – 3.14 (m, 1H), 2.97 – 2.90 (m, 1H), 2.52 – 2.43 (m,
1H), 2.08 – 1.98 (m, 1H), 1.88 – 1.57 (m, 6H), 1.48 (brs, 1H), 1.41 (s, 9H);

13C

NMR (101

MHz, CDCl3): δ 176.66, 140.82, 128.51, 128.24, 127.05, 79.85, 61.12, 53.00, 51.89, 43.41,
33.88, 31.55, 28.21, 27.70, 13.70; IR (neat): 2983, 2932, 2864, 1716, 1454, 1366, 1333, 1285,
1149, 1115, 850, 735, 698 cm-1; HRMS (ESI+) m/z: exact mass calculated for C19H28NO2
[M+H]+, 302.2115; found 302.2114.

Allyldimethyl(trityl)silane (182):149 Bromodimethyl(trityl)silane (194) was dissolved in 14
mL dry THF and allyl magnesium chloride (3.23 mL, 6.47 mmol, 3.00 equiv., 2M in THF) was
slowly added. The reaction mixture was stirred at reflux temperature for 12 h, then poured into
a separatory funnel containing cold saturated NH4Cl (20 mL) and Et2O (20 mL). The layers
were separated, and the aqueous layer was washed with Et2O (2 x 20 mL). The organic layers
were combined, washed with brine, dried over Na2SO4 and concentrated. The crude product
was purified by flash column chromatography (hexane) to afford 182 (1.2 g, 3.5 mmol, 40%
yield) as a white solid. Purity: TLC-homogeneous.
TLC: Rf = 0.9 (95:5 hexane/EtOAc; UV, KMnO4); Melting Point: 92 – 93 °C, (Lit.149 86 – 89
°C); 1H NMR (400 MHz, CDCl3): δ 7.29 – 7.16 (m, 9H), 7.06 – 7.02 (m, 6H), 5.66 (ddt, J =
16.8, 10.1, 8.2 Hz, 1H), 4.86 – 4.76 (m, 2H), 1.60 (d, J = 8.1 Hz, 2H), 0.15 (s, 6H); 13C NMR
(101 MHz, CDCl3): δ 146.48, 135.29, 130.30, 128.09, 125.66, 113.85, 54.12, 25.01, -0.50; IR
(neat): 3056, 3031, 2970, 1596, 1489, 1444, 1252, 1159, 1036, 929, 895, 864, 816, 756, 736,
700, 646 cm-1; HRMS (EI+) m/z: exact mass calculated for C24H26Si [M]+, 342.1804; found
342.1788. The 1H and
reported.149

13

C NMR data of this material were in good agreement with those
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tert-Butyl 5-Oxocyclopent-1-enecarboxylate (187): Phenylselenyl chloride (5.43 g, 27.8
mmol, 1.00 equiv.) was dissolved in 168 mL dry DCM and cooled to 0 °C. Pyridine (2.24 mL,
27.8 mmol, 1.10 equiv.) was added and the reaction mixture was stirred for 15 min. A solution
of tert-butyl 2-oxocyclopentanecarboxylate (191) (4.65 g, 25.2 mmol, 1.00 equiv.) in 15 mL
DCM was added and the reaction was allowed to warm to room temperature, then stirred for
12 h. The reaction mixture was washed with 10 % HCl (100 mL), saturated NaHCO3 (40 mL).
The organic layer was separated and dried over Na2SO4. The concentrated crude product was
purified by flash column chromatography (9:1 hexane/EtOAc) to afford an intermediate
selenide. The selenide was then dissolved in 143 mL DCM and cooled to 0 °C. H2O2 (4.4 mL,
43 mmol, 2.0 equiv.) was added and the reaction mixture was allowed to warm to room
temperature. After 3 h the reaction mixture was cooled to 0 °C again and the formed suspension
filtered through filter paper. The filtrate was washed with saturated NaHCO3 (2 x 100 mL) and
brine (100 mL). The organic layer was separated, dried over Na2SO4 and concentrated. The
obtained brown solid proved to be unstable in contact with silica gel. As the compound showed
a purity > 95% by 1H NMR, 187 (3.79 g, 20.8 mmol, 71%) was used without further
purification.
1H

NMR (400 MHz, CDCl3): δ 8.27 (t, J = 2.7 Hz, 1H), 2.71 – 2.66 (m, 2H), 2.53 – 2.49 (m,

2H), 1.52 (s, 8H);

13C

NMR (101 MHz, CDCl3): δ 203.30, 170.78, 161.13, 138.52, 81.91,

35.82, 28.25, 26.43; IR (neat): 2978, 2932, 1737, 1715, 1367, 1341, 1293, 1278, 1151, 993,
848, 758 cm-1; HRMS (ESI+) m/z: exact mass calculated for C10H15O3 [M+H]+, 183.1016;
found 183.1015.

(rac) tert-Butyl 2-oxocyclopentanecarboxylate (191): In a 250 mL round-bottomed flask
equipped with a reflux condenser kept open at the top and not connected to water racemic ethyl
2-oxocyclopentanecarboxylate (190) (25 mL, 164 mmol, 1.00 equiv.) was dissolved in 102 mL

221

Experimental Part

toluene and 102 mL tBuOH. PPh3 (12.9 g, 49.1 mmol, 0.30 equiv.) was added and the resulting
reaction mixture was stirred at 110 °C for 6 days (40 mL tBuOH were added after 2d and 4d).
The solvents were then evaporated and the crude product purified by flash column
chromatography (9:1 hexane/EtOAc) to afford 191 (21.4 g, 116 mmol, 71% yield) as a red
liquid. Purity: TLC-homogeneous.
TLC: Rf = 0.35 (9:1 hexane/EtOAc; KMnO4); 1H NMR (400 MHz, CDCl3): δ 3.04 (t, J = 8.9
Hz, 1H), 2.31 – 2.20 (m, 4H), 2.18 – 2.05 (m, 1H), 1.90 – 1.77 (m, 1H), 1.46 (d, J = 0.4 Hz,
9H) ; 13C NMR (101 MHz, CDCl3): δ 213.01, 168.8, 81.82, 55.89, 38.23, 28.17, 27.58, 21.07;
IR (neat): 2976, 2940, 2884, 1717, 1368, 1298, 1255, 1153, 1108, 843 cm-1; HRMS (ESI+)
m/z: exact mass calculated for C10H16NaO3 [M+Na]+, 207.0992; found 207.0993.

Benzhydryldimethyl(phenyl)silane (193):152 To a stirred solution of diphenylmethane (24.0
mL, 144 mmol, 0.84 equiv.) in 72 mL dry Et2O was slowly added n-BuLi (99.0 mL, 158 mmol,
1.10 equiv.). The reaction mixture was heated at reflux temperature for 22 h under a nitrogen
atmosphere. The mixture was then allowed to cool to room temperature and
chlorodimethyl(phenyl)silane (192) (19.9 mL, 121 mmol, 1.00 equiv.) was added drop-wise in
order to keep the temperature constant. The reaction mixture was heated at reflux temperature
for 2 h, and then cooled to room temperature. The mixture was extracted with ice-water (100
mL) and the organic layer was separated and concentrated under reduced pressure. The residue
was separated by distillation to afford 193 (b.p. 144 °C, 0.35 torr) (30.5 g, 101 mmol, 70%) as
a light yellow oil (the crude product was not stable in contact with silica gel and could not be
purified by flash column chromatography). Purity: TLC-homogeneous.
1H

NMR (400 MHz, CDCl3): δ 7.42 – 7.05 (m, 15H), 3.75 (s, 1H), 0.30 (s, 6H); 13C NMR (101

MHz, CDCl3): δ 142.41, 137.69, 134.54, 129.23, 129.08, 128.32, 127.66, 125.31, 45.89, -3.03;
IR (neat): 3068, 3023, 2961, 1494, 1448, 1427, 1249, 1113, 843, 830, 785, 736, 699, 507 cm1

; HRMS (ESI+) m/z: exact mass calculated for C21H22NaSi [M+H]+, 325.1383; found

325.1382.
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Bromodimethyl(trityl)silane

(194):152

To
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a

stirred

solution

of

benzhydryldimethyl(phenyl)silane (193) (30.5 g, 101 mmol, 1.00 equiv.) in 67 mL CCl4 was
added N-bromosuccinimide (21.5 g, 121 mmol, 1.20 equiv.) and Bz2O (0.24 g, 1.00 mmol, 0.01
equiv.). The reaction mixture was heated at reflux temperature for 17 h. The mixture was then
allowed to cool to room temperature; the precipitated solid was filtered of and the solvent
removed under reduced pressure. The obtained orange oil was heated at 240 °C for 2 h, and
then allowed to warm to room temperature. The formed black solid was recrystallized from
benzene to afford 194 (18.5 g, 48.4 mmol, 48%) as light brown crystals. Purity: > 95% by 1H
NMR.
Melting Point: 200 – 202 °C; 1H NMR (400 MHz, CDCl3): δ 7.35 – 7.14 (m, 15H), 0.69 (s,
6H); 13C NMR (101 MHz, CDCl3): δ 144.63, 130.38, 128.31, 126.42, 54.98, 5.73; IR (neat):
3056, 3026, 2978, 1595, 1488, 1441, 1255, 1082, 1035, 931, 872, 806, 757, 737, 654, 495 cm1

