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Zusammenfassung

Zusammenfassung

Neurodegenerative Krankheiten stellen unsere alternde Gesellschaft vor ernsthafte Herausforderungen.
Mit jahrlich Millionen neuen Fillen ist hier insbesondere die ALZHEIMER-Krankheit weltweit fiir den
Grofsteil der bekannten Fille von Demenz verantwortlich. Die Forschung in diesem Gebiet ist jedoch
limitiert durch die unbekannten genauen Mechanismen der Krankheit, einem Mangel an potentiellen
Zielstrukturen fiir die Entdeckung von Wirkstoffen sowie einem Defizit an synthetischen Wegen und

Methoden fiir die Synthese derartiger Molekiile auf effiziente und skalierbare Weise.

Allerdings bergen neurotrophe Naturstoffe als privilegierte pharmakologische Strukturen ein
signifikantes Potential fiir die Entwicklung von therapeutischen Wirkstoffen gegen Neurodegeneration.
Jedoch wurden bisher nur wenige Studien durchgefiihrt, die ein gemeinsames Pharmakophormotiv und
die Struktur-Aktivitit Beziehung untersuchen. Deshalb stellt diese Arbeit Studien zu strukturell
vereinfachter Analoga der neurotrophen Sesquiterpene der Illicium Familie vor. Eine prézise synthetische
Route erlaubt die Herstellung des Kohlenstoffgeriists von (+)-Merrilactone A (1) und (£)-Anislactone A/B
(2) im Grammafistab. Durch Modifikation der Kernstruktur, insbesondere der Variation des
Oxidationsniveaus und der Verdnderung der funktionellen Gruppen, wird damit der Zugang zu einer
Serie von Strukturanaloga geschaffen. Insgesamt wurden 15 Gertistderivate der Naturstoffe hergestellt
und hinsichtlich ihrer Aktivitat zur Steigerung des Neuritenwachstums untersucht. Die Studien weisen
darauf hin, dass strukturell vereinfachte Naturstoffanaloga die vielversprechende biologische Aktivitat

beibehalten und durch eine direkte synthetische Route zugéanglich sind.

Da y-Lactone ein essentieller Teil der Illicium Sesquiterpene darstellen, wurde besonders diesem
Strukturmerkmal besondere Aufmerksamkeit gewidmet. Deshalb wird hier die erste allgemeine Methode
vorgestellt, die die Einfithrung von Lactonringen durch eine Amid-dirigierte C-H Funktionalisierung mit
guten bis exzellenten Ausbeuten und grofer Substratbreite erlaubt. Hierfiir wird ein elektronarmes Amid
als dirigierende Gruppe eingesetzt um nichtaktivierte C(sp®)-H Bindungen durch radikalische 1,5-
Wasserstoffabstrahierung zu funktionalisieren. Die gebildeten y-Bromoamide werden anschlieffend unter
milden Bedingungen zu y-Lactonen umgesetzt. Die Methode ist nicht auf tertidre oder sekundare
Positionen beschrankt, sondern gestattet aufSerdem die Funktionalisierung von priméren nichtaktivierten
sp>~hybridisierten Positionen in einer Eintopfreaktion. Die breite Toleranz gegeniiber funktionelle
Gruppen macht die Methode geeignet fiir die spate Einfithrung von Lactonen in komplexe

Kohlenstoffgeriiste.
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Abstract

Abstract

Neurodegenerative diseases pose serious challenges for our aging society. With millions of new cases each
year, ALZHEIMER's disease in particular is responsible for the majority of reported cases of dementia
worldwide. Research in this field is limited by the disease’s unknown precise mechanisms and the lack of
potential target structures for drug development, as well as a deficiency of synthetic routes and methods

which allow the synthesis of such molecules in an efficient and scalable manner.

Neurotrophic natural products hold potential as privileged structures for the development of therapeutic
agents against neurodegeneration. However, only a few studies have been conducted to investigate a
common pharmacophoric motif and the structure-activity relationships (SARs). Therefore, this work
presents studies of structurally more simple analogs of neurotrophic sesquiterpenes of the illicium family.
A concise synthetic route enables preparation of the carbon framework of (+)-Merrilactone A (1) and
(£)-Anislactone A/B (2) on a gram scale. This has allowed access to a series of structural analogs by
modification of the core structure, including variation of oxidation levels and alteration of functional
groups. In total, 15 framework derivatives of the natural products have been synthesized and tested for
their neurite outgrowth activities. The studies indicate that the promising biological activity can be
retained by structurally simplified natural product analogs, which are accessible by a straightforward

synthetic route.

Since y-lactone rings are an essential part of the illicium sesquiterpenes, this structural feature has received
particular attention. Therefore, a general method is presented that allows for the introduction of lactone
rings by amide directed C-H functionalization with good to excellent yields and unprecedented substrate
scope. Here, an electron-deficient amide is utilized as a directing group to functionalize nonactivated
C(sp®)-H bonds through radical 1,5-hydrogen abstraction. The y-bromoamides formed are subsequently
converted to y-lactones under mild conditions. The method described is not limited to tertiary and
secondary positions but also allows the functionalization of primary nonactivated sp®-hybridized
positions in a one-pot sequence. The broad functional group tolerance renders this method suitable for the

late-stage introduction of y-lactones into complex carbon frameworks.
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Introduction

1 Introduction

Nature’s ability to create functional matter has at all times inspired researchers to study structural
complexity. The art of describing, understanding, and predicting molecular processes has led to
various essential discoveries. In particular, a great number of substances found in nature are today widely
used as medication against illness and disease, such as the first antibiotic Penicillin, the analgesic morphine,
or the anti-malarial Artemisinin. Accordingly, synthetic organic chemists have developed ways to replicate
in the laboratory some of the most intriguing molecules and construct variations of them. Such molecules
facilitate biology and medicine, as they often find uses as biological tools and drug candidates for clinical
development.[!l In addition, the ability to produce such substrates synthetically enables the investigation
of underlying mechanism and —by derivatization—potentially improves corresponding properties. Here,
the development of synthetic methods plays a fundamental role. Efficient reactions that enable the
selective transformation, modification, and functionalization of target structures are the essential tools for

synthetic organic chemists and define the way they approach the synthesis of organic molecules.

METHOD- PHARMA-
OLOGY COPHORES

S~

Figure 1.1. The intersection of three research sectors: total synthesis, pharmacophores, and methodology.

The investigation of molecular complexity has acquired a significant importance in three research sectors:
(i) pharmacophores—the description of potential drug candidates, (ii) total synthesis—the construction of
complex molecules, and (iii) methodology —the development of new synthetic methods (see figure 1.1).
Interestingly, these fields are often united in setting the elegance of nature as the foundation and
motivation for scientific endeavor. Although these individual areas themselves leave plenty of room for
innovation, in modern sciences it is specifically the interconnection of research that facilitates new
discoveries. Hence, after establishing the scaffold of these three segments this work aims to present results

from a multidisciplinary standpoint by combining synthesis, methodology, and pharmacophores.
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2 Pharmacophores: Targets, Structures, and Diseases

The utilization of molecular substances in order to treat, cure, or prevent diseases is an essential part of
modern medicine and a great example of the importance of chemical sciences. Various plants, herbs, and
spices have been identified and used since prehistoric times to alleviate pain and infirmities. Likewise,
elements and extracts from plants and organisms have been employed in traditional medicine. A closer
analysis of the active ingredients often reveals specific organic molecules that are associated with the
corresponding therapeutic effect. The identification of such molecules facilitates and furnishes
pharmacology and drug discovery, and can lead to the development of pharmaceutical drugs. Here, new
candidate medications are identified, tested, and optimized in order to maximize their positive effects.
One excellent example of this development is antibacterial compounds. The serendipitous discovery and
isolation of the substance benzyl penicillin (3, Penicillin G) from the mold Penicillium notatum in 1928 by

A. FLEMING marked the start of modern antibiotics.

Antibiotic-containing:
disc

Bacterial growth

Penicillin G (3)

Figure 2.1. Structure of Penicillin G (3) and susceptibility test of staphylococcus bacteria to antibiotics by the

KIRBY-BAUER disc diffusion method resulting in a zone of inhibition.

The antibacterial property of this compound (see figure 2.1) revolutionized medicine in the twentieth
century. Penicillin antibiotics are still widely used today as one the most effective and safe medicines,
though following their extensive use many types of bacteria have developed resistance. Consequently, the
increasing demand for new antibiotics aligns with the modifications of existing compounds and, more
importantly, the search for new target structures. Although the precise mode of action of such medicine
candidates are often not fully understood, scientists try to deduce activity relationships from the
corresponding structure. In general, the desired physiological effect is a result of the binding to a specific
biological target and therefore defined by the molecular geometry. However, in many cases it is not the
whole molecule, but a key structural feature that is responsible for the relevant pharmacological
interaction. Thus, in the context of molecular entities used as pharmaceuticals, the concept of

pharmacophores has emerged. A Pharmacophore is the essential part of a molecular structure that
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undergoes a particular biological or pharmacological interaction. Generally, it refers to the abstract
descriptions of molecular features that are responsible for pharmacological effects and molecular
recognition. Pharmacophores are defined by the International Union of Pure and Applied Chemistry
(IUPAC) to be “an ensemble of steric and electronic features that is necessary to ensure the optimal
supramolecular interactions with a specific biological target and to trigger (or block) its biological
response” .l As recently summarized by GADEMANN and co-workers, in some cases the structural
complexity of a drug can be reduced while retaining or even improving key biological parameters such as
potency or selectivity. Such simplified natural product analogs often display significantly reduced
molecular weights and condensed structural complexity, and therefore are accessible with a reduced
number of synthetic steps. The importance of such concepts are notably revealed in light of the drastic

effects some diseases still have today.P!

2.1 Neurodegenerative Diseases

Diseases associated with the impairment of brain functions such as PARKINSON’S disease and ALZHEIMER'S
disease are a serious challenge for aging societies.[! ALZHEIMER'S disease is responsible for 60% of the 47
million reported cases of dementia worldwide, with more than 7 million new cases every year.! Dementia
is a description of a set of symptoms —usually of a chronic or progressive nature—that is characterized by
a difficulty in processing thoughts, an inability in learning new information, and poor memory. Further,
dementia results in the deterioration of cognitive functions and is one of the major causes of dependency
and disability among elderly populations worldwide. The consequence of neurodegenerative diseases
such as ALZHEIMER's is damage to brain cells, particularly in the cortex. Although, the disorder’s
underlying mechanism is not fully understood, two major factors are often cited in its progression: plaques

and tangles.

A Alzheimer

T o

Amyloid Plaques

Normal Brain  Alzheimer's
Section Brain Section

Figure 2.2. The effect of Alzheimer’s disease on the brain. A: Schematic comparison of a normal brain section and
an Alzheimer’s brain section with illustrations of neuron cells, neurofibrillary tangles and amyloid plaques.® B:
Brain section with tau protein tangles that closely resemble neurofibrillary tangles (stained with Gallyas—Braak
method)m C: Immune cells of the brain with microglia (brown) and cluster around the beta-amyloid deposits (red)

in a mouse model for Alzheimer’s disease.'®
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Embedded in the membrane, amyloid precursor proteins (APP) facilitate neuron growth and activate
repair mechanisms. Dysfunctional APPs are converted by the enzymes a- and y-secretases to soluble
truncated protein residues. However, if this enzymatic interconversion follows the amyloidogenic
pathway, the activity of B-secretase is responsible for cutting the protein into fragments that exhibit
decreased solubility. This leads to the formation of beta-amyloid monomers. Because of the monomers’
strong affinity, they have a tendency to clump together and form beta-amyloid plaques. By disrupting
neuron-neuron signaling, these plaques impair brain functions. The initiation of immune responses causes
inflammation and damages surrounding cells. Furthermore, amyloid plaque can also deposit itself around
blood vessels and form amyloid angiopathy, which weakens the walls of the blood vessels and increases

the risk of hemorrhage.

As opposed to beta-amyloid plaques, another substantial part of ALZHEIMER’s disease occurs inside the
cells: tangles (see Figure 2.2). Neurons are held together by their cytoskeleton, which mainly consists of
tubular polymers: the microtubules. The stability and flexibility of these microtubules is provided by tau
proteins which are primarily active in the axon’s distal portions. The transfer of phosphate groups to the
tau proteins by activation of kinase leads to deformation and results in destabilization of the cytoskeleton.
The accumulation and tangling of tau proteins results in neurofibrillary tangles. The blocked signal
pathway of neurons and the non-functional microtubules can lead to apoptosis. The decay of neurons is
followed by the narrowing of the gyri—the characteristic ridges of brain—as well as widening of the
sulci—the grooves between the gyri. With atrophy, the ventricles—fluid filled cavities in the brain—get

larger. Such physiological changes are ultimately linked to cognitive impairment and mental decline.

Currently, there is no cure for ALZHEIMER's. The approved drugs, such as donepezil® or memantin!'%, do
not treat the underlying disease or delay its progression, but help mask the symptoms. The precise
mechanisms of these drugs, however is not fully understood. Nevertheless, it is generally accepted that
many symptoms are, on the one hand, related to substantial loss of elements of the cholinergic system. In
this case, donepezil inhibits hydrolysis of acetylcholine by reversibly inactivating the cholinesterases. The
increased acetylcholine concentrations counteracts the cholinergic deficit particularly in the cerebral
cortex.''l Memantin on the other hand, targets the glutamatergic system and acts as uncompetitive
antagonist at NMDA receptors.l'?l By blocking harmful effects of glutamate, the release of ion channels
connected to the receptors is re-enabled for physiological signals: learning and memory processes can
continue. However, the positive effects of the drugs on attended symptoms are relatively low. Meanwhile,

the global cost of dementia is estimated to be $605 billion, which is equivalent to 1% of the entire world’s
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gross domestic product.[3 Especially in comparison to the funding of other disease areas such as infectious
diseases or cancer there are significant gaps in research into cause, diagnosis, prevention, and treatment
of ALZHEIMER's. In order to reveal underlying mechanisms and possible targets for the development of
medications, further scientific developments are necessary. In particular, there is one field that could
potentially reveal lead structures and therefore facilitate the discovery of therapeutics for ALZHEIMER's:

the field of natural products.

3 Synthesis: Natural Products and Total Synthesis

3.1 Natural Products, Terpenes, and Sesquiterpene Lactones

A great number of chemical compounds and organic molecules are found in nature. Such natural products
can be isolated from plants, roots, fruit, sponges, microorganisms, and other forms of life from all around
the globe. One of the largest and most diverse class of natural products are the terpenes, from turpentine,
or “spirit of turpentine”. Produced by a variety of floras and found in the essential oils of many types of
plants and flowers, they often have strong odors, distinct structures, and remarkable properties. When
containing additional functional groups, these hydrocarbons are referred to collectively as terpenoids.
Biosynthetically, terpenes and terpenoids are derived from units of isoprene CsHs. As one of nature’s most
common building blocks, the isoprene units can be linked together to form linear chains or arranged in

cyclic structures.

Hemiterpene Monoterpene Sesquiterpene Diterpene
H
H
Isoprene (R)-(+)-Limonene Eudesmane Taxadiene
CsHs CioHig CisHag CaoHaz
P
Sesterterpene Triterpene

w Y\/Y\WAK\

Pentamethylicosan
CosHsz

Protostan
CaoHss

Figure 3.1. Overview of the molecular structures of different linear, mono-, and polycyclic terpenes with examples

of plants and fruits where such terpenes are found in nature, e.g., pine, lavender, citrus, hops.

Since the basic molecular formula of terpenes are multiples of isoprene, that is, (CsHs)n where 7 is the
number of linked units, this correlation is known as the isoprene rule (Cs-rule). Terpenes are classified by

the number of isoprene units in the molecule (see figure 3.1). The number of units is indicated by the
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corresponding prefix, for example, hemi- (Cs), mono- (Cuw), sesqui- (Cis), di- (Cao), sester- (Czs), and
triterpenes (Cao). Whereas structurally the most decisive factor is attributed to the carbon framework,
additional functional groups, such as hydroxyls, carbonyls and lactones play a critical role in defining the
molecule’s chemical properties and subsequently the pharmacologically relevant interactions. Thus, the
natural product class of terpenes can further be divided into specific sub-classes in respect to the presence

of specific functional groups, such as lactones.

Sesquiterpene lactones are a class of chemical compounds mostly consisting of natural sesquiterpene
derivatives containing a lactone ring. More than 4000 representatives of the substance class are known and
many of them can be found as secondary metabolites in plants. The majority of these compounds possess

a broad variety of auspicious biological activities directed toward different predating organisms.!'4!

Artemisinin (4) Lactucin (5) Picrotoxinin (6)

Figure 3.2. Molecular structures of the sesquiterpene lactones Artemisinin (4), Lactucin (5), and Picrotoxinin (6).

Many of the natural-product-containing herbs are used in traditional medicine such as Artemisinin (4)—
isolated from sweet wormwood, a highly-effective anti-malarial agent,['! Lactucin (5) —found in lettuce, a
bitter solid with analgesic and sedative properties,!'®! and Picrotoxinin (6) —isolated from the Indian Berry,
a non-competitive GABAA ion channel blocker (figure 3.2).7I Since plants are an important source of
natural products, the examination of specific genera often reveals whole families of structures that share

certain structural elements or functional properties.

3.2 lllicium Sesquiterpenes

Illicium, from the Latin illicere, “to allure”, is a genus of flowering plants, with most species native to
eastern Asia, several parts of North America and the Caribbean. A variety of natural products were

isolated from members of the illicium genus, such as Chinese star anise. '8
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Hom'

(x)-Merrilactone A (1)

[o}

OH

(+)-Anislactone A (2a) (=)-Majucin (8)

[o}
°-,J\.: L

HO ¢

(+)-Anislactone B (2b) (-)-R-Minwanenone (9)

Figure 3.3. Selection of natural products of the illicium sesquiterpene family and image of illicium merrillianum as
part of the herbarium of the Royal Botanic Garden Edinburgh.[””

In the year 2000, FUKUYAMA and co-workers reported the isolation and characterization of a series of
natural products that were isolated from the wooden pericarps of illicium merrillianum.? Structures such
as Merrilactone A (1), Anislactone A/BP! (2a/2b) and Jiadifenolide (7) form part of a family of illicium
sesquiterpenes (see figure 3.3).122l They have received significant attention from the scientific community
not least because of their interesting structural features, as well as their promising biological activity.[202!]
In line with closely related natural products, these compounds show a high degree of similarity in light of

their core structure and functional features.

Oxetane ring
0. ;0 « Five anellated rings
olycyclic ==~ + 3 * Two lactones
?rar};\eywork  Oxetane unit

X * Three quarternary carbon atoms
=—Lactone ring * Seven stereogenic positions

Lactone ring

Figure 3.4. Structural features of Merrilactone A, e.g. oxetane ring, polycyclic framework, lactone rings.

Central to the cage-like structures lies a highly substituted carbon ring, which is connected to a number of
further carbon rings and oxygen heterocycles. In case of Merrilactone A (figure 3.4), the structure is defined
by four contiguous quaternary carbon atoms and exhibits a high degree of oxy-functionalization, that is,

two lactone moieties, a hydroxyl group, and an oxetane ring.



Synthesis: Natural Products and Total Synthesis

3.3 Biosynthesis

In nature, the introduction of chemical complexity —for example, the biosynthesis of terpene natural
products—generally proceeds in multiple phases. In the first step—the cyclase phase—the carbon
framework is constructed with the aid of enzymes catalyzing a series of reactions including cyclizations,
and rearrangements, as well as hydrogen- and alkyl-shifts. In the second step—the oxidation phase—the
corresponding carbon frameworks are decorated. Oxidative adjustments such as hydroxylations of
activated and non-activated C-H bonds are performed by highly specialized enzymes, that is, powerful
oxidases of the heme and non-heme iron enzyme families. Ultimately, this finely tuned process chain is
able to generate a myriad of molecular structures, including examples of highly entangled polycyclic

structures such as Merrilactone A.

The biosynthesis of Merrilactone A (1) starts from dimethylallylpyrophosphate (DMAPP) and isopentenyl
pyrophosphate (IPP), which are formed from acetyl-CoA via the intermediacy of mevalonic acid in the
HMG-CoA reductase pathway. In the first step, the enzyme farnesyl pyrophosphate synthase catalyzes

the sequential reaction between DMAPP and two units of IPP, yielding farnesyl pyrophosphate (10) —the

o

Farnesylpyrophosphate (10) Bisabolan (11) Acoran (12) Cedran (13)

Ron ¢

biosynthetic parent compound of the illicium sesquiterpenes.

Anislactone B (2b) 14

'

17 18 Merrilactone A (1)
Scheme 3.1. Proposed biosynthesis pathway of the illicium sesquiterpenes Merrilactone A (1) and Anislactone B

(2b) from Farnesyl pyrophosphate (10).

As depicted in scheme 3.1, Bisabolane (11), generated by the cleavage of pyrophosphate and subsequent
cyclization, is enzymatically transformed to Acorane (12) and Cedrane (13) to form the tricyclic
intermediate 14. According to the mechanism proposed by FUKUYAMA and co-workers, all characteristic

sesquiterpenes found in illicium star anise can be traced back to this intermediate.l?®®l Carbon-carbon bond
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cleavage results in the formation of compound 15, from which after repeated bond cleavage and
rearrangement the carbon framework of the natural product is formed. Introduction of the oxygen
functionalities gives rise to Anislactone B (2b), which allows the semi-synthetic access to 1 by chemical
conversion over compound 17 and 18.1%l In cases of the biosynthetic transformation, a similar process can

be assumed.

3.4 Biological Activity

Based on biological studies on the cortical neurons of fetal rats, many illicium sesquiterpenes, for example,

Merrilactone A- or Jiadifenine-type structures, are attributed with significant neurotrophic activities.?

Figure 3.5. Neurotrophic effect of 1 in a six-day-old culture of rat cortical neurons; (A) control culture treated with
0.5% EtOH; and (B) culture treated with (+)-1 (0.1 mmol/L).2°%

The enhancement of neurite outgrowth, that is, axons and dendrites, can be observed already at
concentration levels of natural product (+)-1 as low as 0.1 pmol/L (see Figure 3.5).2% As a small, non-
peptidic molecule, compound (+)-1 provides an alternative to neurotrophic factors which ensure
preservation of the neurological system, that is, the outgrowth of neurites and synaptic connectivity.
Although, neurotrophic factors are classified as potential therapeutics against neurodegenerative disease
such as PARKINSON’s or ALZHEIMER's/?], their clinical application is, however, limited by their poor
bioavailability, high molecular weight, and the unfavorable pharmacokinetic, as well as the problems

associated with the blood-brain-barrier permeability.
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3.5 Previous Synthetic Studies
Because of their challenging structures and attractive biological activity, the illicium sesquiterpenes, and
particularly Merrilactone A, have been the target of a series of synthetic studies that have resulted in a

number of successful total syntheses.

Inoue — 31 steps (-)

[ DANISHEFsKY — 29 steps ()

INoUE — 26 steps ()

GREANEY — 24 steps (+)
Fukuvama — Isolation Inoue — 23 steps (+)
MeHTa — 21 steps (&)
DANIsHEFSKY — 20 steps () ‘

FroNTIER — 18 steps ()
{ Zual— 17 steps (£)
+ + " + + + + ; " + + + ; >
+ + + + + + + + + + + + + + >

2000 2005 2010

Scheme 3.2. Timeline of total synthesis toward the natural product Merrilactone A.

As depicted in scheme 3.2, the research published toward Merrilactone A can be summarized in a timeline
starting with the year 2000 in which the isolation and the structure of the natural product was described.
In the following years, a series of strategies and synthetic routes were established.*! Besides the six total
syntheses of racemic (+)-1, three syntheses of optically active material were presented including the
synthesis of unnatural (+)-1. The different strategic disconnections led to various sequences in which the

polycyclic framework is constructed.

o
o
RO
LA — ST\ om
OAd B o]
FRONTIER, 2007
TMS—==

J;toan
B
: o > 0OBn
GREANEY, 2010

oTBS oTBS

L5 =

2ZHAl, 2012

DANISHEFSKY, 2002

Scheme 3.3. Retrosynthetic analysis of published synthetic approaches to Merrilactone A.

The retrosynthetic routes of previous total syntheses and the corresponding key intermediates are

summarized in scheme 3.3. A variety of remarkable reactions have been implemented, including pericyclic
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reactions, cycloadditions, ring contraction, and ring expansion reactions. Interestingly, almost all routes
utilize synthons and intermediates where most of the oxygen functionalities are already implemented.
Additionally, they all share the same final sequence, which is the introduction of the strained oxetane ring.
Given these points, the molecular complexity of the illicium sesquiterpenes has inspired organic synthetic

chemists to conceive a collection of elegant strategies with remarkable inventiveness.

Danishefsky’s Synthesis

In 2002, only two years after the characterization of the natural product, the racemic total synthesis of

(#)-Merrilactone A was presented by V. B. BIRMAN and S. J. DANISHEFSKY. "]

oTBS o TBSO o b MeONa (MeOH) TBSO
: ¢ CICO,Me then NaBH, g Og PPh i MeC(OEt);
“ . i a meﬂTerne blue 2 4 o 3 3 k LiOH aq.
x> (mesitylene) d aq. LIOH B h Bn,NH-TFA I I3, NaHCO3
165°C e LiBHEt (THF) : i NaBH, m allylSnBug
 TFA (CH,Cl, [AIBN]
19 20 74% 21 78% (5 steps) 22 94% (3 steps) 41% (4 steps)

n LHMDS, TMSCI

PhSe, PhSeCl

r TSOH-H,0 (PhH) TBSO 9 BugSnH

0 JAIBN]
———————————

s mCPBA (CHCl,) %\ b (PhH) 0 PhSeBr (MeCN)
t TsOH-H,0 (CH,Cl) 0™y p O3 (CH,Cly)
NEt; (PhH)
70% (3 steps) 25 90% 77% (3 steps)

Scheme 3.4. DANISHEFSKY’s route to (+)-Merrilactone A. Steps e and f were implemented to convert the mixture of
esters to 22. LHMDS = lithium bis(trimethyl-silyl)amide, AIBN = azobisisobutyronitrile, mCPBA = meta-

chloroperoxybenzoic acid.

The construction of the five rings follows the sequence [D—>C—A—B—E]. As a key step, DANISHEFSKY and
co-workers utilized a DIELS-ALDER reaction in order to construct 21 with the C/D ring motif in the desired
diastereomeric configuration (see scheme 3.4). Further modifications allow for the construction of 23. With
the two quaternary centers in place, compound 24 is then transformed to 25 via a free radical cyclisation

in order to close ring B. Hence, the route developed allows the construction of racemic Merrilactone A in

20 steps.
CO,Me :
o (S,5)-[Co'l(salen)]-OAc :
-78°C, 2d then -25°C, 2d :
\OH en H Bu Bu
OH
26 86%, 86% ee :

Scheme 3.5. Key step of the asymmetric synthesis of Merrilactone A by DANISHEFSKY et al.
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DANISHEFSKY and co-workers were later able to develop a strategy for the asymmetric synthesis of the
natural product, where a chiral cobalt salen catalyst was employed to open the symmetrical meso-
epoxide 26 enantioselectively (scheme 3.5). This led in 2005 to the first total synthesis of enantiomerically

pure (-)-Merrilactone A in 29 steps. "]

INOUE and HIRAMA's Synthesis

In 2003, M. INOUE, M. HIRAMA, and co-workers presented their synthetic route toward (+)-Merrilactone A

with a synthetic strategy for the cyclic structure that follows the sequence [B/C—»>D—>A—E].[*’]

a cis-1,2-dichlorethylene, hv H HO. B fSOgpy, DMSO, ProNEt
o b Zn, TMSCI, Ac,0 (PhMe) D::\/OH d BnBr, NaH (THF/DMF) ):COE" then allyl-MgBr
—_— —_— —_—
B OH
Y cLiAH, (THF) e 0sO,, NMO ~N.0Bn

HO' H g GRuBBs cat. (CH,Cly)
then Pb(OAc),,
28 47% (3 steps) 29 93% (2 steps) 30 62% (2 steps)
[¢]
I BrCH,Br(OEt), PhNMe, i mCPBA, florisil
“' oBn _ M BusSnH, BEL/O, j DBU (CHCl,) h NaHMDS
o 1 -
P OBn n CSA (EtOH) k IBX(DMSO) (THF) -100 °C
EtO
H
34 27% (3 steps) 33 61% (3 steps) 32 85%, d.r.=3:1
OH
o TMSOT, DIPEA r TFAMH,0 u Pd(OAc),, PhgP, HCOOH y Ag,CO3
P Me,NCH,*~ (CH,Cly) s MsCl, EtgN (THF) v DIBAL-H (CH,Cl,) @. OH z DMDO
> = —4 —_— (1)1
q mCPBA (CH,Cly) t L-Selectride then w Na, NH (THF/EtOH) /—d §\—-OH a' pTsOH
CoMIN's reagent x DOWEX 50WX2 HO'
70% (3 steps) 35 72% (3 steps) 67% (3 steps) 36 50% (4 steps)
Scheme 3.6. INOUE-HIRAMA’s route to (x)-Merrilactone A. TMSCI = chlorotrimethylsilan; Grubbs cat. =

(PCy3).Cl,Ru=CHPh; DBU = Diazabicycloundecene; mCPBA = meta-chloroperbenzoic acid; L-Selectride = LiBH(s-
Bu)s;; COMIN’s reagent = 2-Tf,N-5-chloropyridine.

The key step of the synthesis is a transannular aldol reaction (h). Desymmetrization of cyclooctadienone 31
by selective deprotonation allows for the diastereoselective C—C bond formation, giving rise to bicyclic
keto alcohol 32. Further modifications include the introduction of the A-ring and installation of the missing
carbon in order to complete the natural product framework 34. After adjusting the redox state on various
positions, the deprotected tetraol 36 is oxidized to the desired bislactone with remarkable chemo- and

stereoselectivity.

This approach was later refined and the asymmetric total synthesis of (-)-1 was published in 2006. [**! The

utilization of a chemo- and enantioselective dihydroxylation under SHARPLESS conditions with the catalyst
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(DHQ)2PHAL yields an enantiomerically pure lactone, which led to the establishment of the absolute
configuration in the natural products. Furthermore, a flexible asymmetric route to the unnatural
enantiomer (+)-1 was presented in 2007.°! Here, a chiral lithium amide promoted the enantioselective
transannular aldol reaction, establishing the absolute stereochemistry of four chiral centers of the cis-

bicyclo[3.3.0]Joctane moiety.

MEHTA’s Synthesis

In 2006, G. MEHTA and co-workers delineated the total synthesis of (+)-1 in a stereo- and regioselective
diversity orientated approach. The natural product was formed in 21 linear steps from commercially

available starting material.[32!

2 HO, ¢ CeCl, allyl-MgCl
aDBU, HCHO,q, (THF) ><° then MnO, (CH,Cl,)
B —— —_—
b Amberlyst-15, acetone (¢} d HCI (THF/H,0)

o
fPDC then MelLi
g PDC then PhsP=CH, &
—_—
h GRUBBS cat.

o then NaBH,, CeCls o e Amberlyst-15, acetone
37 87% (2 steps) 38 41% (3 steps) 32% (3 steps) 40
OH oTBS m HCI (THF/H,0) oTBS
s 0 q O3 then NaBH,, s n TPAP then i trans-dichloroethylene, hv

t DMDO ~' rPCC . PhgP=CHOMe j Sodium naphthalenide
el O S G B B

upTOH  AXE £ s TBAF o6 ¢ o HCIO, ) k DIBAL-H

p PCC (CH,Cl,) X 1 TBSOTf, CH,Cl,, EtgN
76% (2 steps) 43 30% (3 steps) 42 32% (4 steps) M 25% (4 steps)

Scheme 3.7. MEHTA’s route to (+)-Merrilactone A. DBU = 1,8-diazabicyclo[5.4.0]Jundec-7-ene; PDC = pyridinium
dichromate; GRuBBS cat. = (PCys).Cl,Ru=CHPh; DIBAL-H = diisobutylaluminum hydride; TBS = tert-
butyldimethylsilyl; Tf = trifluoromethanesulfonyl; TPAP = tetra-n-propylammonium perruthenate; PCC = pyridinium
chlorochromate; TBAF = tetra-n-butylammonium fluoride; DMDO = dimethyl dioxirane; pTsOH = para-

toluenesulfonic acid.

As depicted in scheme 3.7, MEHTA’s route involves a ring-closing metathesis and a [2+2]
photocycloaddition as key steps and follows the sequence [C—+B—>A—D—E]. Further modification of the
photocycloaddition product 41 then sets the stage for ozonolysis of the cyclobutene ring and subsequent
reductive work-up. Only the desired regioisomer is formed, presumably because of the steric shielding of
the bulky TBS group. Finally, subsequent oxidation to the lactone, and the already established sequence

of epoxidation and oxetane formation, gives rise to the natural product (+)-1.°2
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FRONTIER's Synthesis

In 2007, A. FRONTIER and co-workers presented the total synthesis of racemic Merrilactone A. The 18-step

synthetic route, which is based on a [A/C—»>B—D —E] strategy, uses a 4n-electrocyclization as the key step.[33!

|° a ethyl propiolate, n-BuLi (THF) ° = d TIPSOTHf, EtgN (CH,Cl,) / £[Ir] (CH,Cl,)
™S - - o - > TIPSO | oTBS
b (BugSn)Cu(CN)Liy (THF) e t-BuLi (Et,0)
¢ Br, (CH.Cly) weinreb amide A ™S

N

44 73% (3 steps) 5 82% (2 steps)

p NaBH, (MeOH) . o  ICICOEt DMAP g AgNO;, KCN
0 TsOH-H,0 (PhH) k NaH (THF) (THF/Et,O/ETOH)
()1 +-——————— e e — o ~———————
n DMDO (CH,Cl,) 0"\0 1 TSOH-H,0 h BugSnH, [AIBN]
0 TsOH+H,0 (CH,Cly) ) m NaH, HMPA, Mel TsOH-H,0 (PhH) ™S
i TBAF (THF)
30% (4 steps) 49 82% (4 steps) 48 75% (3 steps) 47

Scheme 3.8. FRONTIER’S route to (x)-Merrilactone A. The reduction of 49 with sodium boronhydride yields a mixture
of diastereomers from which the undesired product could be separated and recycled by reoxidation. WEINREB amide
A = (E)-4-((tert-butyldimethylsilyl)oxy)-N-methoxy-3-methylbut-2-enamide. TIPSOTf = triisopropylsilyl triflate; [Ir] =
Ir[(dppe)(CO)(DIB)CH;]** 2 BAr'; DMP = Dess—Martin periodinane; DMDO = 3,3-dimethyldioxirane.

As depicted in scheme 3.8, the synthesis of ketone 46 was achieved by the conversion of a higher order
stannyl cuprate to the alkynyl ester accompanied by in situ lactonization to 45 and subsequent protection
and reaction with a WEINREB amide. The following silyloxyfurane NAZAROV cyclization, which is
catalyzed by a dicationic iridium complex, yields the single diastereomeric product 47. Necessary
adjustments to the carbon center, as well as a lactonization sequence, starting from the carbonate, leads to
the formation of tetracycle 49, which after reduction is isomerized and converted to natural product 1

following the known procedures. 334

GREANEY’s Synthesis

In 2010, M. F. GREANEY and co-workers published the formal synthesis of (+)-Merrilactone A in 24 steps
along the first total synthesis of (+)-Anislactone A in 22 steps. The synthesis is characterized by a direct
approach to the B-cyclopentane ring using a sequence of photocycloaddition, ring expansion, and

stereoselective 1,2 addition as the key C—C bond-forming steps.
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[ ’
a1,1-dimethoxyethene, hv e N,CHCO,Et, BF3Et,0 . i 0sO4, NMO
| b LiAIH, (EtZO) fallyl alcohol (PhMe) = i~ 0Bn i NalO, (THF/H,0)
- e
¢ BnBr, TBAI, NaH (THF) g allyl bromide, K,CO3 OBn K ZnBH,py (PrOH)
O dH,S0, (MeCN) h [Pd(OAc),], PPhg
50 84% (4 steps) 51 73% (4 steps) 52 72% (3 steps)
TBSO
) TBSO— O oBn I NaOCl (pyridine) HO 0Bn
6-8 steps 0 [TiCp,Cly] Zn = 0Bn m TBSCI (CH,Cl,) 0Bn
. - B
e H
or (THF) R ZZ n TMS-C=(CHy)o- [
t-BuLi (Et
(#)-2a sap=TMs — o (PUHEO
69% 55:R=H 53% (3 steps) 53

Scheme 3.9. GREANEY’s route to (+)-Merrilactone A and (x)-Anislactone A. TBAI = tetrabutylammonium iodide, NMO
= N-methyl-morpholine N-oxide.

As depicted in scheme 3.9, the route starts with a [2+2] photocycloaddition from which, after reduction,
protection, and hydrolysis, product 51 is formed. A TIFFENEAU-DEMJANOV rearrangement and further
transformation yields the ring-expanded enone 52, which is converted to 53. After epoxidation, protection,
and alkylation, the defining reductive epoxide cleavage-cyclization of 55 sets the quaternary carbon center
at the heart of the sesquiterpene framework structure 56. Further transformations then give rise to ()-1

and (+)-2a in 6-8 steps, respectively.

ZHAI's Synthesis

The shortest synthesis of Merrilactone A to date was presented by H. ZHAI and co-workers in 2012. With
the ring construction strategy [D—>C—>A—B—E] this concise route is defined by a series of efficient reactions

for the construction of the framework as well as a cycloaddition reaction for the formation of a lactone

ring. 3%

¢ LDA, Ti(OiPr)4Cl (THF) OTBS
OH o 3-trimethylsiylpropynal ] o
\/f a Et(OEt);, EtCO.H, 135 °C d TBSOTf, 2,6-lutidine : g [Mo(CO)5(DMF)3]
- e e

TBSO b TsOH-H,0 (MeOH) € K,CO (MeOH) then CO, rt, 5h

f O3 (CH,Cly) then MeS
57 89% d.r. = 3:1 (2 steps) 58 69% (4 steps) 59 69% 60

m NaBH,; (MeOH)
n DMDO (CH,Cl,)

jSmly (THF)
k TsOH-H,0 (PhH) h TBSOTH, EtgN

(¥)-1

. 1 DMP (CH;Cl iMVK (CHClo)
0 TsOH+H,0 (CH,Cl,) (CHoCly) Ti,GHOHAGH T,
19% (3 steps) 62 75% (3 steps) 61 60% (2 steps)

Scheme 3.10. ZHAI'S route to (+)-Merrilactone A. The reduction of 62 with sodium borohydride yields a mixture of
diastereomers from which the undesired product could be separated and recycled be re-oxidation to 62. LDA =
lithium diisopropylamide, TBSOTf = tert-butyldimethylsilyl trifluoromethanesulfonate, MVK = methyl vinyl ketone;
DMP = DESS—MARTIN periodinane, DMDO = 3,3-dimethyldioxirane.
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Construction of the D-ring by a sigmatropic rearrangement of 57 and further transformation to lactone 59
sets the stage for the key step of ZHAI's route: a molybdenum catalyzed hetero PAUSON-KHAND reaction
(scheme 3.10). Then, a vinylogous MUKAIYAMA-MICHAEL reaction and a free radical reaction to structure

62 allows for completion of the synthesis in 17 steps from commercially available starting material.

3.6  Historic Perspective and Modern Total Synthesis

Since the pioneering work of F. WOHLER and his discovery in 1828 that organic substances, such as urea,
can be generated from inorganic material, the research towards the synthesis of natural products has
developed into a well-established research field.*l R. B. WOODWARD’s work of the 1960s, in particular, has
influenced the field dramatically.l”) He showed that not only relatively simple organic compounds could
be synthesized, but also that highly complex structures like strychninel®! and even vitamin B12/*! are
accessible by total synthesis. With the development of the retrosynthetic analysis, E. J. COREY introduced
a systematic approach for solving and planning organic syntheses.*)l Equipped with a toolbox of organic
reactions, highly specialized catalysts, and a variety of available starting materials, researchers have
started to tackle ever-increasing challenges. The field of total synthesis has certainly made significant
progress in the past decades. However, there are many voices who claim that the synthesis of complex
molecules per se no longer presents an insurmountable challenge. This claim is typically underlined by
referring to successful syntheses of extremely complex natural products such as Erythropoietin®*! or
fragments of Maitotoxin.[*?l With examples of structures with such high degrees of complexity, it today
seems clear that in principle any given structure is synthesizable, given enough man-power and funding
resources. However, this general criticism demands a closer inspection. Clearly, the synthesis of natural
products often requires a huge investment of resources and a substantial amount of working hours.
However, upon completion, sometimes only scarce amounts of material are delivered. A good example is
the terpene Taxol, which is used in cancer treatment on ton-scale.*] Although leading scientists have
established a variety of routes, the synthetic approaches are not yet capable of providing enough material
for therapy, because of the length (38-51 linear steps) and the low yield (max 0.4%) of the synthetic routes
presented.*! Therefore, the necessary amounts have to be isolated from natural sources or produced by
biotechnological processes. This might seem a reasonable solution on first sight, but a practical synthetic
path would provide many advantages, not least because of the potential discoveries of more potent
derivatives. Clearly, today’s challenges associated with total synthesis have changed. Thus, the field’s
progress towards efficiency and scalability as the fundamental principle is one of the more essential

developments.i] A modern synthesis has to be efficient, scalable and short. Consequently, in order to
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approach the “ideal synthesis”,*l new concepts and retrosynthetic approaches have to be investigated,
including the development of efficient methods for late-stage modifications. For this, one of the most
promising concepts can be found in the rise of Carbon-Hydrogen bond functionalization as a research

field.

4 Methodology: C-H Functionalization

4.1 Reactivity of Carbon-Hydrogen bonds

Carbon-hydrogen bond functionalization (C-H functionalization) in general refers to the replacement of
a C-H bond by any other bond in the form of C-X, whereby for X the restriction X # H applies. Particularly,
it refers to a process in which a carbon-hydrogen bond is cleaved and hydrogen is exchanged with a
different functional group (FG), for example, oxygen, nitrogen, or carbon. The strong C-H bond is

therefore replaced with a weaker, easier to functionalize one.

RC-Q — rc-@

Scheme 4.1. General reaction scheme for the replacement of a C—H bond with a C—FG bond.

The general reaction in scheme XX depicts the replacement of an aliphatic C(sp®)-H bond with a functional
group. It represents the contrasting concept of the classical approach in which the functionalization of
organic compounds relies on pre-established functionalities, for example, carbon electrophiles,
nucleophiles, or carbon multiple bonds. C-H bond functionalization has the potential to change the
strategies for how organic molecules are prepared. Since carbon hydrogen bonds are traditionally
considered to be unreactive due to high chemical stability, a number of obstacles remain before this

potential can be harnessed.

Table 4.1. Physical properties of carbon—hydrogen bond of methane (CH,).

C(sp®)~H bond (H;C-H) value
Bond length 1.09 A
Dissociation energy AH (at 298 K) 439 kJd/mol
Bond energy E 413 kJ/mol
Electronegativity difference Ay 0.35

pKa value (water) ~48

pKa value (DMSO) ~56
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The physical properties of a typical covalent carbon-hydrogen bond, for example, the C-H bond of
methane, are summarized in table 4.1. From this, the chemical properties can be deduced: (i) the inertness
of the saturated hydrocarbon compound is a consequence of the high bond energy E =413 kJ/mol, and (ii)
C-H bonds are considered to be non-polar because of the small electronegativity difference between
carbon and hydrogen (Ay(C-H) = 0.35, calculated from C(2.55) and H(2.20) using PAULING's scale). As a
result, the acidic strength of C-H bonds is very low (pKa(CHs) = ~56). From the perspective of molecular
orbitals, all valence electrons are involved in the formation of bonds. The absence of non-bonded lone
pairs and the relative low energies of the occupied orbitals, as well as the high energy of the lowest

unoccupied orbitals result in the general low reactivity of aliphatic carbon-hydrogen bonds.

4.2 Historic Perspective of C-H Functionalization

Despite the obvious challenges associated with the functionalization of carbon-hydrogen bonds, the first
examples of such transformations can be traced back to over a century ago. One of the oldest strategies for
the directed functionalization of non-activated C-H bonds is the HOFMANN-LOFFLER-FREYTAG reaction.
Starting from N-halogenated amines, this reaction facilitates intramolecular halogenation and ultimately
leads to heterocyclic reaction products. In 1879, little was known about the molecule piperidine except the
formula CsHuN. Particularly, there was no knowledge of the structural identity of the CsHio-fragment. On
the assumption that this fragment was merely an “associate” of known unsaturated components, A. W.
HOFMANN began to treat piperidine with concentrated hydrochloric acid and elementary bromine in the
hope that it would provide evidence for the suspected addition products.[”! Although it turned out that
this hypothesis was untrue, his subsequent experiments in alkaline media revealed that (i) N-halogenated
derivatives are accessible from piperidine and 2-propylpiperidin by treatment with bromine, and that (ii)
these derivatives disintegrate easily to re-form the starting material.l*! Regarding 2-propylpiperidine
Hofmann noted: “Es ist gerade [diese] Verbindung gewesen, welche in jiingster Zeit mit Vorliebe studirt [sic]
worden ist und es hat sich gezeigt, dass dieselbe in mannichfache [sic] und zum Teil ganz bemerkenswerthe
Umbildungen erleidet, dass sie sich namentlich mit Leichtigkeit durch Abspaltung von Bromwasserstoffsiure in

analoge wasserstoffirmere Basen verwandeln lisst.” 1]

(\NJ" aH,S0, (Hz0) 140 °C 03
AT T Y
A~ Tokon (H,0) rt.
63 64

Scheme 4.2. The first synthesis of (+)-6-coniceine by directed C—H functionalization.
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Upon treatment of N-bromo-2-propylpiperidine (63) with hot sulfuric acid and subsequent alkaline work-
up, HOFMANN succeeded in synthesizing the bicyclic tertiary amine (£)-d-coniceine (64).147> I It was only
ten years later that E. LELLMANN from the University of Tiibingen commented on the constitution and the
structure of the amine product with the assumption that the outcome of this reaction consists of the bicyclic
amine 64: “Beriicksichtigt man ferner, daff besonders leicht fiinfgliederige Ringe, bestehend aus vier
Kohlenstoffatomen und einem anderen (O, S, N) sich bilden, so wird man als vorliufig wahrscheinlichsten Ausdruck

fiir die Constitution des 5-Coniceins schreiben miissen.” 150!

<\
oft, cH,
CH, CH—CH,

N/
'NCH,-CH,

d-Conicein
Figure 4.1. Structural formula of 5-Coniceine from the publication “Uber die Coniceine” by E. LELLMANN.*"

The proposed structure in figure 4.1 was later confirmed by K. LOFFLER and H. KAIM. In the following
years LOFFLER and his colleague C. FREYTAG began to apply the “Hofmann method” to non-cyclic,
secondary amines, resulting in the successful conversion of a series of substrates. In their corresponding
publication, an elegant synthesis of nicotine was reported and the researchers conclude: “Demnach scheint

diese Methode allgemeiner Natur zu sein und eine einfache Bildung N-alkylierter Pyrrolidine darzustellen. "5

A detailed mechanistic description as a radical chain reaction was postulated by WAWZONEK and co-
workersl®2l which was later confirmed by E. J. COREY and W. R. HERTLER as part of an experimental

study. 72 5

®
H* H AT /hv N® 15H NH,R2
| | r N} abstr. -
Br Br R! .
65 66 67 R' 68
H ©
2
e S I e
- ® - -
E—— Br —— Br
R! +H* Rt +H+
R! R!
72 7 70 69

Scheme 4.3. WAWZONEK mechanism of the acid-catalyzed HOFMANN-LOFFLER—FREYTAG reaction (R' = Alkyl, aryl,
H; R® = Alkyl, acyl, H; Cl / | possible instead of Br).

The classic HOFMANN-LOFFLER-FREYTAG reaction usually takes place under acidic reaction conditions
(scheme 4.3). First, the N-halogenated amine 65 is converted to the corresponding ammonium salt 66 by

protonation. Initiation by heat, chemicals, or light leads to a formation of the N-centered radical 67 by
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homolytic cleavage of the N-X bond. The resulting ammonium radical cation can undergo a 1,5-hydrogen
abstraction via a six-membered transition state. Recombination with the halogen radical yields the -
functionalized ammonium 69, which after deprotonation can undergo an intermolecular substitution.
Upon treatment with base, the cyclization product 71 then reveals the cyclic amine 72 as the reaction

product.

As stated above, the initiation step of the HOFMANN-LOFFLER-FREYTAG reaction can be achieved by
various methods, for example, initiation by heat (thermal), by radical starters (chemical), or irradiation
with light. In the case of thermal initiation, the literature contains varying temperature details, typically
in the range of 60°C to 140°C.[72] An experimental determination of the optimal reaction temperature is in
most cases necessary, since it highly depends on the substrate and already small deviations (~5°C) can
result in lower yields. The initiation step can also be performed with the aid of catalytic amounts of
chemical substances, for example, hydrogen peroxide (H202), potassium peroxodisulfate (K25:0s), or
ammonium iron(Il) sulfate (NHa4)2Fe(SO4)2—known as MOHR's salt. However, the most practical initiation
method was found in the exposure to light in the UV-range. Usually, this process proceeds at room
temperature or alternatively at 0 °C for minimization or avoidance of premature and undesired decay of
the N-halogen compounds. Interestingly, when the photochemical conversion takes place under the
influence of oxygen, COREY and HERTLER suggest an induction period of several minutes. Generally,
oxygen as a diradical molecule has a restraining effect on the reaction process, which substantiates the
mechanistic description of the free radical process.*”* 51 In contrast to the thermal and chemical initiations,
for the radical initiation with light the generation of XX (scheme XX) does not proceed by a cleavage of the
ammonium ion XX, but directly from the N-halogenated amines XX. They are—as opposed to their
corresponding conjugated acids —able to absorb UV-light allowing for the homolytic cleavage of the N-C
bond. Since, for instance, the equilibrium of N—chloro dialkylamine and its corresponding conjugated acid
in a sulfuric acid solution of ¢(H2504) = 1 mol/L lies almost completely on the side of the unprotonated
amine, the initiation of the reaction solely relies on the small amounts of N-chloro amine molecules (Amax =
263 nm, emxr = 300 L mol-'em™).1472 531 Subsequently, the resulting neutral nitrogen radicals are protonated
to the corresponding ammonium radical cations, which then continue to react according to the reaction
path in scheme XX. Thus, the process of initiation decelerates with decreasing pH levels. The total reaction,
however, is still acid catalyzed, which can be deduced from the experimental comparison of the reaction

yields of N-chloro dibutylamine depending on the concentration of sulfuric acid.*’2!
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The HOFMANN-LOFFLER-FREYTAG reaction is highly selective and the transfer of the hydrogen to the
internal radical fragment usually proceeds via the favored six-membered transition state (1,5-H abstraction
and migration). According to COREY and HERTLER, this circumstance is merely defined by two factors: (i)
the linearity of the hydrogen transfer and (ii) the minimization of angle tensions and steric repulsion
during the transition state. The closer the atoms are arranged in a linear configuration (N-H-C angle =
180°), the lower the activation barrier of the process. The same dependency holds true for the loss of angle
tension and steric interaction, which is why 1,3- and 1,4-H migrations are not observed. Conversely, for
transition states with eight or more atoms (1,7-H abstractions and higher) the influence of these factors
vanishes. Here, formation of the cyclic transitions state is hampered due to loss of entropy associated with
larger sizes of organized transition geometries. Hence, abstractions in 3- and e-position (1,5-H and 1,6-H
migration) are favored for these types of C-H functionalization. Although the HOFMANN-LOFFLER—
FREYTAG reaction is a unique example of ingenuity hat has undoubtedly changed the field dramatically,
there are more discoveries that have had a similar impact and still influence organic chemistry today.
HO- + R-H ——# H,0 + R-
R+ + HO-OH ——# R-OH + HO-

R + HO- —»— R-OH

R- + R —» R-R

Scheme 4.4. Mechanistic description and formation of radical species of the FENTON chemistry.

In 1894, H.J.H FENTON published an article about the oxidation of tartaric acid in the presence of iron
ions.® According to a mechanistic description postulated by MERZ and WATERS (scheme 4.4), the
conversion of Fe?* ions with hydrogen peroxide — “FENTON’s reagent” —allows for the formation of highly
reactive hydroxyl radicals that can undergo free radical reactions.’! This was followed by further
discoveries, such as the electrophilic auration in non-aqueous media described by KHARASCH and ISBELL in
19315561 or the discovery of the first cyclometallation by CHATT and DAVIDSON in 1965.71 Here, it was shown
that for Ru(dmpe)2-complexes an intramolecular activation of C(sp®)-H bonds is feasible. Four years
later—GARNETT and HODGES had just discovered the first catalytic H/D-exchange for aromatic carbon
centers with KoPtClsa—SHILOV and co-workers achieved the corresponding exchange reaction for sp3-

hybridized atoms.[58]

KoPtCl,, DOAC/HCI
R—H — X R-D
100°C (D,0)

Scheme 4.5. General description of a platinum mediated hydrogen-deuterium exchange.

21



Methodology: C-H Functionalization

Whereas the appreciation of this discovery at that time was relatively low, today the reaction is highly
regarded and rated among the first examples of C-H activations with metal complexes (scheme 4.5).1555%
Shortly thereafter, SHILOV in 1973 published further results from his studies on the reaction with Pt** ions.
It was shown that the addition of stoichiometric amounts of PtCle*~ ions as an oxidation agent resulted in

the conversion of aliphatic substrates to hydroxylated or chlorinated reaction products.

[NazPtCly], HoPtClg
R—H ———————— R-OH / R-Cl
100°C (H,0)

Scheme 4.6. General description of a SHILOV-type platinum catalyzed functionalization.

At the beginning of the 1990s, LABINGER and BERCAW submitted the so-called “SHILOV chemistry” to a
closer mechanistic inspection with the focus on alcoholic substrates and described the SHILOV reaction in
respect to the conversion of ethanol to the corresponding reaction products (see scheme 4.6).(0]

[NasPICl,], HoPtClg

120°C (D,0)
73 74

~oH HO~on

Scheme 4.7. Platinum catalyzed terminal C—H functionalization of ethanol to ethyleneglycol.

The decisive factor here is less the detailed mechanistic process than the general insights that can be drawn
from the reaction. For all hydrogen/deuterium exchange reactions, the formation of several multi-
deuterated products was observed. This circumstance was evidence enough for GARNETT and HODGES to
postulate that the H/D exchange proceeds via an intermediate metal-carbon complex, which subsequently
results in the cleavage of the C-H bond. Today, this intermediate is known as the c-complex and its
existence has been experimentally proven./®! Even though GARNETT and HODGES were not fully aware of
the implications, this finding is inevitably connected to a common characteristic shared by the reactions
above: regioselectivity. Surprisingly, the analysis of the reaction products always revealed the same
tendency for the selective cleavage of the fundamentally more stable, primary C-H bond (see scheme 4.7).
This type of reactivity contradicts what was known from electrophilic or radical oxidation. Although,
usually, the substantially more reactive tertiary, allylic, or benzylic positions are favored, here an opposed
reactivity sequence is observed (aromatic C-H > Cycloalkane > primary C-H > secondary, tertiary C-H).5>
o1l This circumstance becomes particularly apparent when looking at the reaction of ethanol (73) to
ethyleneglycol (74) in scheme 4.7. Treatment of alcohols with oxidation agents—such as Cr(VI)
compounds—usually leads to the oxidation of highly activated C—H bonds geminal to the hydroxy group
and formation of aldehydes. Conversely, utilization of the SHILOV system shows a significant selectivity

for terminal positions.
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Despite the importance of these early examples of extraordinary reactivity, the impact on organic synthesis
at that time was rather moderate and the methods were perceived as curiosities. Especially with respect
to the possibilities of natural products, the results of simple chemical processes seemed inferior to the
results of the biochemical tools. Most enzyme-catalyzed reactions are stereoselective: selective in the
choice of substrate, selective in the type of chemical reaction performed, and selective in the region of the
molecule attacked when there are several possibilities. “Enzymatic processes frequently achieve levels of
selectivity which are not yet attainable by simple chemical means.”1?l This, however, changed drastically,

particularly in the 1960s and 1970s with the pioneering work of BARTON and BRESLOW.

ot

27% after hydrolysis

Scheme 4.8. “Remote functionalization” of 3u-cholestanol (75) with a benzophenone based directing group 76.

Demonstrating the feasibility of directed C-H oxidation in highly complex steroidal substrates such as
cholestenol 75 (see scheme 4.8) has allowed hydrocarbon oxidations to move into the spotlight of organic
chemistry. Terms such as “remote functionalization”®?l and “biomimetic chemistry”[%! were defined in
that context. Just as these terms have passed into scientific parlance and are still used very frequently
today, C-H functionalization methodology has developed a unique diversity and widespread

implementation.
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4.3  Overview of C-H Functionalization Methods

Due to the variety of mechanisms exploited in achieving C-H functionalization, a complete representation
of the methods available is neither practical nor expedient. Instead, the existing methodology can be
summarized and categorized in order to delineate the range of reactions and demonstrate the tangibility
of the concept. Accordingly, here the focus is set on non-activated aliphatic carbon-hydrogen bonds. In
particular, such reactions are emphasized that allow the introduction of oxygen functionality to sp3-

hybridized carbon centers.

| non-directed | | directed |

| enzymatic | | chem. | | metal || non-metal/radical |

Figure 4.2. General categorization of C—H functionalization methods.

In general the C-H functionalization reactions can be divided into two classes: those occurring without
coordination prior to the cleavage of the C-H bond (non-directed/innate) and those directed by
coordination to an existing functional group within the target prior to the cleavage of the C-H bond
(directed).l®l As such, the methods can be further divided into subcategories: enzymatic, chemical, metal-

based, and non-metal/radical methods (see figure 4.2).

The biochemical approach toward C-H functionalization harnesses the potential of powerful enzymatic
systems such as cytochrome P450.! These enzymes can be modified by directed evolution in order to
provide an optimal conversion for specific targets, as well as high regio- and chemoselectivity.[ Because
of the chiral nature of protein structures, it is furthermore possible to render the catalysts suitable for

diastereo- and enantioselective transformations.6b]

P450
IV-H4
s
Mt 12h
P450gy; >99%
FL#62

P450
X-F11

n,12h
90%

Scheme 4.9. A: Crystal structure of P450sus (heme domain) in complex with N-palmitoylglycine (PDB code:
1JPZ).[55] The bound substrate is displayed as sphere models (orange), and the heme is displayed as stick model
(red). The dotted circle highlights the first-sphere active site.!®”’ B: Functionalization of Artemisinin (4) with a P450

biocatalyst.
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As illustrated in scheme 4.9, FASAN and co-workers developed a strategy to hydroxylate isolated sp* C-H
bonds selectively. Using Artemisinin (4) as a model substrate, they described a P450 oxidation biocatalyst
capable of hydroxylating remote, unactivated aliphatic sites in a complex scaffold. [l Both the secondary
and the primary positions are accessible (80 and 81), after extensive optimization of the enzyme. Notably,
a major disadvantage of such “tailor-made” enzymes is that the outstanding activity and selectivity of
these systems is at the cost of the substrate scope. The inherent limitation is the result of adjustments and
the structural tuning of the catalytically active pocket, which is optimized for the specific substrate and
the geometry of the enzyme-substrate complex. Consequently, this allows only limited structural
variability. Thus, one important strategic objective for chemical methods should lie in the general

applicability to complement biochemical approaches. (¢!

As illustrated in scheme 4.10, the chemical methods for the innate conversion of non-activated C—H bonds
include strong oxidants such as hydrogen peroxidel®! or meta-chloroperoxybenzoic acid (B, scheme
4.10).1° In addition, the oxidation can be performed with hydrogen peroxide and trifluoroacetic acid (A,
scheme 4.10).1% 701 Often, such methods depend on relatively harsh reaction conditions, that is, high
temperatures, acidic media, and an excess of oxidants. Therefore, the selective functionalization with a
good conversion and without over-oxidation often presents a challenge.”!! Nevertheless, C-H oxidation
methods are available that can allow functionalizations under controlled conditions. Such systems exploit
the reactivity of strained ring systems such as dioxiranes or oxaziridines,”? as well as the highly reactive
ozonel”. Dioxiranes are known as the smallest cyclic organic peroxides, with the most prominent
examples being dimethyldioxirane (DMDO) and methyl(trifluoromethyl)dioxirane (TFDO).”*l While
TFDO is known to be ~100 times more reactive than DMDQO,””! these heterocyclic compounds are both
used for a variety of oxidations.”?! Dioxirane compounds are highly unstable but can be isolated and stored
at —20 °C in solutions with typical concentrations of 0.07-0.1 M for DMDO and ~0.8 M for TFDO.”’I
Although the most practical methods have been described for the generation in situ,”8! ketone-free
solutions can also be obtained. However, in certain cases the reagent is more potent in a less polar solvent,
for example, dichloromethane. Dioxiranes are commonly used for epoxidations of alkenes and when
generated from chiral ketones they can also be utilized for enantioselective transformations, that is, SHI
epoxidation.””! Most importantly, the chemical properties of dioxiranes enable their use as a highly
reactive O-transfer reagent.®l Hence, the direct oxidation of aliphatic carbon centers is possible under

relatively mild reaction conditions, as well as with control over the regio- and chemoselectivity.
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Scheme 4.10. C—H functionalizations: directed and non-directed methods, and metal and non-metal methods.
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Whereas electron withdrawing groups decrease the reactivity towards the electrophilic attack of
dioxiranes, donor substituents enhance the reactivity and sometimes even alter the site-selectivity.[8! In
the literature, there are numerous examples for the functionalization of non-activated C-H bonds by
DMDO or TFDO, including the transformation of relatively simple compounds,!®? as well as application

of the method to highly complex systems. 8!8

AcO ?Ac OAc

AcO ?Ac OAc

DMDO

(CH,Cly) 1t, 48h

N AcO™’
90% OH

Scheme 4.11. Epoxidation and hydroxylation of the Taxane framework with DMDO.®*

In 2000, ORITANI reported on the functionalization of Taxane derivative 82 by treatment with DMDO
(scheme 4.11). The reaction conditions allowed the transformation of the disubstituted olefin to the
epoxide, as well as the introduction of the hydroxy group by selective functionalization of the bridgehead
carbon-hydrogen bond. In this case, the tetra-substituted olefin remains untouched, presumably due to

sterical hindrance of the quaternary carbon center./®

TFDO
-40°C,1.5h
80%

Scheme 4.12. Epoxidation and hydroxylation of the cholestane framework with TFDO.

In the case of compound 84 (scheme 4.12), not only are the four double bonds of the cholestane framework
epoxidized, but, most importantly, the selective hydroxylation of the isopropyl side chain at C® is
observed.®! Another good example for the control over the selectivity, which can be achieved with

dioxirane oxidation in complex polycyclic carbon structures, was disclosed by the BARAN group.

TFDO /
- =

5
1 2°H3 4 (CH,Cl,/TFac) o' oR

86 82% 87

Scheme 4.13. Selective innate Hydroxylation of the equatorial C—H bond of the dihydrojunenol derivate with

(trifluormethyl)methyl dioxirane. R = -C(O)NHCH.CF3;.
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As part of the synthetic studies of Eudesmane terpenes, the successfully cyclized dihydrojunenol
framework 86 was treated with a freshly-prepared solution of TFDO (see 4.13).1% One of the questions
when applying the “C-H oxidation logic” to synthesis is whether the crucial transformations can take
place in a predictable or at least comprehensible manner. In order to provide an answer to this question,
the reactivity tendencies discussed above have to be considered. Since tertiary positions preferably react
with TFDO, there are theoretically five sites available for oxidation of compound 86 (see scheme 4.13, C'-
C%). Using BC-NMR chemical shifts (3), the relative electronegativity trends were established as follows:
3(C% = 73.6 ppm > §(C?) = 55.2 ppm ~ §(C*) = 50.2 > §(C') = 27.5 ~ §(C°) = 26.6. This implies that the
introduction of the electron withdrawing carbamate group has significantly depleted the electron density
of the surrounding tertiary centers, so that three of the five positions are deactivated against an
electrophilic attack. The most likely tertiary C—H bonds to be oxidized therefore are C! and C°. The C>-H
bond shows not only a higher electron density but also should be sterically more accessible. However, the
C'-H bond is oxidized selectively. The origin of this selectivity can be explained by (i) the inherent
tendency of dioxiranes to selectively oxidize equatorially orientated C-H bonds in preference to those

adopting an axial configuration, and (ii) the strain-release effects in the transitions state during oxidation.

ket (TFDO) ——{1]

a&xﬁmx

Figure 4.2. Comparison of the reaction rates of two substrates with different substituent in the axial position (Me
vs H) for the oxidation with TFDO. R = —C(O)NHCH.CF3,.

The relative enhancement of the reaction rate due to strain release was already discussed in 1955 by A.
ESCHENMOSER.[¥] An investigation of the oxidation of secondary steroid alcohols with equatorial positions,
in comparison to the axially orientated counterpart with chromic acid, resulted in the hypothesis that “the
faster the rate-limiting step, the bigger the reduction of non-classical strain in the molecule” [l This subject
was investigated experimentally with two bicyclic terpenoid frameworks with different axial substituents
(see figure 4.2, marked in black). Oxidation of a 1:1 mixture of both structures revealed the significantly
faster reaction to the product of axially methylated 88 (a 3:1 mixture is obtained with TFDO; a control
experiment with dry ozone gave a 4:1 mixture).[% The relative rate constant ke = 3 confirms the energy
minimization which most likely stems from reduction of the 1,3-diaxial interaction. These results highlight
that “in order to plan complex-molecule total syntheses that utilize one or multiple C-H activation steps,

a profound understanding of even the subtlest reactivity trends is needed.”®l
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The properties of transition-metal systems such as the FENTON chemistry® have not only laid the
foundation for many discoveries,™ 81 but also broadened the spectrum of potent oxidants for C-H
functionalization with metal-oxo species on high oxidation states, such as methyltrioxorhenium!®! or
chromium(IV) oxides.”!l In particular, the Gif-chemistryl®? was developed specifically for the selective
functionalization of saturated hydrocarbons. Here the typical system consists of Fe(II) salts, picolinic acid
as ligand, and oxidant (+-BuOOH, H202) in Pyr/AcOH as solvents.I”’l As presented by DJERASSI in 1953,
catalytic amounts of ruthenium tetroxide can be used for C-H functionalization by in situ oxidation with
sodium periodate.”! Inspired by natural systems, metal porphyrins are powerful oxidants and are used
in a variety of applications including C-H oxygenation and can be employed for asymmetric catalysis.[*!
Whereas non-directed methods rely solely on the innate differentiation of possible functionalization sites,
directed methods occur by pre-coordination to functional groups within the target. There are many
example for directing groups, with the most prominent for metal-based methods being polar coordinating

functionalities. 612 %]

B 4 O B 4 O
Q:ﬁo Cu(OAG),, H,0, ij:ﬁo
e
Et TEt Et=- IYEt
H : (MeCN) 22°C “H:

H
Ho” 0 °_\\°
90 15% 91

Scheme 4.14. Directed C—H oxidation as the final step for the total synthesis of Gracilioether F (90).

A good example for the application of such directed methods is the total synthesis of Gracilioether F (90)
by M. K. BROWN and co-workers which is based on a crucial metal-catalyzed C-H oxidation as the key
step (see scheme 4.14).71 Although, in a relatively low yield, the last step of the synthesis (90—91) was
achieved by the utilization of a copper catalyst with a reactivity that is most likely related to the FENTON
radical chemistry. As one of the first examples for a transition metal based method capable of achieving
selective oxidation of unactivated alkanes, the SHILOV system shows selectivity for terminal C-H bonds
(vide supra). This quality can be further enhanced and adjusted by using functional groups serving as
coordinating directing groups. SHILOV-type chemistry under harsh reaction conditions provides access to
C-H functionalized products from carboxylic acids. Here, the primary non-activated methyl group is
hydroxylated to give rise to the y-lactone (J, scheme 4.10). In addition, a variety of platinum- and
palladium-based systemsl® have been developed and successfully used for directed C-H
functionalization.l®” *l By employing palladium acatete and periodinanes as oxidants, SANFORD and co-
workers described an elegant method for the oxime-directed acetoxylation of non-activated C-H bonds

(K, scheme 4.10).1101
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[Fe], AcOH, H,0,
(MeCN) r.t.

54%

101]

Scheme 4.15. Iron catalyzed C—H functionalization of Artemisinin with the WHITE-CHEN catalyst.!

The WHITE-CHEN catalyst can be used to hydroxylate C-H bonds (P, scheme 4.10) in a regio- and
chemoselective fashion. The reaction is suitable for application to complex systems, such as the synthesis
of the Artemisinin (4) in scheme 4.15. Here, the iron-based coordination complex is used along hydrogen
peroxide and an acetic acid additive to oxidize aliphatic sp> C-H.['!l The regioselectivity of the system can
be explained by steric and electronic effects, but the use of carboxylic acids as directing groups can
override the innate reactivity and allow for selective and effective conversions.[1??

Most directed methods often have the requirement that specific substituents are installed and subsequently
removed in order to render a functional group more capable of binding the catalyst or reagent. However,
by exploiting the high reactivity of free radical species, such a cumbersome transformation can often be

avoided.

Methods for C-H oxidation by radical mechanisms!'% go back over a century ago, and over the decades a
variety of new methods have been presented.!'* In particular, remote intramolecular free radical reactions
were developed that utilize the reactivity of oxygen and nitrogen radicals.l'%! Although the mechanism is
not fully understood, the method presented by NIKISHIN and co-workers is based presumably on a single
electron transfer and the high reactivity of the corresponding acyloxy radical. Despite possible
decarboxylations as side reactions, they were able to isolate the respective lactone (O, scheme 4.10).1104 10]
Discovered in 1960, the BARTON reaction involves a homolytic oxygen nitrogen bond cleavage, followed
by remote hydrogen abstraction, radical recombination, and tautomerization to form an oxime (T,
scheme 4.10). Because of the possibility to functionalize otherwise inert substrates, this reaction was
developed expansively and used to create a number of steroid analogs. Similarly, the “hypoiodite”
reaction can be used for the synthesis of compounds that contain a five- or six-membered ether ring with
remarkable precision and efficiency.['"” This type of reaction was later investigated and utilized in detail,
for example, as the key steps for the synthesis of natural products (M, scheme 4.10).1%! As published by
YANG and co-workers, trifluoro ketones can be employed as directing groups for the synthesis of acetals.
Here, by reaction with Oxone® the dioxirane formed in situ allows for the site-specific functionalization

(S, scheme 4.10).78 1%] In addition, the trifluoromethyl ketone can by employed for remote oxidations of
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complex steroid structures (W, scheme 4.10).['"1 As discussed above in detail, one of the most important
examples for remote intramolecular free radical C-H functionalization is the HOFMANN-LOFFLER—
FREYTAG reaction. Originally, this method was carried out under acidic conditions, but it has been shown
that weakly basic and neutral conditions might also be employed. Consequently, modifications of this
reaction were developed, such as the reaction conditions presented by SUAREZ and co-workers. Here,
hypervalent iodine reagents!'''l in the presence of iodine are used to generate the nitrogen-centered
radical.l% 112 Interestingly, the reaction conditions can also be applied to the synthesis of lactones by
amidyl radicals (U, scheme 4.10).1'31 By employing a carbamate directing group, BARAN and co-workers
re-visited this reactivity and devised a method to synthesize 1,3-diols by the oxidation of non-activated
tertiary and benzylic positions (R, scheme 4.10).[1"4 This radical mediated hydroxylation method was then

used as the key step in the synthesis of eudesmane terpenes. !

W a CF3CH,NCO

HO o HO o
>=0 b AcOBr; CBry, hv o HO HO HO
F3CH,C—NH F3CH,C—NH
93 70% 94 43% 95

Scheme 4.16. Selective C—H functionalization of the isopropyl sidechain of the Epiajanol derivate XX with the use

of trifluorethylcarbamate as directing group.

As depicted in scheme 4.16, the electron-deficient carbamate acts as a directing group for the remote
oxidation of the terpene framework 93. The sequence of N-bromination, homolytic bond cleavage induced
by irradiation and 1,6-hydrogen abstraction yields the tertiary bromide 94. Subsequent cyclization and
hydrolysis then gives rise to the corresponding triol 95. The work represents another step towards the

generation of a set of rules and logic for the use of C-H oxidation in terpene synthesis. 5!

4.4 Terminology and Impact

Since the reactivity associated with C-H functionalization has a history of its own and is characterized by
a great number of groundbreaking discoveries, the term under which the process was described has
exhibited a certain dynamic: The conversion and the replacement of the carbon-hydrogen bond often
involves a transition metal and then the reaction usually proceeds viz an intermediate metalorganic
species.®] This specific interaction between the metal and the C-H bond under formation of an R-M
species is known as “C-H activation” [ Since the discussed transformations in general do not imperatively
involve such intermediates, the whole process of replacing a C-H bond with a different bond has to be

distinguished from C-H activation. Therefore, the term C-H functionalization summarizes a variety of

31



Methodology: C-H Functionalization

transformations, for example, halogenations, oxygenation, and coupling reactions. Accordingly, the term
C-H oxidation explicitly emphasizes a change of the oxidation state. In recent years, however, the more
general term “functionalization” has been predominantly used since it highlights the versatility and refers
to a variety of synthetic transformation including cyclizations, bi-aryl couplings, and the introduction of

versatile functional groups (C, N, O, B and halogen) at both sp?- and sp*-centers.['%]

C-H functionalization chemistry has the potential to change the way researchers approach organic
synthesis.l'!?] It could enable the conversion of abundant and inexpensive hydrocarbonds into more
valuable complex organic compounds.!'”] Furthermore, innovative strategic disconnections in the
planning stage and potential late-stage modifications!!®! of established structures can reveal new routes
and synthetic accesses.'"”l In addition, new methods that exploit the concept of “H as a leaving group”[120]
and are characterized with high chemo-, regio-, and stereoselectivities, as well as a broad functional group
tolerance, enable a variety of new applications.°'*! Despite the challenges to be met, C-H functionalization
chemistry often reveals its full potential when applied to fields such as the total synthesis of natural

products or as the underlying concepts for the investigation of pharmacophores.[2!l
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5 Motivation and Objective

The natural products of the illicium sesquiterpene family hold significant potential as pharmacophoric
motifs in the development of therapeutic agents for the treatment of neurodegenerative diseases. Despite
the high oxygen functionality of the natural products, previous studies toward Merrilactone A or
Anislactone A/B have focused on synthetic routes that rely on pre-functionalized synthons and sequences
with pre-established oxygen functionalities. A new approach that relies on the a late-stage modification of
the carbon framework by C-H functionalization seems, therefore, highly desirable especially in light of

the focus on efficiency, scalability, and diversity.
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Scheme 5.1. Natural product (+)-1, carbon skeleton and simplified terpenoid structure.

As depicted in scheme 5.1, application of the C-H oxidation logic results in a dramatic simplification of
the terpenoid structure. These simplified core structures are opted for as they allow the identification of a
scalable synthetic access to illicium terpenoids, as well as to investigation into the potential retention of
biological activity. For this purpose, the goal is to establish an efficient synthesis of the natural product’s
framework and to use the carbon skeleton as a platform for C-H functionalization reactions. Hence, the
aim is to establish a library of natural product analogs and investigate the activity potential. In order to
examine the structure-activity profile, a suitable neuro assay has to be used to reveal those structural

derivatives that exhibit neurotrophic properties and capabilities of initiating neuronal outgrowth.

5.1  Retrosynthetic Analysis

oxetane ring, epoxide
reduction formation
a-alkylation
o
0?6 |
C-H oxidation (1°) C-H oxidation (3°)
(#)-1 98 99 o7

Scheme 5.2. Retrosynthetic analysis of Merrilactone A (1).

The retrosynthetic analysis of (+)-Merrilactone A (1) begins with the strategic disconnection of the oxetane
ring and reduction (see scheme 5.2). As has been shown by previous studies, this transformation can be

achieved via a PAYNE-like rearrangement. Consequently, the required epoxide ring can be derived from
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the corresponding olefin. The key steps are the disconnections of the lactone rings. Here, a C-H
functionalization of a primary C(sp®)-H bond of 98 is required, as well as the C-H functionalization of the
tertiary position in 99. This results in the simplified core structure of the illicium sesquiterpene carbon
framework 97. An a-alkylation of the B,y-unsaturated ketone then allows for the modification of the cis-

bicyclo-[3.3.0]-octane moiety.

a-alkoxy carbonylation

aldol condensation oxidation 1,4 addition a-methylation
[¢] o] o
' Me
$.CO,Me
{ z T == Q
103 104

Scheme 5.3. Retrosynthetic analysis of the framework of (+)-1.

Synthesis of the bicyclic structure is achieved by a sequence of reactions, that is, aldol condensation,
oxidation, and a 1,4-addition to enone 103 (scheme 5.3). Finally, o-methylation of the 1,3-dicarbonyl
compound, as well as an a-alkoxycarbonylation, reveals the commercially available

dimethylcyclopentenone (104)!?] as a starting point of the synthetic route.!23]

5.2 Synthesis of Lactones

Since one of the major structural challenges associated with a C-H oxidation approach to the illicium
sesquiterpenes lies in the synthesis of their oxygen-containing heterocycles, methods for the synthesis of
lactones by C-H functionalization are to be specifically investigated. Although there are a few methods
available for the introduction of lactone rings to complex carbon frameworks, the direct functionalization

of non-activated primary C(sp®)-H bonds poses an especially significant challenge.

o
— Hob C-H Functionalization
H

Scheme 5.4. General retrosynthetic analysis of lactones by C—H functionalization.

Consequently, the development of a general method for the synthesis of lactones which is based on C-H
functionalization (see scheme 5.4) might allow the application to complex polycyclic substrates.
Accordingly, the feasibility, scope, and limitations of such C-H functionalization methods have to be

examined and established.
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6 Results and Discussion

6.1 Synthesis of Lactones via C-H Functionalization of Non-Activated C(sp®)-H Bonds

Reproduced from Org. Lett. 2016, 18, 64726475 with permission from the American Chemical Society (ACS). © ACS 2017

Lactone rings occur as a common and widespread structural motif in natural and synthetic compounds.
In particular, many fine chemicals, natural products, and pharmaceuticals comprise saturated y-lactones.
Naturally occurring lactones, such as y-decalactone, often contribute to the aroma of various foods and
fruits or exhibit interesting biological activities such as the neurotrophic sesquiterpene jiadifenolide or the
antibacterial peptidoglycan biosynthesis inhibitor avenaciolide (Figure 6.1).') Most methods for
synthesizing saturated y-lactones, such as halolactonization or intramolecular substitutions, depend on
prefunctionalized y-positions, with either electrophilic or nucleophilic properties (Figure 6.1).1%! In nature,
however, in many cases such oxygen heterocycles are introduced by selective oxidation of scarcely
functionalized carbon frameworks by powerful oxidases such as the heme and non-heme iron enzyme

families.[662]

Natural products: O H o
[o) o
Me _.E>=0
w H
° Me )7

y-Decalactone

[o} a Amide formation
H b Photobromination RL_O__o
H ¢ Cyclization/hydrolysis
a R-NH,

ST heT F

R

Br I
R1_ _O.
n‘ _R _hv(LED) n'\(/\)LN/R , Hp@f”in
| |
H

2 R?
T 107 108

Figure 6.1. A: Selection of natural products containing y-lactones. B: Retrosynthetic approaches towards y-

lactones. C: Mechanistic description for the lactone formation.

Since the pioneering observations of HOFMANN, LOFFLER and FREYTAG,#”51 1072 g variety of methods have

been established to directly transform C-H bonds. New concepts enabling innate and directed C-H
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functionalizations with control over regio- and stereoselectivity are emerging, including transition metal-
catalyzed reactions.[% 1211261 Nevertheless, the extraordinary properties of nitrogen-centered radicals and
the high selectivity of radical hydrogen abstractions still inspire scientists to develop novel methods for
controlled oxidation in a variety of applications.!'%d 114 127] Since the 1960s, there have been reports that
amidyl radicals can in principle be used to form y-lactones viaz hydrogen abstraction.[''% 128 Nevertheless,
such a lactonization has not found application in synthesis. As SUAREZ stated in 2005,1%"! this is due to the
narrow scope, the low chemical yields and poor reproducibility of the procedures published. A method
that allows for the functionalization of non-activated tertiary, secondary and also primary C-H bonds is
highly desirable but not available so far. Ideally, it would operate under mild conditions and tolerate a
wide variety of functional groups. In order to find solutions for this challenge, we conducted a systematic
investigation of the radical-mediated synthesis of lactones utilizing amidyl directed C-H
functionalization. This strategy would follow the mechanism depicted in Figure 6.1. Here, the carboxylic
acid is converted to the amide, followed by N-bromination to the labile N-bromo species 106. Upon
irradiation, this compound forms a nitrogen-centered radical, which can undergo 1,5-H abstraction via the
six-membered transition state T1. Radical recombination gives rise to the y-bromoamide 107, which then
should allow for cyclization to form the iminium lactone 108 over the amide.l'”! Hydrolysis then yields

the lactone.
Table 6.1. Screening of N-Substituents.
AcOBr (CH,Clp) rt, 0.5 h
NG - P L N Y\)L o
H H then hv (white LEDs) rt, 0.5 h
Amide group (ratio product : s.m.)

SO ENNC ARG

109 (-)@ 110 (-)2 11 (30:70) 112 (29:71)
13 (1)@ 114 (43:57) 115 (-)2) 116 (93 7)
o
R, ‘/o\Me N ‘)I\ME T
117 (90:10) 118 (0:100) 119 (34:66) 120 (-)2)

a) complex product mixture, no y-bromination observed. ?) cyclization product

First, different substituents were screened for their aptitude to achieve the desired C-H functionalization
on the test substrate pentanoic amide (Table 6.1). Acetyl hypobromite and white LED light were used to

generate the N-bromo species and initiate the radical reaction, respectively. It became evident that many
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substituents show either no y-bromination (109, 110, 113 and 120) or moderate ratios of product to starting
material (111, 112, 114 and 119). Very good results were obtained with t-butyl amide 116 (93:7, Table 1).
However, the t-butyl amide underwent spontaneous cyclization to the iminium lactone which proved to
be unreactive under a variety of hydrolysis methods, presumably due to the steric bulk of the t-butyl
group. Calculations and experiments have indicated that especially electron-deficient amidyl radicals tend
to readily undergo hydrogen abstractions.[7# 13 Since the trifluoroethyl group has proven to be suitable
for the carbamate directed synthesis of 1,3-diols as demonstrated by the BARAN group,'*l we investigated
the reaction with trifluoroethyl substituted amide 117. We were pleased to observe that in this case the
hydrogen abstraction led to formation of the C-H functionalized product in an excellent ratio (90:10)
without formation of any side products. With a simple route to the y-bromoamide established, we turned
our attention to different cyclization methods and found that formation of the iminium lactone could be
easily induced with the addition of silver(I) tetrafluoroborate under mild conditions."*!] Attempts to
isolate and purify the iminolactone after deprotonation with base, however, were unsuccessful.['*? Instead,
facile hydrolysis was achieved at room temperature by directly adding water to the reaction mixture. This
finding was unexpected in that t-butyl iminolactones (Figure 6.1, 108, R = t-butyl), formed from t-butyl
amides could only be hydrolyzed under harsh conditions, such as refluxing sulfuric acid.[% 1281 In
contrast, we were able to isolate the lactones under very mild conditions. This underscores the
advantageous properties of the trifluoroethyl amide as directing group, as it displays an optimal balance

of electron deficiency, O-nucleophilicity and hydrolyzability.

Table 6.2. Synthesis of tertiary, secondary and primary v -Lactones.

o
AcOBr (CH,Cly) 1t, 0.5 h
Me\(\)l\"ﬁ (CHCl) me\(\)LNQ
N then hv (white LEDS) 1t, 0.5 h N
H Br

Amide group (ratio product : s.m.)

0 OOt o

109 (-)? 110 (1)@ 11 (30:70) 112 (29:71)
JO e
13 ()2 114 (43:57) 115 ()9 116 (93:7)0
o
. (\CFQ ‘/Q\M‘3 ")Lme ‘/Ts
117 (90:10) 118 (0:100) 119 (34:66) 120 (-)2)

a) complex product mixture, no y-bromination observed. ©) cyclization product
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Next, we looked at a series of simple substrates to evaluate whether different aliphatic sp?-positions can
be functionalized. Starting from commercially available carboxylic acids, Table 6.2 shows a series of y-
lactones, which were synthesized by conversion of the respective amides in a one-pot lactonization
protocol (for screening details, see Supporting Table S1). Notably, not only tertiary (121, 122, 123) and
secondary (124, 125, 126), but also primary C(sp®-H bonds (127, 128, 129) were found to be readily
functionalized this way, giving rise to the respective y-lactones in good to excellent yields. Besides
compounds with various alkyl lengths, also spirocyclic structures (123) as well as « -substituted lactones

(125, 127, 128) are accessible.

In order to investigate the scope and the limitations of the reaction, a series of more complex structures
were synthesized and converted to the respective lactones. Here, the fully optimized protocol was utilized
(Supporting Table S1). As depicted in Table 6.3, the lactone moiety could be introduced to a variety of
structures with different functional groups such as ketones (130), protected amines (131), aryl units (132),
and electron deficient olefins (133). Also complex polycyclic y-lactones (134, 135) and bislactones (136)
were synthesized. In several cases (132b, 133b, 135b, 136b, 137b), yields could be improved by utilizing

AgOAc instead of AgBF4 to promote cyclization.

As for most C-H oxidation methods, electron-rich alkenes and enones do not tolerate the radical reaction
step; in case of an epoxide-containing substrate we investigated, y-bromination was successful, but the
cyclization conditions required were not compatible (see Supporting Table S2). Moreover, a limitation was
found in case of sterically hindered substrates: « -quaternary amides failed to undergo N-halogenation,
while one substrate with a sterically very demanding y-substituent failed to undergo H-abstraction. DFT
calculations indicated that in this case the transition state energy was considerably higher than in case of
regular substrates (further discussion and mechanistic details based on DFT calculations can be found in
the Supporting Information). After having investigated the scope of the reaction, we were interested to
see if it is possible to alter the regio- and chemoselectivity by incorporating specific structural features.
Substrate 137a with benzylic C-H bonds in the § -position diverged from the usually favored transition
state and gave rise to the six-membered lactone 137b. This trend was also observed in case of compound
138a, where the vy -position was blocked by a quaternary center. Here, also a seven-membered transition
state initially led to formation of the ¢ -bromoamide. However, upon cyclization the system yielded y-
lactone 138b, presumably via 1,2-methyl shift. It is important to note that spatially suitably arranged
nucleophilic groups, such as an ester, can outcompete the amide in the cyclization, as shown in the

conversion of ester 139a to y-lactone amide 139b.
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Table 6.3. Scope and Limitations.

o
R2 O a AcOBr (CHCly) rt
Rl s R then hv (white LEDs) R3 0
N
H g N b Ag(l) then hydrolysis e ¥
Entry Substrate Product Yield (%)@
o o o
s SO0_o
1 Me A NHR  Me A 49%
H (85% brsm)
130a 130b
2 \)\)L S_T 48%
(90% brsm)
TCPN NTCP
131b
o)
3 q\/Y\)L g\/wo 75%
o
H 132a 132b0)
ON °
4 o
$ NHR 93%
H 1333 133b?)
. \O)\ mo 61%0)
Me Me
134a Me Me 134b0)

6 o
(29% brsm)

7 o 3%

8 63%

I S

76%
me’ Me 138a (76 ebrsm)

S o 26%
Me: " (67% brsm)

NHR

139a 139b

R = CH,CF5. TCP = Tetrachloro phtalimide. 2 isolated yield. 2 AgOAc then AcOH, H,0
©) determined with CH,Br as internal standard.
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6.2 A Six-Step Total Synthesis of a-Thujone and D¢-a-Thujone, enabling facile Access to Isotopically
Labelled Metabolites

Reproduced from Chen. Commun. 2016, 52, 11701-11703 with permission from the Royal Society of Chemistry © RSC 2016

The monoterpene a-Thujone (143) is found in a variety of plants and therefore are present in diverse
herbal products.'*¥ The most famous product containing Thujone is certainly Absinth, produced from
wormwood. It had been a popular spirit drink in the 19th century but later was prohibited due to concerns
about its toxicity.l'3 Absinth was connected to severe health problems, including hallucinations,
depressions, convulsions, blindness and mental deterioration. However, more recent studies propose that
most of these effects were caused by alcohol intoxication.I'* Nevertheless, thujone is neurotoxic and was
shown to inhibit the gamma-aminobutyric acid A (GABAA) receptor, which leads to excitations and
convulsions at higher concentrations in animal studies.['*] The metabolism of Thujone was investigated
both in vitro and in vivo. Whereas, the major metabolite in in vitro studies is clearly the 7-OH-a-thujone

(143)1131, in vivo studies, point to 2-OH-a-thujone and 4-OH-a-thujone as the main metabolites.

a acetone, pyrollidine OH OH o
(MeOH) 0°C —r.t. d Et,Zn, CH,l, e IBX (DMSO) r.t.
b LiAIH, (THF) 0°C (CH,Clp) 0°C > f Mel, KHMDS, DMPU >
¢ BHg*Me,S, Hy0,, H (THF) -78°C H
NaOH (CH,Cl,)
140 34% (3 steps) 141 84% 142 58% (2 steps) 143

Scheme 6.1. Synthetic route to thujone. KHMDS = Potassium hexamethyldisilazide; DMPU = 1,3 Dimethyl-
tetrahydropyrimidin-2(1H)-one; IBX = 2-lodoxybenzoic acid.

After having developed a concise route to Thujone (see scheme 6.1) and its isotopically labelled derivative,
we turned to the preparation of the most important metabolites. The oxidation of 143 to 7-OH-a-Thujone
(144) was described in the literature utilizing ozone as the oxidant.

o o
0___.CH;
(I)>\CF3
> (TFac/CH,Clp) —20°C, 3h Ho>""
H
143

H

90% 144

Scheme 6.2. Hydroxylation of Thujone with TFDO.

However, these conditions lead to considerable over-oxidation and a reduced yield of 144 (47%). After
screening several oxidants, we found that methyl-(trifluoromethyl)dioxirane (TFDO) led to a clean

conversion to 144 (Scheme 6.2).
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6.3  Synthesis and Neurotrophic Activity Studies of /llicium Sesquiterpene Natural Product Analogs

Reproduced from Chem. Eur. ]. 2017, 23, 3178-3183 with permission from John Wiley & Sons, Inc. © Wiley 2017

The awe-inspiring structural diversity of natural products has always motivated organic chemists to
investigate and develop new synthetic routes, methods and applications. Significant discoveries have been
made by studying the chemical structure of these compound and their properties. In particular, the
investigation of promising biological activities has resulted in an array of applications of natural products
and their analogs as pharmaceuticals. Therefore, natural products are often used as a starting point for

drug discovery, in which lead compounds undergo extensive optimization and structural variation.

A
o} i 0
w 5
HO* T
0/\0* B
()-Merrilactone A (1)
B o
: 0
VST ome 4o
o= n ¢
OR
146
Natural Product Analogs
104, R2=H 148
149, R2= OCO,Et = 0CO,Et

Figure 6.2. A: Neurotrophic sesquiterpene natural products with their core structure (marked in grey). B: Natural

product analogs and retrosynthesis.

However, the complexity of natural products can often only be constructed via lengthy synthetic routes
which may hamper drug discovery. One approach to circumvent this issue is to reduce the complexity of
the natural products, while retaining the desired biological activity. Such strategies have been recently
summarized by GADEMANN and co-workers who described the promising role of natural product based
fragments in drug discovery. They highlighted examples where the structural complexity of natural
products was reduced successfully.[3 Structurally more simple analogs, accessible via shorter synthetic
routes, can greatly improve chemical tractability and can therefore overcome the limitations of lengthy

chemical syntheses.
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Since the discovery of several neurotrophic natural products which form part of the illicium family, for
example, Merrilactone A (1),['”] Anislactone A/B (2),?!! and Jiadifenolide (7)!!2! (Figure 6.2A), these
compounds have received remarkable attention from the synthetic community,12¢-35 138 not least because
of their challenging chemical structure and their promising biological activity.[?> 12413713 The polycyclic
small molecules are capable of promoting outgrowth in neuronal cultures.'*] Therefore, these privileged
structures are considered to hold potential for the development of pharmaceuticals for the treatment of
neurodegenerative diseases such as PARKINSON’s or ALZHEIMER's.”! In contrast to protein
neurotrophins,!#!l for example nerve growth factor (NGF) or brain-derived neurotrophic factor (BNDF),
small-molecule neurotrophin-like compounds have been investigated because of their desirable
pharmacokinetic properties and pharmacological advantages, that is, low molecular weight, high serum
stability and most importantly blood-brain-barrier permeability.'¥l In the case of majucin-type
sesquiterpenes, such as Jiadifenolide (7), several studies were conducted in order to determine a common
pharmacophoric motif.l'*! These investigations led to the identification of several potent analogs and
therefore have shown that certain synthetic derivatives can have activities comparable to the natural
product. Although a great number of synthetic studies on Merrilactone A (1) and Anislactone A/B (2) have
been performed, no systematic investigation on their structure-activity relationship is available. This
might be due to the length of the syntheses reported. As a consequence, variations of the carbon
frameworks of the natural products are not readily accessible. We realized that in order to overcome this
limitation a synthetic route, which provides simple access to the core structure, was required. An efficient
synthesis of the carbon framework would then allow for versatile modification and preparation of natural
product derivatives.