; HRMS (EI) m/z: exact mass calculated for C21H21BrSi [M]+, 380.0596; found 380.0591. The

1

H NMR data of this material were in good agreement with those reported.152

To a stirred solution of tert-butyl 5-oxocyclopent-1-enecarboxylate (187) (0.66 g, 3.6 mmol,
1.00 equiv.) in 36 mL dry DCM was slowly added TiCl4 (3.8 mL, 1M in DCM, 3.81 mmol,
1.05 equiv.) at -78 °C. After stirring vigorously for 5 minutes a solution of
allyldimethyl(trityl)silane (182) (1.62 g, 4.72 mmol, 1.30 equiv.) in 6 mL DCM was added
drop-wise. The reaction mixture was stirred at -78 °C for 1.5 h, then quenched with saturated
NH4Cl (10 mL). After the reaction mixture was allowed to warm to room temperature, the two
phases were separated and the aqueous layer was washed with DCM (3 x 20 mL). The collected
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organic layers were washed with brine, dried over Na2SO4 and concentrated. The crude product
was purified by flash column chromatography (9:1 hexane/EtOAc) to afford the mixture 195
(1.49 g, 2.84 mmol, 78%) and 196 (0.06 g, 0.114 mmol, 3%) as colorless solids. Purity of 196:
TLC-homogeneous.
195: TLC: Rf = 0.43 (9:1 hexane/EtOAc; KMnO4); HRMS (ESI+) m/z: exact mass calculated
for C34H41O3Si [M+H]+, 525.2819; found 525.2820.
196: TLC: Rf = 0.47 (9:1 hexane/EtOAc; KMnO4); 1H NMR (400 MHz, CDCl3): δ 7.30 – 7.15
(m, 10H), 7.06 – 6.99 (m, 5H), 2.83 (appq, J = 7.7 Hz, 1H), 2.51 – 2.36 (m, 1H), 2.11 – 1.89
(m, 4H), 1.68 – 1.54 (m, 1H), 1.4 (s, 9H), 1.09 – 0.96 (m, 2H), 0.90 – 0.75 (m, 1H), 0.20 (s,
3H), 0.19 (s, 3H);

13C

NMR (101 MHz, CDCl3): δ 216.72, 171.39, 146.38, 130.32, 128.08,

125.69, 81.62, 67.81, 54.35, 48.04, 39.82, 37.69, 37.20, 28.01, 26.20, 25.93, -0.42, -1.92; IR
(neat): 3054, 3032, 2967, 1492, 1440, 1427, 1251, 1112, 1034, 927, 882, 863, 834, 813, 698,
635 cm-1; HRMS (ESI+) m/z: exact mass calculated for C34H41O3Si [M+H]+, 525.2819; found
525.2821.

(rac) trans 3-(3-(dimethyl(trityl)silyl)prop-1-en-1yl)cyclopentanone (197a) and (rac) cis
3-(3-(dimethyl(trityl)silyl)prop-1-en-1yl)cyclopentanone (197b): To a stirred solution of
195 (2.7 g, 5.1 mmol, 1.0 equiv.) in 13 mL DMF was added MgCl2·6H2O (2.0 g, 10 mmol, 2.0
equiv.). The reaction mixture was stirred at 130 °C for 1 h, and then allowed to cool to room
temperature. Upon cooling the mixture was diluted with water (5 mL) and extracted with Et2O
(3 x 10 mL). The collected organic layers were washed with brine, dried over Na2SO4 and
concentrated. The crude product was purified twice by flash column chromatography (9:1
pentane/Et2O) to afford 197a (0.80 g, 1.88 mmol, 37%) and 197b (0.23 g, 0.54 mmol, 11%) as
colorless solids. Purity: TLC-homogeneous.
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197a: TLC: Rf = 0.31 (9:1 pentane/Et2O; KMnO4); Melting Point: 98 – 100 °C; 1H NMR
(400 MHz, CDCl3): δ 7.34 – 7.20 (m, 10H), 7.13 – 7.03 (m, 5H), 5.42 – 5.29 (m, 1H), 5.22 (dd,
J = 15.2, 6.8 Hz, 1H), 2.87 – 2.73 (m, 1H), 2.43 – 2.27 (m, 2H), 2.24 – 2.09 (m, 2H), 1.98 (ddd,
J = 18.1, 10.0, 1.4 Hz, 1H), 1.74 – 1.61 (m, 1H), 1.58 (d, J = 8.0 Hz, 2H), 0.19 (s, 6H); 13C
NMR (101 MHz, CDCl3): δ 219.33, 146.40, 131.63, 130.29, 128.08, 126.70, 125.68, 54.14,
45.21, 40.08, 38.33, 30.29, 23.27, -0.28 ; IR (neat): 3055, 3030, 2959, 2895, 1741, 1595, 1489,
1252, 1156, 864, 833, 701, 615 cm-1; HRMS (ESI-MALDI+) m/z: exact mass calculated for
C29H32NaOSi [M]+, 447.2115; found 447.2112.
197b: TLC: Rf = 0.31 (9:1 pentane/Et2O; KMnO4); ); Melting Point: 92 – 94 °C; 1H NMR
(400 MHz, CDCl3): δ 7.29 – 7.16 (m, 10H), 7.08 – 7.00 (m, 5H), 5.41 – 5.29 (m, 1H), 5.21 (dd,
J = 10.7, 9.2 Hz, 1H), 2.82 – 2.70 (m, 1H), 2.36 – 1.98 (m, 4H), 1.85 (ddd, J = 18.2, 10.7, 1.4
Hz, 1H), 1.65 – 1.51 (m, 3H), 0.17 (s, 3H), 0.16 (s, 3H); 13C NMR (101 MHz, CDCl3): δ 219.30,
146.39, 130.89, 130.28, 128.13, 126.72, 125.77, 54.31, 45.54, 38.54, 35.09, 30.34, 19.01, -0.19,
-0.13; IR (neat): 3085, 3056, 3007, 2959, 1741, 1490, 1253, 1156, 826, 701, 756 cm-1; HRMS
(ESI-MALDI+) m/z: exact mass calculated for C29H32NaOSi [M]+, 447.2115; found 447.2113.

(rac) anti 5-(dimethyl(trityl)silyl)hexahydropentalen-1(2H)-one (198): To a stirred
solution of racemic 199 (0.10 g, 0.19 mmol, 1.00 equiv.) in 1 mL DCE was added trifluoroacetic
acid (0.06 mL, 0.76 mmol, 4.00). The reaction mixture was heated at reflux temperature for 4
h, and then allowed to cool to room temperature. The reaction mixture was diluted with water
(5 mL) and extracted with Et2O (3 x 5 mL). The collected organic layers were washed with
brine, dried over Na2SO4 and concentrated. The crude product was purified twice by flash
column chromatography (9:1 pentane/Et2O) to afford 198 (71 mg, 0.17 mmol, 88%) as colorless
solids. Purity: TLC-homogeneous.
1H

NMR (400 MHz, CDCl3): δ 7.30 – 7.15 (m, 10H), 7.07 – 7.01 (m, 5H), 2.78 – 2.65 (m, 1H),

2.47 (appt, J = 9.5 Hz, 1H), 2.24 – 2.10 (m, 1H), 2.05 – 1.92 (m, 2H), 1.77 (dd, J = 13.0, 6.6
Hz, 1H), 1.57 – 1.45 (m, 2H), 1.16 – 0.99 (m, 2H), 0.85 – 0.71 (m, 1H), 0.17 (s, 3H), 0.17 (s,
3H);

13C

NMR (101 MHz, CDCl3): δ 223.26, 146.46, 130.35, 128.05, 125.67, 54.42, 52.17,
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40.50, 39.68, 38.18, 34.48, 27.48, 25.72, -1.67, -0.57; IR (neat): 3085, 3052, 2972, 2936, 1747,
1723, 1490, 1368, 1255, 1156, 736, 701 cm-1; HRMS (ESI+) m/z: exact mass calculated for
C34H44NO3Si [M+NH4]+, 542.3085; found 542.3082. The 1H and 13C NMR data of this material
were in good agreement with those reported.149
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X-Ray Crystallographic Data

X-Ray Crystal Structure of 22

Identification Code
Chemical Formula
Formula Wight
Temperature
Wavelength
Crystal Size
Crystal System
Space Group
Unit Cell Dimension

Volume
Z
Density (calculated)
Absorption coefficient
F(000)

mo_ca250613_0m
C17H26N2O
274.40
100 K
0.71073 Å
0.16 × 0.13 × 0.05 mm
orthorhombic
P212121
a = 8.9814(7) Å
b = 9.1608(7) Å
c = 19.3317(15) Å
1590.2(2) Å3
4
1.146 g/cm3
0.071 mm-1
600.0

α = 90°
β = 90°
γ = 90°
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X-ray Crystal Structure of 23

Identification Code
Chemical Formula
Formula Wight
Temperature
Wavelength
Crystal Size
Crystal System
Space Group
Unit Cell Dimension

Volume
Z
Density (calculated)
Absorption coefficient
F(000)

ca260713_0m
C18H28N2O
288.42
100.01 K
0.71073 Å
0.2 × 0.12 × 0.06 mm
orthorhombic
P212121
a = 8.8391(6) Å
b = 9.6313(9) Å
c = 19.4021(17) Å
1651.7(2) Å3
4
1.160 g/cm3
0.072 mm-1
632.0

α = 90°
β = 90°
γ = 90°
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X-ray Crystal Structure of 24

Identification Code
Chemical Formula
Formula Wight
Temperature
Wavelength
Crystal Size
Crystal System
Space Group
Unit Cell Dimension

Volume
Z
Density (calculated)
Absorption coefficient
F(000)

ca120513_0m
C17H25N2OF
293.4
100 K
0.71073 Å
0.36 × 0.16 × 0.06 mm
orthorhombic
P212121
a = 9.0605(4) Å
b = 9.1384(5) Å
c = 19.1886(10) Å
1588.79(14) Å3
4
1.227 g/cm3
0.084 mm-1
636.0

α = 90°
β = 90°
γ = 90°
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X-ray Crystal Structure of 25

Identification Code
Chemical Formula
Formula Wight
Temperature
Wavelength
Crystal Size
Crystal System
Space Group
Unit Cell Dimension

Volume
Z
Density (calculated)
Absorption coefficient
F(000)

mo_ca090613_0m
C17H24N2OF2
310.38
99.99 K
0.71073 Å
0.2 × 0.1 × 0.05 mm
orthorhombic
P212121
a = 9.0773(9) Å
b = 9.3228(9) Å
c = 19.1096(19) Å
1617.2(3) Å3
4
1.275 g/cm3
0.095 mm-1
664.0

α = 90°
β = 90°
γ = 90°
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X-ray Crystal Structure of 26

Identification Code
Chemical Formula
Formula Wight
Temperature
Wavelength
Crystal Size
Crystal System
Space Group
Unit Cell Dimension

Volume
Z
Density (calculated)
Absorption coefficient
F(000)

ca170413_0m
C17H23N2OF3
328.37
100.01 K
0.71073 Å
0.4 × 0.24 × 0.14 mm
orthorhombic
P212121
a = 9.2572(4) Å
b = 9.4393(5) Å
c = 19.0164(9) Å
1661.68(14) Å3
4
1.313 g/cm3
0.105 mm-1
696.0

α = 90°
β = 90°
γ = 90°
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X-ray Crystal Structure of 27

Identification Code
Chemical Formula
Formula Wight
Temperature
Wavelength
Crystal Size
Crystal System
Space Group
Unit Cell Dimension

Volume
Z
Density (calculated)
Absorption coefficient
F(000)

ca100413
C17H24N2OF2
310.38
100.01 K
0.71073 Å
0.36 × 0.1 × 0.04 mm
monoclinic
P21
a = 9.5852(10) Å
b = 14.3690(18) Å
c = 12.0024(18) Å
1641.5(4) Å3
4
1.256 g/cm3
0.094 mm-1
664.0

α = 90°
β = 96.795(5)°
γ = 90°
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X-ray Crystal Structure of 28

Identification Code
Chemical Formula
Formula Wight
Temperature
Wavelength
Crystal Size
Crystal System
Space Group
Unit Cell Dimension

Volume
Z
Density (calculated)
Absorption coefficient
F(000)

ca230313
C17H24N2OF2
310.38
100.0 K
0.71073 Å
0.32 × 0.2 × 0.16 mm
orthorhombic
P212121
a = 8.7708(7) Å
b = 9.2004(8) Å
c = 19.6829(15) Å
1588.3(2) Å3
4
1.298 g/cm3
0.097 mm-1
664.0

α = 90°
β = 90°
γ = 90°
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X-ray Crystal Structure of 29

Identification Code
Chemical Formula
Formula Wight
Temperature
Wavelength
Crystal Size
Crystal System
Space Group
Unit Cell Dimension

Volume
Z
Density (calculated)
Absorption coefficient
F(000)

ca220513_0m
C17H24N2OF2
310.38
100.0 K
0.71073 Å
0.23 × 0.11 × 0.1 mm
orthorhombic
P212121
a = 9.3249(8) Å
b = 11.6996(11) Å
c = 14.6625(13) Å
1599.6(2) Å3
4
1.289 g/cm3
0.096 mm-1
664.0

α = 90°
β = 90°
γ = 90°
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X-ray Crystal Structure of 30

Identification Code
Chemical Formula
Formula Wight
Temperature
Wavelength
Crystal Size
Crystal System
Space Group
Unit Cell Dimension

Volume
Z
Density (calculated)
Absorption coefficient
F(000)

ca122013_0m
C18H27N2OF
306.41
100.0 K
0.71073 Å
0.24 × 0.18 × 0.06 mm
orthorhombic
P212121
a = 8.8050(4) Å
b = 9.6128(6) Å
c = 19.2556(13) Å
1629.81(17) Å3
4
1.249 g/cm3
0.085 mm-1
664.0

α = 90°
β = 90°
γ = 90°
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X-ray Crystal Structure of 31

Identification Code
Chemical Formula
Formula Wight
Temperature
Wavelength
Crystal Size
Crystal System
Space Group
Unit Cell Dimension

Volume
Z
Density (calculated)
Absorption coefficient
F(000)

ca260813_0m
C18H26N2OF2
324.41
100.0 K
0.71073 Å
0.28 × 0.2 × 0.14 mm
orthorhombic
P212121
a = 8.9753(5) Å
b = 9.6432(6) Å
c = 19.1105(12) Å
1654.03(17) Å3
4
1.303 g/cm3
0.096 mm-1
696.0

α = 90°
β = 90°
γ = 90°
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X-ray Crystal Structure of 32

Identification Code
Chemical Formula
Formula Wight
Temperature
Wavelength
Crystal Size
Crystal System
Space Group
Unit Cell Dimension

Volume
Z
Density (calculated)
Absorption coefficient
F(000)

mo_ca260913_0m
C18H25N2OF3
342.40
100.01 K
0.71073 Å
0.4 × 0.13 × 0.07 mm
triclinic
P1
a = 9.1222(10) Å
b = 9.3531(10) Å
c = 11.4364(12) Å
1654.03(17) Å3
1
0.115 g/cm3
0.013 mm-1
31.0

α = 74.226(2)°
β = 78.686(2)°
γ = 74.296(2)°
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X-ray Crystal Structure of 33

Identification Code
Chemical Formula
Formula Wight
Temperature
Wavelength
Crystal Size
Crystal System
Space Group
Unit Cell Dimension

Volume
Z
Density (calculated)
Absorption coefficient
F(000)

cu_ca070614_0m
C18H27N2OF
306.14
100.0(2) K
1.54178 Å
0.1 × 0.09 × 0.06 mm
orthorhombic
P212121
a = 8.7311(5) Å
b = 9.7033(6) Å
c = 19.6669(11) Å
1666.19(17) Å3
4
1.222 g/cm3
0.668 mm-1
664.0

α = 90°
β = 90°
γ = 90°
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X-ray Crystal Structure of 34

Identification Code
Chemical Formula
Formula Wight
Temperature
Wavelength
Crystal Size
Crystal System
Space Group
Unit Cell Dimension

Volume
Z
Density (calculated)
Absorption coefficient
F(000)

ca100114_0m
C18H27N2OF
306.14
99.99 K
0.71073 Å
0.36 × 0.2 × 0.06 mm
orthorhombic
P212121
a = 8.7051(3) Å
b = 9.5670(5) Å
c = 20.2385(9) Å
1685.50(13) Å3
4
1.208 g/cm3
0.082 mm-1
664.0

α = 90°
β = 90°
γ = 90°
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X-ray Crystal Structure of 35

Identification Code
Chemical Formula
Formula Wight
Temperature
Wavelength
Crystal Size
Crystal System
Space Group
Unit Cell Dimension