We focused our studies on the structural core motif (see figure 6.2A, marked in grey), which consists of a
highly substituted central ring structure surrounded by additional rings including a cyclopentane and a
y-lactone. Specifically, our aim was to synthesize structural simplified analogs, investigate their neurite
outgrowth activity and ultimately learn about the structure-activity relationship. Importantly, we have
placed the emphasis on synthesizing simplified analogs, that is, carbon framework derivatives of (+)-1 and
(£)-2. Two rationally simplified structural derivatives 146 and 147 (Figure 6.2B) were designed by altering
the oxidation state and by targeted disconnection of hydroxy functionalities, for example, oxetane and
lactone moieties. The synthetic strategy towards these two derivatives is based on the rapid construction
of the polycyclic structure from readily available enones. Retrosynthetically, structure 146 (Figure 6.2B)
can be traced back to cyclopentenone 104 via ring disconnection to diketone 101. Analogously, lactone 147
is constructed from bicyclic ketone 148. Here, the y-lactone ring is attached by employing the pre-

functionalized enone 149.
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Scheme 6.3. Synthesis of the carbon frameworks 150, 151 and 155. f [pTsOH] (PhMe) 120 °C, 17 h, quant., r.r. =
2:1. LDA = lithium diisopropylamide, DMPU = 4-dimethyl-aminopyridine, THF = tetrahydrofuran, TMSCI =
trimethylsilylchloride, DMF = N,N-dimethylformamide, DMP = 3,5-dimethyl pyrazol.

Synthesis of the core structure (depicted in scheme 6.3) starts with commercially available
dimethylcyclopentenone (104) which was subjected to an a-methoxycarbonylation using MANDER's
reagent,!'¥3l followed by methylation of the 1,3-dicarbonyl with methyl iodide. A 1,4-addition of the in situ
formed cuprate gave rise to 102 in excellent yield (96%) and with a diastereoselectivity of 2.3:1. The two
diastereomers could be separated via column chromatography. After WACKER-oxidation, the desired syn-
configuration of diketone 101 was confirmed by X-ray crystal structure analysis. Attempts to close the
cyclopentene ring failed under a variety of basic conditions. However, treatment with p-toluene sulfonic
acid" provided bicyclic ketone 100, along with conjugated iso-100 (r.r. = 2:1), which could be recycled via
acidic equilibration. Finally, a-alkylation with bromo alkyl acetate yielded structures 150 and 151 (R = Et
or Me). The route described allows for the gram-scale access to diastereomerically pure carbon framework

derivatives of the natural products.

Furthermore, we were interested in structure derivatives carrying the intact eastern lactone ring. Thus,
alcohol 152 was found to be a suitable starting point.['*’l Functionalization with chloroformate and allylic
oxidation with chromium(VI) oxidel%l gave enone 149 in 48% yield over two steps. 1,4-Addition, Wacker-

oxidation and acidic cyclization provided deconjugated 148 exclusively. Notably, the carbonate group
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survived these transformations, serving not only as a protecting group for the primary alcohol, but also as
building block and precursor for the lactone moiety, which was introduced by treatment with sodium
hydride. At this point, the diastereomers could be separated via column chromatography and the desired
syn-configuration of bowl-shaped 154 was confirmed by X-ray crystal structure analysis. The 1,3-
dicarbonyl compound allowed for two selective a-alkylations, first with potassium carbonate and methyl
iodide and then using LDA and bromo ethyl acetate. The concise route provided access to the complete
carbon framework structure 155, which resembles the (+)-Merrilactone A core structure including the

eastern lactone ring.

. 156 (R4=Me) !
157 (R4=H) !

aKOH C P

b KOTMS moC . 158 (X-ray)
2 A come c LiAIH, Y

b KOH Ly e TFDO

d DMDO o

HO,C._

Scheme 6.4. Synthetic pathways starting from diester 16 to different derivatives of the natural product framework.
a KOTMS (THF) r.t., 4-6 d, 85-95%; b KOH, H,O (MeOH) 70°C, 2 h, 90%; ¢ LAH, (THF) -78 C — r.t.,, 18 h, 73%;
d DMDO, (ac) r.t., 2 h, quant.; e TFDO (TFac) —20 °C, 17 h, 64% (1:1). KOTMS = potassium trimethylsilanolate,
DMDO = dimethyldioxirane, TFDO = trifluoromethyl(methyl)dioxirane; TFac = 1,1,1-trifluoroacetone.

With the carbon framework in hand, we turned our attention to further modifications of the core structure
(see Scheme 6.4). Saponification of diester 151 under standard conditions (KOH in aqueous media)
allowed for selective hydrolysis of the sterically more accessible ester to yield monoacid 156. However,
the second ester group proved to be unreactive even under forcing conditions, presumably because of the
steric bulk of the quaternary carbon center in a-position. Furthermore, in case of successful formation of
the B-keto acid, isolation of the product was thwarted by spontaneous decarboxylation. Ultimately, diacid
157 was accessible by employing potassium trimethylsilanolate and subsequent facile hydrolysis of the
silyl ester.[147]

For the investigation of the core structure at different oxidation levels, we turned our attention to reductive
modifications of the framework. Unfortunately, a selective reduction of the carbonyl functionalities
proved to be challenging. Only mixtures of different oxidation states or decomposed material were

obtained with a variety of reagents —including borohydrides, aluminum hydrides or BOUVEAULT-BLANC
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conditions.l*8l However, triol 158 was accessible by employing lithium aluminum hydride reduction with
careful choice of the work-up method. The configuration of the secondary alcohol, pointing outside of the

bowl shape structure, was unambiguously confirmed by X-ray crystal structure analysis.

Apparently, direction of the hydride by the primary B-alcohol group or preorganization by the hydrogen
bonding (visible in the product’s solid state structure) must have allowed for the hydride attack from the
sterically more hindered concave side. In order to further vary the functionality of the olefin containing
ring, we examined the epoxidation of ester 151 with TFDO. Surprisingly, the reaction yielded not the
epoxide, but a mixture of lactones 159 and 160. These Anislactone-type cyclic structures were presumably
formed by opening of the epoxide intermediate. The alcohol group formed was then further oxidized to
the ketone under the reaction conditions. Notably, the use of milder DMDO yielded the desired epoxide

161, after saponification.

a SOCly, NHg

b mCPBA
49% (2 steps) £

d DMDO
e [RuClg], KBrOg,
¢ 39% (2 steps)

[o)
o

i_CO,Me

¢ Cu(OAc),

2VY2
o>
40% N~

:_coMe

164 (X-ray)

Scheme 6.5. Synthesis of epoxy amide 162, and unexpected oxidation products 163 and 164. a SOCl,, NH; (CH.Cl»)
50 °C, 2 h, 74%; b mCPBA (CH,Cl,) r.t., 18 h, 83%; ¢ Cu(OAc),, H,0, (MeCN/H,0) r.t. 1.4 h, 40%; d DMDO (ac)
r.t., 2 h, quant.; e [RuCls], KBrOs, [py] (MeCN/H,0) 60°C, 17 h, 39% (2 steps). mCPBA = meta-chloroperbenzoic
acid, DMDO = dimethyldioxirane.

As depicted in Scheme 6.5, conversion of monoacid 156 with thionyl chloride, followed by reaction with
aqueous ammonia and subsequent epoxidation with m-CPBA yielded amide 162 in 49% yield over two
steps. X-ray structure analysis confirmed the structure and unequivocally proved the convex orientation
of the epoxide. Carboxylic acid 156 was also exposed to oxidative conditions in order to increase the
oxidation level of the carbon framework. Treatment with copper(Il) acetate and hydrogen peroxide!”!
yielded allylic lactone 163 —an unprecedented product for these reaction conditions. Even more surprising
was the formation of oxidation product 164 in the reaction of the epoxidized acid with ruthenium(II)

chloride and potassium bromate.l'*) The product was apparently formed by carbon-carbon bond scission
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of the epoxide, subsequent oxidations and acetalization. Fortunately, a single crystal suitable for X-ray

crystallography was obtained, which allowed structure elucidation of the unexpected product.

o

MeO,C.

: ¢ KOH
COMe d EDC, NEt,
RS-NH,

150 o 29% (2 steps)

a n-BuLi
RS-NH,

51% (2 steps)i

&

o o

166 H

Scheme 6.6. Synthesis of amide derivatives. R® = CH,CFs. a n-BuLi, R®*-NH, (THF) =78°C, 2 h; b TFA (CH.Cl,) r.t.,
40 h, 51% (2 steps); ¢ KOH, H,O (MeOH) 70°C, 2 h; d EDC, R-NH;, [DMAP], NEt; (CH.Cl;) r.t., 16 h, 29% (2 steps);
e DMDO, (ac) r.t., 14 h, quant.. TFA = trifluoroacetic acid, EDC = 3-(ethyl-iminomethyleneamino)-N,N-
dimethylpropan-1-amine, DMDO = dimethyl dioxirane.

Additionally, amide derivatives of ester 150 were investigated (Scheme 6.6). After saponification, the
amide group!'™! was introduced by coupling with EDC. Also in this case, the alkene could be epoxidized
under mild conditions using DMDO. As it turned out, synthesis of diamide 165 was surprisingly
challenging, presumably because of the steric hindrance of the a-quaternary carbon center. All attempts
to convert diacid 157 to the diamide failed to give difunctionalized product. However, after having tested
a variety of conditions, it was found that direct treatment of the ester 150 with deprotonated amine allowed
for conversion of both ester groups. By employing trifluoroacetic acid, diamide 32 could be further

transformed to Anislactone-type structure 166, which was confirmed by X-ray structure analysis.

In order to investigate the activity profile, we analyzed the effect of the prepared compounds on neuronal
cells. Previous studies have shown that natural products of the illicium family and their structural analogs
were capable of promoting NGF-mediated neurite outgrowth in neuronal cells (rat PC12 cells and primary
cell cultures).1%0: 151U To explore the scope and species-independence of the neurotrophic activity of illicium

sesquiterpenes, we here used mouse N2a cells—an established model for neurite outgrowth.[5
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Relative neurite outgrowth [%]

_ .mil
c

Jia 150 151 155 157 156 158 161 162 163 164 159 160 165 167 168

Figure 6.3. Relative neurite outgrowth of N2a-cells with selected compounds (at 1000 nM concentration) in
comparison to control (C, DMSO). Jia = 7, (-)-Jiadifenolide, concentration: 1000 nMm. Data represent averages of
three independent runs (analysis of >25 cells for each run). Error bars indicate + s.e.m. ***P < 0.001, **P < 0.01,

*P < 0.05, ns = not significant.

We first validated the biological activity of a natural illicium sesquiterpene (synthetic Jiadifenolide 71138153
in this model and found that it potently enhanced serum deprivation-induced neurite outgrowth (140%
compared to DMSO) with the strongest effect at a concentration of 1000 nM (Figure 6.3 and data not
shown). Since our synthetic approach has provided access to a variety of framework analogs, we next
explored the biological profile of the synthetic derivatives. Figure 6.3 shows a graphical representation of
the results of the biological activity study with the relative neurite outgrowth of the N2a cells in
comparison to the control run (DMSO). An overview of the selected compounds and their activities is

given in Table 6.4.

DMSO (control)

Compound 150 Compound 163

Figure 6.4. Representative images of N2a-cells after cell differentiation and neurite outgrowth. A: DMSO

(control); B: (-)-Jiadifenolide (reference); C: compound 150; D: compound 163 (all at 1000 nM concentration).

Figure 6.4 depicts representative images of selected N2a cells after neurite outgrowth in the presence of
selected compounds. The prolonged dendrites are visible in case of neurotrophically active compounds

(Figure 6.4B,C,D) relative to the control (Figure 6.4A, DMSO). Several compounds such as 150, 23 and 163

47



Results and Discussion

were identified that were almost as potent as (-)-Jiadifenolide (7), while being structurally highly
simplified. A SAR analysis suggests that structural variations at the northern carboxy group are tolerated
(methyl ester 150 or acid 156), while modifications of the western olefin reduce (compounds 160 and 164)
or abolish activity (compounds 159 and 161). Likewise, derivatization of the eastern ester moiety
abrogated activity (compare 151—155). The inactivity of 155 was surprising since this eastern lactone motif
(ring A in figure 6.2) is present in Merrilactone A and bioactive Jiadifenolide analogs.**! Furthermore,
the distinct neurite outgrowth by lactone 30 (138%) is remarkable, considering that the structure shows a
high degree of similarity to the Anislactone structure, especially in light of the position of the y-lactone
moiety. Although it has been shown that Merrilactone A can be readily converted to the related natural
product,?®! to the best of our knowledge the biological activity of Anislactone A/B has not yet been
validated. The results presented confirm that the natural product Merrilactone A can be structurally
simplified while retaining biological activity. The most active derivatives (150, 156, 163) are accessible in

6-8 synthetic steps with high yields from commercial starting materials.

Table 6.4. Overview of carbon framework derivatives and neurite outgrowth.

Compound (neurite outgrowth)a@

C, DMSO (100%) 3, (-)-Jiadifenolide (140%)

Et0,c._ ©

155 (96%)

Ho—, M om

H
158 (87%)

H
162 (96%)

o
24

icome

HO H
159 (102%)

C: H
164 (120%)

H
165 (87%) 167 (88%) 168 (94%)

R5= CH,CF;, a) Relative neurite outgrowth [%] in comparison to control (DMSO)
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7 Summary and Outlook

In summary, the first general method that allows for the introduction of lactone rings by amide directed
C-H functionalization with good to excellent yields and unprecedented scope has been successfully
developed. Although nitrogen radical chemistry has been known since the age-old HLF reaction, this work
features two major advances by employing the trifluoroethyl amide as the directing group: (i) The highly
efficient hydrogen abstraction, which is not limited to tertiary and secondary sp®-positions, but is also
suitable for the conversion of primary non-activated methyl groups, and (ii) the efficient cyclization and
mild hydrolysis, which allows for the direct and simple synthesis of y-lactones in a one-pot fashion in the
presence of a variety of functional groups. In total, nineteen different substrates were converted
successfully, showcasing a highly predictable selectivity, a good functional group tolerance and a broad
scope for the functionalization of aliphatic C-H bonds. Since lactones are prominent structural features of
many synthetic compounds and natural products, application of this C-H lactonization method will open

novel routes including biomimetic late-stage C-H oxidations.

Furthermore, the late-stage C—H oxidation strategy was investigated for the monoterpene natural product
a-Thujone. Here, a short synthetic route which relies on the functionalization of dimethylfulvene has
allowed the preparation of the main metabolites of o-Thujone including 7-OH-o-Thujone which is

accessible by C-H hydroxylation using TFDO.

In addition, a series of structural analogs derived from the neurotrophic illicium sesquiterpene natural
products (£)-Merrilactone A and (+)-Anislactone A/B has been synthesized. The concise synthetic route
relies on the rapid construction of the carbon skeleton and enables the gram-scale preparation of the
diastereomerically pure framework structure. Therefore, access is provided to further modified and
functionalized analogs. In total, a library of 15 framework derivatives has been prepared, enabling the
analysis of the structure-activity relationship. Our study identifies promising structural derivatives, that
is, simplified natural product analogs, which are accessible in only 6-8 synthetic steps and still promote
neurite outgrowth (138% compared to control). These results will aid biochemical studies aimed towards
elucidating the molecular mechanism and relevant targets underlying the neurotrophic activity of the
illicium sesquiterpenes and analogs thereof. The simplified compounds could also facilitate the

development of new pharmaceuticals for the treatment of neurodegenerative diseases.
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8 Experimental Section

8.1 General Information

Experimental: All reactions with air- or moisture-sensitive substances were carried out using standard
SCHLENK techniques with Argon (Ar 4.6) as inert gas. Unless indicated otherwise, glass equipment was
dried under high vacuum (10-3 mbar) at 500-600 °C using a heat gun. Reactions at low temperatures were
either performed using cooling baths (78 °C with dry ice in acetone or isopropanol, 0 °C with ice and

water) or with a HUBER cryostat (-80 °C to -5 °C).

Solvents and reagents: Anhydrous EtzO and THF were taken from a solvent drying system MBRAUN
SPS-800. THF was further dried by distillation from sodium/benzophenone under argon atmosphere prior
to use. Diisopropylamine was distilled from CaH: and stored over 4A molecular sieve. Solutions of

metalorganic reagents (e.g. n-Buli) were titrated with menthol/1,10-phenanthroline prior to using.

Analytical methods and instruments: Analytical thin-layer chromatography (TLC) was performed on
MERCK silica gel 60 F2s4 glass-baked plates, which were analyzed by fluorescence detection with UV-light
(A = 254 nm, 366 nm, [UV]), as well as exposure to standard staining reagents and subsequent heat
treatment. The following staining solutions were used: Basic potassium permanganate solution [KMnO4]
(9 g KMnOsq, 60 g K2COs, 15 mL aqueous NaOH-solution (5%) in 900 mL H20), acidic cerium ammonium
molybdate solution [CAM] (40 g ammonium heptamolybdate, 1.6 g cerium sulfate in 900 mL H20 with
100 mL conc. H2SO4) iodine chamber [I2] or acidic vanilline solution [Vanilline] (25 g vallinine in 900 mL
Ethanol with 10 mL conc. H2504). Column Chromatographic separations were performed as flash

chromatography with MERCK silica 60 (230-240 mesh ASTM, pore size 4063 um).

'H NMR spectra were recorded at 300 MHz, 360 MHz, 400 MHz or 500 MHz, using a BRUKER AVHD-300,
AVHD-400 and AVHD-500 spectrometer respectively. *C NMR spectra were recorded at 75 MHz,
90.6 MHz, 101 MHz or 126 MHz on a BRUKER AVHD-300, AVHD-400 and AVHD-500 spectrometer
respectively. Chemical shifts of "H NMR and *C NMR spectra (measured at 298 K) are given in ppm by
using CHCls and CDCls (7.26 ppm and 77.16 ppm, respectively) or DMSO and DMSO-ds (2.50 ppm and
39.52 ppm, respectively) as references. Coupling constants () are reported in Hertz (Hz). Standard
abbreviations indicating multiplicity were used as follows: s (singlet), d (doublet), t (triplet), q (quartet), p
(pentet), s (sextet), h (septet), m (multiplet), b (broad). For diastereotopic methylene groups, the protons
above the molecule plane are marked with a and protons below the molecule plane with B. Infrared
spectra were recorded on a JACSO FT/IR-4100 spectrometer. Standard abbreviations indicating signal

intensity were used as follows: br (broad), s (strong), m (medium), w (weak). High-resolution mass spectra
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were obtained using the electron impact ionization (EI) technique on a THERMO Finnigan MAT 8200 mass
spectrometer or the electron spray ionization (ESI) technique on a THERMO Finnigan LTQ FT mass

spectrometer. Melting points are not corrected and were measured on a REICHERT AUSTRIA microscope.

Sources of chemicals: Celite®, copper(Il) acetate, copper(I) bromide dimethylsulfide complex,
copper(I) chloride, m-CPBA, diisopropylethylamine (DIPEA, anhydrous), 4-dimethylaminopyridine
(DMAP), 1,3-dimethyl-3,4,5,6-tetrahydro-2(1H)-pyrimidinone (DMPU), 3,5-dimethylpyrazol, ethanol
(anhydrous), methyl iodide, methyl cyanoformate (MANDER’s reagent), palladium chloride, potassium
t-butoxide, potassium trimethylsilanolate, thionyl chloride, p-toluenesulfonamide, trimethylamine
(anhydrous), Oxone®, 1,1,1-trifluoroacetone, 2,2,2-trifluoroethylamine, were purchased from SIGMA-
ALDRICH. CDCls (99.8%) was purchased from DEUTERO GmbH. Lithium chloride (anhydrous) was
purchased from TCI. Silica gel (0.040-0.063 mm, 230-400 mesh ASTM) and sodium hydride (60%
suspension in paraffin oil) were purchased from MERCK. Magnesium sulfate and iodine were purchased
from APPLICHEM. Potassium carbonate, sodium sulfate, magnesium, sodium iodide, sodium chloride,
monosodium phosphate and ammonium chloride were purchased from GRUSSING. Acetic acid, acetic
anhydride, acetone (anhydrous), acetonitrile (HPLC grade), ammonium hydroxide (25% aq), and sodium
hydroxide were purchased from FISHER SCIENTIFIC. Potassium carbonate (anhydrous) was purchased
from FLUKA. Trifluoroacetic acid, 2,2,2-trifluoroethylamine hydrochloride and triphenylphosphine were
purchased from ALFA AESAR. Acetone (anhydrous), 4A molecular sieve, bromo ethylacetate,
bromo methylacetate, chromium(Ill) oxide, copper(I) chloride, n-hexane (HPLC grade), lithium
aluminium hydride, lithium chloride, methanol (HPLC grade), palladium(II) chloride, pyridine, sodium
hydride (60% on paraffin wax) and sodium bicarbonate were purchased from VWR. Anhydrous
acetonitrile, anhydrous dichloromethane (extra dry, stored over 4 A MS), N,N-dimethylformamide
(anhydrous), dimethyl sulfoxide (anhydrous), n-butyllithium solution in hexane, diisopropylamine, and
methyliodide were purchased from ACROS ORGANICS. 4-Bromo-1-butene, EDC hydrochloride and HBTU
were purchased from CARBOLUTION. Pentane, Et20 and EtOAc were purchased from BRENNTAG and

distilled prior to use. Chemicals were used without further purification, unless stated otherwise.
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8.2 Synthetic Procedures and Analytical Data

Preparation of Dimethyldioxirane (DMDO)

Caution! Reactions and subsequent operations involving peroxy compounds should be run behind a safety shield.
According to a modified procedure,!'* a 1-L round-bottom flask was charged with H20 (20 mL, MILIPORE
water), acetone (30 mL) and NaHCOs (24 g, 285 mmol, 3.5 equiv). The white suspension was cooled to 0 °C
and stirred for 20 min. Oxone® (25 g, 81.3 mmol. 1.0 equiv) was added in a single portion under gas
evolution and the slurry was stirred vigorously for 15 min. After removing the stir bar, the flask containing
the slurry was attached to a rotary evaporator with the water bath at room temperature. The bump bulb
(250 mL, see figure 8.1) was cooled in a dry ice/isopropanol bath and a reduced pressure of 200 mbar was
applied under rotation. After 15 min, the bath temperature was raised to 40 °C and held at that
temperature for 15 min.

to rotary evaporator

DMDO solution

1000 ml
reaction flask

Figure 8.1. Bump bulb set-up for the collection of DMDO solution using a rotary evaporator.

The pale yellow acetone solution which was collected in the bump bulb was decanted into a graduated
cylinder to measure the total volume and dried by addition of Na25Ou. After filtration, the concentration
of the obtained DMDO solution was determined iodometrically by addition of 1 mL of the DMDO solution
to a mixture of 0.25 mL saturated KI-solution and 1.0 mL glacial acetic acid. The resulting dark-red solution
was titrated with a freshly prepared aqueous Na25:0s solution (0.05 M), indicating a typical concentration

of 50-100 mM.

Preparation of (Trifluormethyl)methyldioxirane (TFDO)

According to a modified literature procedure,'®! a 1-L three-necked round-bottom flask was equipped
with over-head stirrer, a septum and a condenser which was attached to a 25 mL receiving flask by a
distillation receiver with an argon balloon (see Figure S2). Prior to use, all glassware was rinsed with

EDTA-solution (0.1 M) three times, H20 and acetone. The condenser and the receiving flask were cooled
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at =78 °C by an isopropanol bath with dry ice. The setup was then purged with argon, charged with a
slurry of NaHCOs (26.0 g) in MILLIPORE water (26 mL) and cooled to 0 °C with an ice bath. Under vigorous
stirring, freshly ground Oxone (48.0 g) was added in one portion under strong evolution of CO2 gas. After
2 min, 1,1,1-trifluoroacetone (24.0 mL) was added to the reaction mixture within 20 sec using a pre-cooled
dropping funnel. After few seconds, the pale yellow solution of the methyl(trifluoromethyl)dioxirane in
trifluoroacetone started to condense and within 20 min, 8—10 mL of a yellow liquid was collected in the

cooled receiving flask.

over head stirrer

trifluor-
acetone

dropping
funnel

1000 mL

water
NaHCO,
Oxon®

TFDO solution

Figure 8.2. Set-up for the synthesis of TFDO.

The receiving flask was tightly closed with a septum, covered with aluminum foil and stored at -80 °C
(low temperature freezer). The concentration of the TFDO solution was determined iodometrically by fast
addition of 0.1 mL of the TFDO solution to a mixture of 0.25 mL saturated KI-solution and 1.0 mL glacial
acetic acid. The resulting dark-red solution was titrated with a freshly prepared aqueous Na25:0s solution

(0.05 M), indicating a concentration of 0.70 M.
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needle Falcon tube

1 mL syringe

Figure 8.3. Mantle-cooled syringe for handling of volatile or reactive liquids and solutions.

Handling of the volatile liquid was performed at -78 °C with a mantle-cooled syringe, which was made
from of a falcon tube, a syringe filter and a 1 mL syringe. A hole was cut into the tip of the falcon tube. The
filter pad was removed from the syringe filter and then connected to the falcon tube with the help of a
heat gun. The length of the falcon tube was adjusted to fit the 1 mL syringe (see Figure 8.3). Freshly crushed
dry ice was added into the cooling mantle and mixed with isopropanol. The needle was pre-cooled at —
78 °C prior to use. The syringe was then used as usual to pull up and measure the volume of the TFDO-
solution.

Caution! Reactions and subsequent operations involving peroxy compounds should be run behind a safety shield.

General Procedure for Amidation of Carboxylic Acids

The carboxylic acid (1.00 equiv) was dissolved in CH2Cl2 (0.1 M) and the reaction mixture was cooled to
0 °C, before EDC*HCI (1.35 equiv) was added, followed by DMAP (0.10 equiv), amine (1.00 equiv) and
NEt3 (1.50 equiv). The reaction mixture was allowed to warm to room temperature and stirred for 14 h,
after which saturated NH4Cl was added to the reaction mixture was extracted with CH2Clz (3 x). The
combined organic layers were washed with brine, dried (Na2504), and the solvent was removed in vacuo.
The crude reaction mixture was subsequently purified by flash column chromatography.

In an alternate procedure, EDCeHCI (1.50 equiv), DMAP (0.10 equiv), amine hydrochloride (1.20 equiv)

and NEts (2.50 equiv) was used.

N-Phenylpentanamide (109)

Q Cy4HisNO
Me\/\)I\NQ M”: 1‘;7.24
H
Prepared according to the standard procedure from pentanoic acid (150 mg, 1.47 mmol, 1.00 equiv) and
aniline (137 mg, 1.47 mmol, 1.00 equiv). Purification via flash column chromatography (8 g silica gel,

P/Et20 = 2/1) provided amide 109 (212 mg, 1.20 mmol, 81%) as a yellow solid.
TLC: R¢=0.22 (P/Et20 = 2/1) [UV, KMnO4].
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TH NMR (500 MHz, CDCls): & [ppm] = 7.51 (d, ] = 8.0 Hz, 2H), 7.31 (t, ] = 7.8 Hz, 2H), 7.25 (bs, 1H), 7.09 (t,

J=7.4Hz, 1H), 2.35 (t, ] = 7.6 Hz, 2H), 1.71 (p, ] = 7.6 Hz, 2H), 1.41 (h, ] = 7.4 Hz, 2H), 0.94 (t, ] = 7.4 Hz, 3H).

13C NMR (75 MHz, CDCls) d [ppm] = 171.6 (s), 138.1 (s), 129.1 (s), 124.3 (s), 119.9 (s), 37.7 (s), 27.8 (s), 22.5
PP

(), 14.0 (s).

The spectroscopic data matched those reported in the literature.!>]

N-(4-(Trifluoromethyl)phenyl)pentanamide (110)

o @AY C12H14F5NO

Me\/\)LN < M= 24524

H
Prepared according to the standard procedure from pentanoic acid (150 mg, 1.47 mmol, 1.00 equiv) and 4-
trifluoromethylaniline (237 mg, 1.47 mmol, 1.00 equiv). Purification via flash column chromatography
(15 g silica gel, P/EtOAc = 9/1) provided amide 110 (308 mg, 1.26 mmol, 87%) as a white solid.

TLC: Re=0.19 (P/EtOAc = 9/1) [UV, KMnOs4].

M.p.: Om=110-111°C.

IR (ATR): v (cm™) = 3319 (m), 2920 (m), 2851 (w), 1668 (s), 1526 (s), 1405 (s), 1325 (s), 1158 (vs), 1115 (vs),
1066 (vs), 832 (s), 677 (m).

1H NMR (400 MHz, CDCls): § [ppm] =7.64 (d, ] = 8.5 Hz, 2H), 7.63-7.60 (m, 1H), 7.58-7.50 (m, 2H), 2.46—
2.28 (m, 2H), 1.80-1.63 (m, 2H), 1.47-1.33 (m, 2H), 0.93 (t, ] = 7.4 Hz, 3H).

13C NMR (101 MHz, CDCL): 8 [ppm] =172.0 (s), 141.2 (s), 126.3 (q, ] = 3.8 Hz), 126.1 (q, ] =32.9 Hz), 124.2
(q,J=271.5Hz), 119.5 (s), 37.7 (s), 27.7 (s), 22.5 (s), 13.9 (s).

HR-MS (EI, 70 eV): calculated for Ci2H14FsNO [M*]: 245.1027; measured: 245.1022.

N-(4-Nitrophenyl)pentanamide (111)

W ST Gt

N
Prepared according to the standard procedure from pentanoic acid (100 mg, 979 umol, 1.00 equiv) and 4-
nitroaniline (135 mg, 979 pmol, 1.00 equiv). The crude product was washed with HCI (1 M, 3 x 15 mL) and,
after being dried, purified via flash column chromatography (15 g silica gel, P/Et20 =1/1) to yield amide 111
(151 mg, 679 umol, 69%) as a yellow solid.
TLC: Re=0.15 (P/Et20 = 1/1) [UV, KMnOa].
M.p.: Sm=117-118°C.

55



Experimental Section

IR (ATR): v (em™) = 3353 (m), 2958 (m), 2924 (m), 2853 (w), 1707 (s), 1596 (m), 1541 (s), 1493 (s), 1320 (s),
1296 (s), 1254 (s), 1161 (s), 1104 (s), 857 (s), 754 (s), 694 (s).

1H NMR (400 MHz, CDCls): 8 [ppm] = 8.39-8.13 (m, 2H), 7.77-7.67 (m, 2H), 7.64 (bs, 1H), 2.50-2.37 (m,
2H), 1.77-1.68 (m, 2H), 1.53-1.34 (m, 2H), 0.95 (t, ] = 7.3 Hz, 3H).

3C NMR (101 MHz, CDCls): 8 [ppm] = 172.0 (s), 144.0 (s), 143.5 (s), 125.2 (s), 119.1 (s), 37.7 (s), 27.5 (s), 22.5
(s), 13.9 (s).

HR-MS (EI, 70 eV): calculated for C1iH1sN20s3 [M*]: 222.1004; measured: 222.0999.

N-(Perfluorophenyl)pentanamide (112)

F. F
0 CyyHyoFsNO
Me\/\)LN . M=26720
N

A solution of pentanoic acid (200 mg, 1.96 mmol, 1.00 equiv) in CH2Cl2 (10 mL, 0.2 M) was cooled to 0 °C.
Pentafluoroaniline (359 mg, 1.96 mmol, 1.00 equiv) was added, followed by NEt3 (198 mg, 1.96 mmol,
1.00 equiv). Afterwards, phosphoryl chloride (600 mg, 3.92 mmol, 2.00 equiv) was added dropwise, after
which NEt3 (396 mg, 3.92 mmol, 2.00 equiv) was added slowly. The reaction mixture was stirred for three
hours, then H20 (10 mL, cooled to 0 °C) was added slowly and the mixture was stirred for 30 min at room
temperature. After extraction of the reaction mixture with CH2Cl2 (3 x 10 mL), the combined organic layers
were washed with saturated NaHCOs (2 x 20 mL), HCI (1 M, 2 x 20 mL) and brine (20 mL), dried (Na25Ox)
and the solvent was removed in vacuo. The crude product was purified by flash column chromatography
(15 g silica gel, P/Et20 = 10/1) to provide amide 112 (140 mg, 558 pumol, 28%) as a white solid.

TLC: Re=0.18 (P/Et:0 = 5/1) [UV, CAM].

M.p.: Sm=74-75°C.

IR (ATR): v (cm™) = 3249 (w), 2931 (w), 1679 (s), 1523 (vs), 1490 (vs), 1198 (m), 1004 (s), 993 (s), 956 (vs),
671 (bm).

TH NMR (400 MHz, CDCls): 8 [ppm] =7.51 (bs, 1H), 2.41 (t, ] =7.6 Hz, 2H), 1.67 (p, ] = 8.0 Hz, 2H), 1.38 (h,
J=7.6 Hz, 2H), 0.92 (t, ] = 7.2 Hz, 3H).

3C NMR (101 MHz, CDCl): & [ppm] = 172.4 (s), 143.2 (ddd, ] = 250.6, 11.5, 4.7 Hz), 140.2 (dddd,
J=253.3,17.8,13.4, 4.1 Hz), 137.8 (dtdd, ] = 251.3, 15.8, 5.5, 2.9 Hz), 112.0 (td, ] = 14.7, 3.7 Hz), 36.0 (s), 27.6
(s), 22.3 (s), 13.8 (s).

YF NMR (376 MHz, CDCl3) d [ppm] = -145.4 (dt, ] = 24.5, 4.1 Hz), -155.9 (t, ] = 21.7 Hz), -162.6 (¢,
J=21.5Hz).

HR-MS (EL 70 eV): calculated for C1iH10FsNO [M*]: 267.0683; measured: 267.0676.
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N-Benzylpentanamide (113)

[o]

CyoHy7NO
Me\/\)I\N/\© M=191.27

H

Prepared according to the standard procedure from pentanoic acid (150 mg, 1.47 mmol, 1.00 equiv) and
benzylamine (157 mg, 1.47 mmol, 1.00 equiv). Purification via flash column chromatography (6 g silica gel,
P/Et20 = 5/1) provided amide 113 (241 mg, 1.26 mmol, 86%) as a white solid.

TLC: Re=0.19 (P/Et20 = 1/1) [UV, CAM].

1H NMR (400 MHz, CDCls): 3 [ppm] =7.23 (d, ] = 6.8 Hz, 2H), 7.18 (dd, ] = 7.5, 4.2 Hz, 3H), 5.65 (bs, 1H),
4.34(d, ] =5.6 Hz, 2H), 2.12 (t, ] = 7.7 Hz, 2H), 1.55 (p, ] = 7.5 Hz, 2H), 1.27 (h, ] = 7.4 Hz, 2H), 0.82 (t, | = 7.3
Hz, 3H).

13C NMR (101 MHz, CDCls): 8 [ppm] = 173.1 (s), 138.6 (s), 128.8 (s), 128.0 (s), 127.6 (s), 43.7 (s), 36.7 (s), 28.0
(s), 22.6 (s), 13.9 (s).

The spectroscopic data matched those reported in the literature.!'>]

Pentanamide (114)

Pentanoic acid (1.00 g, 9.79 mmol, 1.00 equiv) was dissolved in CH2Cl2 (100 mL, 0.1 M), two drops of DMF
were added and the reaction mixture was cooled to 0 °C before thionyl chloride (3.49 g, 29.37 mmol,
3.00 equiv) was added dropwise. The reaction mixture was stirred for one hour at 0 °C and then for one
hour at room temperature, after which the mixture was cooled to 0 °C and ammonium hydroxide (25%
aq., 3.7 mL, 49.0 mmol, 5.00 equiv) was added. After stirring at 0 °C for 30 min and then at room
temperature for 30 min HCI (1 M, 50 mL) was added to the reaction mixture, followed by NaCl until the
aqueous layer was saturated. The reaction mixture was extracted with CH2Cl2 (3 x 50 mL), washed with
brine (50 mL), dried (Na2SOs) and the solvent was removed in vacuo. Purification via flash column
chromatography (10 g silica gel, P/EtOAc = 1/4) provided amide 114 (432 mg, 4.27 mmol, 44%) as an off-
white solid.

TLC: R¢=0.17 (P/EtOAc = 1/4) [KMnO4].

1H NMR (400 MHz, CDCl): § [ppm] =5.77 (bs, 1H), 5.53 (bs, 1H), 2.21 (t, ] =7.4 Hz, 2H), 1.61 (p, ] =7.0 Hz,
2H), 1.36 (h, ] = 7.0 Hz, 2H), 0.92 (t, ] = 7.1 Hz, 3H).

13C NMR (101 MHz, CDCl3): § [ppm] = 176.0 (s), 35.8 (s), 27.7 (s), 22.5 (s), 13.9 (s).
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The spectroscopic data matched those reported in the literature.[5

N-Methylpentanamide (115)
Me\/\)]\ n-Me F\CIISS 1131’\;51 7

H
Prepared according to the standard procedure from pentanoic acid (300 mg, 2.94 mmol, 1.00 equiv) and
methylamine (33% in ethanol, 370 uL, 2.94 mmol, 1.00 equiv). Purification viz flash column
chromatography (12 g silica gel, P/EtOAc = 1/1) provided amide 115 (276 mg, 2.40 mmol, 86%) as a
colorless oil.
TLC: Re=0.18 (P/EtOAc = 1/1) [KMnOs].
IR (ATR): v (cm™') = 3292 (w), 2956 (m), 2931 (w), 2872 (w), 1644 (vs), 1555 (s), 1410 (m), 1159 (m), 693 (bm).
TH NMR (400 MHz, CDCls): 8 [ppm] = 5.62 (bs, 1H), 2.78 (dd, ] = 4.8, 2.4 Hz, 3H), 2.16 (t, ] = 7.5 Hz, 2H),
1.60 (p, ] = 7.1 Hz, 2H), 1.33 (h, ] = 8.4 Hz, 2H), 0.90 (t, ] = 7.3 Hz, 3H).
BC NMR (101 MHz, CDCl): & [ppm] = 1740 (s), 36.6 (s), 28.0 (s), 264 (s), 22.6 (s),
13.9 (s).
HR-MS (EL 70 eV): calculated for CeHisNO [M*]: 115.0997; measured: 115.0989.

The "H NMR data matched those reported in the literature.[>

N-(Tert-butyl) pentanamide (116)

QM CoHygNO
Me\/\)l\n)vmye M= 157.25
Prepared according to the standard procedure from pentanoic acid (300 mg, 2.94 mmol, 1.00 equiv) and ¢-
butylamine (215 mg, 2.94 mmol, 1.00 equiv). Purification via flash column chromatography (15 g silica gel,
P/Et20 = 5/1) provided amide 116 (419 mg, 2.66 mmol, 91%) as a white solid.
TLC: Re=0.33 (P/Et20 = 2/1) [KMnOx].
M.p.: Sm=47-48°C.
IR (ATR): v (cm™) = 3292 (w), 2958 (m), 2928 (m), 2871 (w), 1638 (vs), 1550 (vs), 1455 (m), 1361 (m), 1226
(m), 1099 (w).
1H NMR (300 MHz, CDCl3): 8 [ppm] = 5.25 (bs, 1H), 2.11-2.01 (m, 2H), 1.57 (dtd, ] = 8.7, 7.2, 5.7 Hz, 2H),
1.33 (s, 9H), 1.40-1.25 (m, 2H), 0.90 (t, ] = 7.3 Hz, 3H).
1BC NMR (75 MHz, CDCls): 8 [ppm] = 172.6 (s), 51.1 (s), 37.6 (s), 29.0 (s), 28.0 (s), 22.5 (s), 14.0 (s).
HR-MS (EI, 70 eV): calculated for CoH19NO [M*]: 157.1467; measured: 157.1461.
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N-(Trifluorethyl)pentanamide (117)

NS WP

Prepared according to the standard procedure from pentanoic acid (300 mg, 2.94 mmol, 1.00 equiv) and
2,2,2-trifluoroethylamine (291 mg, 2.94 mmol, 1.00 equiv). Purification via flash column chromatography
(10 g silica gel, P/Et20 = 2/1) provided amide 117 (528 mg, 2.94 mmol, 98%) as a white solid.

TLC: Re=0.18 (P/Et20 = 2/1) [KMnOx].

M.p.: Om=38-39°C.

IR (ATR): v (cm™) = 3298 (m), 2960 (w), 2929 (w), 2859 (w), 1649 (s), 1551 (s), 1398 (m), 1147 (vs), 666 (5).
H NMR (300 MHz, CDCL3): 8 [ppm] = 5.86 (bs, 1H), 3.91 (qd, ] = 9.1, 6.5 Hz, 2H), 2.29-2.22 (m, 2H), 1.70—
1.58 (m, 2H), 1.43-1.28 (m, 2H), 0.92 (t, | = 7.3 Hz, 3H).

13C NMR (75 MHz, CDCLs): 8 [ppm] = 173.4 (s), 124.3 (q, ] = 278.4 Hz), 40.7 (q, ] = 34.6 Hz), 36.3 (s), 27.6 (s),
224 (s), 13.8 (s).

HR-MS (EI, 70 eV): calculated for CzH12FsNO [M*]: 183.0871; measured: 183.0866.

N-Methoxypentanamide (118)

w)ok VT

Prepared according to the standard procedure from pentanoic acid (150 mg, 1.47 mmol, 1.00 equiv) and
O-methylhydroxylamine hydrochloride (147 mg, 1.76 mmol, 1.20 equiv). Purification via flash column
chromatography (6 g silica gel, P/EtOAc=1/1) provided amide 118 (158 mg, 1.20 mmol, 82%) as a colorless
oil.

TLC: Re=0.18 (P/EtOAc = 1/1) [KMnOx].

IR (ATR): v (em™) = 3175 (bw), 2958 (m), 2933 (m), 2872 (w), 1654 (vs), 1515 (w), 1464 (w), 1111 (m), 1053
(), 965 (m), 670 (bm).

TH NMR (400 MHz, CDCL): 8 [ppm] = 8.32 (bs, 0.75H), 8.00 (bs, 0.25H), 3.75 (s, 3H), 2.40 (bs, 0.50H), 2.08
(bs, 1.5H), 1.63 (p, ] = 7.6 Hz, 2H), 1.36 (h, ] = 7.6 Hz, 2H), 0.92 (t, ] = 7.3 Hz, 3H).

13C NMR (126 MHz, CDCl3): § [ppm] = 171.3 (s), 64.6 (s), 33.2 (s), 27.5 (s), 22.5 (s), 13.9 (s).

HR-MS (EI 70 eV): calculated for CeH1sNO2 [M*]: 131.0946; measured: 131.0941.

The '"H NMR data indicating (O)-E/Z isomerism matched those reported in the literature for similar N-

methoxyamides.[¢0]
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N-Acetylpentanamide (119)

Amide 14 (100 mg, 989 umol, 1.00 equiv) was dissolved in acetic anhydride (5 mL, 0.2 M) and H2504 (98%,
5 uL, 0.10 equiv) was added. The reaction mixture was stirred at 80 °C for two hours and then cooled to
room temperature. After removal of the solvent in vacuo the crude product was purified via flash column
chromatography (3 g silica gel, P/Et20 = 5/1) to provide imide 119 (127 mg, 887 umol, 90%) as a pale yellow
solid.

TLC: Re=0.50 (P/Et20 = 2/1) [KMnOx].

TH NMR (400 MHz, CDCls):  [ppm] = 8.68 (bs, 1H), 2.51 (t, ] = 7.4 Hz, 2H), 2.36 (s, 3H), 1.63 (p, ] = 7.4 Hz,
2H), 1.37 (h, = 7.1 Hz, 2H), 0.93 (t, ] = 7.5 Hz, 3H).

13C NMR (101 MHz, CDCL3): § [ppm] = 173.9 (s), 172.3 (s), 37.2 (s), 26.6 (s), 25.2 (s), 22.3 (s), 13.9 (s).

The spectroscopic data matched those reported in the literature. 16!

N-Tosylpentanamide (120)

NS W

Prepared according to the standard procedure from pentanoic acid (150 mg, 1.47 mmol, 1.00 equiv) and p-
toluenesulfonamide (251 mg, 1.47 mmol, 1.00 equiv). Purification via flash column chromatography (12 g
silica gel, P/Et20 = 2/1) provided imide 120 (230 mg, 901 umol, 61%) as a white solid.

TLC: Re=0.19 (P/Et20 = 2/1) [KMnO4].

H NMR (300 MHz, CDCls): § [ppm] =8.39 (bs, 1H), 7.94 (dt, ] = 8.4, 1.7 Hz, 2H), 7.38-7.31 (m, 2H), 2.44 (s,
3H), 2.24 (t, ] =7.3 Hz, 2H), 1.54 (p, ] = 7.4 Hz, 2H), 1.34-1.20 (m, 2H), 0.85 (t, | = 7.3 Hz, 3H).

BBC NMR (75 MHz, CDCl): 8 [ppm] = 170.9 (s), 145.3 (s), 135.7 (s), 129.8 (s), 128.5 (s), 36.2 (s), 26.5 (s), 22.1
(s), 21.8 (s), 13.8 (s).

The spectroscopic data matched those reported in the literature.!162]

4-Methyl-N-(2,2,2-trifluoroethyl)pentanamide (S01)

0

Me ~ CyHyaFaNO

\(\)I\H CFs M =197.20
Me

Prepared according to the standard procedure from 4-methylpentanoic acid (400 mg, 3.44 mmol,

1.00 equiv) and 2,2,2-trifluoroethylamine hydrochloride (560 mg, 4.13 mmol, 1.20 equiv). Purification via
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flash column chromatography (20 g silica gel, P/Et20 = 2/1) provided amide S01 (590 mg, 2.99 mmol, 87%)
as a colorless oil.

TLC: R¢=0.23 (P/Et20 = 2/1) [KMnO4].

IR (ATR): v (cm-) = 3291 (bm), 2959 (m), 2873 (w), 1661 (s), 1549 (s), 1470 (w), 1425 (w) 1396 (w), 1263 (m),
1154 (vs).

TH NMR (500 MHz, CDCls): 8 [ppm] = 5.74 (bs, 1H), 3.92 (qd, ] = 9.1, 6.5 Hz, 2H), 2.28-2.23 (m, 2H), 1.71-
1.48 (m, 3H), 0.91 (d, ] = 6.2 Hz, 6H).

5C NMR (126 MHz, CDCls): § [ppm] = 173.5 (s), 124.2 (q, ] = 278.4 Hz), 40.7 (q, ] = 34.6 Hz), 34.6 (s), 34.3
(), 27.9 (s), 22.4 (s).

HR-MS (EL 70 eV): calculated for CsHisFsNO [M*]: 197.1027; measured: 197.1031.