Volume
Z
Density (calculated)
Absorption coefficient
F(000)

cu_ca150514_0m
C18H26N2OF2
324.41
100.0(2) K
01.54178 Å
0.36 × 0.2 × 0.06 mm
orthorhombic
P212121
a = 4.6647(2) Å
b = 17.5285(8) Å
c = 21.3733(9) Å
1685.50(13) Å3
4
1.233 g/cm3
0.751 mm-1
696.0

α = 90°
β = 90°
γ = 90°

Experimental Part
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X-ray Crystal Structure of 36

Identification Code
Chemical Formula
Formula Wight
Temperature
Wavelength
Crystal Size
Crystal System
Space Group
Unit Cell Dimension

Volume
Z
Density (calculated)
Absorption coefficient
F(000)

ca150914_0m
C18H26N2OF2
324.41
100.0(2) K
0.71073 Å
0.28 × 0.14 × 0.1 mm
orthorhombic
P212121
a = 4.6048(2) Å
b = 17.4236(9) Å
c = 21.5676(11) Å
1730.42(15) Å3
4
1.245 g/cm3
0.092 mm-1
696.0

α = 90°
β = 90°
γ = 90°
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Experimental Part

X-ray Crystal Structure of 37

Identification Code
Chemical Formula
Formula Wight
Temperature
Wavelength
Crystal Size
Crystal System
Space Group
Unit Cell Dimension

Volume
Z
Density (calculated)
Absorption coefficient
F(000)

cu_ca211014_0m
C18H26N2OF2
324.41
100.0(2) K
1.5478 Å
0.21 × 0.03 × 0.01 mm
orthorhombic
P212121
a = 4.8197(2) Å
b = 16.7675(7) Å
c = 21.2335(8) Å
1715.97(12) Å3
4
1.256 g/cm3
0.765 mm-1
696.0

α = 90°
β = 90°
γ = 90°

Experimental Part
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X-ray Crystal Structure of 38

Identification Code
Chemical Formula
Formula Wight
Temperature
Wavelength
Crystal Size
Crystal System
Space Group
Unit Cell Dimension

Volume
Z
Density (calculated)
Absorption coefficient
F(000)

cu_ca070714_0m
C18H26N2OF2
324.41
100.0(2) K
1.5478 Å
0.16 × 0.15 × 0.06 mm
orthorhombic
P212121
a = 8.63820(10) Å
b = 10.04390(10) Å
c = 20.1900(3) Å
1715.97(12) Å3
4
1.230 g/cm3
0.749 mm-1
696.0

α = 90°
β = 90°
γ = 90°
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Experimental Part

X-ray Crystal Structure of 39

Identification Code
Chemical Formula
Formula Wight
Temperature
Wavelength
Crystal Size
Crystal System
Space Group
Unit Cell Dimension

Volume
Z
Density (calculated)
Absorption coefficient
F(000)

ca081113_0m
C18H26N2OF2
324.41
100.0 K
0.71073 Å
0.24 × 0.16 × 0.08 mm
orthorhombic
P212121
a = 9.1242(5) Å
b = 10.0421(7) Å
c = 18.9644(14) Å
1737.6(2) Å3
4
1.240 g/cm3
0.092 mm-1
969.0

α = 90°
β = 90°
γ = 90°

Experimental Part

244

X-ray Crystal Structure of 40

Identification Code
Chemical Formula
Formula Wight
Temperature
Wavelength
Crystal Size
Crystal System
Space Group
Unit Cell Dimension

Volume
Z
Density (calculated)
Absorption coefficient
F(000)

cu_ca292014_0m
C18H26N2OF2
324.41
100.0(2) K
1.5478 Å
0.2 × 0.1 × 0.04 mm
monoclinic
P21
a = 15.8977(6) Å
b = 12.0393(4) Å
c = 36.2879(14) Å
6945.4(4) Å3
16
1.241 g/cm3
0.756 mm-1
2784.0

α = 90°
β = 90.099(2)°
γ = 90°
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Experimental Part

X-ray Crystal Structure of 151

Identification Code
Chemical Formula
Formula Wight
Temperature
Wavelength
Crystal Size
Crystal System
Space Group
Unit Cell Dimension

Volume
Z
Density (calculated)
Absorption coefficient
F(000)

ca050816_1_1_0m
C13H21NO4
255.31
100.0(2) K
0.71073 Å
0.17 × 0.1 × 0.07 mm
monoclinic
P212/c
a = 12.0433(15) Å
b = 24.281(3) Å
c = 18.825(2) Å
5500.0(12) Å3
16
1.233 g/cm3
0.091 mm-1
2208.0

α = 90°
β = 92.454(3)°
γ = 90°

Experimental Part

246

X-ray Crystal Structure of 152

Identification Code
Chemical Formula
Formula Wight
Temperature
Wavelength
Crystal Size
Crystal System
Space Group
Unit Cell Dimension

Volume
Z
Density (calculated)
Absorption coefficient
F(000)

ca290616_1_1_0
C13H21NO4
255.31
100.0(2) K
1.54178 Å
0.19 × 0.1 × 0.03 mm
monoclinic
C2/c
a = 25.6511(18) Å
b = 12.0149(7) Å
c = 10.0553(6) Å
3088.1(3) Å3
8
1.281 g/cm3
2.295 mm-1
1272.0

α = 90°
β = 94.811(6)°
γ = 90°

References

248

10 References
1.
2.
3.
4.
5.
6.
7.

8.
9.
10.
11.
12.
13.
14.
15.
16.
17.
18.

19.
20.
21.
22.
23.

24.
25.
26.
27.
28.

R. Fuge, Environ. Geochem. Health 1988, 10, 51-61.
D. O’Hagan, D. B. Harper J. Fluorine Chem. 1999, 100, 127-133.
N. V. Goncharov, R. O. Jenkins, A. S. Radilov J. Appl. Toxicol. 2006, 26, 148-161.
P. Kirsch, in Modern Fluoroorganic Chemistry (Wiley, Weinheim, 2013), pp. 1-24.
C. Heidelberger, N. K. Chaudhuri, P. Danneberg, Naure 1957, 179, 663-666.
R. B. Hickler, R. Thompson, L. M. Fox, N. Engl. J. Med. 1959, 261, 788-791.
a) K. D. Sen, C. K. Jørgensen, in Electronegativity (Springer, New York, 1987), pp. 125; b) S. J. Blanksby, G. B. Ellison, Acc. Chem. Res. 2003, 36, 255-263; c) D. O’Hagan,
Chem. Soc. Rev. 2008, 37, 308-319; d) A. Bondi, J. Phys. Chem. 1964, 68, 441-451; e) J.
K. Nagle, J. Am. Chem. Soc. 1990, 112, 4741-4747.
J. C. Biffinger, H. W. Kim, S. G. DiMagno, ChemBioChem 2004, 5, 622-627.
F. Leroux, ChemBioChem 2004, 5, 644-649.
Q. A. Huchet, W. B. Schweizer, B. Kuhn, E. M. Carreira, K. Müller, Chem. Eur. J. 2016,
22, 16920-16928.
J. W. Banks, A. S. Batsanov, J. A. K. Howard, D. O’Hagan, H. S. Rzepa and S. MartinSantamaria, J. Chem. Soc., Perkin Trans. 2 1999, 2409-2051.
D. Wu, A. Tianm, H. Sun, J. Phys. Chem. A 1998, 102, 9901-9905.
C. R. S. Briggs, M. J. Allen, D. O’Hagan, D. J. Tozer, A. M. Z. Slawin, A. E. Goeta, J.
A. K. Howard, Org. Biomol. Chem. 2004, 2, 732-740.
N. A. Meanwell, J. Med. Chem. 2011, 54, 2529-2591.
G. Celebre, G. De. Luca, M. Longeri, J. W. Emsley, Mol. Phys. 1989, 67, 239-248.
T. Schaefer, C. Beaulieu, R. Sebastian, G. H. Penner, Can. J. Chem. 1990, 67, 581-586.
D. J. Tozer, Chem. Phys. Lett. 1999, 308, 160-164.
a) P. Huber-Walchli, H. H. Gunthard, Spectrochim. Acta 1981,37A, 285-363; b) J. R.
Durig, J. Liu, T. S. Little, V. F. Kalasinsky, J. Phys. Chem. 1992, 96, 8224-8233; c) M.
Muir, J. Baker, Mol. Phys.1996, 89, 211-237.
N. C. Craig, A. Chen, K. H. Suh, S. Klee, G. C. Mellau, B. P. Winnewisser, M.
Winnewisser, J. Am. Chem. Soc. 1997, 119, 4789-4790.
J. A. K. Howard, V. J. Hoy, D. O’Hagan and G. T. Smith, Tetrahedron 1996, 52, 1261312622.
J. D. Dunitz and R. Taylor, Chem. Eur. J. 1997, 3, 89-98.
D. D. DesMarteau, Z.-Q, Xu, M. Witz, J. Org. Chem 1992, 57, 629-635.
D. Schirlin, J. B. Ducep, S. Baltzer, P. Bey, F. Piriou, J. Wagner, J. M. Hornsperger, J. G.
Heydt, M. J. Jung, C. Danzin, R. Weiss, J. Fischer, A. Mitschler, A. De Cian, J. Chem.
Soc. Perkin Trans. 1 1992, 1053-1064.
C. Swain, N. M. J. Rupniak, Ann. Rep. Med. Chem. 1999, 34, 51-60.
M. H. Abraham, P. L. Grellier, D. V. Prior, P. P. Duce, J. J. Morris, P. J. Taylor, J. Chem.
Soc., Perkin Trans. 2 1989, 699-711.
M. H. Abraham, P. L. Grellier, D. V. Prior, J. J. Morris, P. J. Taylor, J. Chem. Soc.,
Perkin Trans. 2 1990, 521-529.
V. Pliška, B. Testa, P,-D, H. van de Waterbeemd, in Lipophilicity in Drug Action and
Toxicology, (Wiley, Weinheim, 2008), pp. 1-6.
H.-J. Böhm, D. Banner, S. Bendels, M. Kansy, B. Kuhn, K. Müller, U. Obst-Sander, M.
Stahl, ChemBioChem 2004, 5, 637-643.

249

29.
30.
31.
32.

33.

34.
35.
36.
37.
38.
39.

40.
41.
42.
43.
44.
45.
46.
47.
48.
49.
50.
51.
52.
53.
54.

55.

56.

References

T. Ganguly, S. Mal, S. Mukherjee, Spectrochim. Acta, Part A 1983, 657-660.
M. van Heek, C. F. France, D. S. Compton, R. L. McLeod, N. P. Yumibe, K. B. Alton,
E. J. Sybertz, H. R. Davies, J. Pharmacol. Exp. Therap. 1997, 283, 157-163.
S. B. Rosenblum, T. Huynh, A. Afonso, H. R. Davis Jr., N. Yumibe, J. W. Clader, D. A.
Burnett, J. Med. Chem. 1998, 41, 973-980.
J. Xu, H. O. Ok, E. J. Gonzalez, L. F. Colwell, B. Habulihaz, H. He, B. Leiting, K. A.
Lyons, F. Marsilio, R. A. Patel, J. K. Wu, N. A. Thornberry, A. E. Weber, E. R. Parmee,
Bioorg. Med. Chem. Lett. 2004, 14, 4759-4762.
D. Kim, L. Wang, M. Beconi, G. J. Eiermann, M. H. Fisher, H. He, G. J. Hickey, J. E.
Kowalchick, B. Leiting, K. Lyons, F. Marsilio, M. E. McCann, R. A. Patel, A. Petrov, G.
Scapin, S. B. Patel, R. S. Roy, J. K. Wu, M. J. Wyvratt, B. B. Zhang, L. Zhu, N. A.
Thornberry, A. E. Weber, J. Med. Chem. 2005, 48, 141-151.
B. Kuhn, M. Henning, P. Mattei, Curr. Top. Med. Chem. 2007, 7, 609-620.
K. Müller, C. Faeh, F. Diederich, Science, 2007, 317, 1881-1886.
S. Jevons, G. E. Gymer, K. W. Brammer, D. A. Cox, M. R. G. Leeming, Antimicrob.
Agents Chemother. 1979, 15, 597-602.
K. Richardson, Contemp. Org. Synth. 1996, 3, 125-132.
ThomsonReutersIntegritySM(2016): https://integrity.thomsonpharma.com
S. K. Lethra, E. G. Robins, in Fluorine in Pharmaceutical and Medicinal Chemistry,
Chapter 3, V. Gouverneur, K. Müller, Eds. (Imperial College, London, 2012), pp. 383459.
G. Balz, G. Schiemann, Ber. 1927, 60, 1186-1190.
M. R. C. Gerstenberger, A. Haas, Angew. Chem. Int. Ed. 1981, 20, 647-667; Angew.
Chem. 1981, 93, 659-680.
T. Liang, C. N. Neumann, T. Ritter, Angew. Chem. Int. Ed. 2013, 52, 8214-8264.
S. Barata-Vallejo, B. Lantaño, A. Postigo, Chem. Eur. J. 2014, 20, 16806-16829.
M. G. Campbell, T. Ritter, Chem. Rev. 2015, 115, 612-633.
B. E. Smart, J. Fluorine Chem. 2001, 109, 3-11.
Q. A. Huchet, B. Kuhn, B. Wagner, H. Fischer, M. Kansy, D. Zimmerli, E. M. Carreira,
K. Müller, J. Fluorine Chem. 2013, 152, 119-128.
R. D. Nelson, D. R. Lide Jr., A. A. Maryott, in Handbook of Chemistry and Physics (CRC
press, Cleveland, 1977-1978), E64.
C.W. Meyer, G. Morrison, J. Phys. Chem. 1991, 95, 3860-3866.
E. Hirota, J. Chem. Phys. 1962, 37, 283-291.
M. Hayashi, C. Ikeda, J. Mol. Struct. 1990, 223, 207-216.
J. R. Durig, G.A. Guirgis, Y.S. Li, J. Chem. Phys. 1981, 74, 5946-5953.
K. Müller, Chimia 2014, 68, 356-362.
Q. A. Huchet, B. Kuhn, B. Wagner, N. A. Kratochwil, H. Fischer, M. Kansy, D. Zimmerli,
E. M. Carreira, K. Müller, J. Med. Chem. 2015, 58, 9041-9060.
M. Morgenthaler, E. Schweizer, A. Hoffmann-Roder, F. Benini, R. E. Martin, G.
Jaeschke, B. Wagner, H. Fischer, S. Bendels, D. Zimmerli, J. Schneider, F. Diederich, M.
Kansy, K. Müller, ChemMedChem 2007, 2, 1100-1115.
a) H. H. Jensen, L. Lyngbye, A. Jensen, M. Bols, Chem. Eur. J. 2002, 8, 1218-1226; b)
D. C. Lankin, N. S. Chandrakumar, S. N. Rao, D. P. Spangler, J. P. Snyder, J. Am.
Chem. Soc. 1993, 115, 3356-3357.
M. B. van Niel, I. Collins, M. S. Beer, H. B. Broughton, S. K. F. Cheng, S. C. Goodacre,
A. Heald, K. L. Locker, A. M. MacLeod, D. Morrison, C. R. Moyes, D. O’Conner, A.

References

57.
58.
59.
60.
61.
62.
63.

64.
65.

66.
67.
68.
69.
70.
71.
72.
73.
74.
75.
76.
77.
78.