4-Methyl-N-(2,2,2-trifluoroethyl)octanamide (S02)

0
V\AMA Citiat oo

Prepared according to the standard procedure from 4-methylnonanoic acid (500 mg, 2.90 mmol,
1.00 equiv) and 2,2,2-trifluoroethylamine hydrochloride (472 mg, 3.48 mmol, 1.20 equiv). Purification via
flash column chromatography (20 g silica gel, P/Et20 = 2/1) provided amide S02 (520 mg, 2.05 mmol, 71%)
as a colorless oil.

TLC: Re=0.25 (P/Et20 = 2/1) [KMnOq].

IR (ATR): v (ecm™) = 3293 (bw), 2957 (w), 2927 (m), 2859 (w), 1661 (s), 1550 (m), 1459 (w), 1424 (w), 1396
(w), 1260 (m), 1156 (vs).

1H NMR (500 MHz, CDCls): 8 [ppm] =5.78 (bs, 1H), 3.92 (qd, ] =9.1, 6.4 Hz, 2H), 2.35-2.16 (m, 2H), 1.68
(ddd, J =13.6, 10.6, 5.5 Hz, 1H), 1.51-1.37 (m, 2H), 1.34-1.19 (m, 7H), 1.17-1.07 (m, 1H), 0.87 (t, ] = 7.1 Hz,
3H), 0.87 (d, ] = 6.3 Hz, 3H).

13C NMR (126 MHz, CDCls): & [ppm] = 173.6 (s), 124.2 (q, ] = 278.3 Hz), 40.6 (q, | = 34.6 Hz), 36.8 (s), 34.3
(s), 32.6 (s), 32.5 (s), 32.2 (s), 26.7 (s), 22.8 (s), 19.4 (s), 14.2 (s).

HR-MS (EL 70 eV): calculated for Ci12H22FsNO [M*]: 253.1654; measured: 253.1652.

3-Cyclohexyl-N-(2,2,2-trifluoroethyl)propanamide (S03)

[o}

~ C11HFsNO
O/\)\H CFy M= 237.26
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Prepared according to the standard procedure from 3-cyclohexylpropanoic acid (310 mg, 1.98 mmol,
1.00 equiv) and 2,2,2-trifluoroethylamine hydrochloride (323 mg, 2.38 mmol, 1.20 equiv). Purification via
flash column chromatography (15 g silica gel, P/Et20 = 2/1) provided amide S03 (360 mg, 1.52 mmol, 76%)
as a white solid.

TLC: Re = 0.24 (P/Et20 = 2/1) [KMnOs].

M.p.: Sm=73-74°C.

IR (ATR): v (em™) =3290 (m), 2920 (s), 2854 (m), 1659 (s), 1552 (s), 1439 (w), 1428 (w), 1398 (w), 1376 (w),
1240 (m), 1149 (vs).

TH NMR (500 MHz, CDCls): § [ppm] = 5.69 (bs, 1H), 3.92 (qd, ] = 9.1, 6.5 Hz, 2H), 2.31-2.20 (m, 2H), 1.74-
1.67 (m, 4H), 1.64 (dt, | = 13.2, 2.7 Hz, 1H), 1.57-1.52 (m, 2H), 1.32-1.07 (m, 4H), 0.95-0.84 (m, 2H).

13C NMR (126 MHz, CDCL3): & [ppm] = 173.6 (s), 124.2 (q, ] = 278.3 Hz), 40.6 (q, ] = 34.6 Hz), 374 (s), 34.1
(), 33.1 (s), 32.9 (5), 26.6 (s), 26.3 (s).

HR-MS (EJ, 70 eV): calculated for C11H1sFsNO [M*]: 237.1341; measured: 237.1338.

2-Propyl-N-(2,2,2-trifluoroethyl)pentanamide (S04)

C1oH1gFsNO

M 10H18F3

© ”/\cp3 M = 225.25
Me.

Prepared according to the standard procedure from 2-(n-propyl)pentanoic acid (500 mg, 3.47 mmol,
1.00 equiv) and 2,2,2-trifluoroethylamine hydrochloride (564 mg, 4.16 mmol, 1.20 equiv). Purification via
flash column chromatography (20 g silica gel, P/Et2O =2/1) provided amide S04 (460 mg, 2.04 mmol, 59%)
as a white solid.

TLC: Re=0.21 (P/Et20 = 2/1) [KMnOx].

M.p.: Om=76-77°C.

IR (ATR): v (cm™) = 2929 (m), 1782 (w), 1656 (s), 1552 (s), 1469 (w), 1392 (m), 1255 (m), 1147 (vs), 1021 (m),
849 (w), 704 (s).

H NMR (400 MHz, CDCls): 8 [ppm] = 5.92 (bs, 1H), 3.92 (qd, ] = 9.1, 6.4 Hz, 2H), 2.29-2.03 (m, 1H), 1.60
(dtd, J=12.8,9.4, 5.4 Hz, 2H), 1.40 (dddd, ] =12.9, 9.1, 6.5, 4.9 Hz, 2H), 1.35-1.20 (m, 4H), 0.89 (t, ] =7.2 Hz,
6H).

13C NMR (101 MHz, CDCl3): & [ppm] = 176.5 (s), 124.3 (q, ] = 278.5 Hz), 47.7 (s), 40.4 (q, ] = 34.6 Hz), 35.3
(s), 20.8 (s), 14.2 (s).

HR-MS (EI, 70 eV): calculated for C1oH1sFsNO [M*]: 225.1340; measured: 225.1335.
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N-(2,2,2-Trifluoroethyl)octanamide (S05)

[o]

CyoH4gF3NO
Me/\/\/\)l\u/\CF;, 10H18F3

M =225.25

Prepared according to the standard procedure from octanoic acid (200 mg, 1.39 mmol, 1.00 equiv) and
2,2,2-trifluoroethylamine (137 mg, 1.39 mmol, 1.00 equiv). Purification via flash column chromatography
(10 g silica gel, P/Et20 = 2/1) provided amide S05 (302 mg, 1.34 mmol, 97%) as a crystalline white solid.
TLC: Re=0.20 (P/Et20 = 2/1) [KMnOx].

M.p.: Sm=46-47°C.

IR (ATR): v (cm™) = 3295 (w), 2919 (m), 2847 (w), 1649 (m), 1559 (m), 1400 (m), 1178 (s), 1145 (vs), 836 (m),
667 (s).

H NMR (400 MHz, CDCls): 8 [ppm] = 6.01 (bs, 1H), 3.90 (qd, ] = 9.1, 6.4 Hz, 2H), 2.24 (t, ] = 7.6 Hz, 2H),
1.64 (p, ] =7.4 Hz, 2H), 1.29 (ddq, ] =11.0, 7.1, 4.1, 3.3 Hz, 8H), 0.86 (t, ] = 6.7 Hz, 3H).

3C NMR (101 MHz, CDCl3): & [ppm] = 173.6 (s), 124.3 (q, ] = 278.3 Hz), 40.6 (q, ] = 34.7 Hz), 36.5 (s), 31.8
(s),29.2 (s), 29.1 (s), 25.6 (s), 22.7 (s), 14.2 (s).

HR-MS (EL 70 eV): calculated for CioHisFsNO [M*]: 225.1340; measured: 225.1335.

2-Methyl-N-(2,2,2-trifluoroethyl)butanamide (S06)

T 1 C/Hy5F5NO
71273
”/\m:3 M= 18317
Me

2-Methylbutyryl chloride (500 mg, 4.15 mmol, 1.00 equiv.) was dissolved in CH2Cl2 (20 mL, 0.2 M) and
cooled to 0 °C before 2,2,2-trifluoroethylamine hydrochloride (674 mg, 4.98 mmol, 1.20 equiv) was added,
followed by dropwise addition of NEts (420 mg, 4.15 mmol, 1.00 equiv). The reaction mixture was stirred
for one hour at 0 °C and then for one hour at room temperature, after which saturated NH4Cl (50 mL) was
added, then the mixture was extracted with CH2Cl2 (3 x 50 mL) and the combined organic layers were
washed with brine (100 mL), dried (Na2504) and the solvent was removed in vacuo. The crude product
was purified by flash column chromatography (15 g silica gel, P/Et20 = 2/1) to provide amide S07 (533 mg,
2.91 mmol, 71%) as a white solid.

TLC: Re=0.21 (P/Et20 = 2/1) [KMnOx].

M.p.: Sm=34-35°C.

IR (ATR): v (ecm™) = 3295 (m), 2967 (w), 2935 (w), 1660 (s), 1554 (m), 1460 (w), 1430 (w), 1395 (w), 1230 (m),
1141 (vs).
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1H NMR (500 MHz, CDCls): 8 [ppm] = 5.79 (bs, 1H), 3.93 (dddd, | = 47.3, 15.1, 9.1, 6.3 Hz, 2H), 2.18 (h,
] = 6.9 Hz, 1H), 1.73-1.61 (m, 1H), 1.47 (ddd, ] = 13.7, 7.6, 6.4 Hz, 1H), 1.16 (d, ] = 6.9 Hz, 3H), 0.90 (t,
J=7.4Hz, 3H).

B3C NMR (126 MHz, CDCl3): § [ppm] = 176.8 (s), 124.3 (q, ] = 278.2 Hz), 43.2 (s), 40.5 (q, ] = 34.5 Hz), 27.4
(s), 17.5 (s), 11.8 (s).

HR-MS (EI, 70 eV): calculated for CzH12FsNO [M*]: 183.0871; measured: 183.0864.

2-Ethyl-N-(2,2,2-trifluoroethyl)butanamide (S07)

[o]
CgH14F3NO
Me/j)l\”/\cﬁ M8= 1149 73.20
Me’

Prepared according to the standard procedure from 2-ethylbutyric acid (230 mg, 1.98 mmol, 1.00 equiv)
and 2,2,2-trifluoroethylamine hydrochloride (322 mg, 2.38 mmol, 1.20 equiv). Purification via flash column
chromatography (8 g silica gel, P/Et20 = 5/1) provided amide S08 (164 mg, 831 umol, 42%) as a crystalline
white solid.

TLC: R¢=0.27 (P/Et20 = 2/1) [KMnO4].

M.p.: Sm=68-69°C.

IR (ATR): v (em™) = 3295 (m), 2965 (w), 2931 (w), 1659 (s), 1553 (s), 1461 (w), 1429 (w) 1395 (w) 1228 (m),
1148 (vs).

1H NMR (400 MHz, CDCls): 8 [ppm] = 5.77 (bs, 1H), 3.95 (qd, ] = 9.1, 6.4 Hz, 2H), 1.94 (tt, ] = 9.0, 5.2 Hz,
1H), 1.63 (ddq, ] =13.6, 9.1, 7.4 Hz, 2H), 1.58-1.43 (m, 2H), 0.89 (t, ] = 7.4 Hz, 6H).

13C NMR (101 MHz, CDCl3): & [ppm] = 176.1 (s), 124.3 (q, ] = 278.4 Hz), 51.5 (s), 40.4 (q, ] = 34.6 Hz), 25.8
(s),12.0 (5).

HR-MS (EI, 70 eV): calculated for CsH14FsNO [M*]: 197.1027; measured: 197.1019.

3,3-Dimethyl-N-(2,2,2-trifluoroethyl)butanamide (S08)

e S
Prepared according to the standard procedure from 2,2-dimethylbutyric acid (400 mg, 3.44 mmol,
1.00 equiv) and 2,2,2-trifluoroethylamine hydrochloride (600 mg, 4.13 mmol, 1.20 equiv). Purification via
flash column chromatography (20 g silica gel, P/Et20 = 5/1) provided amide S09 (470 mg, 2.38 mmol, 69%)
as a crystalline white solid.

TLC: Re=0.41 (P/EtO = 3/1) [KMnOa].
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M.p.: Sm=65-66°C.

IR (ATR): v (cm™) = 3272 (m), 2961 (m), 1655 (s), 1560 (s), 1392 (w), 1368 (w), 1345 (w), 1256 (s), 1156 (vs).
1H NMR (500 MHz, CDCls): 3 [ppm] = 5.64 (bs, 1H), 3.92 (qd, ] =9.1, 6.5 Hz, 2H), 2.12 (s, 2H), 1.04 (s, 9H).
B3C NMR (126 MHz, CDCl3): § [ppm] = 171.8 (s), 124.3 (q, ] = 277.5 Hz), 50.5 (s), 40.5 (q, ] = 34.6 Hz), 31.1
(s), 29.8 (s).

HR-MS (EI, 70 eV): calculated for CsH14FsNO [M*]: 197.1027; measured: 197.1019.

N-(2,2,2-Trifluoroethyl)undec-10-enamide (S09)

\/\/\/\/\)I\H/\cFS CraHaf O

Prepared according to the standard procedure from undec-10-enoic acid (1.00 g, 5.43 mmol, 1.00 equiv)
and 2,2,2-trifluoroethylamine hydrochloride (882 mg, 6.51 mmol, 1.20 equiv). Purification via flash column
chromatography (50 g silica gel, P/Et2O = 2/1) provided amide S09 (1.25 g, 4.71 mmol, 87%) as a white
solid.

TLC: Re=0.17 (P/Et20 = 2/1) [KMnOx].

M.p.: Om=43-44°C.

IR (ATR): v (cm™) = 3302 (s), 2914 (s), 2848 (s), 1661 (vs), 1558 (s), 1471 (w), 1461 (w), 1435 (w), 1400 (m),
1291 (w), 1267 (w), 1253 (m), 1228 (w), 1159 (vs), 993 (w), 926 (m), 837 (w), 667 (m).

TH NMR (500 MHz, CDCL): & [ppm] = 5.80 (ddt, | = 16.9, 102, 6.7 Hz, 1H), 5.70 (bs, 1H), 4.99 (dq,
J=17.1,1.7 Hz, 1H), 4.93 (ddt, ] =10.2, 2.3, 1.2 Hz, 1H), 3.92 (qd, ] =9.1, 6.4 Hz, 2H), 2.28-2.21 (m, 2H), 2.07-
1.99 (m, 2H), 1.70-1.60 (m, 2H), 1.36 (h, ] = 6.6, 5.8 Hz, 2H), 1.33-1.25 (m, 8H).

3C NMR (101 MHz, CDCl): & [ppm] = 173.3 (s), 139.3 (s), 124.3 (q, ] = 278.4 Hz), 114.3 (s), 40.7 (q,
] =34.6 Hz), 36.6 (s), 33.9 (s), 29.41 (s), 29.37 (s), 29.24 (s), 29.17 (s), 29.0 (s), 25.6 (s).

HR-MS (ES], 3 eV): calculated for C1sH23FsNO [M+H*]: 266.1732; measured: 266.1724.

10-Ox0-N-(2,2,2-trifluoroethyl)undecanamide (130a)
Mem/\/\/\/\)}\u/\ca Cﬁﬁf 2228’:13’(\3‘102

o
A suspension of palladium(II) chloride (40.1 mg, 226 pumol, 0.20 equiv) and copper(I) chloride (44.8 mg,
452 pmol, 0.40 equiv) in DMF/H20 (5/1, 12 mL, 0.1 M) was purged with oxygen until the color of the
reaction mixture was black. Alkene S09 (300 mg, 1.13 mmol, 1.00 equiv) was added and the reaction

mixture was stirred at 40 °C while oxygen was bubbled through the suspension by a pump drive for 36 h.
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Then, HCI (1 M, 25 mL) was added and the reaction mixture was extracted with CH2Cl> (4 x 25 mL). The
combined organic layers were washed with H20 (3 x 30 mL), brine (30 mL) and dried (Na2504) and the
solvent was removed in vacuo. The crude product was purified via flash column chromatography (25 g
silica gel, P/Et20 =2/1 — 1/1) to provide oxoamide 130a (258 mg, 917 umol, 81%) as a white powder.
TLC: Re=0.18 (P/Et20 = 1/1) [KMnO].

M.p.: Sm=76-77°C.

IR (ATR): v (cm™) = 3298 (s), 2918 (s), 2848 (s), 1704 (s), 1653 (vs), 1560 (m), 1470 (w), 1429 (w), 1404 (m),
1377 (m), 1285 (w), 1267 (m), 1254 (m), 1231 (m), 1184 (s), 1158 (vs), 837 (w), 715 (w), 669 (m).

H NMR (400 MHz, CDCls): 8 [ppm] = 5.83 (bs, 1H), 3.92 (qd, ] = 9.1, 6.4 Hz, 2H), 2.41 (t, ] = 7.4 Hz, 2H),
2.24 (t,]=7.5Hz, 2H), 2.13 (s, 3H), 1.64 (p, | = 7.3 Hz, 2H), 1.55 (p, | = 7.4 Hz, 2H), 1.36-1.22 (m, 8H).

13C NMR (101 MHz, CDCls): § [ppm] = 209.6 (s), 173.5 (s), 124.3 (q, ] = 278.4 Hz), 43.8 (s), 40.6 (q, ] = 34.6 Hz),
36.4 (s), 30.0 (s), 29.2 (s), 29.12 (s), 29.09 (s), 25.5 (s), 23.8 ().

HR-MS (ES], 3 eV): calculated for CisH23FsNO2 [M+H"]: 282.1681; measured: 282.1674.

3-Methyl-2-(4,5,6,7-tetrachloro-1,3-dioxoisoindolin-2-yl)-N-(2,2,2-trifluoroethyl) butan-amide (131a)

Cl, cl
Cl 0
o C15H11Cl4F3N205
M = 466.07
N
o r‘\NACFS
o H
Me’ Me

DL-Valine (1.00 g, 8.54 mmol, 1.00 equiv) was dissolved in acetic acid (43 mL, 0.2 M) and tetrachlorophthalic
acid anhydride (2.68 g, 9.39 mmol, 1.10 equiv) was added. The reaction mixture was stirred at 140 °C for
two hours, after which H20 (40 mL) was added slowly and the mixture was cooled to 0 °C. Then, the
resulting suspension was filtered and the filter residue was washed with cold H20 (4 x 10 mL) and then
dried in high vacuum to provide protected DL-valine (2.76 g, 7.17 mmol, 84%) as an off-white solid.

The protected amino acid (500 mg, 1.30 mmol, 1.00 equiv) was then converted with
2,2,2-trifluoroethylamine hydrochloride (211 mg, 1.56 mmol, 1.20 equiv) according to the standard
procedure. Purification via flash column chromatography (18 g silica gel, P/EtOAc = 10/1) provided
amide 131a (450 mg, 966 umol, 74%) as a white solid.

TLC: Re=0.19 (P/EtOAc = 10/1) [UV, KMnOs].

M.p.: Sm=201-202°C.

IR (ATR): v (cm™) = 3406 (w), 3375 (w), 2930 (w), 2360 (m), 1781 (m), 1719 (vs), 1678 (m), 1539 (m), 1386 (s),
1346 (s), 1258 (m), 1168 (vs), 1148 (vs), 1096 (s), 1000 (m), 954 (m), 833 (m), 741 (vs), 667 (m).
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H NMR (400 MHz, DMSO-de): 8 [ppm] = 8.72 (t, ] = 6.3 Hz, 1H), 442 (d, ] = 8.3 Hz, 1H), 3.97 (dqd,
J=15.0,9.8, 6.6 Hz, 1H), 3.80 (dqd, ] = 19.4, 9.7, 5.8 Hz, 1H), 2.71 (dp, ] = 8.4, 6.7 Hz, 1H), 1.02 (d, ] = 6.7 Hz,
3H), 0.83 (d, ] = 6.8 Hz, 3H).

3C NMR (101 MHz, DMSO-de): & [ppm] = 167.9 (s), 163.0 (s), 1385 (s), 128.3 (s), 127.9 (s), 124.6 (q,
] =279.2 Hz), 59.0 (s), 27.5 (s), 20.4 (s), 19.2 (s).

HR-MS (ESI, 3 eV): calculated for Ci5sH12Cl¥CIFsN203 [M+H*]: 466.9519;
measured: 466.9524.

4-(4-Nitrophenyl)-N-(2,2,2-trifluoroethyl)butanamide (132a)

0N o
@\/\/U\ C12H13F3N204
Nor,  M=2902¢

Prepared according to the standard procedure from 4-(4-nitrophenyl)butanoic acid (300 mg, 1.68 mmol,
1.00 equiv) and 2,2,2-trifluoroethylamine hydrochloride (274 mg, 2.02 mmol, 1.20 equiv). Purification via
flash column chromatography (15 g silica gel, P/Et2O =1/1) provided amide 132a (355 mg, 1.37 mmol, 81%)
as a crystalline white solid.

TLC: Re=0.24 (P/Et20 = 1/1) [UV, KMnOs].

M.p.: Sm=148-149°C.

IR (ATR): v (cm) = 3284 (w), 3088 (w), 2930 (w), 1679 (m), 1654 (s), 1603 (m), 1559 (s), 1508 (vs), 1466 (w),
1431 (m), 1399 (w), 1346 (s), 1305 (m), 1286 (m), 1266 (m), 1250 (m), 1225 (m), 1149 (vs), 1108 (m), 1028 (m),
995 (m), 890 (w), 851 (s), 833 (m), 751 (m), 701 (s), 678 (s).

TH NMR (400 MHz, CDCL): 8 [ppm] = 8.15 (dd, ] = 6.5, 2.0 Hz, 2H), 7.38-7.31 (m, 2H), 5.68 (bs, 1H), 3.93
(p, ] = 8.8 Hz, 2H), 2.78 (t, ] = 7.2 Hz, 2H), 2.27 (t, ] = 6.6 Hz, 2H), 2.10-1.97 (m, 2H).

BBC NMR (126 MHz, CDCls): 8 [ppm] = 172.3 (s), 149.3 (s), 146.7 (s), 129.4 (s), 124.2 (q, ] = 278.4 Hz), 123.9
(s),40.7 (q, ] = 34.8 Hz), 35.2 (s), 34.9 (s), 26.3 (s).

HR-MS (ESI): calculated for Ci2H14F3sN20s [M+H*]: 291.0957; measured: 291.0948.

6-(2,5-Dioxo-2,5-dihydro-1H-pyrrol-1-yl)-N-(2,2,2-trifluoroethyl)hexanamide (133a)

0
0

{;N(\/\/\)I\N/\cFa AN

0 H

6-Maleimidohexanoic acid (500 mg, 2.37 mmol, 1.00 equiv) was dissolved in CH2Cl2 (24 mL, 0.1 M), two

drops of DMF were added and the reaction mixture was cooled to 0 °C before thionyl chloride (885 mg,

7.10 mmol, 3.00 equiv) was added dropwise. The reaction mixture was stirred for one hour at 0 °C and
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then for one hour at room temperature before the solvent was removed in vacuo. The residue was dried in
high vacuum for one hour and then dissolved in THF (18 mL) and cooled to -78 °C. In a separate flask,
2,2,2-trifluoroethylamine (281 mg, 2.84 mmol, 1.20 equiv) was dissolved in THF (2.9 mL) and cooled to —
78 °C before n-butyllithium (2.39 M in hexane, 1.1 mL, 2.60 mmol, 1.10 equiv) was added dropwise and
the reaction mixture was stirred at —78 °C for one hour. The resulting yellow solution was added to the
solution of the acid chloride dropwise via cannula at —78 °C and the orange reaction mixture was stirred
at -78 °C for 90 min, after which HCI (1 M, 25 mL) was added to the cold mixture and the resulting slurry
was allowed to slowly warm to room temperature. After extraction (3 x 25 mL) the combined organic
layers were washed with water (50 mL) and brine (50 mL), dried (Na2504) and the solvent was removed
in vacuo. Purification via flash column chromatography (20 g silica gel, CH2Clo/EtOAc = 10/1) provided
amide 133a (219 mg, 749 umol, 32%) as a white powder.

TLC: R¢=0.14 (CH2Cl2/EtOAc = 10/1) [UV, KMnOx].

M.p.: Sm=119-120°C.

IR (ATR): v (cm) = 3307 (s), 3087 (w), 2937 (w), 2858 (w), 1697 (vs), 1658 (vs), 1552 (s), 1469 (w), 1446 (m),
1415 (s), 1375 (m), 1296 (m), 1273 (m), 1248 (m), 1210 (m), 1159 (vs), 1143 (vs), 1172 (w), 1001 (w), 990 (w),
833 (vs), 697 (s), 669 (m).

TH NMR (400 MHz, CDCls): & [ppm] = 6.68 (s, 2H), 5.90 (bs, 1H), 3.90 (qd, J = 9.1, 6.5 Hz, 2H), 3.51 (t,
J=7.2Hz 2H), 2.24 (t, ] = 7.5 Hz, 2H), 1.68 (p, ] = 7.5 Hz, 2H), 1.60 (p, ] = 7.4 Hz, 2H), 1.35-1.26 (m, 2H).
3C NMR (101 MHz, CDCl): & [ppm] = 172.9 (s), 171.0 (s), 134.2 (s), 124.2 (q, ] = 278.4 Hz), 40.6 (q,
] =34.6 Hz), 37.6 (), 36.2 (s), 28.3 (5), 26.2 (3), 24.8 (5).

HR-MS (ES], 3 eV): calculated for Ci2H16FsN203 [M+H"]: 293.1113; measured: 293.1106.

(85,95,10R,135,14S5,175)-10,13-Dimethyl-3-ox0-N-(2,2,2-trifluoroethyl)-2,3,6,7,8,9,10,11,-

12,13,14,15,16,17-tetradecahydro-1H-cyclopenta[a]phenanthrene-17-carboxamide (510)

CoaHaoF NO,
M =397.48

Progesterone was converted to androst-4-en-3-one-17b-carboxylic acid according to literaturel163l.

The carboxylic acid (200 mg, 632 umol, 1.00 equiv) was dissolved in CH2Clz (13 mL, 50 mM) and the
reaction mixture was cooled to 0 °C before DIPEA (110 pL, 81.7 mg, 632 umol, 1.00 equiv) and HBTU
(264 mg, 695 umol, 1.10 equiv) was added and the reaction mixture was stirred at 0 °C for 30 min. Then,
2,2,2-trifluoroethylamine hydrochloride (85.7 mg, 632 umol, 1.00 equiv) and DIPEA (120 uL, 89.9 mg,

695 umol, 1.10 equiv) was added. The reaction mixture was subsequently stirred at room temperature for
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14 h, after which HCI (1 M, 15 mL) was added and the mixture was extracted with CH2Cl2 (3 x 15 mL),
then the combined organic layers were washed with H20 (30 mL) and brine (30 mL), dried (Na2504) and
the solvent was removed in wvacuo. Purification via flash column chromatography (30 g silica gel,
P/EtOAc = 2/1) provided amide S10 (211 mg, 531 umol, 84%) as white solid.

TLC: Re = 0.36 (P/EtOAc = 1/1) [UV, KMnOs].

M.p.: Sm=214-215°C.

[a]o?: +119.2 (c = 0.83, CHCls).

IR (ATR): v (cm) = 2953 (w), 2855 (w), 1674 (vs), 1617 (m), 1524 (s), 1436 (w), 1388 (m), 1277 (m), 1221 (s),
1157 (vs), 1133 (vs), 1005 (w), 941 (w), 876 (m), 829 (m), 666 (s).

H NMR (400 MHz, CDCls): 8 [ppm] = 5.73 (s, 1H), 5.70-5.62 (m, 1H), 4.20 (dqd, ] = 14.8, 9.1, 7.3 Hz, 1H),
3.70 (dqd, ] = 14.6, 9.0, 5.3 Hz, 1H), 2.49-2.34 (m, 3H), 2.33-2.22 (m, 2H), 2.21-2.14 (m, 1H), 2.03 (ddd,
J =13.7, 5.0, 3.2 Hz, 1H), 1.95 (dt, ] = 12.0, 3.4 Hz, 1H), 1.87 (dp, ] = 12.0, 3.0 Hz, 1H), 1.75 (dddd,
J=187,15.9, 13.3, 6.3 Hz, 3H), 1.67-1.53 (m, 2H), 1.47 (qd, ] = 13.1, 4.2 Hz, 1H), 1.34 (dq, ] = 12.0, 6.1 Hz,
1H), 1.26 (td, ] = 12.3, 4.1 Hz, 1H), 1.19 (s, 3H), 1.08 (dddd, J = 24.9, 17.4, 12.1, 5.7 Hz, 2H), 0.96 (ddd,
J=12.3,10.6, 4.2 Hz, 1H), 0.73 (s, 3H).

5C NMR (101 MHz, CDCl): 8 [ppm] = 199.7 (s), 172.8 (s), 171.1 (s), 124.3 (q, ] = 278.6 Hz), 124.1 (s), 57.0
(s), 55.7 (s), 53.9 (s), 44.1 (s), 40.5 (q, ] = 34.4 Hz), 38.8 (s), 38.3 (s), 35.9 (s), 35.8 (s), 34.1 (s), 32.9 (s), 32.1 (s),
24.5 (s), 23.6 (s), 21.1 (s), 17.5 (s), 13.2 (s).

HR-MS (ESI, 3 eV): calculated for C22Hz1FsNO:2 [M+H*]: 398.2307; measured: 398.2298.

(8R,95,10S,135,14S5,175)-10,13-Dimethyl-3-0x0-N-(2,2,2-trifluoroethyl)hexadecahydro-1H-

cyclopentalalphenanthrene-17-carboxamide (134a)

CooHgoF3NO,
M =399.49

Enone S10 (175 mg, 440 umol, 1.00 equiv) was added to a suspension of palladium(0) on charcoal (10%
w/w, 23.4 mg, 22.0 umol, 0.05 equiv) in methanol (2.2 mL, 0.2 M) under argon atmosphere. The flask was
subsequently purged with hydrogen and the reaction mixture was stirred at room temperature under
hydrogen atmosphere for 24 h. Then, the reaction mixture was filtered through Celite® and HCI (1 M,
10 mL) was added to the filtrate before being extracted with CH2Cl2 (4 x 10 mL) and the combined organic

layers were washed with brine (20 mL), dried (Na2504) and the solvent was removed in vacuo. The crude
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product was purified via flash column chromatography (30 mg silica gel, CH2Clo/MeCN = 97/3) to provide
amide 134a (123 mg, 308 umol, 70%) as a white powder.

TLC: R¢=0.25 (CH2Cl2/MeCN = 95/5) [KMnO4].

M.p.: Sm="77-79°C.

[a]p®: +50.6 (c = 0.74, CHCls).

IR (ATR): v (em) = 3335 (w), 2932 (w), 2866 (w), 1707 (s), 1670 (m), 1534 (m), 1449 (m), 1387 (m), 1271 (m),
1223 (m), 1155 (vs), 1007 (w), 833 (w), 668 (m).

H NMR (500 MHz, CDCls): 8 [ppm] = 5.53 (bs, 1H), 4.20 (dddd, | = 14.9, 9.3, 7.4, 1.7 Hz, 1H), 3.70 (ddd,
J=14.8,9.1, 5.5 Hz, 1H), 2.68 (dd, ] = 15.2, 13.3 Hz, 1H), 2.31 (td, ] = 14.6, 5.4 Hz, 1H), 2.23-2.14 (m, 3H),
2.04 (dtd, J=14.3, 5.1, 2.6 Hz, 2H), 1.96 (dt, ] =11.7, 3.1 Hz, 1H), 1.94-1.69 (m, 4H), 1.59-1.48 (m, 4H), 1.46—
1.37 (m, 2H), 1.36-1.22 (m, 3H), 1.03 (s, 4H), 0.70 (s, 4H).

13C NMR (126 MHz, CDCly): 8 [ppm] = 213.3 (s), 172.9 (s), 124.3 (q, ] = 278.5 Hz), 57.3 (s), 56.3 (s), 44.4 (s),
44.3 (s), 42.4 (s), 40.9 (s), 40.5 (q, ] = 34.6 Hz), 38.8 (s), 37.3 (), 37.1 (s), 35.7 (s), 35.1 (s), 26.6 (s), 25.9 (s), 24.6
(s), 23.6 (), 22.8 (s), 21.3 (s), 13.3 (s).

HR-MS (ES], 3 eV): calculated for C22H33FsNO2 [M+H*]: 400.2463; measured: 400.2454.

(1R,2S,5R)-2-isopropyl-5-methyl-N-(2,2,2-trifluoroethyl)cyclohexanecarboxamide (135a)

0
H
: H/\CF:, C1gHpoFsNO
. r M = 26532

A solution of (1R,2S,5R)-2-isopropyl-5-methylcyclohexanecarboxylic acid (500 mg, 2.71 mmol, 1.00 equiv)
in CH2Cl2 (30 mL, 0.1 M) was cooled to 0 °C before DIPEA (470 uL, 351 mg, 2.71 mmol, 1.00 equiv) and
HBTU (1.13 g, 2.98 mmol, 1.10 equiv) was added. The reaction miture was stirred at 0 °C for 30 min, after
which 2,2,2-trifluoroethylamine hydrochloride (368 mg, 2.71 mmol, 1.00 equiv) and DIPEA (520 uL,
386 mg, 2.98 mmol, 1.10 equiv) was added. Then, the reaction mixture was allowed to warm to room
temperature and stirred for 14 h before HCI (1 M, 50 mL) was added. After extraction with CH2Cl2
(3 x50 mL) the combined organic layers were washed with H2O (75 mL) and brine (75 mL), dried (Na25O4)
and the solvent was removed in vacuo. The crude product was purified via flash column chromatography
(30 g silica gel, P/Et20 = 5/1) to provide amide 135a (440 mg, 1.66 mmol, 61%) as a crystalline white solid.
TLC: R¢=0.21 (P/Et20 = 5/1) [KMnOs].

M.p.: Sm=82-84°C.

[alp®: -37.3 (c = 0.62; CHCLs).
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IR (ATR): v (cm™) =3287 (m), 2958 (w), 2930 (m), 2858 (w), 1654 (s), 1549 (m), 1457 (w), 1424 (w), 1393 (w),
1295 (w), 1266 (m), 1238 (w), 1212 (m), 1155 (vs), 898 (w), 833 (w), 689 (w), 669 (w).

H NMR (400 MHz, CDCls): 8 [ppm] = 6.00 (bs, 1H), 4.03-3.78 (m, 2H), 2.10 (td, ] = 11.5, 3.4 Hz, 1H), 1.81—
1.64 (m, 4H), 1.54 (tt, ] = 11.5, 3.1 Hz, 1H), 1.34 (dddd, ] = 17.4, 12.8, 6.5, 3.3 Hz, 1H), 1.21 (q, ] = 12.1 Hz,
1H), 1.07-0.91 (m, 2H), 0.90 (d, ] = 2.2 Hz, 3H), 0.88 (d, ] = 1.8 Hz, 3H), 0.77 (d, ] = 6.9 Hz, 3H).

13C NMR (101 MHz, CDCl3): 8 [ppm] = 176.3 (s), 124.3 (q, ] = 278.5 Hz), 49.8 (s), 44.5 (s), 40.4 (q, ] = 34.5 Hz),
39.4 (s), 34.6 (s), 32.4 (s), 28.7 (s), 23.9 (s), 22.4 (s), 21.5 (s), 16.1 (s).

HR-MS (ES], 3 eV): calculated for CisH2sFsNO [M+H"]: 266.1732; measured: 266.1724.

N,N-Bis(2,2,2-trifluoroethyl)decanediamide (136a)

o

H
N__CF;  CisHaoFeN-0,
HJ\/\/\/\/\"/ o A

o

Fa C/\

A suspension of sebacic acid (500 mg, 2.47 mmol, 1.00 equiv) in CH2Cl2 (30 mL, 0.1 M) was cooled to 0 °C
before EDC-HCI (1.42 g, 7.42 mmol, 3.00 equiv) and DMAP (30.2 mg, 247 umol, 0.10 equiv) was added,
followed by 2,2,2-trifluoroethylamine hydrochloride (804 mg, 5.93 mmol, 2.40 equiv) and NEt3 (1.7 mL,
1.25 g, 12.4 mmol, 5.00 equiv). The reaction mixture was stirred for 16 h, after which saturated NH4Cl
(50 mL) was added to the now clear pale yellow solution and the mixture was extracted with CH2Cl2
(3 x 50 mL). The combined organic layers were washed with brine (100 mL) and dried (Na2SOs), then the
solvent was removed in wvacuo. Purification wvia flash column chromatography (40 g silica gel,
P/EtOAc = 1/2) provided diamide 136a (745 mg, 2.04 mmol, 83%) as a white solid.

TLC: R¢=0.24 (P/EtOAc = 1/2) [KMnO4].

M.p.: 9m=143-144°C.

IR (ATR): v (cm™) = 3299 (m), 2925 (m), 2850 (m), 1654 (s), 1555(s), 1400 (w), 1269 (m) 1251 (w), 1232 (m),
1154 (vs), 984 (w), 882 (w), 834 (w), 667 (m).

H NMR (400 MHz, DMSO-ds): § [ppm] = 8.44 (t, ] = 6.1 Hz, 2H), 3.87 (qd, | = 9.9, 6.3 Hz, 4H), 2.14 (t,
J=7.4Hz, 4H), 1.48 (h, ] = 6.8 Hz, 4H), 1.27-1.17 (m, 8H).

13C NMR (101 MHz, DMSO-ds): 8 [ppm] = 172.9 (s), 124.8 (q, | =279.3 Hz), 34.9 (s), 28.6 (s), 28.4 (s), 25.0 (s).
HR-MS (ES], 3 eV): calculated for CisH23FsN202 [M+H"]: 365.1664; measured: 365.1657.

5-Phenyl-N-(2,2,2-trifluoroethyl)pentanamide (37a)

[o]
Cy3H16F3NO

N,
N N7 CFs  M=-250.27
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Prepared according to the standard procedure from 5-phenylpentanoic acid (300 mg, 1.68 mmol,
1.00 equiv) and 2,2,2-trifluoroethylamine hydrochloride (274 mg, 2.02 mmol, 1.20 equiv). Purification via
flash column chromatography (15 g silica gel, P/Et20 = 1/1) provided amide 37a (1.25 g, 4.71 mmol, 87%)
as a crystalline white solid.

TLC: Re=0.24 (P/Et20 =1/1) [UV, KMnOx].

M.p.: Om=53-54°C.

IR (ATR): v (cm™) = 3319 (w), 2933 (w), 2858 (w), 1662 (s), 1544 (s), 1497 (w), 1423 (w), 1399 (m), 1275 (m),
1252 (m), 1213 (w), 1154 (vs), 1084 (m), 989 (w), 834 (m),750 (m), 700 (s), 667 (s).

H NMR (400 MHz, CDCl): 8 [ppm] = 7.31-7.24 (m, 2H), 7.22-7.14 (m, 3H), 5.87 (bs, 1H), 3.89 (qd,
J=9.2,6.5Hz, 2H), 2.63 (t, ] =7.1 Hz, 2H), 2.26 (t, ] = 7.1 Hz, 2H), 1.81-1.57 (m, 4H).

1BC NMR (101 MHz, CDCls): & [ppm] =173.2 (s), 142.1 (s), 128.5 (s), 128.5 (s), 126.0 (s), 124.2 (q, ] =278.3 Hz),
40.6 (q, ] =34.6 Hz), 36.3 (s), 35.7 (s), 31.0 (s), 25.1 (s).

HR-MS (ES], 3 eV): calculated for CisHi7FsNO [M+H"]: 260.1262; measured: 260.1255.

4,4-Dimethyl-N-(2,2,2-trifluoroethyl)pentanamide (138a)

o CoHygFaNO
Mmz(m\)ku/\cﬁ M=211.22
Acrylic acid was converted to 4,4-dimethylpentanoic acid according to literature.'®4!
4,4-Dimethylpentanoic acid (400 mg, 3.07 mmol, 1.00 equiv) was converted according to the standard
procedure with 2,2,2-trifluoroethylamine hydrochloride (500 mg, 3.69 mmol, 1.20 equiv). Purification via
flash column chromatography (45 g silica gel, P/Et20 = 2/1) provided amide 138a (492 mg, 3.07 mmol, 76%)
as a crystalline white solid.
TLC: R¢=0.22 (P/Et20 = 2/1) [KMnO4].
M.p.: Sm=37-38°C.
IR (ATR): v (cm™) = 3303 (w), 2957 (m), 2869 (w), 1656 (s), 1552 (s), 1397 (m), 1272 (s), 1144 (vs), 833 (m),
666 (s).
TH NMR (400 MHz, CDCls): § [ppm] = 6.15 (bs, 1H), 3.89 (qd, ] = 9.1, 6.4 Hz, 2H), 2.29-2.15 (m, 2H), 1.63-
1.46 (m, 2H), 0.89 (s, 9H).
13C NMR (101 MHz, CDCl3): § [ppm] = 174.2 (s), 124.3 (q, ] = 278.5 Hz), 40.7 (q, ] = 34.6 Hz), 39.2 (s), 32.1
(s), 30.2 (s), 29.1 (s).
HR-MS (EI, 70 eV): calculated for CoH1sFsNO [M*]: 211.1184; measured: 211.1179.
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Methyl 1,2,2-trimethyl-3-((2,2,2-trifluoroethyl)carbamoyl)cyclopentane-1-carb-oxylate (139a)

o Me Me o
W CugtaF O3
MeO' Me" “H H/\CF;; M = 295.30

(1R,3S)-(+)-Camphoric acid was converted to its dimethyl diester according to literature.[1¢]
2,2,2-Trifluoroethylamine (468 mg, 4.73 mmol, 2.60 equiv) was dissolved in THF (9 mL, 0.5 M) and cooled
to -78 °C before n-butyllithium (2.39 M in hexane, 1.8 mL, 4.36 mmol, 2.4 mmol) was added dropwise and
the reaction mixture was stirred at -78 °C for one hour. A solution of dimethyl (1R,3S)-1,2,2-
trimethylcyclopentane-1,3-dicarboxylate (415 mg, 1.82 mmol, 1.00 equiv) in THF (9 mL, 0.1 M final
concentration) was added dropwise to the yellow solution and the reaction mixture was stirred at —78 °C
for two hours. Acetic acid (3 mL) was added and the reaction mixture was allowed to warm to room
temperature before HCI (1 M, 25 mL) was added and the mixture was extracted with Et20 (3 x 25 mL). The
combined organic layers were washed with saturated NaHCOs (2 x 50 mL) and brine (50 mL), dried
(Na2SOs) and the solvent was removed in vacuo. The crude product was purified via flash column
chromatography (30 g silica gel, P/Et2O = 2/1) to provide monoamide 139a (441 mg, 1.49 mmol, 82%) as a
crystalline white solid.

TLC: R¢=0.35 (P/Et20 = 1/2) [KMnO4].

M.p.: 9m=89-90°C.

[a]p?: +12.4 (c = 1.05, CHCl3).

IR (ATR): v (cm) =3328 (w), 2969 (m), 2886 (w), 1726 (m), 1666 (s), 1538 (m), 1458 (w), 1435 (w), 1395 (w),
1378 (w), 1271 (s), 1238 (m), 1207 (m), 1153 (vs), 1119 (s), 1090 (m), 989 (w), 8.33 (W), 668 (w).

TH NMR (400 MHz, CDCl3): 3 [ppm] =5.81 (t, ] = 6.1 Hz, 1H), 4.12 (dqd, ] =15.0, 9.2, 7.3 Hz, 1H), 3.74 (dqd,
J = 15.1, 9.2, 5.8 Hz, 1H), 3.66 (s, 3H), 2.61 (t | = 9.3 Hz, 1H), 2.64-2.55 (m, 1H), 2.22 (dddd,
J=13.6,11.8,9.1, 4.4 Hz, 1H), 1.80 (dtd, ] = 13.7, 9.6, 6.8 Hz, 1H), 1.51 (ddd, ] = 13.8, 9.6, 4.4 Hz, 1H), 1.23 (s,
3H), 1.19 (s, 3H), 0.77 (s, 3H).

13C NMR (101 MHz, CDCl): 8 [ppm] = 176.3 (s), 173.0 (s), 124.2 (q, ] = 278.5 Hz), 56.5 (s), 54.7 (s), 51.7 (s),
468 (s), 406 (q J = 345 Hz), 327 (s) 234 (s), 231 (s), 218 (s),
21.0 (s).

HR-MS (EI, 70 eV): calculated for CisH2003NFs [M*]: 295.1390; measured: 295.1393.

2-Methyl-N-(2,2,2-trifluoroethyl)benzamide (S11)

o

Ny ONTCF,  CygHioFaNO
[ H M=217.19
Me
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Prepared according to the standard procedure from 2-methylbenzoic acid (500 mg, 3.67 mmol, 1.00 equiv)
and 2,2,2-trifluoroethylamine hydrochloride (597 mg, 4.41 mmol, 1.20 equiv). Purification via flash column
chromatography (40 g silica gel, P/Et20 = 3/1) provided amide S11 (630 mg, 2.90 mmol, 79%) as a white
solid.

TLC: Re=0.24 (P/Et:0 = 3/1) [UV, KMnO4].

M.p.: Sm=83-84°C.

IR (ATR): v (cm™) =3276 (w), 1648 (s), 1528 (m), 1486 (w), 1424 (w), 1393 (w), 1393 (m), 1312 (m), 1263 (s),
1174 (vs), 1047 (m), 968 (w), 832 (w), 782 (w), 720 (m), 692 (s), 656 (s).

1H NMR (400 MHz, CDCl): 8 [ppm] = 7.39-7.32 (m, 2H), 7.23 (dd, | = 13.4, 7.3 Hz, 2H), 6.07 (bs, 1H), 4.09
(qd, ] =9.0, 6.5 Hz, 2H), 2.4 (s, 3H).

3C NMR (101 MHz, CDCL3): § [ppm] = 170.0 (s), 136.6 (s), 135.1 (s), 131.4 (s), 130.7 (s), 126.8 (s), 126.0 (s),
124.3 (q, ] = 278.5 Hz), 41.0 (q, ] = 34.7 Hz), 19.8 (s).

HR-MS (ES], 3 eV): calculated for XX [M+H*]: 218.0793; measured: 218.0785.

2,2-Dimethyl-N-(2,2,2-trifluoroethyl)butanamide (S12)

0
- o~ CgH14FNO
Ve %H CFs  M=197.20

e’ e
2,2-Dimethylbutyric acid (500 mg, 4.30 mmol, 1.00 equiv) was dissolved in CH2Cl2 (43 mL, 0.1 M), two
drops of DMF were added and the reaction mixture was cooled to 0 °C before thionyl chloride (1.54 g,
12.9 mmol, 3.00 equiv) was added dropwise. The reaction mixture was stirred for one hour at 0 °C and
then for one hour at room temperature before the solvent was removed in vacuo. The residue was dissolved
in CH2Cl2 (43 mL, 0.1 M) and cooled to 0 °C. NEt3 (3.0 mL, 2.18 g, 21.5 mmol, 5.00 equiv) was added
dropwise, after which 2,2,2-trifluoroethylamine hydrochloride (700 mg, 5.17 mmol, 1.20 equiv) was added
and the reaction mixture was stirred at 0 °C for one hour and then at room temperature for one hour. After
addition of saturated NH4Cl (50 mL) the reaction mixture was extracted with CH2Cl2 (3 x 50 mL) and the
combined organic layers were washed with brine (100 mL), dried (Na250s) and the solvent was removed
in vacuo. The crude product was purified via flash column chromatography (15 g silica gel, P/Et20 = 2/1)
to provide amide S12 (114 mg, 578 umol, 13%) as a colorless oil.