250

Pike, M. Rowley, M. G. N. Russell, B. Sohal, J. A. Stanton, S. Thomas, H. Verrier, A. P.
Watt, J. L. Castro, J. Med. Chem. 1999, 42, 2087-2104.
L. Xing, D. C. Blakemore, A. Narayanan, R. Unwalla, F. Lovering, R. A. Denny, H.
Zhou, M. E. Bunnage, ChemMedChem 2015, 10, 715-726.
E. H. Kerns, L. Di, Drug-like Properties: Concepts, Structure Design and Methods: From
ADME to Toxicity Optimization, London, Elsevier, 2008.
F. Leroux, P. Jeschke, M. Schlosser, Chem. Rev.2005, 105, 827-856.
Q. Huchet (2011). Design, Synthesis, and Evaluation of Novel Partially Fluorinated Alkyl
Groups. Diss. ETH. No. 21911.
M. Maletic, H. B. Wood, W. Sun (Merck Sharp & Dohme Corp.), WO2013062838 A1,
2013.
L. Bärfacker, T. Heinrich, G. Siemeister, S. Prechtl, D. Stöckigt, A. Rottmann (Bayer
Pharma AG), WO2016012477 A1, 2016.
C. D. Cox, P.J. Coleman, M. J. Breslin, D. B. Whitman, R. M. Garbaccio, M. E. Fraley,
C. A. Buser, E. S. Walsh, K. Hamilton, M. D. Schaber, R. B. Lobell, W. Tao, J. P. Davide,
R. E. Diehl, M. T. Abrams, V. J. South, H. E. Huber, M. Torrent, T. Prueksaritanont, C.
Li, D. E. Slaughter, E. Mahan, C. Fernandez-Metzler, Y. Yan, L. C. Kuo, N. E. Kohl, G.
D. Hartman, J. Med. Chem. 2008, 51, 4239-4252.
C. Q. Fontenelle, Z. Wanga, C. Fossey, T. Cailly, B. Linclau, F. Fabis, Bioorg. Med.
Chem. 2013, 21, 7529-7538.
U. Velaparthi, M. Wittman, P. Liu, J. M. Carboni, F. Y. Lee, R. Attar, P. Balimane, W.
Clarke, M. W. Sinz, W. Hurlburt, K. Patel, L. Discenza, S. Kim, M. Gottardis, A. Greer,
A. Li, M. Saulnier, Z. Yang, K. Zimmermann, G. Trainor, D. Vyas, J. Med. Chem. 2008,
51, 5897-5900.
R. Vorberg, N. Trapp, D. Zimmerli, B. Wagner, H. Fischer, N. A. Kratochwil, M. Kansy,
E. M. Carreira, K. Müller, ChemMedChem. 2016, 11, 2216-2239.
J. H. McClure, Brit. J. Anaesth. 1996, 76, 300-307.
R. W. Gristwood, J. L. Greaves, Exp. Opin. Invest. Drugs 1999, 8, 861-876.
J. Yin, D. S. Zarkowsky, D. W. Thomas, M. M. Zhao, M. A. Huffman, Org. Lett. 2004,
6, 1465-1468.
R. P. Singh, J. M. Shreeve, Synthesis, 2002, 17, 2561-2578.
T. Umemoto, R. P. Singh, Y. Xu, N. Saito, J. Am. Chem. Soc. 2010, 132, 18199-18205.
Z. Yu, X. Liu, Z. Dong, M. Xie, X. Feng, Angew. Chem. Int. Ed. 2008, 47, 1308-1311;
Angew. Chem. 2008, 120, 1328-1331.
J. J. Kiddle, D. L. C. Green, C. M. Thompson, Tetrahedron 1995, 51, 2851-2864.
D. W. Kim, H.-J. Jeong, S. T. Lim, M.-H. Sohn, Angew. Chem. Int. Ed. 2008, 47, 84048406; Angew. Chem. 2008, 120, 8532-8534.
A.-I. Hernández, O. Familiar, A. Negri, F. Rodriguez-Barrios, F. Gago, A. Karlsson, M.J. Camarasa, J. Balzarini, M.-J. Pérez-Pérez, J. Med. Chem. 2006, 49, 7766-7773.
L. Pisani, M. Catto, I. Giangreco, F. Leonetti, O. Nicolotti, A. Stefanachi, S. Cellamare,
A. Carotti, ChemMedChem 2010, 5, 1616-1630.
R. Caputo, U. Ciriello, P. Festa, A. Guaragna, G. Palumbo, S. Pedatella, Eur. J. Org.
Chem. 2003, 2617-2621.
A. Braun, I. H. Cho, S. Ciblat, D. Clyne, P. Forgione, A. C. Hart, G. Huang, J. Kim, I.
Modolo, L. A. Paquette, X. Peng, S. Pichlmair, C. A. Stewart, J. Wang, D. Zuev, Collect.
Czech. Chem. Commun. 2009, 74, 651-769.

251

79.
80.
81.
82.
83.
84.
85.
86.

87.
88.
89.
91.
92.
93.
94.
95.
96.
97.
98.

99.
100.
101.
102.
103.
104.
105.
106.
107.
108.
109.

References

J. A. Frick, J. B. Klassen, A. Bathe, J. M. Abramson, H. Rapoport, Synthesis 1992, 621623.
M. Ashwell, M. Tandon, J.-M. Lapierre, S. Ali, D. Vensel, C. J. Li (Arqule Inc.), WO
2007139569 A1, 2007.
D. L. Boger, J.-H. Chen, K. W. Saionz, J. Am. Chem. Soc. 1996, 118, 1629-1644.
S. Y. Ko, M. Malik, A. F. Dickinson, J. Org. Chem. 1994, 59, 2570-2576.
M. S. VanNieuwenhze, K. B. Sharpless, Tet. Lett. 1994, 35, 843-846.
M. H. Junttila, O. O. E. Hormi, J. Org. Chem. 2009, 74, 3038-3047.
B. Bennua-Skalmowski, H. Vorbrüggen, Tet. Lett. 1995, 36, 2611-2614.
a) ACD/Labs Percepta Profilers, version 11.02, Advanced Chemistry Development, Inc.
(ACD/Labs), Toronto, ON, Canada, www.acdlabs.com, 2016; b) BioByte 2016, BioByte
Corp., Claremont, CA (USA): http://www.biobyte.com.
T. N. Thompson, Med. Res. Rev. 2011, 32, 412-449.
S. Swallow, Prog. Med. Chem. 2015, 54, 65-133.
R. D. Chambers, in Fluorine in Organic Chemistry, (Blackwell, Oxford, 2004), pp. 122136.
M. B. Smith, J. March, in March’s Advanced Organic Chemistry, (John Wiley & Sons,
Hoboken, 2003), pp. 425.
S. Brownstein, A. E. Stillman, J. Phys. Chem. 1959, 63, 2061-2062.
M. Janjetovic, A. M. Träff, G. Hilmersson, Chem. Eur. J. 2015, 21, 3772-3777.
P. A. Champagne, Y. Benhassine, J. Desroches, J.-F. Paquin, Angew. Chem. Int. Ed. 2014,
53, 13835-13839; Angew. Chem. 2014, 126, 14055-14059.
P. A. Champagne, M. Drouin, C. Y. Legault, C. Audubert, J.-F. Paquin, J. Fluorine Chem.
2015, 171, 113-119.
K. Müller, private communication.
J. Marrero, A. D. Rodriguez, P. Baran, R. G. Raptis, J. A. Sanchez, E. Ortega-Barria, T.
L. Capson, Org. Lett. 2004, 6, 1661-1664.
a) A. Jana, S. Mondal, S. Ghosh, Org. Biomol. Chem. 2015, 13, 1846-1859; b) A. Jana,
S. Mondal, F. Hossain, S. Gosh, Tetrahedron Lett. 2012, 53, 6830-6833; c) J.-B. Farcet,
M. Himmelbauer, J. Mulzer, Eur. J. Org. Chem. 2013, 4379-4398; d) J.-B. Farcet, M.
Himmelbauer, J. Mulzer, Org. Lett. 2012, 14, 2195-2197.
S.-J. Piao, Y.-L. Song, W.-H. Jiao, F. Yang, X.-F. Liu, W.-S. Chen, B.-N. Han, H.-W.
Lin, Org. Lett. 2013, 15, 3526-3529.
G. M. König, A. D. Wright, J. Org. Chem. 1997, 62, 3837-3840.
A. Arnone, G. Nasini, O. Vajna de Pava, J. Chem. Soc. Perkin. Trans. I 1993, 2723-2725.
C.-Y. Yang, C.-D. Wang, S.-F. Tian, R.-S Liu, Adv. Synth. Catal. 2010, 352, 1605-1609.
D. Li, W. Rao, G. L. Tay, B. J. Ayers, P. W. H. Chang, J. Org. Chem. 2014, 75, 1130111315.
R. E. M. Brooner, T. J. Brown, R. A: Widenhoefer, Angew. Chem. Int. Ed. 2013, 52,
6259-6269; Angew. Chem. 2013, 125, 6379-6381.
Y. T. Lee, Y. K. Kang, Y. K. Chung, J. Org. Chem. 2009, 74, 7922-7934.
M. Giulías, A. Collado, B. Trillo, F. López, E. Oñate, M. A. Esteruelas, J. L. Mascareñas,
J. Am. Chem. Soc. 2011, 133, 7660-7663.
C. Schotes, R. Bigler, A. Mezzetti, Synthesis, 2012, 44, 513-526.
A. Nishimura, M. Ohashi, S. Ogoshi, J. Am. Chem. Soc. 2012, 134, 15692-15695.
V. A. Schmidt, J. M. Hoyt, G. W. Margulieux, P. J. Chirik, J. Am. Chem. Soc. 2015, 137,
7903-7914.