TLC: Re=0.24 (P/Et20 = 2/1) [KMnO4].

IR (ATR): v (cm™) = 3351 (w), 2970 (m), 1656 (s), 1525 (s), 1477 (w), 1424 (w), 1395 (w), 1280 (m), 1152 (vs).
1H NMR (500 MHz, CDCls): 8 [ppm] = 5.85 (bs, 1H), 3.93 (qd, ] =9.1, 6.3 Hz, 2H), 1.57 (q, ] = 7.5 Hz, 2H),
1.18 (s, 6H), 0.84 (t, ] = 7.5 Hz, 3H).
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13C NMR (126 MHz, CDCls): & [ppm] = 178.0 (s), 124.3 (q, ] = 278.4 Hz), 42.8 (s), 40.7 (q, ] = 34.5 Hz), 34.0
(s), 25.0 (s), 9.1 (s).
HR-MS (ESI): calculated for CZHuuFsNO [M-CHs']: 182.0793; measured: 182.0789.

9-(Oxiran-2-yl)-N-(2,2,2-trifluoroethyl)nonanamide (S13)

|>/\/\/\/\)I\N/\CF3 Ci3H2F3NO,

o H M =281.31

A solution of alkene S09 (500 mg, 1.88 mmol, 1.00 equiv) in CH2Cl2 (19 mL, 0.1 M) was cooled to 0 °C and
m-CPBA (70% purity, 627 mg, 2.54 mmol, 1.35 equiv) was added slowly. The reaction mixture was then
slowly allowed to warm to room temperature and stirred at room temperature for ten hours before Na:SOs
(1M, 5 mL). After stirring for 30 min CH2Cl2 (30 mL) was added and the organic layer was washed with
saturated NaHCOs (3 x 30 mL) and brine (30 mL), dried (Na25SO4) and the solvent was removed in vacuo.
The crude product was dried under high vacuum for 30 min to provide epoxide $13 (492 mg, 1.75 mmol,
93%) as a white powdery solid without any further purification.

TLC: Re = 0.30 (P/Et20 = 1/1) [KMnOu].

M.p.: Sm=83-84°C.

IR (ATR): v (cm™) =3309 (w), 2927 (w), 2851 (w), 1654 (vs), 1556 (s), 1435 (w), 1399 (m), 1289 (m), 1272 (m),
1253 (m), 1228 (m), 1166 (s), 1151 (vs), 990 (w), 947 (w), 887 (w), 832 (s), 724 (w), 693 (m), 669 (s).

TH NMR (400 MHz, CDCls): 3 [ppm]=5.73 (bs, 1H), 3.92 (qd, ] =9.1, 6.4 Hz, 2H), 2.90 (tdd, ] =5.2, 4.0, 2.7 Hz,
1H), 2.74 (dd, ] = 5.0, 4.0 Hz, 1H), 2.46 (dd, ] = 5.0, 2.7 Hz, 1H), 2.30-2.20 (m, 2H), 1.65 (p, ] = 7.2 Hz, 2H),
1.56-1.48 (m, 2H), 1.4 (ddt, [ = 12.4, 6.0, 3.8 Hz, 2H), 1.39-1.26 (m, 8H).

13C NMR (101 MHz, CDCl3): 8 [ppm] = 173.5 (s), 124.2 (q, ] = 278.5 Hz), 52.6 (s), 47.2 (s), 40.6 (q, ] = 34.6 Hz),
364  (s), 325 (s), 2940 (s), 2939 (s), 2924 (s), 29.15 (s), 260 (s),
25.5 ().

HR-MS (ESI, 3 eV): calculated for CisH23FsNO2 [M+H']: 282.1671; measured: 282.1674.

(35,5R,8R,10S,13R,145,17R)-10,13-dimethyl-17-((R)-5-0x0-5-((2,2,2-trifluoroethyl)-amino)

pentan-2-yl)hexadecahydro-1H-cyclopenta[a]phenanthren-3-yl acetate (S14)

CagHasFNO3
M = 499.65
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Lithocholic acid was converted to the acetate according to literature.l'! O-Acetyllithocholic acid (420 mg,
1.00 mmol, 1.00 equiv) was converted according to the standard procedure with 2,2,2-trifluoroethylamine
hydrochloride (163 mg, 1.20 mmol, 1.20 equiv). Purification via flash column chromatography (40 g silica
gel, P/Et20 = 3/2) provided amide S14 (342 mg, 684 umol, 68%) as a crystalline white solid.

TLC: Re = 0.22 (P/E20 = 3/2) [KMnOs].

M.p.: Sm=137-138°C.

[a]p?: +37.7 (c = 1.03, CHCl3).

IR (ATR): v (em™) = 3294 (w), 2935 (m), 2855 (w), 1739 (s), 1655 (s), 1555 (m), 1447 (m), 1379 (m), 1244 (s),
1157 (vs), 1026 (s), 833 (w), 670 (m).

H NMR (300 MHz, CDCl): § [ppm] = 5.68 (t, ] = 6.6 Hz, 1H), 4.72 (tt, ] = 11.3, 4.8 Hz, 1H), 3.92 (qd,
J=9.1, 6.4 Hz, 2H), 2.31 (ddd, ] = 14.9, 10.2, 4.9 Hz, 1H), 2.14 (ddd, ] = 14.5, 9.5, 6.4 Hz, 1H), 2.03 (s, 3H),
2.00-1.92 (m, 1H), 1.91-1.75 (m, 5H), 1.73-1.62 (m, 1H), 1.62-1.49 (m, 2H), 1.41 (tdd, ] = 13.5, 6.3, 3.2 Hz,
7H), 1.32-1.00 (m, 10H), 0.92 (s, 3H), 0.92 (d, ] = 6.3 Hz, 3H), 0.64 (s, 3H).

3C NMR (101 MHz, CDCls): 8 [ppm] = 173.8 (s), 170.8 (s), 124.3 (q, ] = 278.6 Hz), 74.6 (s), 56.6 (s), 56.2 (s),
42.9 (s), 42.0 (s), 40.7 (q, ] = 34.7 Hz), 40.5 (s), 40.3 (s), 35.9 (s), 35.5 (s), 35.2 (s), 34.7 (s), 33.4 (s), 32.4 (s), 31.6
(s), 28.4 (s), 27.2 (s), 26.8 (s), 26.5 (s), 24.3 (s), 23.5 (s), 21.6 (s), 21.0 (s), 18.5 (s), 12.2 (s).

HR-MS (EL 70 eV): calculated for C2sHasFsNOs [M+H*]: 500.3346; measured: 500.3350.

Preparation of Acetyl Hypobromite

Silver(I) acetate (2.10 g, 12.6 mmol, 1.10 equiv) was stirred in CH2Cl2 (dry, stored over 4 A MS, ACROS,
40 mL) in a 250 mL round-bottom flask wrapped in aluminium foil at 0 °C. Bromine (0.58 mL, 1.81 g,
11.3 mmol, 1.00 equiv) was slowly added to the suspension and the reaction mixture was stirred for 10 min
or until the color of the reaction mixture turned from orange-red to green-yellow. The suspension was
filtered rapidly and eluted with CH2Clz (10 mL). The resulting green-yellow solution was stored at —20 °C

and used for up to one week. Concentration decreased by approx. 3-5 mM per day.

Titration of Acetyl Hypobromite

A precise amount of triphenyl phosphine (12-16 mg) was dissolved in CH2Clz (550-600 pL, ca. 0.1 M). A
solution of acetyl hypobromite was added dropwise at room temperature under stirring until the color of

the solution turned from colorless to light yellow.
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General Procedure for the Amide Bromination Screening

Amide (1.00 equiv) was dissolved in CH2Cl2 (dry, stored over 4 A MS, ACROS; to give a final concentration
of 25 mM once the acetyl hypobromite solution is added) in a reaction vial wrapped with aluminium foil
and the laboratory lights were turned off. Freshly titrated acetyl hypobromite solution (-20 °C, 2.50 equiv)
was added and the reaction mixture was stirred for 30 min at room temperature, at which point the
aluminium foil was removed and the reaction mixture was irradiated with white LEDs (24 W, approx. 120

units, held at approx. 5 cm distance, figure S1) for 30 min. Then, the solvent was removed in vacuo and the

residue was dried under high vacuum for 30 min to remove all residual acetic acid.

Figure S1. Reaction setup with white LEDs attached to a perforated bent metal plate (left: LEDs switched off;
right: LEDs switched on).

2-Methyl-N-(5-methyldihydrofuran-2(3H)-ylidene)propan-2-aminium (515)

CoHygNO*

o Y-
D:N‘ M = 156.24
H

Prepared according to the screening procedure from amide 16 (10.0 mg, 63.6 umol, 1.00 equiv) to provide
the crude product of spontaneously cyclized iminolactone hydrobromide S15 (18.2 mg) as a dark yellow

solid.
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TLC: Re=0.29 (P/Et20 = 2/1) [KMnOs] (deprotonated iminolactone).

IR (ATR): v (cm™) = 2973 (m), 2933 (m), 2868 (m), 1683 (vs), 1530 (s), 1454 (m), 1372 (m), 1361 (m), 1198
(vs), 1033 (s), 964 (s), 898 (m), 800 (m), 730 (s), 687 (m).

TH NMR (300 MHz, CDCls): & [ppm] = 11.30 (bs, 1H), 534 (dp, | = 83, 6.3 Hz, 1H), 3.72 (ddd,
J=19.0,9.2, 3.9 Hz, 1H), 3.50 (dt, ] = 19.0, 9.5 Hz, 1H), 2.60 (dddd, ] = 13.1, 9.9, 6.5, 3.9 Hz, 1H), 2.02 (ddd,
J=18.0, 8.6, 3.7 Hz, 1H), 1.63 (d, ] = 6.3 Hz, 3H), 1.54 (s, 9H).

13C NMR (126 MHz, UDEFT, CDCls): § [ppm] = 179.1 (s), 90.8 (s), 58.5 (s), 33.0 (s), 29.3 (s), 28.4 (s), 20.5 (s).

4-Bromo-N-(2,2,2-trifluoroethyl)pentanamide (516)

0
Melr/\)l\u/\ma Mot
Prepared according to the screening procedure from amide 17 (10.0 mg, 54.6 umol, 1.00 equiv) to provide
the crude bromide S16 (16.7 mg) as a pale yellow solid.
TLC: R¢=0.18 (P/Et20 = 2/1) [KMnO4].
IR (ATR): v (cm™) = 3292 (w), 2961 (w), 2933 (w), 1662 (s), 1547 (m), 1396 (m), 1261 (m), 1152 (vs), 992 (m),
833 (m), 668 (bm).
TH NMR (300 MHz, CDCl): & [ppm] = 5.88 (bs, 1H), 4.15 (dqd, ] = 10.0, 6.6, 3.4 Hz, 1H), 3.92 (qd,
J=9.1, 6.4 Hz, 2H), 2.62-2.36 (m, 2H), 2.32-2.14 (m, 1H), 2.01 (dddd, ] = 14.7, 9.8, 7.7, 5.5 Hz, 1H), 1.74 (d,
J=6.6 Hz, 3H).
5C NMR (101 MHz, CDCls): § [ppm] = 172.3 (s), 124.2 (q, ] = 278.4 Hz), 51.0 (s), 40.7 (q, ] = 34.8 Hz), 36.2
(s), 34.5 (s), 26.7 (s).

Determination of Ratio of Product/Starting Material of Bromides Using 'H NMR

In general, the ratio of product/starting material of the crude products from bromination of N-substituted
pentanamides was determined by comparing the integrals of the methyl signals in 3-position of both
species in the 'TH NMR spectra. These signals were chosen due to both signals being isolated, allowing for

reliable comparison (figure S2).

78



Experimental Section
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Figure S2. Determination of ratio of product/starting material in A14/A09 using the methyl signal in 3-position.

Optimization of the Synthesis of y-Bromoamides

Table S1. Optimization of the synthesis of y-bromoamides.

1) ACOBr (2.5 eq) (CH,Cl,) rt, 30 min

0 2) hv, rt, 30 min Q
Me A~ > Me\(\)l\ “"CE.
Y\)I\H CFs product/s.m. = 90 : 10 ) N ¢
r

H

#  Change from Screening Conditions ratio product/s.m.?
1 1) AcOBr (5.0 eq) 75:25
2 1) AcOBr (1.5 eq) 58: 42
3 1) AcOBr (1.1 eq) 53: 47
4 1) 60 min 81:19
5  2) remove solvent, then (CH,Cl,) 82:18
6  2) remove solvent, then (THF) —b)
7  2) remove solvent, then (dioxane) 19: 81
8  2) remove solvent, then (MeCN) 76:24
9  2) remove solvent, then (PhCF3) 83:17
10 1) AcOBr (1.2 eq); 2) remove solvent, then (PhCF3) 83:17

11 1) AcOBr (1.2 eq), 0 °C; 2) remove solvent, then (PhCF3), CBr, (1.0 eq) 96: 4
12 1) AcOBr (1.2 eq), 0 °C; 2) remove solvent, then (CH,Cl,), CBry (1.0 eq) 94:6

4) Ratio determined from crude 'H NMR. ») Complex produc mixture, no bromination product.
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General Procedure for the Formation of Volatile Lactones

y-Bromoamide was prepared according to the general procedure for amide bromination screening from
amide (1.00 equiv). The residue was dissolved in CH2Cl2 (dry, stored over 4 A MS, ACROS, 50 mM), the
laboratory lights were turned off and silver(I) tetrafluoroborate (1.50 equiv) was added. The reaction
mixture was stirred for 30 min or until TLC showed complete consumption of the y-bromoamide before
H20 (2.5% v/v) was added and the reaction was stirred for another four hours or until TLC showed
complete consumption of the iminolactone. Then, a saturated solution of sodium chloride in ammonium
hydroxide (25% aq.) was added and the reaction mixture was extracted with CH2Clz (3 x). The combined
organic layers were dried (Na250s4) and the solvent was removed under reduced pressure (400 mbar, 40 °C,

30 min) to provide the crude product of lactone.

Yield Determination Using '"H NMR and Internal Standard

A precise amount of crude lactone (mcrudeNMr,) and a precise amount of dibromomethane (11215, molar mass
Mis =173.83 g/mol) was weighed into an NMR tube and dissolved in CDCls. Based the relative integrals
of the signal of internal standard at 4.93 ppm (s, 2H) (Iis) and of a signal of the lactone (ILactone) representing
a known amount of protons in the lactone (Hratone), the mass of pure lactone in the weighed amount

(MLactone NMR, molar mass Mractone) was determined according to equation 3.

Iractone
Niactone NMR _ Hpactone 1
s Ls
m
n=— (2)
M

2. ILactone *Mys ® MLactone

(©)

Myactone,NMR =
’ Hpiactone ® Irs * Mis

Based on merude NMR, MLactoneNmr and the total mass of crude lactone obtained (1), the total mass of pure

lactone in the crude product (mLactonc) was determined according to equation 4.

_ Merude
Mpactone = Miactone,NMR ® (4)
Mcrude NMR
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5,5-Dimethyldihydrofuran-2(3H)-one (121)

Me_ 0. CgH100,

o
Me)(_f M=114.14

Prepared according to the general procedure from S01 (50.0 mg, 254 umol) to provide crude product of
121 (50.8 mg) as a pale yellow oil. The yield of the volatile product was determined with following
parameters:

Ivactone = 3.914; Hlactone = 6; Its = 2.000; mis = 9.5 mg; merude = 50.8 mg; merude NMR = 8.4 mg.

Yield (internal standard): mractone = 24.6 mg, 216 umol, 85%.

TLC: R¢=0.24 (P/Et20 = 2/1) [KMnOq].

1H NMR (500 MHz, CDCls): 3 [ppm] =2.62 (dd, ] = 8.6, 7.9 Hz, 2H), 2.05 (t, ] = 8.2 Hz, 2H), 1.43 (s, 6H).
13C NMR (101 MHz, CDCl3): 8 [ppm] = 176.8 (s), 84.7 (s), 34.8 (s), 29.5 (s), 27.8 (s).

The spectroscopic data matched those reported in the literature.!%?]

5-Methyl-5-pentyldihydrofuran-2(3H)-one (122)

Me O 0  CyoHig0s
Mew M=170.25
Prepared according to the general procedure from S02 (36.8 mg, 254 umol) to provide crude product of 22
(48.5 mg) as a colorless oil. The yield of the volatile product was determined with following parameters:
Iactone = 0.402; Heactone = 1; Its = 2.000; mis = 9.8 mg; mcrude = 48.5 mg; merude NMR = 9.3 mg.
Yield (internal standard): mLactone = 20.1 mg, 118 pmol, 81%.
TLC: Re=0.43 (P/Et20 = 2/1) [KMnO4].
H NMR (500 MHz, CDCl3): § [ppm] = 2.84-2.66 (m, 1H), 2.59 (td, ] = 9.5, 7.2 Hz, 1H), 2.12-1.83 (m, 2H),
1.72-1.55 (m, 2H), 1.33 (s, 3H), 1.32-1.22 (m, 6H), 0.89 (t, ] = 7.0 Hz, 3H).
5C NMR (101 MHz, CDCls): § [ppm] = 177.0 (s), 87.1 (s), 41.1 (s), 33.0 (s), 32.1 (s), 29.3 (s), 25.7 (s), 23.6 (),
22,6 (s), 14.1 (s).

The spectroscopic data matched those reported in the literature. 6]

1-Oxaspiro[4.5]decan-2-one (123)

0__o  CoHheOs
M =154.21

Prepared according to the general procedure from S03 (50.0 mg, 211 umol) to provide crude product of
123 (52.6 mg) as a pale yellow oil. The yield of the volatile product was determined with following

parameters:
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Ivactone = 0.868; HLactone = 2; Its = 2.000; mis = 8.6 mg; Merude = 52.6 Mg; Merude NMR = 8.3 mg.

Yield (internal standard): mractone = 21.0 mg, 136 umol, 65%.

TLC: R¢=0.31 (P/Et20 = 2/1) [KMnO4].

H NMR (500 MHz, CDCls): 8 [ppm] =2.58 (dd, ] = 8.7, 8.0 Hz, 2H), 2.00 (dd, ] = 8.7, 8.0 Hz, 2H), 1.84-1.76
(m, 2H), 1.75-1.67 (m, 2H), 1.61-1.46 (m, 6H).

3C NMR (101 MHz, CDCls): 8 [ppm] = 177.0 (s), 86.6 (s), 37.0 (s), 33.1 (s), 28.7 (s), 25.0 (s), 22.7 (s).

The spectroscopic data matched those reported in the literature.[6]

5-Methyldihydrofuran-2(3H)-one (124)

o CsHgO,

" o
e‘(_f M’=100.12

Prepared according to the general procedure from 117 (100 mg, 546 pumol) to provide crude product of 124
(108 mg) as a pale yellow oil. The yield of the volatile product was determined with following parameters:
ITactone = 1.146; Heactone = 3; Its = 2.000; mis = 10.9 mg; merude = 108 mg; merudeNmr = 5.9 mg.

Yield (internal standard): mLactone = 43.9 mg, 438 pmol, 80%.

TLC: Re=0.19 (P/Et20 = 2/1) [KMnOx].

TH NMR (500 MHz, CDCL): § [ppm] = 4.64 (dp, ] = 7.9, 6.3 Hz, 1H), 2.57-2.52 (m, 2H), 2.36 (dddd,
J=12.7,82,6.5,5.6 Hz, 1H), 1.83 (dtd, ] =12.7,9.4, 7.8 Hz, 1H), 1.41 (d, ] = 6.2 Hz, 3H).

BC NMR (101 MHz, CDCL): § [ppm] = 177.4 (s), 77.4 (s), 29.8 (s), 29.2 (s), 21.1 (s).

The spectroscopic data matched those reported in the literature.[1¢]

5-Methyl-3-propyldihydrofuran-2(3H)-one (125)
O g

npy
Prepared according to the general procedure from S04 (50.0 mg, 222 pumol) to provide crude product of
125 (55.2 mg) as a colorless oil. The yield of the volatile product was determined with following
parameters:
Iactone = 0,748; Hiactone = 2; Its = 2.000; mis = 7.2 mg; Merude = 55.2 Mg; Merude NMR = 9.5 mg.
Yield (internal standard): mLactone = 25.6 mg, 180 pmol, 81%.
TLC: R¢=0.48 (P/Et20 = 2/1) [KMnO4].
TH NMR (500 MHz, CDCls): (d.r. = 1/1; * denotes signals of the diastereomer) & [ppm] = 4.66 (dqd,
J=73,6.3,5.0 Hz, 1H), 4.51-4.44* (m, 1H), 2.62 (tt, ] =11.9, 8.8 Hz, 1H), 2.62* (tt, ] =11.9, 8.8 Hz, 1H), 2.47*
(ddd, J =124, 8.5, 5.5 Hz, 1H), 2.08* (dt, ] = 12.8, 7.4 Hz, 1H), 2.01 (ddd, | = 12.8, 9.0, 5.1 Hz, 1H), 1.89*
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(dddd, ]=9.7,7.6, 5.8, 3.6 Hz, 1H), 1.85-1.77 (m, 1H), 1.49-1.40* (m, 3H) 1.41* (d, ] = 6.1 Hz, 3H), 1.42-1.35
(m, 4H), 1.37 (d, ] = 6.3 Hz, 3H), 0.94 (t, ] = 7.2 Hz, 3H), 0.94* (t, ] = 7.2 Hz, 3H).

5C NMR (101 MHz, CDCl): § [ppm] = 179.6 (s), 179.2 (s), 75.2 (), 75.1 (s), 67.0 (s), 41.4 (s), 39.2 (s), 37.1 (s),
35.1 (s), 32.9 (s), 32.5 (s), 21.3 (s), 21.1 (s), 20.7 (s), 13.90 (s), 13.87 (s).

The spectroscopic data matched those reported in the literature.!'”]

5-Butyldihydrofuran-2(3H)-one (126)

S i

Prepared according to the general procedure from S05 (50.0 mg, 222 umol) to provide crude product of
126 (37.8 mg) as a colorless oil. The yield was determined with following parameters:

Ivactone = 0,584; Heactone = 1; Its = 2.000; mis = 9.5 mg; merude = 37.8 mg; merudeNMR = 8.0 mg.

Yield (internal standard): mractone = 21.4 mg, 151 umol, 68%.

The crude product was purified via flash column chromatography (12 g silica gel, P/CH2Cl2 = 1/2) to
provide 26 (20.9 mg, 147 umol, 66%) as a colorless oil.

TLC: R¢=0.19 (P/CH2Cl2 = 1/2) [KMnO4].

1H NMR (400 MHz, CDCl3): 8 [ppm] =4.48 (tt, ] =7.6, 5.8 Hz, 1H), 2.58-2.48 (m, 2H), 2.32 (dt, [=12.5, 6.7 Hz,
1H), 1.85 (dtd, J=12.8,9.5, 7.9 Hz, 1H), 1.79-1.69 (m, 1H), 1.60 (ddt, ] =13.5, 11.2, 4.9 Hz, 1H), 1.49-1.29 (m,
4H), 0.91 (t, ] =7.0 Hz, 3H).

1B3C NMR (101 MHz, CDCls): § [ppm] = 177.4 (s), 81.2 (s), 35.4 (s), 29.0 (s), 28.2 (s), 27.5 (s), 22.6 (s), 14.0 (s).

The spectroscopic data matched those reported in the literature.!'7!]

3-Methyldihydrofuran-2(3H)-one (127)
%
Me
Prepared according to the general procedure from S06 (50.0 mg, 273 umol) to provide crude product of
127 (32.9 mg) as a pale yellow oil. The yield of the volatile product was determined with following
parameters:
Ivactone = 2.575; Hlactone = 3; Iis = 2.000; mis = 6.8 mg; merude = 32.9 mg; Merude NMR = 5.8 mg.
Yield (internal standard): mractone = 19.1 mg, 190 umol, 70%.
TLC: Re=0.26 (P/Et20 = 2/1) [KMnOa].
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TH NMR (500 MHz, CDCls): § [ppm] = 4.34 (td, ] = 8.8, 2.7 Hz, 1H), 4.18 (ddd, ] = 9.8, 9.1, 6.6 Hz, 1H), 2.60
(ddq, J=10.4, 8.6, 7.1 Hz, 1H), 2.43 (dddd, = 12.6, 8.7, 6.6, 2.7 Hz, 1H), 1.92 (dtd, ] = 12.6, 10.1, 8.4 Hz, 1H),
1.29 (d, J = 7.1 Hz, 3H).

13C NMR (101 MHz, CDCl3): § [ppm] = 180.3 (s), 66.4 (s), 34.3 (s), 30.8 (s), 15.3 (s).

The spectroscopic data matched those reported in the literature.l'7?]

3-Ethyldihydrofuran-2(3H)-one (128)

O g

Et
Prepared according to the general procedure from S09 (50.0 mg, 254 pumol) to provide crude product of
128 (34.5 mg) as a pale yellow oil. The yield of the volatile product was determined with following
parameters:
Iactone = 2.015; Hiactone = 3; Its = 2.000; mis = 8.4 mg; merude = 34.5 mg; merude NMR = 5.8 mg.
Yield (internal standard): mLactone = 22.0 mg, 193 pmol, 76%.
TLC: Re=0.38 (P/Et20 = 2/1) [KMnO4].
H NMR (500 MHz, CDCl3): § [ppm] =4.34 (td, ] = 8.8, 3.1 Hz, 1H), 4.19 (td, ] = 9.2, 6.8 Hz, 1H), 2.48 (dtd,
J=9.8,8.7,4.8 Hz, 1H), 2.39 (dddd, ] =12.1, 8.8, 6.8, 3.1 Hz, 1H), 1.99-1.85 (m, 2H), 1.55-1.49 (m, 1H), 1.01
(t,]=7.5Hz, 3H).
1B3C NMR (101 MHz, CDCls): § [ppm] = 179.6 (s), 66.6 (s), 40.7 (s), 28.1 (s), 23.5 (s), 11.7 (s).

The spectroscopic data matched those reported in the literature.l'”3]

4,4-Dimethyldihydrofuran-2(3H)-one (129)
o

o
g CatioO2
M=114.14
Me

Me
Prepared according to the general procedure from S08 (50.0 mg, 254 umol) to provide crude product of
129 (31.2 mg) as a pale yellow oil. The yield of the volatile product was determined with following
parameters: Iractone = 6.583; Hiactone = 6; I1s = 2.000; mis = 7.6 mg; merude = 31.2 mg; merude NMR = 6.5 mg.
Yield (internal standard): mLactone = 26.3 mg, 230 umol, 91%.
TLC: R¢=0.33 (P/Et20 = 2/1) [KMnO4].
TH NMR (500 MHz, CDCls): 3 [ppm] = 3.98 (s, 2H), 2.33 (s, 2H), 1.19 (s, 6H).
3C NMR (101 MHz, CDCL): § [ppm] = 177.1 (s), 79.7 (s), 43.2 (s), 36.7 (s), 25.9 (s).

The spectroscopic data matched those reported in the literature.l'74
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General Optimized Procedure for the Formation of Lactones

Amide (1.00 equiv) was dissolved in CH2Clz (dry, stored over 4 A MS, ACROS, enough to give a final
concentration of 50 mM once the acetyl hypobromite solution is added) in a round-bottom flask wrapped
with aluminium foil, cooled to 0 °C and the laboratory lights were turned off. Freshly titrated acetyl
hypobromite solution (-20 °C, 1.20 equiv) was added and the reaction mixture was stirred for 10 min at
0 °C or until TLC showed complete consumption of the starting material. The solvent was then removed
in vacuo and the residue was placed under high vacuum for one minute before being dissolved in
trifluorotoluene (50 mMm). Carbon tetrabromide (1.00 equiv) was added to the reaction mixture, the
aluminium foil was removed and the reaction mixture was irradiated with white LEDs (24 W, approx. 120
units, held at approx. 5 cm distance, figure S1) for 15 min or until TLC showed complete consumption of
the N-bromide. Then, the solvent was removed in vacuo.

After drying the residue under high vacuum for 30 min, it was dissolved in CH2Cl2 (50 mM), the laboratory
lights were turned off and silver(I) tetrafluoroborate (1.50 equiv) was added. The reaction mixture was
stirred for 30 min or until TLC showed complete consumption of the y-bromoamide before H20 (2.5% v/v)
was added and the reaction was stirred for another four hours or until TLC showed complete consumption
of the iminolactone. The reaction mixture was then filtered through Celite® and the solvent was removed
in vacuo. The crude reaction mixture was subsequently purified by flash column chromatography.

In an alternate procedure, silver(I) acetate (1.50 equiv) was used for cyclization instead of silver(I)
tetrafluoroborate. For hydrolysis, acetic acid (83% aq., 2.5% v/v of total reaction volume) was added.
Addition of acetic acid was crucial as upon addition of H20 alone, iminolactone was not hydrolyzed. The
use of silver(I) acetate slightly increased yield compared to silver(l) tetrafluoroborate, but was not

sufficient for cyclization in several cases.

5-(6-Oxoheptyl)dihydrofuran-2(3H)-one (130b)

MEWO Cy1H1g05

T M= 198,26

Prepared according to the optimized procedure from 130a (70.0 mg, 249 umol, 1.00 equiv), using silver(I)
tetrafluoroborate (72.7 mg, 373 umol, 1.50 equiv) for cyclization. Purification wvia flash column
chromatography (12 g silica gel, CH2Cl2 (3% MeCN)) provided recovered amide 130a (29.6 mg, 105 umol)
and lactone 30b (24.1 mg, 122 umol, 49%, 85% brsm), which was isolated as a pale yellow oil.

TLC: Re=0.24 (CH2ClL2 (6% MeCN)) [KMnOq].

IR (ATR): v (cm™) = 2934 (w), 2860 (w), 1767 (vs), 1711 (vs), 1458 (w), 1419 (w), 1356 (m), 1173 (vs), 1015
(w), 969 (w), 915 (m), 723 (w).
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1H NMR (400 MHz, CDCls): 8 [ppm] = 4.47 (tdd, ] =8.0, 6.6, 5.2 Hz, 1H), 2.52 (dd, ] = 9.4, 7.0 Hz, 2H), 2.43
(t, ] =7.3 Hz, 2H), 2.31 (dq, ] = 13.3, 6.8 Hz, 1H), 2.13 (s, 3H), 1.84 (dtd, ] =12.8, 9.5, 8.0 Hz, 1H), 1.72 (dddd,
J=13.2,9.9,7.7,5.2 Hz, 1H), 1.65-1.53 (m, 3H), 1.52-1.44 (m, 1H), 1.43-1.37 (m, 1H), 1.37-1.30 (m, 2H).
BBC NMR (101 MHz, CDCls): 8 [ppm] =209.0 (s), 177.3 (s), 81.0 (s), 43.6 (s), 35.5 (s), 30.1 (s), 29.0 (s), 28.9 (s),
28.2 (s), 25.3 (s), 23.6 (s).

HR-MS (EI, 70 eV): calculated for C11H1s0s [M*]: 198.1250; measured: 189.1253.

4,5,6,7-Tetrachloro-2-(4-methyl-2-oxotetrahydrofuran-3-yl)isoindoline-1,3-dione (131b)

Cl o o
cl o CiaHsClNO,
N M = 383,01
Cl
cl O Me

Prepared according to the optimized procedure from 131a (150 mg, 322 umol, 1.00 equiv), using silver(I)
tetrafluoroborate (94.0 mg, 4.83 pmol, 1.50 equiv) for cyclization. Purification via flash column
chromatography (60 g silica gel, P/Et20 = 2/1 (3% CH2Cl2)) provided recovered amide 131a (74.7 mg,
160 pmol) and lactone 31b (56.6 mg, 148 umol, 46%, 91% brsm) as an inseparable mixture of diastereomers
(d.r.=7/1), which was isolated as a white solid. NMR data are given for the major diastereomer.

TLC: R¢=0.24 (P/Et20 = 2/1 (3% CH2Cl2)) [UV, KMnOs4].

M.p.: Sm=224-225°C.

IR (ATR): v (cm™) = 2922 (w), 2361 (w), 1773 (s), 1721 (vs), 1478 (w), 1390 (s), 1367 (s), 1251 (m), 1191 (s),
1004 (s), 904 (m), 738 (s).

H NMR (400 MHz, CDCl): 8 [ppm] = 4.70-4.59 (m, 2H), 3.97 (dd, ] = 10.4, 9.1 Hz, 1H), 3.17 (dddq,
J=11.5,10.4, 8.1, 6.6 Hz, 1H), 1.22 (d, ] = 6.6 Hz, 3H).

13C NMR (101 MHz, CDCl): 3 [ppm] = 171.0 (s), 162.5 (s), 140.9 (s), 130.4 (s), 127.3 (s), 71.9 (s), 55.2 (s), 34.5
(s), 15.0 (s).

HR-MS (ESI, 3 eV): calculated for CisH7CIsCINNaO4 [M+Na*]: 405.8997; measured: 405.8992.

5-(4-Nitrophenyl)dihydrofuran-2(3H)-one (132b)

CioHgNO,
S 00 M= 207,18

Prepared according to the optimized procedure from 132a (70.0 mg, 241 umol, 1.00 equiv), using silver(I)
acetate (60.4 mg, 362 umol, 1.50 equiv) for cyclization. Purification via flash column chromatography (12 g

silica gel, CH2Cl2) provided lactone 132b (46.3 mg, 233 umol, 93%) as a yellow oil.
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TLC: R¢=0.39 (CH2Cl2 (3% MeCN)) [UV, KMnOx].

H NMR (400 MHz, CDCs): 8 [ppm] = 8.29-8.24 (m, 2H), 7.66-7.42 (m, 2H), 5.60 (dd, ] = 8.3, 6.7 Hz, 1H),
2.89-2.65 (m, 3H), 2.27-2.08 (m, 1H).

13C NMR (101 MHz, CDCl): & [ppm] = 176.0 (s), 148.0 (s), 146.7 (s), 126.1 (s), 124.3 (s), 79.7 (s), 31.0 (s), 28.8
(s)-

The spectroscopic data matched those reported in the literature.!'!!]

1-(2-(5-Oxotetrahydrofuran-2-yl)ethyl)-1H-pyrrole-2,5-dione (133b)

{;C\g W2 30926

Prepared according to the optimized procedure from 133a (70.0 mg, 240 umol, 1.00 equiv), using silver(I)
tetrafluoroborate (70.0 mg, 359 umol, 1.50 equiv) for cyclization. Purification via flash column
chromatography (12 g silica gel, CH2Cl2 (6% MeCN)) provided lactone 133b (37.8 mg, 181 pumol, 75%) as
a white solid.

TLC: Re=0.28 (CH2ClL2 (6% MeCN)) [UV, KMnO4].

M.p.: Sm=79-80°C.

IR (ATR): v (cm™) = 3087 (w), 2924 (w), 2853 (w), 1763 (s), 1700 (vs), 1441 (m), 1404 (m), 1368 (m), 1368 (m),
1332 (w), 1183 (s), 1146 (m), 994 (w), 922 (m), 838 (s), 692 (s).

H NMR (400 MHz, CDCls): & [ppm] = 6.71 (s, 2H), 4.49 (tdd, ] = 8.3, 6.5, 4.5 Hz, 1H), 3.79-3.61 (m, 2H),
2.52(dd, J=9.7, 6.6 Hz, 2H), 2.37 (dq, ] = 13.2, 6.6 Hz, 1H), 2.04 (dq, ] = 15.5, 7.4 Hz, 1H), 1.96-1.83 (m, 2H).
13C NMR (101 MHz, CDCl3): § [ppm] = 176.6 (s), 170.7 (s), 134.4 (s), 78.7 (s), 34.7 (s), 34.4 (s), 28.7 (s), 28.1
(s).

HR-MS (ESI): calculated for CioHi2NO4 [M+MeOH']: 242.1028; measured: 242.1021.

(3aS,5a5,5bR,11aS5,11bS,13aS5)-11a-Methyltetradecahydronaphtho[2',1":4,5]lindeno[1,7a-c]furan-
3,9(1H,5bH)-dione (34b)

CooHa505
M =316,43

Prepared according to the optimized procedure from 34a (66.5 mg, 166 umol, 1.00 equiv), using silver(I)
tetrafluoroborate (48.6 mg, 250 umol, 1.50 equiv) for cyclization. Purification via flash column
chromatography (12 g silica gel, CH2Cl2) provided amide 34a (20.5 mg, 51 umol) and lactone 34b (13.5 mg,

42.7 umol, 26%, 37% brsm), which was isolated as a white solid.
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TLC: Re=0.15 (CH2Cl2 (3% MeCN)) [KMnOx].

H NMR (400 MHz, CDCL): & [ppm] = 4.09 (d, ] = 9.6 Hz, 1H), 3.98 (d, ] = 9.6 Hz, 1H), 2.66 (dd,
J=15.3,13.3 Hz, 1H), 2.51 (dd, ] = 11.9, 3.4 Hz, 1H), 2.33 (td, ] = 14.6, 5.4 Hz, 1H), 2.25-1.97 (m, 6H), 1.95~
1.80 (m, 2H), 1.75 (dq, ] = 13.9, 3.6 Hz, 1H), 1.66-1.52 (m, 2H), 1.44 (dd, ] = 19.7, 9.3 Hz, 4H), 1.34-1.19 (m,
5H), 0.98 (s, 3H).

3C NMR (101 MHz, CDCls): § [ppm] = 212.5 (s), 180.6 (), 72.3 (s), 55.3 (), 51.6 (s), 48.9 (s), 4.1 (s), 42.3 (s),
40.0 (s), 37.2 (s), 37.0 (s), 36.5 (S), 35.0 (s), 34.9 (s), 30.0 (s), 26.7 (s), 26.3 (s), 26.1 (s), 22.7 (s), 21.9 (s).
HR-MS (EL 70 eV): calculated for CjH2sOs [M*]: 316.2033; measured: 316.2038.

The spectroscopic data matched those reported in the literature.['7]

(3aR,6R,7aR)-3,3,6-Trimethylhexahydroisobenzofuran-1(3H)-one (135b)

Me,
0 CHH1802
l< M= 182,26
Me

me

Prepared according to the optimized procedure from 135a (80.0 mg, 302 pumol, 1.00 equiv), using silver(I)
acetate (75.5 mg, 452 umol, 1.50 equiv) for cyclization to provide crude product of 135b (70.5 mg) as a pale
yellow oil. The yield was determined with following parameters:

Tractone = 1.258; Hiactone = 2; Its = 2.000; mis = 6.1 mg; merude = 70.5 mg; merude NMR = 6.1 Mg

Yield (internal standard): mractone = 35.5 mg, 195 pumol, 65%.

TLC: Re=0.22 (P/CH2Cl2 = 4/1 (2% MeCN)) [KMnOx].

1H NMR (500 MHz, CDCls): § [ppm] =2.22 (ddd, ] =13.7, 11.7, 3.3 Hz, 1H), 2.14 (dtd, | = 12.6, 3.6, 1.3 Hz,
1H), 1.89-1.82 (m, 1H), 1.78 (dp, | = 14.5, 3.6 Hz, 1H), 1.70-1.65 (m, 1H), 1.47-1.37 (m, 1H), 1.43 (s, 3H), 1.26
(s, 3H), 1.25-1.18 (m, 1H), 0.99 (d, ] = 6.6 Hz, 3H), 1.03-0.92 (m, 2H).

13C NMR (101 MHz, CDCl): 8 [ppm] = 176.7 (s), 85.7 (s), 52.5 (s), 44.3 (s), 34.4 (s), 33.9 (s), 32.8 (s), 27.5 (s),
25.8 (s), 22.1 (s), 20.9 (s).

The spectroscopic data matched those reported in the literature.['7]

5,5'-(Ethane-1,2-diyl)bis(dihydrofuran-2(3H)-one) (136b)

o
o O, CyoH1404
0 M=19822

Diamide 136a (100 mg, 274 umol, 1.00 equiv) was dissolved in CH2Cl2 (2.4 mL, 30 mM final concentration)
in a round-bottom flask wrapped with aluminium foil, cooled to 0 °C and the laboratory lights were turned

off. Acetyl hypobromite solution (20 °C, 102 mM, 6.7 mL, 2.50 equiv) was added and the reaction mixture
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was stirred for 10 min at 0 °. The solvent was then removed in vacuo and the residue was placed under
high vacuum for one minute before being dissolved in trifluorotoluene (5.5 mL, 50 mm). Carbon
tetrabromide (182 mg, 549 pmol, 2.00 equiv) was added to the reaction mixture, the aluminium foil was
removed and the reaction mixture was irradiated with white LEDs for 15 min. Then, the solvent was
removed in vacuo.

The residue was dissolved in CH2Cl2 (5.5 mL, 50 mM), the laboratory lights were turned off and silver(I)
acetate (137 mg, 823 pmol, 3.00 equiv) was added. The reaction mixture was stirred for 14 h before AcOH
(83% aq, 270 uL) was added and the reaction was stirred for another four hours. The reaction mixture was
then filtered through Celite® and the solvent was removed in vacuo. Purification of the crude product via
flash column chromatography (30 g silica gel, P/CH2Clz/MeCN = 10/10/1 (0.5% MeOH)) provided 136b
(20.0 mg, 101 umol, 37%) as a white crystalline solid.

TLC: Rt = 0.21 (P/CH2CL/MeCN = 10/10/1 (0.5% MeOH)) [KMnOs].

TH NMR (500 MHz, CDCls): § [ppm] = 4.61-4.43 (m, 2H), 2.58-2.50 (m, 4H), 2.36 (dq, ] = 13.4, 6.8 Hz, 2H),
1.88 (dddd, J=12.3, 10.0, 7.5, 1.8 Hz, 4H), 1.84-1.71 (m, 2H).

B3C NMR (126 MHz, CDCls): 8 [ppm] = 177.0 (s), 80.7 (s), 79.8 (s), 32.4 (s), 31.4 (s), 28.9 (s), 28.8 (s), 28.2 (s),
28.0 (s).

The spectroscopic data matched those reported in the literature.['”’]

6-Phenyltetrahydro-2H-pyran-2-one (137b)

Cy1H120,
(Y OO M=17e21
=

Prepared according to the optimized procedure from 137a (70.0 mg, 270 umol, 1.00 equiv), using silver(I)
acetate (67.6 mg, 405 umol, 1.50 equiv) for cyclization. Purification via flash column chromatography (20 g
silica gel, P/CH2Cl2 = 2/1 (3% MeCN)) provided lactone 137b (29.8 mg, 169 umol, 63%) as a colorless oil.
TLC: Rt =0.48 (CH2Cl2 (3% MeCN)) [UV, KMnOs].

H NMR (400 MHz, CDCl): § [ppm] = 7.44-7.29 (m, 5H), 5.36 (dd, | = 10.4, 3.4 Hz, 1H), 2.72 (dtd,
J=17.9,6.4,1.1 Hz, 1H), 2.58 (dt, ] = 17.8, 7.8 Hz, 1H), 2.25-2.13 (m, 1H), 2.07-1.94 (m, 2H), 1.93-1.82 (m,
1H).

13C NMR (101 MHz, CDCls):  [ppm] = 171.4 (s), 139.9 (s), 128.7 (s), 128.4 (s), 125.8 (s), 81.8 (s), 30.7 (s), 29.7
(s),18.7 (5).

HR-MS (EI, 70 eV): calculated for C11H1202 [M*]: 176.0832; measured: 176.0833.

The spectroscopic data matched those reported in the literature.!'!!]
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5-Ethyl-5-methyldihydrofuran-2(3H)-one (138b)

Me
Prepared according to the optimized procedure from 138a (100 mg, 473 umol, 1.00 equiv), using silver(I)
tetrafluoroborate (138 mg, 710 umol, 1.50 equiv) for cyclization. Purification via flash column
chromatography (8 g silica gel, P/Et20 = 1/1) and provided recovered amide 138a (24.2 mg, 115 umol) and
a solution of the volatile lactone 38b in Et20 (46.9 mg, 94% solution, 344 umol, 73%, 96% brsm), which was
isolated as a colorless oil.
TLC: Re=0.23 (P/Et20 = 1/1) [KMnOx].
1H NMR (400 MHz, CDCls): § [ppm] = 2.69-2.50 (m, 2H), 2.09 (ddd, ] = 12.8, 9.4, 7.9 Hz, 1H), 1.96 (ddd,
J=12.9,9.5, 6.6 Hz, 1H), 1.70 (h, ] =7.2 Hz, 2H), 1.38 (s, 3H), 0.97 (t, ] = 7.5 Hz, 3H).
13C NMR (101 MHz, CDCls): § [ppm] = 177.0 (s), 87.3 (s), 33.8 (s), 32.6 (s), 29.4 (s), 25.3 (s), 8.3 (s).
HR-MS (EL 70 eV): calculated for C7H1202 [M*]: 128.0832; measured: 128.0833.

The spectroscopic data matched those reported in the literature.!'7s]

3a,6a-Dimethyl-1-0xo0-N-(2,2,2-trifluoroethyl)hexahydro-1H-cyclopenta[clfuran-4-carboxamide (139b)

Ci2H16F5NO4
M = 279,2592

Prepared according to the optimized procedure from 139a (50.0 mg, 169 pumol, 1.00 equiv), using silver(I)
tetrafluoroborate (49.4 mg, 254 umol, 1.50 equiv) for cyclization. Purification via flash column
chromatography (12 g silica gel, P/EtOAc = 2/1) and provided recovered amide 139a (30.8 mg, 104 umol)
and lactone 139b (12.5 mg, 44.8 pmol, 26%, 69% brsm), which was isolated as a yellow oil.

TLC: Re=0.21 (P/EtOAc = 2/1) [KMnOs].

[a]o?: +13.8 (¢ = 0.51, CHCl).

IR (ATR): v (em™) = 3337 (w), 2974 (w), 2361 (w), 1772 (m), 1721 (vs), 1538 (m), 1391 (s), 1368 (s), 1271 (m),
1154 (vs), 1005 (m), 904 (w), 833 (w), 738 (s), 654 (m).

H NMR (400 MHz, CDCl): & [ppm] = 6.50-6.31 (m, 1H), 447 (d, | = 10.3 Hz, 1H), 4.03 (dqd,
J=14.8,9.1,6.9 Hz, 1H), 3.87 (d, ] = 10.4 Hz, 1H), 3.85-3.73 (m, 1H), 2.60 (dd, ] =11.4, 7.6 Hz, 1H), 2.29 (ddd,
J=13.7, 8.3, 2.8 Hz, 1H), 2.08-1.86 (m, 2H), 1.67 (ddd, ] =13.7, 10.2, 8.3 Hz, 1H), 1.21 (s, 3H), 1.17 (s, 3H).
13C NMR (101 MHz, CDCl): 8 [ppm] = 182.3 (s), 172.3 (s), 124.1 (q, ] = 278.4 Hz), 73.9 (s), 55.4 (s), 52.5 (s),
52.0 (s), 40.6 (q, ] = 34.8 Hz), 37.7 (s), 27.3 (s), 21.2 (s), 18.8 (s).
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HR-MS (EI 70 eV): calculated for Ci12H16FsNNaOs [M+Na*]: 302.0980; measured: 302.0974.
Unsuccessful Lactonization Attempts

Table S2. Unsuccessful Lactonization Substrates.

Substrate (comment)

o o o
A~ H
ﬂ CF3 \/YI\N/\CFQ WWLNACF,
H H H
% H
2

5
ve’ Me
s1 s1 S09
« y-bromination successful « no N-bromination observed (TLC),  * side reactions of alkene during
« no lactone formation when subjected to presumably due to steric bulk of the ~ bromination
cyclization conditions, presumably lactame  ac-quaternary carbon center

formation

s13

+ y-bromination successful « side reactions of enone during « N-bromination observed (TLC)
+ no cyclization observed with AgOAC bromination + H-abstraction not successful (for
+ side reactions of epoxide with AGBF, detailed discussion see chapter 3)

(-)-a-7-hydroxy Thujone-de (144-ds)

o
oS
D.C. C‘OHWDSOZ
NV (CH,Clp) =20 °C, 3h 174,26
CD,

In a 10 mL reaction-vial, 10 mg of (-)-a-Thujone-ds (0.063 mmol, 1.0 equiv) was dissolved in 0.7 mL of dry
dichloromethane and cooled to —20 °C with a cryostate. ~0.27 mL of a 0.7 M TFDO solution (0.189 mmol,
3.0 equiv) was added using a mantle-cooled syringe. The reaction mixture was stirred at —20 °C until
reaction control by GC-MS-analysis of an aliquot indicated clean conversion of the starting material to a
single product. (>90% conversion). The reaction was quenched after 3 h at 20 °C with 0.1 mL of a saturated
Na25204 solution. After warming up to room temperature, 5 mL of water were added and the reaction
mixture was extracted with dichloromethane (3 x 10 mL). All organic phases were combined, dried over
NazS0s, filtrated and concentrated under reduced pressure to yield the product. To remove residual
solvent traces a column chromatography (1 g silica gel, @ = 0.8 cm, h = 15 cm, pent:EtO = 2:1) was

performed and an analytically pure sample of the volatile product was isolated as a colorless oil.
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product o

oy
oV

T T T T T T T T T T L L
400 500 600 700 800 9.00 1000 11.00 1200 13.00 14.00 15.00 16.00 17.00 18.00 19!00 20.‘00

TLC: Rt =0.2 (pent:Et20 = 1:1, [KMnOx])

IR (ATR): v (cm™) = 3446 (br), 2964 (w), 2929 (w), 2872 (w), 2227 (w), 1731 (s), 1455 (m), 1371 (w), 1264 (w),
1212 (w), 1156 (m), 1097 (m), 1051 (s), 940, 811 (m), 700 (w).

1TH-NMR (500 MHz, CDCls, 300 K): d [ppm] =2.78 (ddd, ] = 19.0, 2.9, 1.3 Hz, 1H), 2.29 (q, ] =7.5 Hz, 1H),
2.18 (d, J=18.8 Hz, 1H), 1.34 (dd, ] = 8.5, 4.2 Hz, 1H), 1.18 (d, ] = 7.5 Hz, 4H), 1.14 - 1.10 (m, 2H), 0.11 (dd,
J=5.9,4.7 Hz, 1H).

BC-NMR (101 MHz, CDCls, 300 K): d [ppm] = 220.8 (s), 69.9 (s), 47.4 (s), 41.2 (s), 33.3 (s), 23.6 (s),
18.4 (s), 16.4 (s).

HR-MS (EI, 70 eV): ber.: (C1oH1?HeO2): 174.1527; gef.: 174.1521.

(-)-a-7-hydroxy Thujone (144)

The reaction was performed as described above with 10 mg (-)-a-Thujone in <90% conversion. An
analytically pure sample of the volatile title compound was obtained after column chromatography as a

colorless oil.

TLC: Rt = 0.2 (pent:Et20 = 1:1, [KMnOx])

TH-NMR (500 MHz, CDCls): d [ppm] = 2.78 (ddd, ] = 18.8, 2.8, 1.3 Hz, 1H), 2.29 (qd, ] = 7.5, 1.3 Hz, 1H),
2.18 (d, ] =18.8 Hz, 1H), 1.34 (dd, ] = 8.5, 4.3 Hz, 1H), 1.31 (s, 3H, CH3), 1.21 (s, 3H), 1.18 (d, ] = 7.5 Hz, 3H),
1.12 (ddd, ] =8.4, 5.7, 2.6 Hz, 1H), 0.11 (dd, ] =5.7, 4.3 Hz, 1H).

BC-NMR (101 MHz, CDCls): d [ppm] = 220.8 (s), 70.1 (s), 47.5 (s), 41.3 (s), 33.3 (s), 27.7 (s), 27.5 (s), 23.6 (s),
18.4 (s), 16.4 (s).

The data obtained matched those reported in the literature.
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2,2-Dimethylpent-4-enal (S21)

2 [p-TsOH] o
AN+ g G0
(p-cymene) 160 °C, 3d - M=112.17

60-72%
According to a modified literature procedure,!'””! a solution of isobutyraldehyde (137 ml, 108 g, 1.50 mol,
1.5 equiv) in p-cymene (230 mL) was treated with 2-propen-1-ol (68.4 ml, 58.1 g, 1.00 mol, 1.0 equiv) and
p-toluene sulfonic acid (340 mg, 1.79 mmol, 0.002 equiv). The reaction mixture was stirred at reflux at
140 °C for three days under removal of H20 by a DEAN-STARK trap. Distillation (normal pressure, 160 °C)
and collection of the fraction with a boiling point of 118-120 °C afforded product S21 (67.3 g, 0.60 mol,
60%) in a purity of 89% (para-cymene) as a colorless liquid.
TLC: Ri= 0.58 (P/Et20 = 2/1) [KMnOs4].
1H NMR (500 MHz, CDCls): d [ppm] = 9.46 (s, 1H), 5.69 (ddt, ] =16.4, 10.7, 7.4 Hz, 1H), 5.07 (d, ] = 1.2 Hz,
1H), 5.06 - 5.02 (m, 1H), 2.20 (dt, ] = 7.4, 1.2 Hz), 1.04 (s, 6H).
BBC NMR (75 MHz, CDCl3) 6 [ppm] = 205.1 (s), 133.2 (s), 118.3 (s), 45.5 (s), 41.4 (s), 21.1 (s).

The spectroscopic data matched those reported in the literature. 8]

2,2-Dimethyl-4-oxopentenal (S22)

[o}

o ?;LH 0,,[PACI,], [CuCl] v VLH o,

> (H,O/DMF) rt., 3d As M =128.17

60-78%

According to a modified literature procedure, '’ a suspension of palladium chloride (482 mg, 2.72 mmol,
0.01 equiv) and copper(I) chloride (5.00 g, 50.5 mmol, 0.2 equiv) in DMF (125 mL) and H20 (50 ml) was
saturated with oxygen. 2,2-Dimethylpent-4-enal (S21) (28.0 g, 250 mmol, 1.0 equiv) was added and oxygen
was bubbled through the dark suspension under stirring at room temperature for three days using a
pump-drive setup for the oxygen gas circulation. The green reaction mixture was then acidified with HCI
(1M, 120 mL) and diluted with Et2O (80 mL). After separation of the two phases, the aqueous layer was
extracted with Et20 (3 x 80 mL). The aqueous layer was then saturated with sodium chloride and extracted
with Et20 (5 x 80 mL). The combined organic layers were washed with H20 (2 x 100 mL), lithium chloride
solution (5%, 2 x 100 mL) and brine (1 x 100 mL), dried (Na2S0O4), filtered and concentrated under reduced
pressure. Product 522 (19.3 g, 150 mmol, 60%) was afforded as a yellow solution in Et2O (41%) and was

used without further purification in the next step.
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Without the pump-drive system, the reaction time increased from several days to weeks and the reaction required
higher catalyst loading, as well as repeated addition of catalyst and oxygen to drive the reaction to completion.
TLC: R¢=0.58 (P/Et20 = 10/1) [KMnOs4].

TH NMR (360 MHz, CDCls): d [ppm] = 9.57 (s, 1H), 2.73 (s, 2H), 2.14 (s, 3H), 1.13 (s, 6H)

13C NMR (90.6 MHz, CDCl3) d [ppm] = 206.5 (s), 205.0 (s), 51.7 (s), 4.6 (s), 30.7 (s), 22.4 (s, 2C).

The spectroscopic data matched those reported in the literature.!8!

4,4-Dimethylcyclopent-2-en-1-one (104)

[o}

o
KOH
>)LH CaHi0
\g/ - (THF/Et,0) 50°C, 3 [ M=m016

50-73%

According to the literature procedure,!?! a solution of 2,2-Dimethyl-4-oxopentenal (S22) (41% in EtzO,
19.3 g, 150 mmol, 1.0 equiv) in E20 (250 mL) and THF (50 mL) was treated with an aqueous KOH solution
(5%, 100 mL, 5.00 g, 89.1 mmol, 0.6 equiv) and stirred at 50 °C for three days. After cooling to room
temperature, the reaction mixture was extracted with Et20 (3 x 100 mL). The combined organic layers were
washed with brine (3 x 100 mL), dried (Na2SO4), filtered and concentrated under reduced pressure
(500 mbar, 40 °C). Vacuum distillation (100 mbar, oil bath: 130 °C) and collection of the fraction at 88-91 °C
afforded product 104 (8.22 g, 74.7 mmol, 50%) as a colorless liquid.

TLC: Rr=0.31 (P/Et20 = 5/1) [UV, KMnOs].

B.p.: 9v=88-91 °C (100 mbar)

1H NMR (500 MHz, CDCls,): d [ppm] =7.45 (d, ] =5.5Hz, 1 H), 599 (d, ] =5.5 Hz, 1 H), 2.24 (s, 2 H), 1.23
(s, 6 H).

13C NMR (101 MHz, CDCl3): § [ppm] = 210.2 (s), 174.0 (s), 131.2 (s), 50.0 (s), 41.6 (s), 28.1 (s, 2C).

The spectroscopic data matched those reported in the literature.!8?)

Methyl 2,2-dimethyl-5-oxocyclopent-3-ene-1-carboxylate (S23)

o [o}
LDA, DMPU, CNCO,Me CoMe  CgHiyOs
- M =168.19
£ (THF) -78°C —r.t, 16 h +

63%

To a stirred solution of diisopropylamine (11.7 mL, 8.14 g, 83.1 mmol, 1.2 equiv) in THF (120 mL) was
added drop-wise n-butyl lithium solution (2.21 M in pentane, 34.4 mL, 4.88 g, 76.2 mmol, 1.1 equiv) at —

78 °C. The reaction mixture was allowed to warm to 0 °C, stirred for 2 hours and was then cooled to —
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78 °C. A solution of 4,4-Dimethylcyclopent-2-en-1-one (104) (7.63 g, 69.3 mmol, 1.0 equiv) in THF (100 mL)
was slowly added at -78 °C. After stirring at 0 °C for 10 min, DMPU (9.22 mL, 9.77 g, 76.2 mmo], 1.1 equiv)
and methyl cyanoformate (7.36 mL, 7.07 g, 83.1 mmol, 1.2 equiv) were successively added at -78 °C. The
reaction was allowed to warm to room temperature and stirred for 14 h. After addition of sat. NH4Cl
solution (200 mL), the aqueous phase was extracted with CH2Cl2 (4 x 150 mL). The combined organic
layers were dried over Nax50s, filtered and concentrated under reduced pressure. After column
chromatography (500 g silica, & 9.5 cm, pent/Et2O = 5/1 - 2/1 - 1/1), ester 523 (7.20 g, 42.81 mmol, 63%)
was obtained as colorless oil.

TLC: R¢=0.24 (P/Et20 = 5/1) [KMnO4].

IR (ATR): v (cm™) = 2964 (br), 1737 (s), 1704 (s), 1590 (w), 1434 (w), 1320 (m), 1253 (m), 1143 (s), 1030 (m),
808 (m), 763(m).

TH NMR (400 MHz, CDCls): 8 [ppm] = 7.44 (d, ] = 5.6 Hz, 1H), 6.06 (d, ] = 5.6 Hz, 1H), 3.73 (s, 3H), 3.15 (s,
1H), 1.36 (s, 3H), 1.18 (s, 3H).

3C NMR (101 MHz, CDCL3): § [ppm] = 203.5 (s), 172.6 (s), 169.5 (s), 62.6 (s), 52.2 (s), 45.2 (s), 29.0 (s), 23.8
(s, 2C).

HR-MS (EL 70 eV): m/z calculated for CoH1203 [M*]: 168.0786; measured: 168.0768.

Methyl-1,2,2-trimethyl-5-oxocyclopent-3-ene-1-carboxylate (103)
0 Q

co Me K2COg, Mel < come  CioHiaOs

& (acetone) 60 °C, 22h &- M= 18222
79-83%

To a solution of methyl 2,2-dimethyl-5-oxocyclopent-3-ene-1-carboxylate (523) (7.20 g, 42.81 mmol,
1.0 equiv) in anhydrous acetone (50 mL) was added freshly ground anhydrous potassium carbonate (23.9
g, 173 mmol, 4.0 equiv) and methyl iodide (12.9 mL, 208 mmol, 4.8 equiv). The white suspension was
heated under reflux for 40 h and after cooling to room temperature treated with triethylamine (7 mL) and
concentrated under reduced pressure. H20 (300 mL) was added to the reaction mixture. After dilution
with Et20 (250 mL) and phase separation, the aqueous layer was extracted with Et2O (3 x 100 mL). The
combined organic layers were dried (Na2504), filtered and concentrated under reduced pressure. After
column chromatography (500 g silica, @ 9.5 cm, pent/EtzO = 2/1 - 1/1) methyl-1,2,2-trimethyl-5-
oxocyclopent-3-ene-1-carboxylate (103) (6.15 g, 33.5 mmol, 79%) was obtained as a yellow oil.
Especially on larger scales, the described reaction conditions lead to formation of methyl enol ether by O-methylation
as a side product, typically in a product to starting material mixture in ratio of more than 10:1, which was easily

separable by column chromatography.
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TLC: Re = 0.40 (P/Et20 = 2/1) [KMnOx].

IR (ATR): v (ecm™) = 2952 (br), 1736 (s), 1709 (s), 1678 (m), 1607 (m), 1536 (w), 1398 (m), 1230 (m), 1096 (m),
1063 (m), 799 (w).

TH NMR (400 MHz, CDCls): 8 [ppm] = 7.39 (d, ] = 5.8 Hz, 1H), 6.10 (d, ] = 5.8 Hz, 1H), 3.66 (s, 3H), 1.33 (s,
3H), 1.15 (d, ] = 4.2 Hz, 6H).

13C NMR (101 MHz, CDCla): § [ppm] = 207.6 (s), 172.7 (s), 171.3 (s), 129.6 (s), 61.0 (s), 52.0 (s), 47.7 (s), 25.1
(), 24.7 (3), 17.2 (s).

HR-MS (EI 70 eV): m/z calculated for Ci0H14O3 [M*]: 182.0943; measured: 182.0937.

But-3-en-1-ylmagnesium bromide (S24)

B~ _ Meld g™~ CaHBrMg

(THF) 70°C, 1 h M =159.31

87%

A dried three-necked flask equipped with a reflux condenser was charged with magnesium turnings
(2.92 g, 120 mmol, 1.2 equiv). A small crystal of iodine was added and treated with the heat gun until the
iodine vapors were evenly distributed inside the flask. A solution of 4-bromobut-1-ene (13.5 g, 100 mmol,
1.0 equiv) in THF (100 mL) was first added portion-wise until the formation of a grey slurry and then
drop-wise trough a dropping funnel over the course of 30 min, so that the reaction mixture was
continuously boiling. The dark reaction mixture was cooled down to room temperature and was titrated
with menthol/1,10-phenanthroline in THF. The estimated concentration of but-3-en-1-yl magnesium
bromide solution (S24) was 0.87 M (87.0 mmol, 87 %). The material was used without further purification
in the next step.
In some attempts the initiation had to be accelerated by external heating with a heat gun. In case the final
concentration was too low, after complete addition of the alkyl halide, the reaction mixture was further refluxed for

1-2 hours. The quality of magnesium was crucial for this reaction and best results were obtained with sharp-edged

magnesium turnings with a shiny, metallic surface.

Methyl 3-(but-3-en-1-yl)-1,2,2-trimethyl-5-oxocyclopentane-1-carboxylate (102)

[¢]
o BrMg” ™" .
<-CO,Me CuBr « SMe,, TMSCI, LiCl / =-COMe  Cy4Hp,04
- = { M = 238.33
(THF) -78°C —rt., 18 h

then AcOHr.t,, 3h
96%, d.r.=2.3:1

A 500 mL-SCHLENK flask was charged with lithium chloride (1.82 g, 43.0 mmol, 2.15 equiv) and repeatedly

dried with the heat gun in vacuo over the course of two hours. Copper(I) bromide dimethyl sulfide complex
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(8.84 g, 43.0 mmol, 2.15 equiv) was added and the flask dried in vacuo at room temperature for one hour.
THF (35 mL) was added, the resulting brown suspension was stirred at -78 °C for 30 min and then slowly
treated with alkyl magnesium bromide solution S24 (0.87 M in THF, 46 mL, 40.0 mmol, 2.0 equiv). A
solution of enone 103 (3.64 g, 20.0 mmol, 1.0 equiv) and trimethylsilyl chloride (6.35 mL, 543 g,
50.0 mmol, 2.5 equiv) in THF (45 mL) was added. The reaction mixture was allowed to warm to room
temperature and was stirred for 18 hours. After the addition of glacial acetic acid (20 mL), and stirring for
three hours at room temperature, saturated NHCOs solution (150 mL) was carefully added under strong
gas evolution. The reaction mixture was filtered over Celite® and the aqueous phase was extracted with
dichloromethane (3 x 150 mL). The combined organic layers were washed with H20O (2 x 100 mL) and
brine (1 x 100 mL), dried (Na2504), filtered and concentrated under reduced pressure. After column
chromatography (150 g silica, @ 3.5 cm, P/Et2O = 5/1) besides recovered starting material (0.16 g,
0.88 mmol, 4%) the two diastereomers of methyl 3-(but-3-en-1-yl)-1,2,2-trimethyl-5-oxocyclopentane-1-
carboxylate (101) (3.16 g, 13.3 mmol, 66%) and (is0-102) (1.44 g, 6.04 mmol, 30%) were obtained as colorless
oils.

Depending on scale the diastereomeric ratio of this reaction can fluctuate. Key factors for optimal results include:
High concentration of GRIGNARD reagent, protection from light during formation of the cuprate, relatively fast
addition of the enone/TMSCI solution.

Diastereomer 102

TLC: Re¢=0.54 (P/Et20 = 5/1) [KMnOx].

IR (ATR): v (cm™) = 3077 (w), 2973 (br), 2933 (m), 1743 (s), 1724 (s), 1640 (w), 1456 (m), 1391 (w), 1375 (w),
1277 (s), 1234 (m), 1224 (m), 1074 (m), 910 (m).

1H NMR (400 MHz, CDCls): 8 [ppm] = 5.84 —5.73 (m, 1H), 5.03 (dq, ] =17.1, 1.7 Hz, 1H), 4.98 (dq, ] = 10.3,
1.9, 1.4 Hz, 1H), 3.69 (s, 3H), 2.50 (dd, | =18.6, 7.5 Hz, 1H), 2.14 (s, 1H), 2.09 (dd, ] = 18.6, 12.5 Hz, 1H), 2.04
-1.90 (m, 2H), 1.69 - 1.60 (m, 1H), 1.36 — 1.27 (m, 1H), 1.27 (s, 3H), 1.10 (s, 3H), 0.85 (s, 3H).

1BC NMR (101 MHz, CDCls): 8 [ppm] =214.8 (s), 172.1 (s), 138.2 (s), 115.3 (s), 64.4 (s), 51.9 (s), 44.6 (s), 42.3
(s), 41.9 (s), 33.0 (s), 28.8 (s), 21.9 (s), 20.3 (s), 17.5 (s).

HR-MS (ESI): m/z calculated for C14aH230s* [M+H*]: 239.1642; measured: 239.1642.

Diastereomer iso-102
TLC: R¢= 0.89 (P/Et20 = 2/1) [KMnOs].
IR (ATR): v (cm™) = 3077 (w), 2974 (br), 1750 (s), 1731 (s), 1640 (w), 1455 (m), 1393 (w), 1373 (w) 1254 (s)

1192 (m), 1113 (m), 1088 (m), 910 (m).
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1H NMR (400 MHz, CDCl): & [ppm] = 5.81 (ddt, ] =17.0, 10.2, 6.7 Hz, 1H), 5.08 — 4.94 (m, 2H), 3.66 (s, 3H),
2.75(dd, J=19.1, 8.6 Hz, 1H), 2.27 (tdd, ] = 11.3, 8.6, 3.0 Hz, 1H), 2.20 — 2.07 (m, 1H), 2.07 — 1.94 (m, 1H),
1.85(dd, J=19.1, 11.3, 1H), 1.70 - 1.56 (m, 1H), 1.34 - 1.18 (m, 1H), 1.13 (s, 3H), 1.01 (s, 3H), 0.74 (s, 3H).
B3C NMR (101 MHz, CDCl3): & [ppm] = 215.8 (s), 172.6 (s), 138.5 (s), 115.0 (s), 64.9 (s), 52.0 (s), 45.4 (s), 42.8
(s), 42.3 (s), 33.1 (s), 29.3 (s), 22.9 (s), 18.5 (s), 14.0 (s).

HR-MS (ESI): m/z calculated for C14H230s* [M+H?*]: 239.1642; measured: 239.1642.

Methyl 1,2,2-trimethyl-5-0x0-3-(3-oxobutyl)cyclopentane-1-carboxylate (101)

o o
5 0, [PdCl,], [CuCl]
<-CO,M 2 2 5
/ G COMe ¢, H,,04
B (H,O/DMF), rt.,, 7d ‘ M =254.33
73-85%

According to a modified literature procedure,[””! a suspension of palladium chloride (120 mg, 0.67 mmol,
0.05 equiv) and copper(l) chloride (0.33 g, 3.38 mmol, 0.25 equiv) in DMF (80 mL) and H20 (80 ml) was
saturated with oxygen for two hours at room temperature. Methyl 3-(but-3-en-1-yl)-1,2,2-trimethyl-5-
oxocyclopentane-1-carboxylate (102) (2.6 g, 10.9 mmol, 1.0 equiv) was added and oxygen was bubbled
through the dark suspension under stirring at room temperature for 18 h using a pump-drive setup for
the oxygen gas circulation. The green reaction mixture was then acidified with HCI (1 M, 20 mL) and
diluted with Et2O (100 mL). After separation of the two layers, the aqueous layer was extracted with Et2O
(6 x 100 mL). The combined organic layers were washed with H20O (1 x 100 mL), lithium chloride solution
(5%, 2 x 100 mL) and brine (1 x 100 mL), dried (Na2504), filtered and concentrated under reduced pressure.
After column chromatography (100 g silica, & 3.5 cm, pent/Et2O = 1/1) methyl 1,2,2-trimethyl-5-ox0-3-(3-
oxobutyl)cyclopentane-1-carboxylate (101) (2.52 g, 9.91 mmol, 73%) was obtained as a white solid. A single
crystal suitable for X-ray crystallography was obtained by slow evaporation at room temperature of a
solution of 10 mg pure material in CH2Cl2 (0.1 mL) overlaid with pentane (1 mL).

This reaction was performed on smaller scale without the pump-drive system with reaction times from 1-7 days and
yields from 80-85%. For multi-gram scale however, a pump-drive system is necessary for optimal results with short

reaction times and economic reaction conditions in respect to catalyst loading.

TLC: Re=0.19 (P/EO = 5/1) [KMnOu].

M.p.: Sm=61-62 °C.

IR (ATR): v (cm™') = 2948 (br), 1754 (s), 1718 (s), 1707 (s), 1455 (w), 1409 (w), 1364 (m), 1272 (s), 1212 (m),
1163 (w), 1065 (s), 1045 (m), 985 (w).
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TH NMR (360 MHz, CDCl3): § [ppm] = 3.69 (s, 3H), 2.56 — 2.36 (m, 3H), 2.16 (s, 3H), 2.10 (dd, ] = 18.5, 12.3
Hz, 1H), 1.97 - 1.81 (m, 2H), 1.51 — 1.37 (m, 1H), 1.26 (s, 3H), 1.13 (s, 3H), 0.87 (s, 3H).

C NMR (91 MHz, CDCls): § [ppm] = 214.3 (s), 208.0 (s), 172.0 (), 64.4 (), 52.0 (s), 4.7 (s), 42.7 (s), 42.4 (s),
418 (s), 30.2 (s), 23.4 (s), 21.9 (s), 20.2 (s), 17.5 (s).

HR-MS (ESI): m/z calculated for C14H2304* [M+H?*]: 255.1591; measured: 255.1591.

Methyl 2,3,3,6-tetramethyl-1-ox0-1,2,3,3a,4,6a-hexahydropentalene-2-carboxylate (100)

[*] [o} [o}

iﬁcozm [p-TsOH) &cozm &C%Me CraH0s
O: —_—

+ =
(PhMe) 120 °C, 17 h fb A M =236.31

H
71-80%, r.r.=2:1

To a solution of ketone 101 (2.52 g, 9.91 mmol, 1.0 equiv) in toluene (100 mL) was added p-toluene sulfonic
acid (314 mg, 1.98 mmol, 0.2 equiv) and the reaction mixture was heated at reflux for 17 h. H20 (50 mL)
and dichloromethane (100 mL) was added and after phase separation the aqueous layer was extracted
with dichloromethane (3 x 50 mL). The combined organic layers were dried (Na2SOs), filtered and
concentrated under reduced pressure. After column chromatography (100 g silica, & 4 cm, P/Et2O = 10/1)
the two regioisomers methyl 2,3,3,6-tetramethyl-1-oxo-1,2,3,3a,4,6a-hexahydropentalene-2-carboxylate
(100) (1.16 g, 4.91 mmol, 50%) and methyl 2,3,3,6-tetramethyl-1-oxo-1,2,3,3a,4,5-hexahydropentalene-2-
carboxylate (is0-100) (501 mg, 2.12 mmol, 21%) were obtained as a colorless oil.

On smaller scale, the yield of this reaction turned out to be higher (up to 80%, r.r.=2:1).

Regioisomer 100:

TLC: R¢=0.89 (P/Et20 = 1/1) [KMnO4].

IR (ATR): v (cm™) = 3037 (w), 2938 (br), 2861 (w), 1745 (s), 1727 (s), 1455 (m), 1434 (m), 1394 (w), 1373 (w),
1284 (w), 1252 (m), 1193 (w), 1101 (m).

H NMR (360 MHz, CDCls):  [ppm] = 5.32 - 5.27 (m, 1H), 3.58 (s, 3H), 3.23 (d, ] =9.1 Hz, 1H), 2.76 (td, | =
9.1, 4.5 Hz, 1H), 2.50 — 2.36 (m, 1H), 2.35 — 2.22 (m, 1H), 1.81 (p, ] = 2.2 Hz, 3H), 1.25 (s, 3H), 1.04 (s, 3H),
0.98 (s, 3H).

13C NMR (91 MHz, CDCls): 8 [ppm] =214.4 (s), 172.6 (s), 138.0 (s), 126.3 (s), 62.7 (s), 61.5 (s), 51.6 (s), 49.1 (s),
43.3 (s), 33.7 (s), 26.8 (s), 21.2 (s), 16.7 (s), 15.1 (s).

HR-MS (EI, 70 eV): m/z calculated for C1aH203 [M*]: 236.1412; measured: 236.1407.

Regioisomer is0-100:
TLC: R¢=0.77 (P/Et20 = 1/1) [UV, KMnOx].
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IR (ATR): v (cm™) = 3403 (m), 2970 (m), 2952 (m), 2861 (w), 1726 (s), 1708 (s), 1455 (m), 1435 (m), 1375 (m),
1269 (m), 1101 (m).

1H NMR (400 MHz, CDCl): 8 [ppm] =3.70 (s, 3H), 3.25 - 3.13 (m, 1H), 2.91 - 2.73 (m, 1H), 2.61 - 2.47 (m,
1H), 2.12 - 2.04 (m, 3H), 1.95 (dtd, ] = 12.6, 7.6, 1.4 Hz, 1H), 1.75 (ddt, J = 12.6, 10.4, 9.3 Hz, 1H), 1.60 — 1.53
(m, 1H), 1.35 (s, 3H), 1.08 (s, 3H),

3C NMR (101 MHz, CDCls): 8 [ppm] = 199.2 (s), 172.1 (s), 152.5 (s), 137.8 (s), 69.1 (s), 55.4 (s), 51.5 (s),
43.4 (s), 42.5 (s), 25.0 (s), 22.4 (s), 21.5 (s), 17.3 (s), 15.5 (s).

HR-MS (EL 70 eV): m/z calculated for C1sH203 [M*]: 236.1412; measured: 236.1407

Acidic equilibration of iso-14 to Methyl 2,3,3,6-tetramethyl-1-0x0-1,2,3,3a,4,6a-hexahydropentalene-2-
carboxylate (100)

[o]

0 0
&COQME [p-TsOH] &cozm &cozm CraHanOs
-
T2 (PhMe) 120 °C, 17 h T * 3 M = 236.31
; R R

H
quant., rr.=2:1

To a solution of ketone iso-100 (501 mg, 2.12 mmol, 1.0 equiv) in toluene (25 mL) was added p-toluene
sulfonic acid (73.1 mg, 0.42 mmol, 0.2 equiv) and the reaction mixture was heated reflux for 17 h. H2.O
(20 mL) and dichloromethane (50 mL) was added and after phase separation the aqueous layer was
extracted with dichloromethane (3 x 50 mL). The combined organic layers were dried (Na2SOa), filtered
and concentrated under reduced pressure. After column chromatography (100 g silica, & 4 cm, P/Et20 =
10/1) the two regioisomers methyl 2,3,3,6-tetramethyl-1-oxo-1,2,3,3a,4,6a-hexahydropentalene-2-
carboxylate (100) (322 mg, 1.36 mmol, 64%) and methyl 2,3,3,6-tetramethyl-1-oxo-1,2,3,3a,4,5-
hexahydropentalene-2-carboxylate (iso-100) (181 mg, 0.76 mmol, 36%) were obtained as colorless oils

respectively.

Spectroscopic data of the material obtained from the acidic equilibration matched those obtained from

reaction 101 — 100.

Methyl 6a-(2-methoxy-2-oxoethyl)-2,3,3,6-tetramethyl-1-0xo0-1,2,3,3a,4,6a-hexahydro-pentalene-2-

carboxylate (150)
0
: Br-">co Me o
Z.CO,Me 1712405
7 ___bADMPU M = 308.37
i3 (THF) -78°C -t 16 h

81%
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To a solution of diisopropylamine (1.03 mL, 745 mg, 7.36 mmol, 1.5 equiv) in THF (20 mL) was added
drop-wise n-butyl lithium solution (2.27 M in pentane, 3.24 mL, 472 mg, 7.36 mmol, 1.5 equiv) at -78 °C.
The reaction mixture was allowed to warm to 0 °C, stirred for 30 min and then cooled to -78 °C. A solution
of ketone 100 (1.16 g, 4.91 mmol, 1.0 equiv) in THF (25 mL) was slowly added at —78 °C and stirred for 20
min. After stirring at 0 °C for 10 min and subsequent cooling to =78 °C, DMPU (0.89 mL, 944 mg,
7.36 mmol, 1.5 equiv) and methyl bromoacetate (1.09 mL, 1.76 g, 11.5 mmol, 2.3 equiv) were successively
added. The reaction was allowed to slowly warm to room temperature for 16 h. After addition of satd.
NH.Cl solution (5 mL), H20 (20 mL) and Et20 (50 mL), the phases were separated and the aqueous layer
was extracted with Et20 (3 x 50 mL). The combined organic layers were dried (Na2SOu), filtered and
concentrated under reduced pressure. After column chromatography (100 g silica, & 4 cm,
pent/EO = 10/1 - 5/1), methyl 6a-(2-methoxy-2-oxoethyl)-2,3,3,6-tetramethyl-1-oxo-1,2,3,3a,4,6a-
hexahydro-pentalene-2-carboxylate (150) (1.23 g, 3.99 mmol, 81%) was obtained as a white crystalline
solid.

TLC: Re=0.55 (P/Et20 = 2/1) [KMnOx].

M.p.: Sm=44-46 °C.

IR (ATR): v (cm™!) = 2950 (m), 2924 (br), 2857 (w), 1730 (s), 1436 (m), 1375 (w), 1248 (w), 1210 (w), 1114 (w).
H NMR (400 MHz, CDCls): 3 [ppm] = 5.45 — 5.31 (m, 1H), 3.61 (s, 3H), 3.5 (s, 3H), 2.97 (d, ] = 14.2 Hz,
1H), 2.80 (dd, ] = 8.2, 3.2 Hz, 1H), 2.54 - 2.35 (m, 2H), 2.34 (d, ] = 14.2 Hz, 1H), 1.65 (td, ] = 2.3, 1.6 Hz, 3H),
1.28 (s, 3H), 1.13 (s, 3H), 0.98 (s, 3H).

3C NMR (101 MHz, CDCls): § [ppm] = 213.2 (s), 171.8 (s), 171.4 (s), 139.4 (s), 129.0 (s), 66.1 (s), 61.9 (s),
52.9 (s), 51.6 (s), 51.4 (s), 42.1 (s), 39.6 (s), 33.0 (s), 27.2 (s), 21.0 (s), 17.1 (5), 12.4 (s).

HR-MS (EL 70 eV): m/z calculated for Ci7H2405 [M*]: 308.1624; measured: 308.1629.

Ethyl 6a-(2-methoxy-2-oxoethyl)-2,3,3,6-tetramethyl-1-oxo0-1,2,3,3a,4,6a-hexahydro-pentalene-2-

carboxylate (151)

o
: Br- O£t o
i.CO,Me 18M2605
7 __LDADMPY M = 322.40
T (THF) -78°C —rt., 16 h

80%
Following the same procedure as for compound 150, starting from 100 (0.95 g, 4.00 mmol, 1.0 equiv) with
ethyl bromoacetate (1.34 g, 8.00 mmol, 2.0 equiv) afforded ethyl ester 151 (1.04 g, 3.23 mmol, 80%) as a
colorless oil.

TLC: R¢=0.18 (P/Et20 = 10/1) [KMnOx].
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IR (ATR): v (cm™) = 2947 (br), 1725 (s), 1446 (w), 1369 (w), 1309 (w), 1247 (m), 1204 (m), 1112 (m), 1031 (m),
806 (w).

H NMR (500 MHz, CDCly): 8 [ppm] = 5.39 — 5.35 (m, 1H), 4.13 — 4.01 (m, 2H), 3.55 (s, 3H), 2.97 (d, ] = 14.0
Hz, 1H), 2.82 (dd, ] = 8.5, 3.0 Hz, 1H), 2.52 — 2.38 (m, 1H), 2.29 (d, ] = 14.0 Hz, 1H), 1.65 (q, ] = 2.0 Hz, 3H),
1.28 (s, 3H), 1.21 (t, ] = 7.1 Hz, 3H), 1.14 (s, 3H), 0.98 (s, 3H).

3C NMR (91 MHz, CDCls): § [ppm] = 213.4 (s), 172.1 (s), 171.2 (s), 139.5 (s), 129.2 (s), 66.3 (s), 62.0 (s),
60.6 (s), 53.0 (s), 51.6 (s), 42.2 (s), 39.9 (s), 33.3 (s), 27.4 (s), 21.2 (s), 17.2 (s), 14.3 (s), 12.6 (s).

HR-MS (ESI): m/z calculated for CisH27Os* [M+H*]: 323.1853; measured: 323.1853.

Ethyl-1-methyl-2-oxocyclopentan-1-carboxylat (526)

[o} o

CO,Me K2COg, Mel :.COEt CoHisOg
—_— M=170.21

(acetone) 60°C, 18 h

quant.
According to a modified literature procedure,*! a solution of ethyl 2-oxocyclopentan-1-carboxylate
(22.3 mL, 23.3 g, 150 mmol, 1.0 equiv) in anhydrous acetone (200 mL) was added freshly grinded
anhydrous potassium carbonate (51.8 g, 375mmol, 2.5 equiv) and methyl iodide (18.7 mL, 42.6 g,
300 mmol, 2.0 equiv). The white suspension was refluxed for 18 h and after cooling to room temperature
was treated with triethylamine (41.8 mL, 30.4 g, 300 mmol, 2.0 equiv) and concentrated under reduced
pressure. Water (200 mL) was added to the reaction mixture. After dilution with Et2O (250 mL) and phase
separation, the aqueous layer was extracted with Et2O (3 x 100 mL). The combined organic layers were
washed with 1 M HCI (50 mL), water (50 mL), and brine (50 mL), dried over Na2SOs, filtered and
concentrated under reduced pressure. After removal of all volatiles in vacuo, the crude product 526 (25.5 g,
150 mmol, quant.) was isolated as yellow oil and used in the next step without further purification.

TLC: Rt =0.24 (P/Et20 = 10/1) [KMnO4].

TH NMR (360 MHz, CDCls):  [ppm] = 4.15 (q, ] = 7.0 Hz, 2H), 2.41 (m, 3H), 1.93 (m, 3H), 1.30 (s, 3H), 1.24
(t, J=7.0 Hz, 3H).

13C NMR (90.6 MHz, CDCls) d [ppm] = 216.0 (s), 172.5 (s), 61.5 (s), 56.1 (s), 37.8 (s), 36.4 (s), 19.7 (s), 19.6 (s),
142 (s).

The spectroscopic data matched those reported in the literature.[%]
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Ethyl 2-hydroxy-1-methylcyclopentane-1-carboxylate (527)

o OH

{_coMe NaBH, £ cogt CoHigOs
—_— M=172.22

(MeOH) 0°C, 2h
92%, d.r. = 54:46

According to the literature procedure,!'*3 a solution of crude $26 (25.5 g 150 mmol, 1.0 equiv) in methanol
(150 mL) was cooled to 0 °C and treated with sodium borohydride (3.4 g, 90 mmol, 0.6 equiv). The white
suspension was stirred for 2 hours at 0 °C. Saturated ammonium chloride solution (100 mL) was added to
the reaction mixture and after dilution with Et2O (100 mL) and phase separation, the aqueous layer was
extracted with Et20 (3 x 100 mL). The combined organic layers were washed with water (150 mL), and
brine (150 mL), dried over Na2SOs, filtered and concentrated under reduced pressure. After removal of all
volatiles in vacuo, the crude product 827 (23.7 g, 138 mmol, 92%, d.r. = 54:46) was isolated as yellow liquid
and used in the next step without further purification.

TLC: R¢=0.19 (P/Et20 = 5/1) [KMnOx].

TH NMR (360 MHz, CDCl3): d [ppm] = 4.33 (t, ] = 7.5 Hz, 0.5H), 4.16 (virt. dq, J=7.1 Hz, ] = 8.1 Hz, 2H), 3.98
(virt. dd, J = 5.6, 3.2Hz, 0.5H), 2.07 (m, 3H), 1.65 (m, 3H), 1.27 (virt. td, ] = 7.1, 4.0 Hz, 3H), 1.20 (virt. d, ] =
5.9 Hz, 3H).

13C NMR (90.6 MHz, CDCls) d [ppm] =177.9 (s), 177.4 (s), 80.1 (s), 77.0 (s), 60.8 (s), 60.7 (s), 54.2 (s), 52.1 (s),
33.8 (s), 33.4 (s), 32.1 (s), 30.9 (s), 22.5 (s), 20.6 (s), 19.1 (s), 17.4 (s), 14.3 (s).

The spectroscopic data matched those reported in the literature. 4]

Ethyl 1-methyl-2-((methylsulfonyl)oxy)cyclopentane-1-carboxylate (528)

OH MsO

f £ come MsCI, NEt, Gf;cozﬂ e
P T

(CH.Cl) 0°C, 3h
93%

According to the literature procedure,*) a solution of crude $27 (23.8 g 138 mmol, 1.0 equiv) in
dichlormethane (250 mL) was cooled to 0 °C and treated with triethylamine (57.7 mL, 42.0 g, 415 mmol,
3.0 equiv). methanesulfonyl chloride (13.9 mL, 20.6 g, 1.3 equiv) was added drop-wise and the reaction
mixture was stirred for 2 hours at 0 °C. Water (50 mL) was added and the reaction mixture was extracted
with dichloromethane (3 x 100 mL). The combined organic layers were washed with water (2 x 200 mL)
and brine (150 mL), dried over Na250y, filtered and concentrated under reduced pressure. After removal
of all volatiles in vacuo, the crude product S28 (32.2 g, 129 mmol, 93%, d.r. ~ 1:1) was isolated as orange
oil and used in the next step without further purification.

TLC: R¢=0.55 (P/E20 = 1/1) [KMnOs].
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H NMR (360 MHz, CDCls): d [ppm] = 5.28 (m, 0.5 H), 4.88 (t, ] = 3.4 Hz, 0.5H), 4.16 (m, 2H), 3.00 (virt. d, ]
=22.4 Hz, 3H), 2.35 - 1.70 (m, 6H), 1.31 (s, 1.5H), 1.30 — 1.25 (m, 3H), 1.24 (s, 1.5H).

15C NMR (90.6 MHz, CDCls) d [ppm] = 175.6 (s), 174.0 (s), 90.0 (s), 86.1 (), 61.2 (s), 61.0 (s), 54.5 (s), 52.7 (s),
38.5 (), 382 (s), 35.2 (s), 32.2 (5), 31.3 (5), 22.7 (s), 20.4 (s), 20.3 (s), 18.4 (s), 14.3 (s), 14.2 (s).

The spectroscopic data matched those reported in the literature.!'%]

Ethyl 1-methylcyclopent-2-ene-1-carboxylate (529)

(DMF) 160°C, 17 h
89%

According to the literature procedure,*) a solution of crude 528 (32.2 g 129 mmol, 1.0 equiv) in
dimethylformamide (250 mL) was treated with DBU (28.8 mL, 29.4 g, 193 mmol, 1.5 equiv) heated to 160
°C and stirred under reflux for 17 hours. After cooling to room temperature, diethyl ether (400 mL) was
added and after phase separation, the organic layer was washed with water (3 x 100 mL). The combined
aqueous layers were extracted with diethyl ether (3 x 100 mL) and all combined organic layers were
washed with water (2 x 150 mL) and brine (150 mL), dried over Na2SOs, filtered and concentrated under
reduced pressure. After removal of all volatiles under reduced pressure (600 mbar, 40 °C) the crude
product §29 (17.7 g, 115 mmol, 89%) was isolated as dark oil and used in the next step without further
purification.
TLC: Re=0.88 (P/Et20 = 5/1) [KMnO4].
TH NMR (360 MHz, CDCl3): d [ppm] = 5.72 (virt. ddt, ] =24.2, 5.6, 2.1 Hz, 2H), 4.12 (q, ] =7.1 Hz, 2H), 2.48
~2.32 (m, 2H), 1.79 - 1.61 (m, 4H), 1.30 (s, 3H), 1.24 (t, ] = 7.1 Hz, 3H).
13C NMR (90.6 MHz, CDCls)  [ppm] = 177.2 (s), 135.3 (s), 131.7 (s), 60.6 (s), 55.7 (s), 35.2 (s), 31.9 (s), 24.8 (s),
14.3 (s).
The spectroscopic data matched those reported in the literature (except for a proposed signal at 89.3 ppm

which was mistakenly assigned by the authors).[14°]

(1-Methylcyclopent-2-en-1-yl)methanol (152)

H LiAIH

:.CO,Me % F C7H10

OH  M=11217
(Et,0)rt, 1h :
50% (5 steps)

According to the literature procedure,*! a solution of crude $28 (17.7 g 115 mmol, 1.0 equiv) in diethyl

ether (250 mL) was cooled to 0 °C and carefully treated with LiAlH4 (5.68 g, 150 mmol, 1.3 equiv). The
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reaction mixture was stirred for 1 hour at room temperature. Water (50 mL) was added dropwise and the
reaction mixture was filtered. After phase separation, the aqueous layer was extracted with
dichloromethane (3 x 100 mL) and the combined organic layers were dried over Na2SOy, filtered and
concentrated under reduced pressure (750 mbar, 40 °C). After column chromatography (325 g silica, &
8 cm, pent/Et20 = 5/1 — 2/1) product 152 (12.9 g, 70% in Et20, 8.35 g, 74.4 mmol, 50% over 5 steps) as a
yellow solution in diethylether.

TLC: Re = 0.26 (P/Et:0 = 5/1) [KMnOs].

1H NMR (360 MHz, CDCls): d [ppm] =5.80 (dt, ] =5.7, 2.3 Hz, 1H), 5.45 (dt, ] =5.6,2.2 Hz, 1H), 3.41 (q, ] =
10.5 Hz, 2H), 2.39 (tt, ] = 7.0, 2.3 Hz, 2H), 1.96 - 1.87 (m, 1H), 1.61 — 1.54 (m, 1H), 1.06 (s, 3H).

5C NMR (90.6 MHz, CDCl3) d [ppm] = 136.6 (s), 132.4 (s), 70.7 (s), 51.7 (), 33.7 (s), 324 (s), 23.5 (s).

The spectroscopic data matched those reported in the literature.!'%]

Ethyl ((1-methylcyclopent-2-en-1-yl)methyl) carbonate (S30)

CICO,Et, [DMAP], py C1oH1603
oH —————————— O.__-OEt M =184.24
o S o

(CH,Cl») 0°C, 1h
o
87%

A solution of alcohol 152 (12.9 g, 74.4 mmol, 1.0 equiv) in dichloromethane (500 mL) was cooled to 0 °C
and treated with DMAP (0.91 g, 7.44 mmol, 0.1 equiv), pyridine (18.1 mL, 17.7 g, 223 mmol, 3.0 equiv) and
ethyl chloroformate (14.2 ml, 16.2 g, 149 mmol, 2.0 equiv). The reaction mixture was stirred for 30 min at
0 °C and then warmed up to room temperature. After stirring for 30 min, NH4Cl solution (100 mL) was
added. The layers were separated and the aqueous layer was extracted with EO (3 x 50 mL). The
combined organic layers were washed with 1 M HCI (200 mL), H20 (200 mL) and saturated NaHCOs
solution (200 mL), dried (Na2SOu), filtered and concentrated under reduced pressure (750 mbar, 40 °C).
After column chromatography (400 g silica, & 8 cm, pent/Et20 = 5/1) carbonate S30 was isolated as yellow
solution (16.8 g, 71% in Et20, 11.9 g, 64.4 mmol, 87%).