References

252

110. J. Du, T. P. Yoon, J. Am. Chem. Soc. 2009, 131, 14604-14605.
111. S. Gosh, S. R. Raychaudhuri, R. G. Salomon, J. Org. Chem. 1987, 52, 83-90.
112. T. Bach, C. Krüger, K. Harms, Synthesis 2000, 2, 305-320.
113. K. Langer, J. Mattay. J. Org. Chem. 1995, 60, 7256-7266.
114. I. J. S. Fairlamb, S. Tommasi, B. E. Moulton, W. Zheng, Z. Lin, A. C. Whitewood, Eur.
J. Inorg. Chem. 2007, 3173-3178.
115. K. Gajcy, S. Lochyński, T. Librowski, Curr. Med. Chem. 2010, 17, 2338-2347.
116. U. Misgeld, M. Bijak, W. Jarolimek, Prog. Neurobiol.1995, 46, 423-462.
117. K. L. Goa, E. M. Sorkin, Drugs 1993, 46, 409-427.
118. T.-Z. Su, E. Lunney, G. Campbell, D. L. Oxender, J. Neurochem 1995, 64, 2125-2131.
119. I. A. Levandovskiy, D. I. Sharapa, T. V. Shamota, V. N. Rodionov, T. E. Shubina, Future
Med. Chem. 2011, 3, 223–241.
120. For 2-aminomethyl-cyclopropane-1-carboxylic acids see: a) Y. Sugeno, Y. Ishikawa, M.
Oikawa, Synlett 2014, 25, 987-990; b) M. Oikawa, Y. Sugeno, Y. Ishikawa, H. Tukada,
Synlett 2013, 24, 886-888; c) K. Nakada, M. Yoshikawa, S. Ide, A. Suemasa, S.
Kawamura, T. Kobayashi, E. Masuda, Y. Ito, W. Hayakawa, T. Katayama, S. Yamada,
M. Arisawa, M. Minami, S. Shuto, Bioorg. Med. Chem. 2013, 21, 4938–4950; d) D. J.
Aitken, L. Drouin, S. Goretta, R. Guillot, J. Ollivier, M. Spiga, Org. Biomol. Chem. 2011,
9, 7517-7524; e) D. J. Aitken, S. Bull, I. Davies, L. Drouin, J. Ollivier, J. Peed, Synlett
2010, 2729-2782; f) I. R. Baxendale, M. Ernst,W.-R. Krahnert, S. V. Ley, Synlett 2002,
1641-1644; g) D. K. Mohapatra, Synth. Commun. 1999, 29, 4261-4268; h) R. Galeazzi,
G. Mobbili, M. Orena, Tetrahedron: Asymmetry 1997, 8, 133-137.
121. For 2-amino-cyclopropane-1-acetic acids see: a) V. Rodríguez-Soria, L. Quintero, F.
Sartillo-Piscil, Tetrahedron 2008, 64, 2750-2754; b) T. Morikawa, H. Sasaki, R. Hanai,
A. Shibuya, T. Taguchi, J. Org. Chem. 1994, 59, 97-103; c) P. D. Kennewell, S. S.
Matharu, J. B. Taylor, R. Westwood, P. G. Sammes, J. Chem. Soc. Perkin Trans. 1 1982,
2553-2562; see also ref.95c/c
122. For 2-aminomethyl-cyclobutane-1-carboxylic acids see: a) V. André, M. Gras, H. Awada,
R. Guillot, S. Robin, D. J. Aitken, Tetrahedron 2013, 69, 3571-3576; b) V. André, A.
Vidal, J. Ollivier, S. Robin, D. J. Aitken, Tetrahedron Lett. 2011, 52, 1253-1257; c) R.
Galeazzi, G. Mobbili, M. Orena, Tetrahedron 1999, 55, 261-270.
123. For 2-amino-cyclobutane-1-acetic acids see: a) H. Awada, S. Robin, R. Guillot, O.
Yazbeck, D. Naoufal, N. Jaber, A. Hachem, D. J. Aitken, Eur. J. Org. Chem 2014, 71487155; b) P. D. Kennewell, S. S. Matharu, J. B. Taylor, R. Westwood, P. G. Sammes, J.
Chem. Soc. Perkin Trans. 1 1982, 2553-2562; See also ref.95d/c.
124. a) D. S. Radchenko, A. Tkachenko, O. O. Grygorenko, I. V. Komarov, Synth. Commun.
2011, 41, 1644-1649; b) R. D. Allan, D. R. Curtis, P.M. Headley, G. A. R. Johnston, S.
M. E. Kennedy, D. Lodge, B. Twitchin, Neurochem. Res. 1980, 5, 393-400.
125. a) R. Chenevert, R. Martin, Tetrahedron Asymm.1992, 3, 199-200; b) R. D. Allan, D. R.
Johnson, B. Twitchin, Aust. J. Chem. 1979, 32, 2517-2521.
126. T. Kobayashi, A. Suemasa, A. Igawa, S. Ide, H. Fukuda, H. Abe, M. Arisawa, M. Minami,
S. Shuto, ACS Med. Chem. Lett. 2014, 5, 889-893.
127. For analogs of amino acid see: a) H. Stadler, Helv. Chim. Acta 2015, 98, 1189-1201; b)
F. Brackmann, H. Schill, A. de Meijere, Chem. Eur. J. 2005, 11, 6593-6600; c) L.
Fowden, A. Smith, D. S. Millington, R. C. Sheppard, Phytochemistry 1969, 8, 437-443.

253

References

128. For analogs of glutamic acid see: a) J. M. Witkin, P. L. Ornstein, C. H. Mitch, R. Li, S.
C. Smith, B. A. Heinz, X.-S. Wang, C. Xiang, J. H. Carter, W. H. Anderson, X. Li, L. M.
Broad, F. Pasqui, S. M. Fitzjohn, H. E. Sanger, J. L. Smith, J. Catlow, S. Swanson, J. A.
Monn, Neuropharmacology (2016), in press; b) J. A. Monn, L. Prieto, L. Taboada, J. Hao,
M. R. Reinhard, S. S. Henry, C. D. Beadle, L. Walton, T. Man, H. Rudyk, B. Clark, D.
Tupper, S. R. Baker, C. Lamas, C. Montero, A. Marcos, J. Blanco, M. Bures, D. K.
Clawson, S. Atwell, F. Lu, J. Wang, M. Russell, B. A. Heinz, X. Wang, J. H. Carter, B.
G. Getman, J. T. Catlow, S. Swanson, B. G. Johnson, D. B. Shaw, D. L. McKinzie, J.
Med. Chem. 2015, 58, 7526-7548; c) J. A. Monn, S. M. Massey, M. J. Valli, S. S. Henry,
G. A. Stephenson, M. Bures, M. Hérin, J. Catlow, D. Giera, R. A. Wright, B. G. Johnson,
S. L. Andis, A. Kingston, D. D. Schoepp, J. Med. Chem. 2007, 50, 233-240; d) A.
Nakazato, T. Kumagai, K. Sakagami, R. Yoshikawa, Y. Suzuki, S. Chaki, H. Ito, T.
Taguchi, S. Nakanishi, S. Okuyama, J. Med. Chem. 2000, 43, 4893-4909; e) Y. Choi, C.
George, M. J. Comin, J. J. Barchi, Jr., H. S. Kim, K. A. Jacobson, J. Balzarini, H. Mitsuya,
P. L. Boyer, S. H. Hughes, V. E. Marquez, J. Med. Chem. 2003, 46, 3292-3299; f) A.
Nakazato, K. Sakagami, A. Yasuhara, H. Ohta, R. Yoshikawa, M. Itoh, M. Nakamura, S.
Chaki, J. Med. Chem. 2004, 47, 4570-4587; g) J. A. Monn, S. M. Massey, M. J. Valli, S.
S. Henry, G. A. Stephenson, M. Bures, M. Herin, J. Catlow, D. Giera, R. A. Wright, B.
G. Johnson, S. L. Andis, A. Kingston, D. D. Schoepp, J. Med. Chem. 2007, 50, 233-240.
129. For analogs of nucleoside building blocks see: a) K. S. Toti, D. Osborne, A. Ciancetta, D.
Boison, K. A. Jacobsen, J. Med. Chem. 2016, 59, 6860-6877; b) D. K. Tosh, S. Crane, Z.
Chen, S. Paoletta, Z.-G. Gao, E. Gizewski, J. A. Auchampach, D. Salvemini, K. A.
Jacobsen, ACS Med. Chem. Lett. 2015, 6, 804-808; c) S. Paoletta, D. K. Tosh, A. Finley,
E. T. Gizewski, S. M. Moss, Z.-G. Gao, J. A. Auchampach, D. Salvemini, K. A. Jacobsen,
J. Med. Chem. 2013, 56, 5949-5963; d) P. S. Pallan, V. E. Marquez, M. Egli,
Biochemistry, 2012, 51, 2639-2641; e) B. Y. Michel, P. Strazewski, Chem. Eur. J. 2009,
15, 6244-6257; f) I. Nowak, J. F. Cannon, M. J. Robins, J. Org. Chem. 2007, 72, 532537; g) V. E. Marquez, Y. Choi, M. J. Comin, P. Russ, C. George, M. Huleihel, T. BenKasus, R. Agbaria, J. Am. Chem. Soc. 2005, 127, 15145-15150; h) Y. Choi, C. George,
M. J. Comin, J. J. Barchi, Jr., H. S. Kim, K. A. Jacobson, J. Balzarini, H. Mitsuya, P. L.
Boyer, S. H. Hughes, V. E. Marquez, J. Med. Chem. 2003, 46, 3292-3299; i) K.-H.
Altmann, R. Kesselring, E. Francotte, G. Rihs, Tetrahedron Lett. 1994, 35, 2331-2334; j)
K.-H. Altmann, R. Imwinkelried, R. Kesselring, G. Rihs, Tetrahedron Lett. 1994, 35,
7625-7628.
130. C. Jimeno, M. A. Pericàs, H. P. Wessel, A. Alker, K. Müller, ChemMedChem 2011, 6,
1792-1795.
131. P. R. Gerber, K. Müller, J. Comput. Aid. Mol. Des. 1995, 9, 251-268.
132. CDS Version 1.14, November 2011.
133. D. C. Blakemore, J. S. Bryans, P. Carnell, C. L. Carr, N. E. A. Chessum, M. J. Field, N.
Kinsella, S. A. Osborne, A. N. Warren, S. C. Williams, Bioorg. Med. Chem. Lett. 2010,
20, 461-464.
134. O. K. Kim, W. D. Wulff, W. Jiang, J. Org. Chem. 1993, 58, 5571-5573.
135. R. C. Glen, P. Murray-Rust, F. G. Riddell, J. Chem. Soc., Chem. Commun. 1982, 25-26.
136. a) R. G. Salomon, D. J. Coughlin, E. M. Easler, J. Am. Chem. Soc. 1979, 101, 3961-3963;
b) R. G. Salomon, D. J. Coughlin, S. Ghosh, M. G. Zagorski, J. Am. Chem. Soc. 1982,
104, 998-1007.
137. H. Suizu, D. Shigeoka, H. Aoyama, T. Yoshimitsu, Org. Lett. 2015, 17, 126-129.