TLC: Re=0.89 (P/Et20 = 5/1) [KMnO4].

IR (ATR): v (cm™) = 2957 (br), 1742 (s), 1463 (w), 1398 (w), 1384 (w), 1372 (m), 1247 (s), 1089 (w), 1007 (m),
790 (m).

H NMR (360 MHz, CDCls): 3 [ppm] =5.73 (dt, ] =4.8, 2.3 Hz, 1H), 5.51 (dt, ] =5.5,2.1 Hz, 1H), 4.18 (q, ] =
7.2 Hz, 2H), 3.99 (d, ] = 10.3 Hz, 1H), 3.93 (d, ] = 10.3 Hz, 1H), 2.38 (tt, ] = 7.2, 2.2 Hz, 2H), 1.86 (dt, ] = 13.5,
7.0 Hz, 1H), 1.59 (dt, ] = 13.5, 7.4 Hz, 1H), 1.30 (t, ] = 7.2 Hz, 3H), 1.10 (s, 2H).

13C NMR (91 MHz, CDCLy): & [ppm] = 155.6 (), 136.2 (s), 131.6 (s), 74.6 (s), 64.0 (s), 49.2 (s), 34.2 (s), 31.8 (s),
23.6 (s), 14.4 (s).
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HR-MS (EI, 70 eV): m/z calculated for CzHi1 [M—OCO:zEt*]: 95.0855; measured: 95.0849.

Ethyl ((1-methyl-4-oxocyclopent-2-en-1-yl)methyl) carbonate (149)
0
Cr0g, 3,5-DMP
@1\/0\(03 R — Qo\roa LA
° 54%, 1. =6: 1 o
According to the modified literature procedure,!'*l a suspension of freshly ground chromium(VI) oxide
(96.6 g, 966 mmol, 15.0 equiv) in dichloromethane (500 mL) was cooled to -15 °C and treated with 3,5-
dimethylpyrazol (92.2 g, 966 mmol, 15.0 equiv). After stirring at —15 °C for 15 min, a solution of olefin S30
(11.9 g, 64.4 mmol, 1.0 equiv) in dichloromethane (80 mL) was added drop-wise over the course of 60 min,
so that the temperature of the reaction mixture did not exceed —14 °C. After complete addition, the reaction
mixture was stirred for 60 min at —15 °C and then filtered through a plug of Celite” two times, the filter
residue was rinsed with Et2O after both filtration steps. After Filtration, all volatiles were removed under
reduces pressure. Colum chromatography (500 g silica, & 8 cm, pent/EtzO = 5/1 — 1/1 — 1/2) yielded
starting material 149 (1.14 g, 6.19 mmol), undesired regioisomer is0-149 (1.03 g, 5.20 mmol, 8%) and enone
18 (5.92 g, 29.9 mmol, 46%) as a yellow oil (54%, r.r. = 6:1).
TLC: Re=0.24 (P/Et0 = 2/1) [UV, KMnOa].
IR (ATR): v (cm™) = 2977 (br), 1742 (s), 1713 (s), 1588 (w), 1464 (w), 1374 (m), 1344 (w), 1248 (s), 1189 (w),
1089 (w), 1004 (m), 788 (m).
1H NMR (360 MHz, CDCls): 8 [ppm] =7.45 (d, | = 5.6 Hz, 1H), 6.14 (d, ] = 5.6 Hz, 1H), 4.18 (q, ] = 7.1 Hz,
2H), 4.14 (d, ] =10.6 Hz, 1H), 4.03 (d, ] =10.6 Hz, 1H), 2.43 (d, ] = 18.5 Hz, 1H), 2.16 (d, ] = 18.5 Hz, 1H), 1.30
(t, ]=7.1 Hz, 2H), 1.28 (s, 3H).
13C NMR (91 MHz, CDCls): 8 [ppm] =208.2 (s), 168.2 (s), 155.2 (s), 134.0 (s), 72.6 (s), 64.5 (s), 45.5 (s), 45.3 (s),
23.1(s), 14.4 (s).
HR-MS (EL 70 eV): m/z calculated for CioH14O4 [M*]: 198.0892; measured: 198.0888.

(2-(But-3-en-1-yl)-1-methyl-4-oxocyclopentyl)methyl ethyl carbonate (153)
o [N o

CuBr - SMe; TWSOL LG o0,
{ o\n/oa (THF) 78°C — 11, 18h : O\H/OE‘ M =254.33

then AcOHr.t., 3h
0 o
72-87%, d.r.=1:1

A 500 mL-SCHLENK flask was charged with lithium chloride (1.82 g, 43.0 mmol, 2.15 equiv) and repeatedly

dried with a heat gun in vacuo over the course of two hours. Copper(I) bromide dimethyl sulfide complex
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(8.84 g, 43.0 mmol, 2.15 equiv) was added and the flask was dried in vacuo at room temperature for one
hour. THF (50 mL) was added, the resulting brown suspension was stirred at =78 °C for 30 min and then
slowly treated with alkylmagnesium bromide solution S$24 (0.69 M in THF, 58 mL, 6.37 g, 40.0 mmol,
2.0 equiv). A solution of enone 149 (3.96 g, 20.0 mmol, 1.0 equiv) and trimethylsilyl chloride (6.36 mL,
5.43 g, 50.0 mmol, 2.5 equiv) in THF (45 mL) was added. The reaction mixture was allowed to warm to
room temperature and was stirred for 20 h. After the addition of glacial acetic acid (12 mL) and stirring
for three hours at room temperature, saturated NHCOs solution (150 mL) was carefully added under
strong gas evolution. The reaction mixture was filtered over Celite®, rinsed and extracted with
dichloromethane (3 x 150 mL). The combined organic layers were washed with H20O (2 x 100 mL) and
brine (1 x 100 mL), dried (Na2504), filtered and concentrated under reduced pressure. After column
chromatography (150 g silica, @ 3.5 cm, pent/Et2O = 5/1) product 153 (3.64 g, 14.31 mmol, 72%) was
isolated as a colorless oil. The product was obtained as an inseparable mixture of diastereomers (d.r. =
1:1).

Depending on the scale, the reaction gave higher yields (up to 87%, d.r. =1:1).

TLC: Re=0.37 (P/Et20 = 2/1) [KMnOx].

IR (ATR): v (cm™) = 2961 (w), 2931 (br), 1741 (s), 1464 (w), 1402 (w), 1375 (w), 1249 (s), 1173 (w), 1089 (w),
1004 (m), 874 (w), 789 (s).

H NMR (360 MHz, CDCls): 8 [ppm] = 5.85 - 5.72 (m, 2H), 5.08 — 4.95 (m, 4H), 4.19 (dq, ] = 14.1, 7.1 Hz,
4H), 4.13 — 4.04 (m, 2H), 4.03 (s, 2H), 2.56 — 2.35 (m, 4H), 2.24 — 1.91 (m, 10H), 1.80 - 1.61 (m, 2H), 1.42 -
1.31 (m, 2H), 1.32 (t, ] = 7.1 Hz, 3H), 1.29 (t, ] = 7.1 Hz, 3H), 1.18 (s, 3H), 0.96 (s, 3H).

BC NMR (91 MHz, CDCls): § [ppm] = 216.8 (s), 216.5 (s), 155.3 (s), 155.2 (s), 138.1 (s), 137.9 (s), 115.4 (s),
115.3 (s), 72.3 (s), 71.8 (s), 64.38 (s), 64.36 (s), 50.5 (s), 45.3 (s), 43.5 (s), 42.4 (s), 42.3 (s), 41.9 (s), 40.2 (s),
33.0 (s), 32.8 (s), 29.2 (s), 28.5 (s), 23.3 (s), 14.4 (s).

HR-MS (ESI): m/z calculated for C14aH2304* [M+H"]: 255.1591; measured: 255.1591.

Ethyl ((1-methyl-4-o0xo0-2-(3-oxobutyl)cyclopentyl)methyl) carbonate (S31)
Q 9
05, [PdCI], [CuCl
° 60-82% °
According to a modified literature procedure,['’ a suspension of palladium chloride (126 mg, 0.72 mmol,
0.05 equiv) and copper(I) chloride (284 g, 2.86 mmol, 0.2 equiv) in DMF (75 mL) and H20 (75 ml) was

saturated with oxygen for two hours at room temperature. Carbonate 153 (3.64 g, 14.3 mmol, 1.0 equiv)

was added and oxygen was bubbled through the dark suspension under stirring at room temperature for
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18 h using a pump-drive setup for the oxygen gas circulation. The green reaction mixture was then
acidified with HCI (1 M, 20 mL) and diluted with Et20 (100 mL). After separation of the two phases, the
aqueous layer was extracted with Et20 (6 x 100 mL). The combined organic layers were washed with H.O
(100 mL), lithium chloride solution (5%, 2 x 100 mL) and brine (100 mL), dried (Na2SOs), filtered and
concentrated under reduced pressure. After column chromatography (100 g silica, & 3.5 cm, pent/Et0 =
1/2) product S31 (2.31 g, 8.55 mmol, 60%) was isolated as a colorless oil. The product was obtained as an
inseparable mixture of diastereomers (d.r. = 1:1).

This reaction was performed on a smaller scale without the pump-drive system with reaction times from 1-7 days
and yields from 75-82%. For multi-gram scale however, a pump-drive system is necessary for optimal results with
short reaction times and economic reaction conditions in respect to catalyst loading.

TLC: R¢=0.21 (P/Et20 = 1/2) [UV, CAM].

IR (ATR): v (cm™) =2961 (br), 1739 (s), 1714 (m), 1674 (m), 1465 (w), 1376 (m), 1248 (s), 1166 (m), 1089 (w),
1002 (m), 873 (w), 790 (m).

H NMR (360 MHz, CDCls): & [ppm] =4.21 (q, ] =7.1 Hz, 2H), 4.17 (q, ] = 7.1 Hz, 2H), 4.14 — 4.04 (m, 4H),
2.57 -2.35 (m, 8H), 2.16 (s, 3H), 2.15 (s, 3H), 2.13 — 1.84 (m, 8H), 1.53 — 1.40 (m, 2H), 1.32 (t, ] = 7.1 Hz, 3H),
1.29 (t, ] =7.1 Hz, 3H), 1.20 (s, 3H), 0.98 (s, 3H).

13C NMR (91 MHz, CDCls): 8 [ppm] =216.0 (s), 215.7 (s), 207.8 (s), 207.7 (s), 71.7 (s), 71.6 (s), 64.3 (s), 64.2 (s),
50.4 (s), 50.1 (s), 45.2 (s), 43.2 (s), 42.5 (s), 42.4 (s), 42.2 (s), 42.0 (s), 41.8 (s), 39.9 (s), 30.0 (s), 30.0 (s), 23.5 (s),
23.2(s), 23.0 (s), 17.4 (s), 14.3 (s), 14.2 (s).

HR-MS (ESI): m/z calculated for C14H230s5* [M+H?*]: 271.1540; measured: 271.1540.

1,4-Dimethyl-3-0x0-1,2,3,3a,6,6a-hexahydropentalen-1-yl)methyl ethyl carbonate (148)

0 0
[} [p-TsOH] Ci4H004
{_O._Oft ————————» {_O._OEt M=25231
el ¢ (PhMe) 120 °C, 18 h e ¢
) )

70%
A solution of ketone S31 (1.29 g, 4.76 mmol, 1.0 equiv) in toluene (50 mL) was treated with p-toluene
sulfonic acid (163 mg, 0.95 mmol, 0.2 equiv) and the reaction mixture was stirred under reflux for 18 h.
H20 (50 mL) and dichloromethane (100mL) was added and after phase separation the aqueous layer was
extracted with dichloromethane (3 x 100 mL). The combined organic layers were dried (Na250a), filtered
and concentrated under reduced pressure. After column chromatography (100 g silica, & 4.5 cm, pent/Et20
=10/1) ketone 148 (848 mg, 3.36 mmol, 70%) was isolated as a crystalline solid. The product was obtained

as an inseparable mixture of diastereomers (d.r. = 1:1).
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TLC: Re=0.71 (P/E20 = 1/1) [KMnOx].

M.p.: Sm=49-42 °C.

IR (ATR): v (cm) = 2965 (w), 2937 (br), 1734 (s), 1465 (w),1448 (w), 1367 (m), 1248 (s), 1175 (w), 1121 (w),
1003 (m), 875 (w), 790 (m).

TH NMR (360 MHz, CDCl3): § [ppm] = 5.39 — 5.33 (m, 2H), 4.20 (q, ] = 7.1 Hz, 2H), 4.19 (q, ] = 7.1 Hz, 2H),
415 (s, 2H), 4.15 (s, 2H), 3.96 (d, ] = 10.7 Hz, 1H), 3.91 (d, ] = 10.7 Hz, 1H), 3.15 (t, ] = 10.3 Hz, 2H), 2.98 -
2.82 (m, 2H), 2.55 - 2.35 (m, 4H), 2.30 (d, ] = 17.0 Hz, 1H), 2.27 (dt, ] = 17.0, 1.1 Hz, 1H), 2.18 (d, ] = 17.0 Hz,
1H), 2.02 (dt, ] = 17.0, 1.5 Hz, 1H), 1.77 (s, 6H), 1.32 (t, ] = 7.1 Hz, 3H), 1.31 (t, ] = 7.1 Hz, 3H), 1.14 (s, 3H),
1.1 (s, 3H).

13C NMR (91 MHz, CDCls): 8 [ppm] =0 215.5 (s), 214.8 (s), 155.4 (s), 155.3 (s), 137.4 (s), 136.6 (s), 126.9 (s),
126.5 (s), 75.0 (s), 73.0 (s), 64.4 (s), 64.3 (s), 62.5 (s), 61.8 (), 49.3 (s), 47.6 (s), 46.8 (), 46.5 (s), 40.8 (s), 40.2 (s),
33.6(s), 33.3 (s), 25.6 (s), 19.7 (s), 15.2 (s), 15.2 (s), 14.4 (s).

HR-MS (EI): m/z calculated for C14H2004 [M*]: 252.1356; measured: 252.1354.

3a,6-Dimethyl-3a,4,6a,7a-tetrahydropentaleno[1,2-clfuran-1,7(3H,3bH)-dione (154)

—_—
O\H/OE' (THF) rt., 20h

43%

Ci2H1405
M = 206.24

According to a modified literature procedure for a related ring closure,®! to a solution of carbonate 148
(504 mg, 2.00 mmol, 1.0 equiv) in freshly distilled THF (100 mL) was added 50 pL H20 at room
temperature. The reaction mixture was heated to 30 °C and treated portion-wise with sodium hydride
(60% dispersion of paraffin oil, 479 mg, 20.0 mmol, 10 equiv). After stirring for 3 hours at 30 °C, satd.
NH4ClI solution (50 mL) and dichloromethane (250 mL) was added. After separation of the two layers, the
aqueous layer was extracted with CH2Cl2 (3 x 250 mL). The combined organic layers were dried (Na250s),
filtered and concentrated under reduced pressure. After column chromatography (100 g silica, & 3.5 cm,
pent/Et20 =2/1 — 1/1 — 1/2) the desired diastereomer 154 (175 mg, 0.85 mmol, 43%, >99% de,) was isolated
as a crystalline solid.

Since the reaction conditions were optimized during summer time, reproduction with dry THF during winter led to
lower yields. Therefore “summer conditions” were applied using dry THF and addition of H20 (500 ppm were found
to be optimal for this reaction) and elevated temperature (30 °C). The undesired diastereomer was separable by
column chromatography.

TLC: Re=0.22 (P/Et20 = 1/1) [KMnOx].

M.p.: Sm=72-74 °C.
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IR (ATR): v (cm™) = 3458 (br), 2966 (br), 1774 (s), 1725 (s), 1454 (w), 1374 (m), 1266 (m), 1236 (m), 1160 (s),
1015 (s), 911 (w), 732 (s).

H NMR (360 MHz, CDCl3):  [ppm] =5.43 (s, 1H), 4.24 (d, ] = 9.5 Hz, 1H), 4.02 (d, ] = 9.5 Hz, 1H), 3.52 (dt,
J=95,27, 1.4 Hz, 1H), 3.07 (s, 1H), 2.91 (td, ] = 9.2, 2.6 Hz, 1H), 2.62 (dddt, ] = 16.6, 9.2, 4.9, 2.4 Hz, 1H),
2.19 (dp, ] = 17.6, 2.4 Hz, 1H), 1.84 — 1.77 (m, 2H), 1.42 (s, 3H).

3C NMR (91 MHz, CDCL): 3 [ppm] =206.8 (s), 170.1 (s), 137.1 (s), 127.0 (s), 75.2 (s), 64.0 (s), 62.3 (s), 47.7 (s),
46.5 (s), 33.6 (s), 25.8 (s), 14.8 (s).

HR-MS (ESI): m/z calculated for Ci2HisNOs* [M+NHa4']: 224.1281; measured: 224.1282.

3a,6,7a-Trimethyl-3a,4,6a,7a-tetrahydropentaleno|1,2-c]furan-1,7(3H,3bH)-dione (S32)

KoCOj3, Mel Ci3H1603
M =220.27
(acetone) 60 °C, 17 h

72%

To a stirring solution of lactone 154 (0.24 g, 1.17 mmol, 1.0 equiv) in anhydrous acetone (15 mL) was added
freshly ground anhydrous potassium carbonate (0.48 g, 3.52 mmol, 3.0 equiv) and methyl iodide (0.29 mL,
0.66 g, 4.49 mmol, 4.0 equiv). The white suspension was heated at reflux for 17 h and after cooling to room
temperature was treated with satd. NH4Cl solution (10 mL). After dilution with dichloromethane (50 mL)
and phase separation, the aqueous layer was extracted with dichloromethane (3 x 50 mL). The combined
organic layers were dried (Na2SOs), filtered and concentrated under reduced pressure. After column
chromatography (20 g silica, & 2 cm, pent/Et2O = 2/1 -> 1/1) the title compound S32 (185 mg, 0.84 mmol,
72%) was obtained as a yellow oil.

TLC: Re=0.13 (P/Et20 = 2/1) [KMnO4].

IR (ATR): v (cm™) = 2937 (w), 2928 (br), 1772 (s), 1730 (s), 1448 (w), 1373 (w), 1269 (m), 1194 (m), 1078 (m),
1011 (s), 800 (w), 734 (s).

1H NMR (500 MHz, CDCls): 8 [ppm] = 5.41 (s, 1H), 4.14 (d, ] = 9.7 Hz, 1H), 3.94 (d, ] = 9.7 Hz, 1H), 3.52
(dqd, J=9.9, 2.8, 1.3 Hz, 1H), 2.84 (td, ] = 9.5, 2.2 Hz, 1H), 2.63 (dddd, ] =17.5, 9.5, 5.1, 2.5 Hz, 1H), 2.22 -
2.15 (m, 1H), 1.87 - 1.79 (m, 3H), 1.27 (s, 3H), 1.23 (s, 3H).

13C NMR (91 MHz, CDCl): 8 [ppm] =210.8 (s), 173.8 (s), 137.5(s), 126.9 (s), 73.5 (s), 62.1 (s), 61.8 (s), 50.4 (s),
44.6 (s), 33.1 (s), 21.0 (s), 14.8 (s), 14.2 (s).

HR-MS (ESI): m/z calculated for CisH17Os* [M*]: 221.1172; measured: 221.1172.
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Ethyl 2-(3a,6,7a-trimethyl-1,7-dioxo-3,3a,3b,4,7,7a-hexahydropentaleno[1,2-c]furan-6a-(1H)-yl)

acetate (155)

[o]

Br” CO,Et
LDA, DMPU
(THF) ~78°C —r.t., 16 h

CWHZZOS
M = 306.36

83%
To a solution of diisopropylamine (0.16 mL, 118 mg, 1.18 mmol, 1.55 equiv) in THF (2.5 mL) was added
drop-wise n-butyl lithium solution (2.50 M in pentane, 0.45 mL, 72.9 mg, 1.14 mmol, 1.5 equiv) at -78 °C.
The reaction mixture was allowed to warm to 0 °C, stirred for 30 min and then cooled to -78 °C. A solution
of ketone S32 (167 mg, 0.76 mmol, 1.0 equiv) in THF (5 mL) was slowly added at —78 °C and stirred for 20
min. After stirring at 0 °C for 10 min and subsequent cooling to -78 °C, DMPU (0.14 mL, 145 mg,
1.14 mmol, 1.5 equiv) and ethyl bromoacetate (0.17 mL, 253 mg, 1.52 mmol, 2.0 equiv) were added
successively. The reaction was allowed to slowly warm to room temperature and stirred for 16 h. After
addition of satd. NH4Cl solution (5 mL), H2O (10 mL) and Et20 (25 mL), the phases were separated and
the aqueous layer was extracted with Et20 (3 x 25 mL). The combined organic layers were dried (Na250s),
filtered and concentrated under reduced pressure. Column chromatography (20 g silica, @ 2 cm,
pent/Et20 = 2/1) afforded title compound 155 (192 mg, 0.63 mmol, 83%) as a colorless oil.
TLC: Re=0.20 (P/Et20 = 2/1) [KMnO4].
M.p.: Sm=69-70 °C.
IR (ATR): v (cm™) =2992 (br), 1777 (s), 1725 (s), 1451 (w), 1405 (w), 1369 (m), 1341 (m), 1263 (w), 1195 (s),
1165 (s), 1078 (m), 1018 (s), 988 (m), 809 (w).
1H NMR (500 MHz, CDCls): 8 [ppm] = 5.51 (s, 1H), 4.37 (d, ] = 9.8 Hz, 1H), 4.08 (qd, ] =7.1, 4.0 Hz, 2H),
3.90 (d, J=9.8 Hz, 1H), 2.85 (d, ] = 16.1 Hz, 1H), 2.78 (dd, ] = 8.3, 1.1 Hz, 1H), 2.65 (ddp, ] =15.7, 7.6, 2.6 Hz,
1H), 2,51 (d, ] = 16.1 Hz, 1H), 2.32 (ddq, ] =17.8, 2.8, 1.5 Hz, 1H), 1.62 - 1.59 (m, 3H), 1.36 (s, 3H), 1.26 (s,
3H), 1.23 (t, ] =7.1 Hz, 3H).
BBC NMR (91 MHz, CDCls): 8 [ppm] = 209.8 (s), 174.5 (s), 171.0 (s), 139.6 (s), 129.6 (s), 74.4 (s), 67.4 (s),
61.0 (s), 60.8 (s), 51.3 (s), 48.6 (s), 38.8 (s), 33.1 (s), 22.7 (s), 15.6 (s), 14.3 (s), 12.1 (s).
HR-MS (ESI): m/z calculated for Ci7H230s* [M+H"]: 307.1540; measured: 307.1540.

2-(2-(Methoxycarbonyl)-1,1,2,4-tetramethyl-3-0x0-2,3,6,6a-tetrahydropentalen-3a(1H)-yl)acetic acid

(156)

HOZC\ o
KOH : i coMe CieH2205
M =294.35

(MeOH/H,0) 70°C, 2h

90%
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A solution of ester 151 (100 mg, 0.31 mmol, 1.0 equiv) in methanol (5 mL) and H20 (1 mL) was treated
with potassium hydroxide (348 mg, 6.20 mmol, 20 equiv). The reaction mixture was heated to 70 °C and
stirred for two hours, cooled to room temperature and extracted with dichloromethane (10 mL). The
aqueous layer was acidified with HCI (1 M) to pH 2 and the resulting white suspension was extracted with
dichloromethane (3 x 25 mL). The combined organic layers were dried (Na250s), filtered and after removal
of all volatiles in vacuo, acid 156 (82 mg, 0.28 mmol, 90%) was obtained as crystalline solid.

TLC: Rt~ 0.15 (EtOAc/MeOH = 10/1) [KMnOx].

M.p.: 9m=120-122 °C.

IR (ATR): v (cm™) = 2949 (br), 1725 (s), 1698 (s), 1449 (w), 1411 (w), 1314 (w), 1218 (m), 1113 (m), 1063 (w),
1019 (w), 955 (m), 803 (w).

TH NMR (500 MHz, CDCls): 8 [ppm] = 5.43 (s, 1H), 3.57 (s, 3H), 3.01 (d, ] = 14.3 Hz, 1H), 2.82 (dd, ] = 8.6,
2.9 Hz, 1H), 2.58 — 2.43 (m, 2H), 2.38 (d, ] = 14.3 Hz, 1H), 1.68 (s, 3H), 1.30 (s, 3H), 1.18 (s, 3H), 1.00 (s, 3H).
13C NMR (126 MHz, CDCls): § [ppm] = 213.3 (s), 177.0 (s), 172.0 (s), 139.0 (s), 129.7 (s), 66.1 (s), 61.9 (s),
53.0 (s), 51.6 (s), 42.2 (s), 39.5 (), 33.3 (s), 27.6 (s), 21.1 (s), 17.2 (s), 12.5 (5).

HR-MS (EI 70 eV): calculated for Ci16H2:05 [M*];; measured: 294.1464.

6a-(Carboxymethyl)-2,3,3,6-tetramethyl-1-oxo0-1,2,3,3a,4,6a-hexahydropentalene-2-carboxylic acid (157)

EOL. O Hozc\_ o . o
B : KOTMS B i.CO,H 15712005
Xy C0Me * M=280.32
g (THF) r.t., 4-6d A
H H
85-95%

A solution of diester 151 (50 mg, 0.16 mmol, 1.0 equiv) in tetrahydrofuran (5 mL) was treated with
potassium trimethylsilanolate (199 mg, 1.55 mmol, 10 equiv) and the reaction mixture was stirred at room
temperature for four days or until LC-MS analysis of an aliquot showed full conversion of the starting
material to the diacid. H20 (5 mL) was added, followed by acidification with 1 M HCI (0.5 mL) and the
reaction mixture was extracted with dichloromethane (3 x 15 mL). The combined organic layers were dried
(Naz2S0s), filtered and after removal of all volatiles in vacuo, acid 157 (40 mg, 0.14 mmol, 92%) was obtained
as crystalline solid.

Alternative methods for reaction control have been tested. However, presumably because of the high polarity of the
diacid, only LC-MS analysis allowed for following the reaction progression. In some attempts the reaction time was
even longer, on which additional KOTMS was added to drive the reaction to completion. Reaction at higher than
room temperature led to rapid decarboxylation.

TLC: Rt = 0.10 (EtOAc/MeOH = 10/1) [KMnOs].

M.p.: Om=83-84 °C.
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IR (ATR): v (em™) = 2972 (w), 2920 (br), 1707 (s), 1443 (w), 1371 (w), 1214 (m), 1168 (w), 1083 (m), 1027 (w),
937 (m), 808 (m).

TH NMR (500 MHz, CDCls):  [ppm] = 5.45 (s, 1H), 2.94 (d, ] = 14.3 Hz, 1H), 2.87 (dd, ] = 9.5, 2.4 Hz, 1H),
2.56 (ddt, ] =17.8, 9.5, 2.4 Hz, 1H), 2.47 (d, ] = 14.3 Hz, 1H), 2.36 (dq, ] = 17.8, 2.3 Hz, 1H), 1.67 - 1.62 (m,
3H), 1.14 (s, 3H), 0.98 (s, 3H), 0.92 (s, 3H).

13C NMR (101 MHz, CDCls): & [ppm] = 218.3 (s), 176.6 (s), 138.7 (s), 129.8 (s), 81.9 (s), 63.5 (s), 51.4 (s),
42.1 (s), 39.5 (s), 33.1 (s), 25.3 (s), 22.0 (s), 19.2 (s), 12.4 (s).

Presumably because of hydrogen bonding of the B-keto carboxylic acid, relaxation of the carbonyl carbon is very slow,
so that in a regular 3C NMR spectrum the carbon was not visible. However, using the UDEFT experiment the
carbon signal was detected.

HR-MS (EI, 70 eV): m/z calculated for C1aH1sO3 [M—CO2H"]: 234.1252; measured: 234.1250.

6a-(2-Hydroxyethyl)-2-(hydroxymethyl)-2,3,3,6-tetramethyl-1,2,3,3a,4,6a-hexahydropentalen-1-ol (158)

Et0,C._ O

OH
LiAIH, HOT™, &7, OH

:_.CO,Me CisH2603

(THF) -78°C —rt, 18 h M =254.37

e 73% B
A solution of diester 151 (100 mg, 0.31 mmol, 1.0 equiv) in freshly distilled tetrahydrofuran (2.5 mL) was
cooled to —78 °C and carefully treated with lithium aluminium hydride solution (1.0 M in THF, 0.62 mL,
24 mg, 0.62 mmol, 2.0 equiv). The reaction was allowed to slowly warm to room temperature and stirred
for 18 h. According to a literature work-up procedure, ' the reaction mixture was diluted with
diethylether (2 mL), cooled to 0 °C, treated with H20 (24 uL), aqueous potassium hydroxide solution (15%,
24 pL), H20 (72 uL), warmed to room temperature and stirred for 15 min. Anhydrous MgSOs was added,
stirred for 15 min, filtered and after removal of all volatiles, alcohol 158 (58 mg, 0.23 mmol, 73%) was
obtained as a crystalline solid.

Because of the hydrophilicity of the product, usual aqueous work-up and extraction of the product with a variety of
solvents was not successful.

TLC: R¢= 0.39 (P/acetone = 2/1) [KMnOs4].

M.p.: Sm=144-147 °C.

IR (ATR): v (cm™) = 3312 (br), 2974 (w), 2919 (br), 1443 (w), 1377 (w), 1261 (w), 1124 (w), 1124 (w), 1067
(m), 1050 (m), 1033 (s), 1011 (s), 956 (m), 801 (w), 696 (m).

1H NMR (500 MHz, Acetone-d6): & [ppm] = 5.15 (s, 1H), 3.90 (d, ] = 4.5 Hz, 1H), 3.63 (d, ] = 4.5 Hz, 1H),
3.62 - 3.56 (m, 2H), 3.56 — 3.47 (m, 2H), 3.44 — 3.36 (m, 2H), 2.43 (d, ] = 8.1 Hz, 1H), 2.17 - 2.08 (m, 1H), 2.02
-1.93 (m, 1H), 1.74 - 1.67 (m, 1H), 1.66 — 1.64 (m, 3H), 1.06 (s, 3H), 0.91 (s, 3H), 0.74 (s, 3H).
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13C NMR (126 MHz, Acetone-dé6): & [ppm] = 144.3 (s), 123.5 (s), 80.8 (s), 68.6 (s), 60.1 (s), 58.6 (s), 56.1 (s),
50.8 (s), 41.8 (s), 35.5 (s), 30.5 (s), 24.5 (s), 18.4 (s), 12.8 (s), 11.7 (s).
HR-MS (ESI): m/z calculated for CisH2Os* [M+H*]: 255.1955; measured: 255.1955.

Methyl 4-hydroxy-3a,6,6,7-tetramethyl-2,8-dioxooctahydro-5H-pentalenol1,6a-blfuran-7-carboxylate
(159) and Methyl 3a,6,6,7-tetramethyl-2,4,8-trioxooctahydro-5H-penta-leno[1,6a-b]furan-7-carboxylate
(160)

BOL O
s i come TFDO

:.co,Me i.coMe

(TFac) -20°C,17h G0, © T GO,
64%,rr.=1:1 H M = 310.35 M = 308.33

A solution of ester 151 (10 mg, 0.03 mmol, 1.0 equiv) in dichloromethane (0.75 mL) was cooled to —20 °C
and treated with a freshly prepared TFDO-solution (0.38 M in trifluoroacetone, 0.45 mL, 5.0 equiv). The
reaction mixture was stirred at 20 °C for 17 h and warmed up to room temperature. After removal of all
volatiles in vacuo, separation of the product mixture by column chromatography (2 g, & 0.8 cm,
pent/Et20 = 1/2) afforded alcohol 159 (3 mg, 0.01 mmol, 32%) and ketone 160 (3 mg, 0.01 mmol, 32%) as

crystalline solids.

Alcohol 159

TLC: Re = 0.16 (P/Et20 = 1/2) [KMnOu].

M.p.: 9m=129-130 °C.

IR (ATR): v (cm™') = 3446 (br), 2955 (br), 1754 (s), 1736 (s), 1706 (s), 1436 (w), 1385 (w), 1261 (s), 1185 (m),
1112 (s), 1091 (m), 1043 (m), 1022 (m), 970 (m).

TH NMR (500 MHz, CDCls): § [ppm] = 4.08 (s, 1H), 3.68 (s, 3H), 3.04 (d, ] = 18.1 Hz, 1H), 2.70 - 2.65 (m,
1H), 2.62 (d, ] = 18.1 Hz, 1H), 2.17 (b, 1H), 2.08 (ddd, ] = 14.2, 9.6, 4.9 Hz, 1H), 1.93 (ddd, ] = 14.2, 8.1, 3.9
Hz, 1H), 1.53 (s, 3H), 1.25 (s, 3H), 1.08 (s, 3H), 1.03 (s, 3H).

13C NMR (91 MHz, CDCLy): § [ppm] = 216.3 (s), 174.1 (s), 172.9 (s), 95.4 (s), 79.2 (s), 63.7 (s), 61.9 (s), 58.6 (s),
52.2 (s), 4.8 (s), 41.3 (s), 33.5 (s), 28.2 (s), 22.7 (s), 20.0 (s), 18.2 (s).

HR-MS (EI, 70 eV): m/z calculated for C16H20s [M*]: 310.1416; measured: 310.1411.

Ketone 160

TLC: Re=0.52 (P/Et20 = 1/2) [KMnOx].
M.p.: Sm=176-178 °C.
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IR (ATR): v (cm™) = 2961 (br), 1794 (s), 1754 (s), 1736 (s), 1696 (s), 1434 (w), 1413 (w), 1378 (w), 1274 (s),
1226 (s), 1172 (m), 1105 (s), 1087 (s), 1048 (m), 1025 (m), 930 (s), 821 (w).

H NMR (500 MHz, CDCls): 5 [ppm] = 3.55 (s, 3H), 3.44 — 3.36 (m, 1H), 2.87 (dd, ] = 20.4, 12.3 Hz, 1H), 2.65
(t, ] =5.6 Hz, 1H), 2.61 (d, ] = 17.6 Hz, 1H), 2.46 (dd, ] = 20.4, 5.5 Hz, 1H), 1.43 (s, 3H), 1.22 (s, 3H), 1.12 (s,
3H), 1.04 (s, 3H).

3C NMR (126 MHz, CDCls): 8 [ppm] = 211.7 (s), 207.0 (s), 173.0 (s), 172.2 (s), 90.7 (s), 63.1 (s), 62.1 (s),
52.1(s), 51.0 (s), 43.4 (s), 42.6 (s), 37.6 (s), 28.6 (s), 21.6 (s), 15.6 (s), 15.0 (s).

HR-MS (EI, 70 eV): calculated for Ci6H2006 [M*]: 308.1260; measured: 308.1254.

(3-(Methoxycarbonyl)-1a,3,4,4-tetramethyl-2-oxohexahydropentalenol[1,2-bloxiren-1b(1aH)-yl)acetic

acid (161)

Ci6H2:06

bMDO icoMe 31035

(ac) rt, 2h

quant.
A solution of carboxylic acid 156 (11.0 mg, 37.4 umol, 1.0 equiv) in dichloromethane (0.2 mL) was treated
with DMDO solution (0.06 M in acetone, 0.99 mL, 59.8 umol, 1.6 equiv) and stirred at room temperature
for two hours. After removing all volatiles in vacuo, product 161 (11.5 mg, 37.4 umol, quant.) was isolated
as a crystalline white solid.

TLC: Rt ~ 0.28 (P/Et20+AcOH = 2/1) [KMnOs].

M.p.: Sm=138 °C.

IR (ATR): v (cm™) = 3453 (br), 2945 (br), 1727 (s), 1700 (s), 1431 (w), 1414 (w), 1398 (w), 1374 (w), 1294 (w),
1230 (m), 1186 (m), 1115 (m), 1053 (m), 946 (w), 839 (w).

H NMR (500 MHz, CDCs): 8 [ppm] = 3.65 (s, 3H), 3.31 (s, 1H), 3.1 (d, ] = 13.9 Hz, 1H), 2.65 (dd, ] = 9.9,
6.5 Hz, 1H), 2.37 (d, ] =13.9 Hz, 1H), 2.24 (dd, ] = 15.4, 9.9 Hz, 1H), 1.73 (ddd, ] = 15.4, 6.5, 2.1 Hz, 1H), 1.51
(s, 3H), 1.18 (s, 3H), 1.12 (s, 3H), 0.96 (s, 3H).

13C NMR (126 MHz, CDCls): 8 [ppm] =214.5 (s), 174.7 (s), 173.1 (s), 71.2 (s), 65.8 (s), 62.9 (s), 61.6 (s), 51.91 (s),
51.87 (s), 42.3 (s), 38.9 (s), 30.4 (s), 28.2 (s), 21.5 (s), 15.9 (s), 13.4 (s).

HR-MS (EI 70 eV): m/z calculated for Ci6H2206 [M*]: 310.1416; measured: 310.1411.
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Methyl 1b-(2-amino-2-oxoethyl)-1a,3,4,4-tetramethyl-2-oxooctahydropentaleno[1,2-b]- oxirene-3-

carboxylate (162)

a SOCl, (CH,Cl,) 50°C, 2h
then NHg(aq)
Ci6H2NO5
M = 309.36

b m-CPBA (CH,Cly) r.t., 18 h

49% (2 steps)
A solution of carboxylic acid 156 (50 mg, 0.17 mmol, 1.0 equiv) in dichloromethane (1 mL) was treated
with thionyl chloride (1 mL, 13.8 mmol, 81 equiv) and stirred at 50 °C for two hours. All volatiles were
removed under reduced pressure and the resulting oil was dissolved in 5 mL dichloromethane and treated
with NH4OH (25%, 3 mL) at room temperature. The reaction mixture was acidified with 1 M HCI (10 mL)
and extracted with dichloromethane (3 x 15 mL). The combined organic layers were dried (Na2SOs),
filtered and after removal of all volatiles in vacuo, the crude amide was isolated and used in the next step
without further purification.

To a solution of the crude amide (10 mg, 34.1 umol, 1.0 equiv) in dichloromethane (1 mL) was added m-
chloroperoxybenzoic acid (70%, 7.1 mg, 40.9 pmol, 1.2 equiv). The reaction mixture was stirred for 18 h at
room temperature and, after addition of aqueous NaHCOs solution (10 mL), was extracted with
dichloromethane (3 x 10 mL). The combined organic layers were dried (Na2SOs), filtered and concentrated
under reduced pressure. Column chromatography (1 g silica, & 0.8 cm, P/EtOAc = 1/5) afforded product
162 (4.2 mg, 16.7 umol, 49% over 2 steps ) as white crystalline solid. A single crystal suitable for X-ray
crystallography was obtained by slow evaporation at room temperature of a solution of the pure material
(4.2 mg) in CDCl3 (0.5 mL).

TLC: Re=0.30 (P/EtOAc =1/5) [CAM, KMnO4].

M.p.: Sm=146-148 °C.

IR (ATR): v (cm™) = 3361 (br), 2929 (br), 1728 (s), 1667 (s), 1617 (w), 1445 (m), 1395 (m), 1372 (w), 1261 (s),
1235 (s), 1185 (m), 1116 (s), 1085 (m), 1051 (m), 952 (m), 841 (w).

TH NMR (500 MHz, CDCls): 8 [ppm] = 6.76 (b, 1H), 5.40 (b, 1H), 3.66 (s, 3H), 3.34 (d, ] = 2.1 Hz, 1H), 3.03
(d, J=14.8 Hz, 1H), 2.58 (dd, ] =9.9, 6.1 Hz, 1H), 2.40 (d, ] = 14.8 Hz, 1H), 2.22 (dd, =15.4, 9.9 Hz, 1H), 1.80
(ddd, ] = 15.4, 6.1, 2.3 Hz, 1H), 1.48 (s, 3H), 1.19 (s, 3H), 1.09 (s, 3H), 0.96 (s, 3H).

13C NMR (126 MHz, CDCL): § [ppm] = 216.1 (s), 173.1 (s), 172.6 (s), 71.7 (s), 66.1 (s), 63.3 (s), 61.2 (s), 52.5
(s), 51.9 (s), 42.2 (s), 40.6 (s), 30.5 (s), 28.0 (s), 21.6 (s), 16.1 (s), 13.9 (s).

HR-MS (EL 70 eV): calculated for C1aH1904 [M*~CH2CONHz]: 251.1283; measured: 251.1280.
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Methyl 3a,6,6,7-tetramethyl-2,8-dioxo-1,2,3a,5a,7,8-hexahydro-6 H-pentaleno[1,6a-b]-furan-7-

carboxylate (163)

Cu(OAc),, H,0 o) :
(Oha):, Ha02 icoMe  CigHaOs

(MeCN/H,0) rt. 1.4 h M =292.33

40% i

Following a modified literature procedure,””! a solution of acid 156 (10.0 mg, 34.0 pumol, 1.0 equiv) in
acetonitrile (0.25 mL) was treated with copper(Il) acetate (0.6 mg, 3.40 pmol, 0.1 equiv) and hydrogen
peroxide solution (35% in H20, 3 uL, 1.0 equiv) at room temperature. After 10 min another portion of
copper(Il) acetate (0.6 mg, 3.40 umol, 0.1 equiv) as well as hydrogen peroxide solution (35% in H20, 3 uL,
1.0 equiv) was added and this process is repeated 10 times in total. After addition of 1 M HCI (0.5 mL) the
reaction mixture was extracted with dichloromethane (3 x 10 mL). The combined organic layers were dried
(Na2SOs), filtered and concentrated under reduced pressure. Column chromatography (1 g silica, & 0.8
cm, P/Et2O = 1/5) afforded product 163 (4.0 mg, 14.7 umol, 40%) as white crystalline solid.

TLC: Re=0.21 (P/EtO =2/1) [UV, KMnOx].

M.p.: 9m=111-121 °C.

IR (ATR): v (cm™) = 2922 (br), 1774 (s), 1747 (m), 1720 (s), 1433 (w), 1377 (w), 1243 (s), 1227 (s), 1112 (m),
1086 (m), 936 (m), 917 (m), 760 (m).

1H NMR (300 MHz, CDCls): 8 [ppm] = 6.13 (dd, ] =5.8, 2.4 Hz, 1H), 5.82 (dd, ] = 5.8, 2.4 Hz, 1H), 3.53 (s,
3H), 3.34 (d, ] =17.7 Hz, 1H), 3.09 (t, ] = 2.4 Hz, 1H), 2.59 (d, ] = 17.7 Hz, 1H), 1.55 (s, 3H), 1.33 (s, 3H), 1.23
(s, 3H), 0.95 (s, 3H).

BBC NMR (75 MHz, CDCl): 3 [ppm] = 212.0 (s), 173.4 (s), 171.4 (s), 137.4 (s), 134.6 (s), 99.0 (s), 65.3 (s),
62.1 (s), 61.6 (s), 51.6 (s), 41.8 (s), 40.5 (s), 27.8 (s), 21.7 (s), 20.4 (s), 16.7 (s).

HR-MS (EI, 70 eV): calculated for Ci6H200s [M]: 292.1311; measured: 251.1305.

7-(Methoxycarbonyl)-3a,6,6,7-tetramethyl-2,8-dioxohexahydro-3aH,5H-cyclopentalc]-furo[2,3-blfuran-
5-carboxylic acid (164)

HO,C. [+] aDMDO (ac) r.t., 2h
~, (ac) CieHzg0g

i_CcoMe M = 340.33

b [RuCls], KBrOy, [py]

__ (MeCN/H,0) 60°C, 17 h, v
H Ho, ¢ M
39% (2 steps)

A solution of carboxylic acid 156 (10 mg, 33.9 pmol, 1.0 equiv) in dichloromethane (0.2 mL) was treated

with DMDO solution (0.06 M in acetone, 0.90 mL, 54 umol, 1.6 equiv) and stirred at room temperature for
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two hours. After removing all volatiles in vacuo, the crude epoxide (11 mg) was isolated and used in the
subsequent step without any further purification.

Following a modified literature procedure,!*! a solution of RuCls (0.70 mg, 3.4 umol, 0.1 equiv) and KBrOs
(17.0 mg, 101 pmol, 3.0 equiv) in H20 (0.4 mL) was treated with pyridine (0.5 pL, 0.54 mg, 0.2 equiv) at
room temperature. A solution of the crude epoxide (11 mg, 33.9 pmol, 1.0 equiv) in acetonitrile (0.4 mL)
was added and the reaction mixture was stirred at 60°C for 17 h, cooled to room temperature and
quenched with aqueous sodium sulfite solution (0.5 mL). The reaction mixture was washed with
dichloromethane (3 x 10 mL), the resulting aqueous phase was acidified with 1 M HCI (2 mL) and extracted
with dichloromethane (3 x 10 mL). The combined organic layers were dried (NaxSOs), filtered and
concentrated under reduced pressure. Column chromatography (1 g silica, & 0.8 cm, EtOAc/MeOH =10/1)
afforded product 164 (4.3 mg, 16.7 umol, 39% over 2 steps) as a white crystalline solid. A single crystal
suitable for X-ray crystallography was obtained by slow evaporation at room temperature of a solution of
the pure material (4.3 mg) in dichloromethane (0.5 mL).

TLC: Re=0.10 (EtOAc/MeOH = 10/1) [KMnO].

M.p.: Sm=208-210 °C.

IR (ATR): v (cm™) = 2954 (w), 2992 (br), 2852 (w), 1732 (s), 1454 (w), 1389 (w), 1264 (m), 1233 (m), 1186 (m),
1129 (m), 1101 (m), 927 (m).

TH NMR (500 MHz, CDCls): 8 [ppm] = 4.80 (s, 1H), 3.70 (s, 3H), 3.26 (d, ] = 17.7 Hz, 1H), 2.99 (s, 1H), 2.71
(d, J=17.7 Hz, 1H), 1.67 (s, 3H), 1.30 (s, 3H), 1.28 (s, 3H), 1.07 (s, 3H).

3C NMR (126 MHz, CDCls): 8 [ppm] = 210.1 (s), 170.9 (s), 170.6 (s), 119.5 (s), 65.4 (s), 63.2 (s), 60.5 (s),
52.3 (s), 42.4 (s), 42.2 (s), 29.7 (s), 27.6 (s), 21.7 (s), 20.4 (s), 16.5 ().

The signal of the carboxylic acid carbon is not visible in the 3C NMR spectra.

HR-MS (ESI): m/z calculated for CieH210s* [M+H"]: 341.1231; measured: 341.1233.