References

254

138. J. Villieras, M. Rambaud, Synthesis 1982, 924-926.
139. S. Ghosh, S. R. Raychaudhuri, R. G. Salomon, J. Org. Chem. 1987, 52, 83-90.
140. R. W. Barnhart, X. Wang, P. Noheda, S. H. Bergens, J. Whelan, B. Bosnich, J. Am.
Chem. Soc. 1994, 116, 1821-1830.
141. a) K. Langer, J. Mattay, A. Heidbreder, M. Möller, Liebigs Ann. Chem. 1992, 257-260;
b) I. Braun, F. Rudroff, M. D. Mihovilovic, T. Bach, Angew. Chem. Int. Ed. 2006, 45,
5541-5543; Angew. Chem. 2006, 118, 5667-5670; c) T. Bach, A. Spiegel, Eur. J. Org.
Chem. 2002, 645-654.
142. a) R. G. Salomon, Tetrahedron 1983, 39, 485-575; (b) S. Ghosh, in CRC Handbook of
Organic Photochemistry and Photobiology, Chapter 18, W. Horspool, F. Lenci, Eds.
(CRC Press, Boca Raton, 2003), pp 1-24.
143. R. A. Cormier, W. C. Agosta, J. Am. Chem. Soc. 1974, 96, 618-620.
144. H.-J. Knölker, G. Baum, R. Graf, Angew. Chem. Int. Ed. 1994, 33, 1612-1615; Angew.
Chem. 1994, 106, 1705-1707.
145. H.-J. Knölker, G. Baum, O. Schmitt, G. Wanzl, Chem. Commun. 1999, 1737-1738.
146. A. W. Schmidt, H.-J. Knölker, Synlett 2010, 2207-2239.
147. M. D. Groaning, G. P. Brengel, A. I. Meyers, Tetrahedron 2001, 57, 2635-2642.
148. M. D. Groaning, C. Rithner, A. I. Meyers, J. Org. Chem. 1994, 59, 5144-5146.
149. M. D. Groaning, G. P. Brengel, A. I. Meyers, J. Org. Chem. 1998, 63, 5517-5522.
150. a) K Tamao, N, Ishida, T. Tanaka, M. Kumada, Oranometallics 1983, 2, 1694-1696; b)
K. Tamao, N. Ishida, J. Organomet. Chem. 1984, 269, C37-C39.
151. J. S. Yadav, B. V. S. Reddy, A. D. Krishna, C. Suresh Reddy, A. V. Narsaiah, J. Mol.
Catal. A: Chem. 2007, 261, 93-97.
152. D. J. Ager, I. Fleming, J. Chem. Res., Miniprint 1977, 136-149.
153. D. B. Bryan, R. F. Hall, K. G. Holden, W. F. Huffman, and J. G. Gleason, J. Am. Chem.
Soc. 1977, 99, 2353-2355.
154. R. Kaul, Y. Brouillette, Z. Sajjadi, K. A. Hansford, and W. D. Lubell, J. Org. Chem. 2004,
69, 6131-6133.
155. E. J. Ko, G. P. Savage, M. C. Craig, J. Tsanaktsidis, Org. Lett. 2011, 13, 1944-1947.
156. Y. Tsuda, Y. Sakai, A. Nakai, M. Kaneko, Y. Ishiguro, K. Isobe, J.-I. Taga, T. Sano,
Chem. Pharm. Bull. 1990, 38, 1462-1472.
157. F. Busqué, P. de March, M Figueredo, J. Font, J. Font, Margaretha, J. Raya, Synthesis
2001, 1143-1148.
158. T. K. Beng, R. E. Gawley, J. Am. Chem. Soc. 2010, 132, 12216-12217.
159. N. Shankaraiah, R. A. Pilli, L. S. Santos, Tetrahedron Lett. 2008, 49, 5098-5100.
160. R. R. Soni, T. Koftis, I. Georgopoulou, E. Karagiannidou (Pharmathen SA),
WO2009089842, 2009.
161. A. Streitwieser Jr., A. Andreades, J. Am .Chem. Soc. 1958, 80, 6553-6556.
162. E. M. van Oosten, A. A. Wilson, D. C: Mamo, B. G. Pollock, B. H. Mulsant, S. Houle,
N. Vasdev, Can. J. Chem. 2010, 88, 1222-1232.
163. P. E. Peterson, J. F. Coffey, J. Am. Chem. Soc. 1971, 93, 5208-5213.
164. S. Coulton, R. Southgate, J. Chem. Soc., Perkin Trans. 1 1992, 961-967.
165. G. Bertolini, C. Casagrande, G. Norcini, F : Santangelo, Synth. Commun 1994, 24, 18331845.
166. V. V. Levin, A. A. Zemtsov, M. I. Struchkova, A. D. Dilman, J. Fluorine Chem. 2015,
171, 97-101.
167. H.-W. Yu, Y. Nakano, T. Fukuhara, S. Hara, J. Fluorine Chem. 2005, 126, 962-966.

255

References

168. D. Zurwerra, J. Gertsch, K.-H. Altmann, Chem. Eur. J. 2012, 18, 16868-16883.
169. M. G. Organ, J. T. Cooper, L. R: Rogers, F. Soleymanzadeh, T. Paul, J. Org. Chem. 2000,
65, 7959-7970.
170. B. Vaz, N. Fontán, M. Castiñeira, R. Álvarez, Á. R. de Lera, Org. Biomol. Chem. 2015,
13, 3024-3031.
171. B. Nelson, W. Hiller, A. Pollex, M. Hiersemann, Org. Lett. 2011, 13, 4438-4441.
172. C.-E. Yeom, Y. J. Kim, S. Y. Lee, J. Y. Shin, B. M. Kim, Tetrahedron, 2005, 61, 1222712237.
173. A. Pollex, A. Millet, J. Müller, M. Hiersemann, L. Abraham, J. Org. Chem. 2005, 70,
5579-5591.
174. N. Kinarivala, J. H. Suh, M. Botros, P. Webb, P. C. Tripper, Bioorg, Med. Chem. Lett.
2016, 26, 1889-1893.
175. G. M. Sheldrick, SADABS. Program for Empirical Absorption Correction of Area
Detector Data. Univ. of Göttingen: Göttingen, Germany, 1996.
176. G. M. Sheldrick, Acta Cryst. 2008, A64, 112-122.
177. O. V. Dolomanov, L. J. Bourhis, R. J. Gildea, J. A. K. Howard, H. Puschmann, J. Appl.
Cryst. 2009, 42, 339-341.

Appendix

257

NMR Spectra

Appendix

Appendix

258

259

Appendix

Appendix

260

261

Appendix

Appendix

262

263

Appendix

Appendix

264

265

Appendix

Appendix

266

267

Appendix

Appendix

268

269

Appendix

Appendix

270

271

Appendix

Appendix

272

273

Appendix

Appendix

274

275

Appendix

Appendix

276

277

Appendix

Appendix

278

279

Appendix

Appendix

280

281

Appendix

Appendix

282

283

Appendix

Appendix

284

285

Appendix

Appendix

286

287

Appendix

Appendix

288

289

Appendix