2,3,3,6-Tetramethyl-1-ox0-6a-(2-0x0-2-((2,2,2-trifluoroethyl)amino)ethyl)-N-(2,2,2-trifluoro

ethyl)-1,2,3,3a,4,6a-hexahydropentalene-2-carboxamide (165)

0
RGN Facuzcrm)\ 0 0
B i.CO,Me n-BuLi, CF3CH,NH, B

NHCH,CF

(THF) —78°C, 1h
o CigH4FgN2O3
18% M = 442.40

A solution of trifluoroethylamine (0.54 mL, 0.68 g, 11.0 equiv) in THF (6 mL) was cooled to -78 °C and
treated with n-butyllithium solution (2.23 M in hexane, 2.78 mL, 10.0 equiv). After stirring for 30 min, a

solution of the methyl ester 150 (0.20 g, 0.65 mmol, 1.0 equiv) in tetrahydrofuran (4 mL) was added drop-
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wise at —78 °C and the reaction mixture was stirred for one hour. Aqueous NH4Cl (1 mL) was added to
the reaction mixture at —78 °C, which was then warmed to room temperature, acidified with 1 M HCl
(2mL) and extracted with dichloromethane (3 x 10 mL). The combined organic layers were dried (Na2SOa),
filtered and concentrated under reduced pressure. Column chromatography (20 g silica, & 2.5 cm,
P/Et20 =5/1 - 1/1 — P/EtOAc=1/1) afforded product 164 (50 mg, 0.62 mmol, 18%) as a white crystalline
solid.

Along with the desired product also mono amide and elimination product were isolated.

TLC: Re=0.71 (P/EtOAc = 1/1) [KMnOs].

M.p.: Sm=177 °C.

IR (ATR): v (cm™) = 3375 (br), 3287 (br), 2923 (br), 1727 (m), 1654 (m), 1527 (m), 1394 (w), 1269 (m), 1145
(s), 978 (m), 670 (m).

1H NMR (500 MHz, DMSO-d6): 8.62 - 8.56 (m, 1H), 7.98 (t, ] = 6.3 Hz, 1H), 5.30 (s, 1H), 3.99 - 3.72 (m, 4H),
2.86 (d, J=7.3 Hz, 1H), 2.55 (d, ] = 13.2 Hz, 1H), 2.36 (d, ] = 13.2 Hz, 1H), 2.36 - 2.30 (m, 1H), 2.13 (d, ] = 16.8
Hz, 1H), 1.67 (s, 3H), 1.29 (s, 3H), 1.10 (s, 3H), 0.66 (s, 3H).

13C NMR (126 MHz, DMSO-d6): & [ppm] =219.9 (s), 171.9 (s), 169.8 (s), 140.0 (s), 128.4 (s), 126.2 (d, | =279.9
Hz), 123.6 (q, ] = 279.9 Hz), 65.4 (s), 62.6 (s), 50.5 (s), 42.6 (s), 41.8 (s), 31.3 (s), 23.6 (s), 21.3 (s), 19.6 (s),
13.1 (s).

Due to signal overlapping of the DMSO-d6 peak, the CFs quartets at ~40 ppm are not listed. However, they are
visible if the sample is dissolved in CDCls (due to the bad solubility in chloroform, then, the other CFs-quartetts at
~124 ppm are not well resolved).

BC NMR (126 MHz, CDCl3): & [ppm] = 222.6 (s), 172.0 (s), 169.3 (s), 139.3 (s), 130.1 (s), 124.9 (d, ] = 279.7
Hz), 123.84 (d, ] = 279.7 Hz), 65.1 (s), 62.2 (s), 49.8 (s), 42.8 (s), 42.2 (s), 40.6 (q, ] = 35.0 Hz), 39.9 (q, ] = 34.6
Hz), 31.2 (s), 22.8 (s), 20.7 (s), 20.2 (s), 12.6 (s).

HR-MS (ESI): m/z calculated for CioH2sFsN20s* [M+H"]: 443.1764; measured: 443.1758.

3a,6,6,7-Tetramethyl-2,8-dioxo-N-(2,2,2-trifluoroethyl)octahydro-5H-pentalenol1,6a-b]-furan-7-

carboxamide (166)

MeOZC\- [} a n-BuLi, CF3CHoNH,

i coMe (THF) -78°C,1h

Ci7H2oFNO,
NHCH,CF; M = 361.36

b TFA(CH,Cly) rt., 3d
51% (2 steps)

A solution of trifluoroethylamine (0.19 mL, 0.26 g, 8.0 equiv) in THF (4 mL) was cooled to —78 °C and

treated with n-butyllithium solution (2.10 M in hexane, 1.08 mL, 7.0 equiv). After stirring for 30 min, a
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solution of the methyl ester 150 (0.10 g, 0.32 mmol, 1.0 equiv) in THF (2 mL) was added drop-wise at —
78 °C and the reaction mixture was stirred for one hour. Aqueous NH4Cl (1 mL) was added to the reaction
mixture at -78 °C, which was then warmed to room temperature, acidified with 1 M HCI (1 mL) and
extracted with dichloromethane (3 x 10 mL). The combined organic layers were dried (Na2SOa), filtered
and all volatiles were removed in vacuo.

The crude product mixture was dissolved in dichloromethane (4 mL), treated with trifluoroacetic acid
(2.0mL, 2.96 g, 80.0 equiv) and stirred at room temperature for three days. Removal of all volatiles in vacuo
and column chromatography (10 g silica, @ 2 cm, P/EtOAc = 4/1 — 2/1) afforded product 166 (60 mg,
0.17 mmol, 51% over 2 steps) as white crystalline solid.

TLC: R¢=0.31 (P/EtOAc = 2/1) [KMnO4].

M.p.: Sm=151-152 °C.

IR (ATR): v (cm™) = 3361 (br), 2975 (br), 1751 (s), 1724 (s), 1678 (), 1522 (m), 1273 (s), 1154 (s), 956 (m), 665
(m).

TH NMR (500 MHz, CDCls): 8 [ppm] = 8.05 (s, 1H), 4.09 (dqd, ] = 14.8, 9.0, 6.8 Hz, 1H), 3.79 (dqd, ] = 15.0,
9.0, 5.9 Hz, 1H), 3.15 (d, ] = 17.9 Hz, 1H), 2.69 (d, ] = 17.9 Hz, 1H), 2.46 (d, ] = 8.1 Hz, 1H), 2.19 (dd, ] = 13.8,
7.5 Hz, 1H), 2.14 - 1.98 (m, 1H), 1.92 — 1.76 (m, 2H), 1.51 (s, 3H), 1.36 (s, 3H), 1.30 (s, 3H).

13C NMR (126 MHz, CDCls): 3 [ppm] =0 221.4 (s), 172.9 (s), 171.1 (s), 124.0 (q, ] = 278.4 Hz), 97.7 (s), 62.9 (s),
62.1(s), 57.6 (s), 46.0 (s), 43.1 (s), 40.0 (), 39.9 (q, ] = 34.6 Hz), 23.6 (s), 23.1 (s), 22.2 (s), 21.6 (s), 20.2 (s).
HR-MS (ESI): m/z calculated for Ci7H23FsNOs+ [M+H*]: 362.1574; measured: 362.1572.

Methyl 2,3,3,6-tetramethyl-1-oxo0-6a-(2-0x0-2-((2,2,2-trifluoroethyl)amino)ethyl)-1,2,3,3a,4,6a-

hexahydropentalene-2-carboxylate (167)

HO.C. O

:.COMe EDC, CF4CHoNH,*HCI, NEty
e 8

CigHaaFaNO,

DMAP] (CH,Cl,) rt., 16 h
: 1(GHCle) M = 375.39

32%
To a solution of acid 156 (182 mg, 0.62 mmol, 1.0 equiv) in dichloromethane (10 mL) was added EDC-HCl
(237 mg, 1.24 mmol, 2.0 equiv), DMAP (1 spatula tip) and trifluoroethyl-amine hydrochloride (168 mg,
1.24 mmol, 2.0 equiv). After drop-wise addition of trimethylamine (0.25 mL, 1.85 mmol, 3.0 equiv) the
reaction mixture was stirred at room temperature for 16 h. Aqueous NH4Cl solution (5 mL) was added
and after acidification with 1 M HCI (2 mL), the reaction mixture was extracted with dichloromethane

(3 x 10 mL). The combined organic layers were dried (Na2SOs), filtered and concentrated under reduced
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pressure. Column chromatography (10 g silica, & 1.5 cm, P/EtOAc = 2/1) afforded product 167 (75 mg, 0.62
mmol, 32%) as a colorless oil.

TLC: Re¢=0.22 (P/EtOAc = 2/1) [KMnO4].

IR (ATR): v (cm™) = 3344 (br), 2952 (w), 2924 (br), 1727 (s), 1667 (m), 1536 (w), 1433 (w), 1395 (w), 1375 (w),
1278 (m), 1220 (w), 1159 (s), 1115 (w).

TH NMR (500 MHz, CDCl3): § [ppm] = 6.36 (s, 1H), 5.48 — 5.35 (m, 1H), 4.09 — 3.91 (m, 1H), 3.75 — 3.60 (m,
1H), 3.56 (s, 3H), 2.85 (dd, ] = 8.4, 2.0 Hz, 1H), 2.66 (d, ] = 14.1 Hz, 1H), 2.53 (ddt, ] = 17.7, 8.3, 2.4 Hz, 1H),
2.44 (d, J = 14.1 Hz, 1H), 2.41 - 2.34 (m, 1H), 1.63 (s, 3H), 1.22 (s, 3H), 1.02 (s, 3H), 0.97 (s, 3H).

5C NMR (126 MHz, CDCly): § [ppm] = 215.2 (s), 171.8 (s), 170.4 (s), 139.2 (s), 129.9 (s), 124.0 (q, ] = 2785
Hz), 66.5 (s), 624 (s), 52.2 (s), 51.6 (), 42.1 (), 41.0 (), 40.5 (q, ] = 34.6 Hz), 32.6 (s), 26.3 (s), 21.4 (s), 17.1 (5),
12.4 (s).

HR-MS (ESI): m/z calculated for CisH2sFsNOs* [M+H"]: 376.1730; measured: 376.1729.

Methyl 1a,3,4,4-tetramethyl-2-oxo0-1b-(2-0x0-2-((2,2,2-trifluoroethyl)amino)ethyl)octa-hydro

pentalenol1,2-b]oxirene-3-carboxylate (168)

o
F;CHZCHN)J\_ Q

o
o
£ coMe DMDO FSCHZCHN)K
3, 2!
—_—
o;

:_coMe
CigH24F3NO5

(ac)rt,14h
M = 391.39

H quant. H

A solution of amide 167 (10.0 mg, 26.6 umol, 1.0 equiv) in dichloromethane (0.2 mL) was treated with
DMDO solution (0.06 M in acetone, 0.71 mL, 42.6 umol, 1.6 equiv) and stirred at room temperature for 14
h. After removing all volatiles in vacuo, product 168 (10.4 mg, 26.6 pmol, quant.) was isolated as a
crystalline white solid.

TLC: Re=0.19 (P/EtOAc = 1/2) [KMnOs4].

M.p.: Sm=133-134 °C.

IR (ATR): v (cm™) = 3281 (br), 2933 (br), 1743 (m), 1709 (m), 1663 (m), 1556 (w), 1257 (m), 1154 (s), 1108 (m),
959 (w), 833(w).

TH NMR (400 MHz, CDCl): 8 [ppm] =7.59 (s, 1H), 4.13 —3.99 (m, 1H), 3.77 — 3.65 (m, 1H), 3.66 (s, 3H), 3.38
(d, J=2.2Hz, 1H), 3.10 (d, ] = 15.4 Hz, 1H), 2.46 (d, ] = 15.5 Hz, 1H), 2.41 (dd, ] = 9.9, 6.1 Hz, 1H), 2.20 (dd,
J=15.5,9.9 Hz, 1H), 1.81 (ddd, ] = 15.5, 6.1, 2.2 Hz, 1H), 1.48 (s, 3H), 1.18 (s, 3H), 1.09 (s, 3H), 0.91 (s, 3H).
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15C NMR (101 MHz, CDCl3): 8 [ppm] = 215.9 (s), 173.2 (s), 170.5 (s), 124.4 (q, ] = 278.7 Hz), 72.3 (s), 66.9 (s),
63.4 (), 60.9 (s), 52.8 (s), 52.0 (s), 42.3 (s), 41.3 (s), 40.8 (q, ] = 34.2 Hz), 30.6 (s), 28.3 (s), 21.5 (s), 16.1 (s),

13.9 (s).
HR-MS (ESI): m/z calculated for CisH2sFsNOs* [M+H*]: 392.1679; measured: 392.1676.
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8.3 Neurite Outgrowth Assay

Cell culture, transfection and morphological analysis. N2a cells were cultured in Dulbecco’s modified
Eagle’s medium (DMEM, INVITROGEN, Karlsruhe, Germany) with 10% heat-inactivated FCS at 37 °C
under a humidified 5% COz2 atmosphere at 37 °C. N2a cells were plated at a density of 35 x 103 cells/well
on glass cover slips (24-well plate, polylysine-coated) in medium containing serum. 24 h later a transient
transfection was performed—including treatment with compounds or DMSO—by addition of a
transfection cocktail containing 800 ng of DNA (encoding myr-Venus together with plasmid pRK5) and
1.5 ul of lipofectamine 2000 transfection reagent per well (INVITROGEN, Karlsruhe, Germany) in 100 ul
of Opti-MEM medium (INVITROGEN, Karlsruhe, Germany). 100 ul transfection mix were added to 400 ul
DMEM (containing compounds or DMSO) without FCS to induce differentiation. After additional 24-36
h, N2a cells were fixed with paraformaldehyde solution (4%) and mounted with Vectashield (VECTOR,
Burlingame, USA). At least 25 cells from each run were arbitrarily chosen and analyzed using
a fluorescence microscope (Axioplan 2, CARL ZEISS, Jena, Germany). The total length of neurites was
determined using Image] software with a Neuron] plugin (NIH, Bethesda, USA). Each condition was

performed in triplicate. Given values represent the mean of the data.

DMSO (reference) 2, (-) Jiadifenolide

Compound LO1 Compound L10

Figure S4. Morphological analysis of N2a cells with tracing of NeuronJ marked in red.
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8.4 X-Ray Crystallographic Data

Compound 101 (CCDC 1512693)

A clear colourless block-like specimen of Ci4H,04, approximate dimensions 0.140 mm x 0.340 mm x 0.720
mm, was used for the X-ray crystallographic analysis. The X-ray intensity data were measured on a Bruker
Kappa APEX II CCD system equipped with a graphite monochromator and a Mo fine-focus tube (A =
0.71073 A).

A total of 2693 frames were collected. The total exposure time was 14.96 hours. The frames were integrated
with the Bruker SAINT software package using a narrow-frame algorithm. The integration of the data
using an orthorhombic unit cell yielded a total of 40130 reflections to a maximum 6 angle of 28.32° (0.75 A
resolution), of which 3435 were independent (average redundancy 11.683, completeness = 99.9%, Rint =
2.65%, Rsig = 1.34%) and 3275 (95.34%) were greater than 20(F?). The final cell constants of a = 12.9623(3) A,
b=9.7509(2) A, c=10.9430(2) A, volume = 1383.13(5) A3, are based upon the refinement of the XYZ-centroids
of 134 reflections above 20 o(I) with 5.246° < 26 < 44.65°. Data were corrected for absorption effects using
the multi-scan method (SADABS). The ratio of minimum to maximum apparent transmission was 0.798.
The calculated minimum and maximum transmission coefficients (based on crystal size) are 0.9394 and

0.9879.

The structure was solved and refined using the Bruker SHELXTL Software Package in conjunction with
SHELXLE, using the space group P ¢ a 21, with Z = 4 for the formula unit, C;4H»04. The final anisotropic
full-matrix least-squares refinement on F? with 168 variables converged at R1 = 2.89%, for the observed
data and wR2 =7.59% for all data. The goodness-of-fit was 1.065. The largest peak in the final difference
electron density synthesis was 0.269 e/A% and the largest hole was -0.151 e/A% with an RMS deviation of

0.034 e/A3. On the basis of the final model, the calculated density was 1.221 g/cm® and F(000), 552 e".
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Sample and crystal data for compound 101.

Identification code
Chemical formula
Formula weight
Temperature
Wavelength
Crystal size
Crystal habit
Crystal system
Space group

Unit cell dimensions

Volume

VA

Density (calculated)
Absorption coefficient

F(000)

RicJol AP7137-123
C4H504

254.32

123(2) K

0.71073 A

0.140 x 0.340 x 0.720 mm
clear colourless block

orthorhombic

Pca2

a=12.9623(3) A a=90°
b=9.7509(2) A B =90°
c=10.943002) A v =90°

1383.13(5) A®
4

1.221 glem®
0.088 mm™!

552

Data collection and structure refinement for compound 101.

Diffractometer

Radiation source

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Coverage of independent reflections
Absorption correction

Max. and min. transmission
Structure solution technique
Structure solution program
Refinement method
Refinement program

Function minimized

Data / restraints / parameters

Bruker Kappa APEX II CCD
fine-focus tube, Mo

2.09 to 28.32°

-17<=h<=17, -13<=k<=13, -14<=I<=14
40130

3435 [R(int) = 0.0265]

99.9%

multi-scan

0.9879 and 0.9394

direct methods

SHELXS-97 (Sheldrick, 1990)
Full-matrix least-squares on F?
SHELXL-97 (Sheldrick, 1997)
s w(F,’ - F2Y?

3435/1/168
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Goodness-of-fit on F* 1.065
Final R indices 3275 data; I>20(I) R1=0.0289, wR2 =0.0743
all data R1=0.0315, wR2 =0.0759

w=1/[6*(Fy’)+(0.0453P)>+0.1909P]

‘Weighting scheme
where P=(F,’+2F.%)/3

Absolute structure parameter 0.0(6)
Largest diff. peak and hole 0.269 and -0.151 eA™
R.MLS. deviation from mean 0.034 eA™

Compound 154 (CCDC 1512694)

Crystal Data and Details of the Structure Determinationfor: compound 154

Formula C12 H14 O3
Formula Weight 206.23

Crystal System Monoclinic

Space group P21/n (No. 14)

a, b, c [Angstrom] 10.5017(3) 9.3872(3) 10.7387(3)
alpha, beta, gamma [deg] 90 100.4498(12) 90
V [Ang**3] 1041.08(5)

z 4

D(calc) [g/cm**3] 1.316
Mu(MoKa) [ /mm ] 0.094

F(000) 440

Crystal Size [mm] 0.43x 0.43x 0.53

Data Collection
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Temperature (K) 100

Radiation [Angstrom] MoKa  0.71073

Theta Min-Max [Deg] 25, 254

Dataset -12:12;-11:11;-12: 12

Tot., Unig. Data, R(int) 18199, 1904, 0.030

Observed data [I > 2.0 sigma(l)] 1852
Refinement

Nref, Npar 1904, 192

R, wR2, S 0.0337, 0.0829, 1.03

w = 1/[\s"27(Fo*2")+(0.0367P)"2"+0.5612P] where P=(Fo"2"+2Fc"2")/3

Max. and Av. Shift/Error 0.00, 0.00

Min. and Max. Resd. Dens. [e/Ang”3] -0.23,0.33

Compound 158 (CCDC 1512695)

A clear colourless fragment-like specimen of CysH,03, approximate dimensions 0.180 mm x 0.236 mm x 0.264
mm, was used for the X-ray crystallographic analysis. The X-ray intensity data were measured on a Bruker
Kappa APEX II CCD system equipped with a graphite monochromator and a Mo fine-focus tube (A =
0.71073 A).

A total of 2096 frames were collected. The total exposure time was 17.47 hours. The frames were integrated
with the Bruker SAINT software package using a narrow-frame algorithm. The integration of the data
using an orthorhombic unit cell yielded a total of 26392 reflections to a maximum 8 angle of 27.16° (0.78 A
resolution), of which 3021 were independent (average redundancy 8.736, completeness = 100.0%, Rint =
3.96%, Rsig = 2.81%) and 2693 (89.14%) were greater than 20(F?). The final cell constants of a = 7.43840(10) A,
b=9.5575(2) A, c=19.1157(4) A, volume = 1358.98(4) A3, are based upon the refinement of the XYZ-centroids
of 111 reflections above 20 o(I) with 6.960° < 26 < 54.21°. Data were corrected for absorption effects using
the multi-scan method (SADABS). The ratio of minimum to maximum apparent transmission was 0.860.
The calculated minimum and maximum transmission coefficients (based on crystal size) are 0.9780 and

0.9850.

The structure was solved and refined using the Bruker SHELXTL Software Package in conjunction with
SHELXLE, using the space group P 21 21 21, with Z = 4 for the formula unit, C,sH,s0;. The final anisotropic

full-matrix least-squares refinement on F? with 179 variables converged at R1 = 3.33%, for the observed
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data and wR2 = 7.84% for all data. The goodness-of-fit was 1.057. The largest peak in the final difference
electron density synthesis was 0.246 e/A? and the largest hole was -0.167 e/A3 with an RMS deviation of

0.038 e/A3. On the basis of the final model, the calculated density was 1.243 g/cm?® and F(000), 560 e".

Sample and crystal data for compound 158.

Identification code

RicJo2 AP7199-123

Chemical formula Ci5Ha60;5
Formula weight 254.36
Temperature 123(2) K
Wavelength 0.71073 A

Crystal size

0.180 x 0.236 x 0.264 mm

Crystal habit clear colourless fragment

Crystal system orthorhombic

Space group P2,22

Unit cell dimensions a=7.43840(10) A a=90°
b=9.5575(2) A B =90°
c=19.1157(4) A y =90°

Volume 1358.98(4) A®

VA 4

Density (calculated) 1.243 g/cm3

Absorption coefficient 0.084 mm™

F(000) 560

Data collection and structure refinement for compound 158.

Diffractometer

Bruker Kappa APEX 11 CCD
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Radiation source

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Coverage of independent reflections
Absorption correction

Max. and min. transmission
Structure solution technique
Structure solution program
Refinement method
Refinement program

Function minimized

Data / restraints / parameters
Goodness-of-fit on F*

Final R indices

Weighting scheme

Absolute structure parameter
Largest diff. peak and hole

R.M.S. deviation from mean

Compound 162 (CCDC 1512696)

fine-focus tube, Mo

2.13t0 27.16°

-9<=h<=9, -11<=k<=12, -24<=I<=24
26392

3021 [R(int) = 0.0396]

100.0%

multi-scan

0.9850 and 0.9780

direct methods

SHELXS-97 (Sheldrick, 2008)
Full-matrix least-squares on F>
SHELXL-2014/7 (Sheldrick, 2014)
3 w(F, - F2)?

3021/0/179

1.057

2693 data; [>20(1)

all data R1=0.0419, wR2 = 0.0784

w=1/[6*(F,*)+(0.0388P)*+0.2690P]
where P=(F,>+2F2)/3

0.5(0)

0.246 and -0.167 eA”

0.038 ¢A”

R1=0.0333, wR2 = 0.0744

A clear pale yellow block-like specimen of CysH,;3NOs, approximate dimensions 0.174 mm x 0.423 mm x 0.503

mm, was used for the X-ray crystallographic analysis. The X-ray intensity data were measured on a Bruker

Kappa APEX II CCD system equipped with a graphite monochromator and a Mo fine-focus tube (A =

0.71073 A).

A total of 6088 frames were collected. The total exposure time was 33.82 hours. The frames were integrated

with the Bruker SAINT software package using a narrow-frame algorithm. The integration of the data

using a triclinic unit cell yielded a total of 55031 reflections to a maximum 8 angle of 25.40° (0.83 A

resolution), of which 5916 were independent (average redundancy 9.302, completeness = 99.6%, Rint

4.31%, Rsig = 2.59%) and 4737 (80.07%) were greater than 20(F?). The final cell constants of a = 7.100(8) A, b
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=14.62(2) A, c=16.372(18) A a= 68.52(4)°, B =82.17(4)°, y = 88.73(6)°, volume = 1566.(5) A3, are based upon
the refinement of the XYZ-centroids of 114 reflections above 20 o(I) with 7.299° < 28 < 41.90°. Data were
corrected for absorption effects using the multi-scan method (SADABS). The ratio of minimum to
maximum apparent transmission was 0.893. The calculated minimum and maximum transmission
coefficients (based on crystal size) are 0.9500 and 0.9820. The structure was solved and refined using the
Bruker SHELXTL Software Package in conjunction with SHELXLE, with Z = 2 for the formula unit,
CsH23NOs. The final anisotropic full-matrix least-squares refinement on F2 with 443 variables converged at
R1=3.51%, for the observed data and wR2 =8.70% for all data. The goodness-of-fit was 1.034. The largest
peak in the final difference electron density synthesis was 0.262 e/A? and the largest hole was -0.220 e/A?
with an RMS deviation of 0.042 e/A3. On the basis of the final model, the calculated density was 1.347
g/cm?® and F(000), 704 e~

c»@g;

Sample and crystal data for compound 162.

Identification code
Chemical formula
Formula weight
Temperature
Wavelength
Crystal size
Crystal habit
Crystal system
Space group

Unit cell dimensions

Volume

RicJo3 AP7267-123
Ci6Ha3NOs

309.36

12302) K

0.71073 A

0.174 x 0.423 x 0.503 mm

clear pale yellow block

triclinic

P-1

a=7.100(8) A o =68.52(4)°

b=14.62(2) A B =82.17(4)°
=16.372(18) A v = 88.73(6)°

1566.(5) A’
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Z
Density (calculated)
Absorption coefficient

F(000)

2
1.347 glem®
0.103 mm™
704

Data collection and structure refinement for compound 162.

Diffractometer

Radiation source

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Coverage of independent reflections
Absorption correction

Max. and min. transmission
Structure solution technique
Structure solution program
Refinement method
Refinement program

Function minimized

Data / restraints / parameters
Goodness-of-fit on F*

A/Omax

Final R indices

Weighting scheme

Largest diff. peak and hole

R.M.S. deviation from mean

Bruker Kappa APEX 11 CCD

fine-focus tube, Mo

1.47 to 25.40°

-8<=h<=8, -17<=k<=17, -19<=I<=19

55031

5916 [R(int) = 0.0431]

99.6%

multi-scan

0.9820 and 0.9500

direct methods

SHELXS-97 (Sheldrick, 2008)

Full-matrix least-squares on F?

SHELXL-97 (Sheldrick, 2008) and SHELXLE (Huebschle. 2011)
3 w(F, - F2)
5916/9 /443
1.034

0.001

4737 data; I>20(1) R1=0.0351, wR2 = 0.0804
all data R1=0.0488, wR2 = 0.0870
w=1/[6*(F,*)+(0.0400P)*+0.6089P]

where P=(F,+2F.>)/3

0.262 and -0.220 eA™

0.042 eA”

8.5 DFT-Calculations and Computational Details

In order to better understand the unsuccessful conversion of compound S14, DFT calculations were

performed to obtain several reaction profiles. Specifically, two structures were investigated, with either a

trifluorethyl amide or a methyl substituent (Figure S3): Compound S01 experimentally produced lactone
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21 (Table 2 in the manuscript) in good yields and S19, a substrate analogue of 514 that does not convert at
all (see previous chapter). Additionally, S17 and S18, carrying methyl amide substituents instead of the

electron-withdrawing group were investigated, to gauge the influence of this groups.

o
H
Me .R

\f/\)lxrl‘

Me Br

MeH
S$17 (R=Me) $18 (R =Me)
S01 (R =CH,CF3) $§19 (R =CH,CF;)

Figure S3. N-brominated starting material for the DFT study.

The calculated stationary points alongside the proposed mechanism are shown in Scheme S1. In our case,
we leave out the N-bromination, since it is already accomplished in the previous step and focus on the

behavior of the radical obtained through a photoreaction.

o 0 ol? o
MGN",R — MENN,R—» Me\/H\__N{n —»MeM",R
R M R’ H ' :
Br B R R h
At A2 TSabstr. A3
H R Me * °
R O _0 —-- R O__nN+ —— |Brf" Q - e R
H R’ Br H
Lactone A5 TSeyel. A4

Scheme S1. The photoreaction with 1,5-H abstraction and cyclization mechanism (R = Me or CH,CF3).

The first step is the homolytic cleavage of the N-Br bond of A1 leading to a nitrogen centered radical A2
and a Br radical. The N-radical undergoes 1,5-hydrogen shift (via TSabstr.) to produce a carbon centered
radical at the y position of A3. Here, the Br-radical can recombine leading to compound A4. In a cyclization

reaction, the iminium lactone A5 is formed via heterolytic cleavage of the C-Br bond (TScyl.).

Table S3. Calculated AG values in kcal/mol of the intermediates and transition states.

entry substrate R A1 A2 TS1 A3 A4 TS2 A5
1 S17 Me 0.0 +33.6 +438 +247 272 +3.7 -20.3
2 S18 Me 0.0 +33.7 +46.3 +21.0 -24.6 +3.4 -26.1
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3 S01 CHCF, 0.0 +33.1 +41.1 4235 -28.3 +52 -18.5
4 S$19 CHCF 0.0 +32.3 +43.2 +181 273 +3.8 -24.3

From Table S3, the following observations can be made: First of all, the C-centered radical is more stable
than the N-centered radical (A2 vs A3) and also the subsequent bromo compound is more stable when Br
is bound to the y-carbon rather than to the amide (A1 vs. A4). A comparison of the two different substrates
517 and S18 shows a higher barrier (TSabstr) for the sterically more demanding substituent during the H
transfer. Together with the energy difference at A4 (y-bromo compound) that also sees the smaller
substituent with the better exergonicity of the formation, this hints at the steric hindrance during this part
of the mechanism. These calculations indicate that compound S14 failed to be converted under the

conditions described due to a energetically disfavored transition state for the H-abstraction.

Compound S17] @ — —
.-

50.0

40.0 4

30.0 +

20.0 -

% 10.0 4
€
€ ool A PaaNacluiibedl
< 00 s £--X -
] A1(0.0,0.0) \ / \
< \ / W\
~10.0 4 . ‘“ / N -
! Vi N . -
\ Vi W\
-200 4 N4 e
~o- N
‘o’ *
—30.0 1 A4 (272, -246) A5 (-20.3,-26.1)

Figure S4. Gibbs free-energy diagram computed for substrate S17 and substrate S18. Optimized structures of
transition states identified for 1,5-H abstraction (TSabstr.) and cyclization (TScycr.).

Figure 5 shows the AG values for the -CH2CFs substituted substrates S01 and §19. The main difference to
S17 and S18 is that the barrier for the H transfer in the intermediate radical is lowered while the barrier

height for the cyclization is increased.
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Figure S5. Gibbs free-energy diagram computed for substrate S01 and substrate $19. Optimized structures of
transition states identified for 1,5-H abstraction (TSabstr.) and cyclization (TScyecr.).

Computational Details

The calculations have been conducted using the Gaussian 09 C.01 package.['3!l The B3LYP hybrid density
functional™®! has been used together with the triple-C basis set 6-311+G**.115%¢] Free energy values are
reported in kcal/mol and given as differences to the starting material Al as long not stated otherwise. The
energies values are reported for 298.15 K and 1 atm. Frequency calculations have been carried out in order

to check if the number of negative frequencies is either 0 (ground state) or 1 (transition state).

XYZ Coordinates and Absolute Energies (in a.u.) of all Calculated Species

Bromine radical (to be added to A2, A3 and TSabst.):

Center Atomic Atomic Coordinates (Angstroms
Number Number Type X Y 7

1 35 0 0.000000 0.000000 0.000000
HF= -2574.1057349 / NImag =0

Sum of electronic and thermal Enthalpies=

-2574.103374
Sum of electronic and thermal Free Energies=

-2574.122565

Calculations according starting with compound 5§17:
S17-A1

Center Atomic Atomic

Coordinates (Angstroms)
Number Number Type X

Y 7

134



Experimental Section

1 6 0 -4.590909 0.326786 -0.495456
2 6 0 -3.244711 -0.385719 -0.303169
3 1 0 -5.391669 -0.388983 -0.703179
4 1 0 -4.869021 0.884793 0.405282
5 1 0 -4.551143 1.036797 -1.326583
6 6 0 -2.126734 0.647428 -0.069946
7 1 0 -3.016394 -0.923787 -1.234066
8 6 0 -0.717288 0.050206 -0.056137
9 1 0 -2.175379 1.409706  -0.853266
10 1 0 -2.306983 1.176622 0.871830
11 1 0 -0.599482 -0.661334 0.767676
12 1 0 -0.533272 -0.524056 -0.970198
13 6 0 0.357789 1.113965 0.085509
14 8 0 0.112349 2.285698 0.314434
15 7 0 1.682563 0.738259 -0.111120
16 35 0 2.200832 -1.088435 -0.102352
17 6 0 -3.341616 -1.420727 0.827703
18 1 0 -2.425790 -2.008154 0.933996
19 1 0 -3.537863 -0.929352 1.787300
20 1 0 -4.158991 -2.123839 0.643011
21 6 0 2.782478 1.664994 0.157254
22 1 0 3.601277 1.461076 -0.532707
23 1 0 2.404034 2.672003 -0.006677
24 1 0 3.140766 1.578730 1.187746

HF= -2979.402784 / NImag = 0

Sum of electronic and thermal Enthalpies= -2979.185023

Sum of electronic and thermal Free Energies= -2979.240552

S517-A2

Center Atomic Atomic Coordinates (Angstroms)

Number Number Type X Y Z
1 6 0 3.442966  -0.895274 0.044175
2 6 0 2.333988 0.108586 -0.300919
3 1 0 4.426372 -0.513979 -0.245893
4 1 0 3.468203 -1.093847 1.121255
5 1 0 3.288862 -1.850455 -0.465991
6 6 0 0.956142 -0.476273 0.063592
7 1 0 2.352410 0.265955 -1.388477
8 6 0 -0.230698 0.364928 -0.408432
9 1 0 0.863398 -1.476944 -0.368038
10 1 0 0.897977 -0.614224 1.150215
11 1 0 -0.241556 1.358112 0.055119
12 1 0 -0.175370 0.552997 -1.487870
13 6 0 -1.578850 -0.274303 -0.143413
14 8 0 -1.734744 -1.425419 0.238898
15 7 0 -2.666634 0.520156 -0.485983
16 6 0 2.601165 1.460860 0.375867
17 1 0 1.876302 2.223642 0.079998
18 1 0 2.559843 1.363789 1.466684
19 1 0 3.594376 1.837605 0.114943
20 6 0 -3.841997 0.436935 0.336372
21 1 0 -3.896383 1.355457 0.941442
22 1 0 -4.735387 0.429008 -0.293651
23 1 0 -3.830953  -0.427622 1.007520

HF=-405.2243323 / NImag = 0

Sum of electronic and thermal Enthalpies= -405.011780

Sum of electronic and thermal Free Energies= -405.064383

S17-TS1

Center Atomic Atomic Coordinates (Angstroms)

Number Number Type
1 6 0 2.501137 0.849723 -0.763070
2 6 0 1.439293 0.108560 0.029754
3 1 0 2.732105 1.821503 -0.318049
4 1 0 3.433861 0.269249 -0.784615
5 1 0 2.189146 1.009874 -1.798261
6 6 0 0.977558 -1.205279 -0.607746
7 1 0 0.379046 0.725872 -0.134304
8 6 0 -0.419047 -1.623582 -0.124288
9 1 0 0.956919 -1.075123 -1.693967
10 1 0 1.701394 -2.004449 -0.399674
11 1 0 -0.831561 -2.418717 -0.750656
12 1 0 -0.381645 -2.037663 0.888712
13 6 0 -1.455622 -0.500340 -0.078245
14 8 0 -2.627645 -0.717811 0.209864
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15 7 0 -1.003107 0.747217 -0.416706
16 6 0 1.725043 0.037793 1.521365
17 1 0 0.905906 -0.416919 2.083272
18 1 0 2.624543 -0.565463 1.704120
19 1 0 1.908600 1.031309 1.939317
20 6 0 -1.732045 1.915849 0.038866
21 1 0 -2.019379 1.859069 1.094125
22 1 0 -1.125354 2.805793 -0.138675
23 1 0 -2.648581 2.011292 -0.553122

HF=-405.2076378 / NImag = 1 (-1239.5927 cm™)

Sum of electronic and thermal Enthalpies= -404.999928

Sum of electronic and thermal Free Energies= -405.048162

S17-A3

Center Atomic Atomic Coordinates (Angstroms)

Number Number Type X Y z
1 6 0 3.226429  -0.201023 -1.102809
2 6 0 2.213664 0.135556 -0.055392
3 1 0 3.894087 0.642357 -1.309110
4 1 0 3.873753 -1.041378 -0.793068
5 1 0 2.755806  -0.502673 -2.043709
6 6 0 0.945790 -0.665793 0.040882
7 6 0 -0.327821 0.194963 -0.037955
8 1 0 0.907332 -1.415445 -0.753728
9 1 0 0.912552 -1.230919 0.982926
10 1 0 -0.309280 0.976345 0.731111
11 1 0 -0.363215 0.724299 -0.996775
12 6 0 -1.606459 -0.618564 0.137757
13 8 0 -1.602586 -1.808795 0.414509
14 7 0 -2.783530 0.064781 -0.019564
15 6 0 2.654497 0.942455 1.125838
16 1 0 1.810711 1.323622 1.709024
17 1 0 3.266436 0.339193 1.819833
18 1 0 3.273309 1.796500 0.830060
19 6 0 -2.951252 1.453146 -0.419997
20 1 0 -2.652552 1.629686 -1.45939%6
21 1 0 -4.005045 1.715187 -0.322688
22 1 0 -2.380959 2.128389 0.222859
23 1 0 -3.606634 -0.512701 0.073582

HF= -405.237325 / NImag = 0

Sum of electronic and thermal Enthalpies= -405.024228

Sum of electronic and thermal Free Energies= -405.078598

S17-A4

Center Atomic Atomic Coordinates (Angstroms)

Number Number Type X Y 7
1 6 0 2.340178 1.771318 0.256502
2 6 0 1.333723 0.781107 -0.322844
3 1 0 3.358066 1.530756 -0.053975
4 1 0 2.098259 2.776772 -0.107191
5 1 0 2.302724 1.785663 1.346670
6 6 0 -0.076648 1.086384 0.194310
7 6 0 -1.196109 0.153431 -0.263035
8 1 0 -0.057630 1.115910 1.285651
9 1 0 -0.314618 2.107660 -0.125200
10 1 0 -1.273178 0.132214 -1.356169
11 1 0 -0.981761 -0.874014 0.045228
12 6 0 -2.551686 0.582963 0.289992
13 8 0 -2.717782 1.634898 0.890388
14 7 0 -3.593185 -0.273413 0.060368
15 6 0 1.433822 0.711729 -1.843579
16 1 0 0.805281 -0.072027 -2.266395
17 1 0 1.114682 1.673417 -2.263114
18 1 0 2.461940 0.527765 -2.159174
19 6 0 -3.538001 -1.580223 -0.578179
20 1 0 -2.957216 -2.304298 0.002627
21 1 0 -4.555451 -1.960309 -0.670088
22 1 0 -3.113546 -1.521692 -1.584032
23 1 0 -4.469988 0.033770 0.455611
24 35 0 1.885866 -1.061632 0.385853

HF= -2979.4477086 / NIMag = 0

Sum of electronic and thermal Enthalpies= -2979.228923

Sum of electronic and thermal Free Energies= -2979.283926

S517-TS2
Center Atomic Atomic Coordinates (Angstroms)
Number Number Type X Y z

136



Experimental Section

24

R RPREPRPOREROAJdOO RGP o0

3

OO0 0000000000000 00O0O0O0 0O

HF= -2979.3958087 / NImag = 1
Sum of electronic and thermal Enthalpies=
Sum of electronic and thermal Free Energies=

1

1

-

4

0.616807
0.170758
0.
1
0

362716

.703514
.178951
0.
1.
0.
2.
.597135
2.
.876867
3.
0.
0.
.404578
0.
4.
5.
4.
.249055
4.
0.
3.

221880
621725
529267
034109

472107

810722
331377
115662

093386
610223
636756
607823

289332
186224
061783

(-308.0005 cm™)

.788213 -0.923223

.718322 0.015171
. 773350 -0.527465
.712559 -1.009165

. 659490 -1.913053
.649849 -0.494244
.054987 -0.003876
.357108 -0.144654
.861428 -0.613384
.423412
.191733 -0.036193
.282543 -0.064245
.120823 -0.006878

-

.028292

.960056 1.480542
.174417 2.090435
.973161 1.686576
. 929511 1.748669
.102231 0.002377
.837487 0.251830
.596607 -0.972911

.800263 0.759064
.010970 -0.032950
.652983 -1.584436
.483366 -0.012802

-2979.178775
-2979.234641

S517-A5
Center Atomic Atomic Coordinates (Angstroms
Number Number Type X Y Z
1 6 0 2.910030 1.738170 -0.999459
2 6 0 2.509832 0.662945 -0.002865
3 1 0 2.432604 2.688626 -0.754424
4 1 0 3.993836 1.878907 -0.974768
5 1 0 2.618634 1.455862 -2.013008
6 6 0 3.051259 -0.743581 -0.339027
7 6 0 1.895515 -1.686484 0.029548
8 1 0 3.266678 -0.813328 -1.407461
9 1 0 3.969305 -0.963740 0.206026
10 1 0 1.798532 -2.548510 -0.631641
11 1 0 1.971258 -2.070212 1.052272
12 6 0 0.695318 -0.779783 -0.061505
13 8 0 1.038196 0.490002 -0.139931
14 7 0 -0.542926 -1.113781 -0.062426
15 6 0 2.775524 1.081171 1.441019
16 1 0 2.484189 0.300367 2.148464
17 1 0 3.840063 1.286689 1.578818
18 1 0 2.212680 1.984604 1.681665
19 6 0 -1.024880 -2.490234 0.003277
20 1 0 -2.106076 -2.430408 0.126103
21 1 0 -0.803065  -3.030379 -0.920765
22 1 0 -0.595650 -3.026592 0.852651
23 1 0 -1.354992 -0.343145 -0.070724
24 35 0 -3.003105 0.651842 0.007351

HF=-2979.4354151 / NImag = 0
Sum of electronic and thermal Enthalpies=
Sum of electronic and thermal Free Energies=

Calculations according starting with compound 518:

-2979.218222
-2979.272845

S18-A1
Center Atomic Atomic Coordinates (Angstroms
Number Number Type X Y z
1 6 0 -0.027449 1.774455 -0.853693
2 6 0 1.394550 1.952422 -0.265206
3 6 0 2.261695 0.689034 -0.255176
4 1 0 1.910875 2.723579 -0.845562
5 1 0 1.335319 2.344657 0.751396
6 1 0 1.783541 -0.111262 0.319871
7 1 0 2.395703 0.287527 -1.263220
8 6 0 3.628421 0.945537 0.356434
9 8 0 3.928987 1.988699 0.911057
10 7 0 4.599434 -0.042739 0.231698
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HF= -3409.5310659/ NImag
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790168
213449
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806857
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566082
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Sum of electronic and thermal Enthalpies=
Sum of electronic and thermal Free Energies=

S518-A2

Center
Number

Atomic
Number

Atomic
Type
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813750 -0.281713
.059226 0.928015
403953 0.320851
.118195 1.057233
423225 1.909752
.804778 -0.015214
.606796 -0.384727
.202097 1.494451
115725 0.901319
.704674 2.053238
.771096 2.043565
738505 -1.620367
.547234 2.310621
338917 -0.309563
.131472 -1.893213
.287002 1.602956
.113509 2.963309
464860 -2.427994

332498 -1.569885

234223 -1.465397

448216 0.919723
086115 0.906017

296583 -0.146179

635380 -0.457901
187453 0.394314
707458 -0.557006
235592 -1.353295
-485045 0.830617
115632 2.243048
066568 2.378954
477733 3.096827
321070 2.285070

-3409.031828
-3409.111631

Coordinates (Angstroms)
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.854266 -0.388239
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.663889 -2.114393
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.278891 -1.007001
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.370840 0.737965
.846950 0.873863
.296322 -0.412899
.665083 1.236494
.077184 1.648500
.562544 -0.803038
.036679 -1.220228

135723 -0.251411
.737879
719465 -1.385447

o

659534 -1.894329
844847 -0.165102

727791 -1.459125
.249321 0.357251
.570866 0.274974
961292 1.342383
875563 0.237852
.613219 1.351134
676067 1.040950
.221783 -1.153110
470159 2.318912
195180 -1.061827

620898 2.345125
690692 1.178752

112256 -0.642648
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30 1 0 -1.553196 2.323662 -1.035097
31 1 0 -1.409538 0.787986 -1.872797
32 6 0 -1.846658 1.352461 1.526630
33 1 0 -1.511201 0.877939 2.451738
34 1 0 -1.440838 2.367699 1.514668
35 1 0 -2.932229 1.442920 1.585829
36 6 0 -3.502040 -0.961409 0.191591
37 1 0 -1.615476 -1.302461 -0.714201
38 1 0 0.861404 1.721462 1.741426
39 6 0 1.090090 2.590558 -0.198788
40 1 0 1.179580 2.304744 -1.251102
41 1 0 0.160409 3.151188 -0.092949
42 1 0 1.910738 3.277388 0.030795
43 1 0 -3.651065 -0.761137 -1.936503
44 1 0 -3.913362 -0.467208 1.082585
45 6 0 -3.977787 -2.422179 0.209156
46 1 0 -3.615391 -2.944007 1.098097
47 1 0 -5.067189 -2.496629 0.211722
48 1 0 -3.607714 -2.964430 -0.668746
49 6 0 -5.537116 -0.113949 -1.144069
50 1 0 -5.847283 0.462415 -2.021017
51 1 0 -6.004178 -1.098194 -1.220176
52 1 0 -5.948937 0.385243 -0.259725

HF= -835.3525428/ NImag = 0

Sum of electronic and thermal Enthalpies= -834.858565

Sum of electronic and thermal Free Energies= -834.935372

518-TS1

Center Atomic Atomic Coordinates (Angstroms)

Number Number Type X Y ¥4
1 6 0 1.632849 0.616000 0.149260
2 6 0 2.294467 0.214118 1.488305
3 6 0 3.461887 -0.790895 1.325933
4 1 0 2.687935 1.116584 1.966291
5 1 0 1.563468 -0.204797 2.182404
6 1 0 4.054630 -0.845926 2.239404
7 1 0 3.072269 -1.791570 1.118191
8 6 0 4.394414 -0.413546 0.182957
9 8 0 5.604455 -0.265975 0.316523
10 7 0 3.759029 -0.309014 -1.031992
11 6 0 4.391430 0.474357 -2.077671
12 1 0 4.783325 1.435531 -1.727010
13 1 0 5.233865 -0.098801 -2.480572
14 1 0 3.677533 0.632265 -2.888135
15 6 0 0.350594 -0.101847 -0.305221
16 6 0 -1.060840 0.315736 0.258521
17 6 0 0.369888 -1.647515 -0.122874
18 6 0 -1.916576 -0.824953 -0.366927
19 6 0 -1.113931 -2.107325 -0.090889
20 1 0 0.935598 -2.122235 -0.927232
21 6 0 -3.1384091 1.773466 0.028391
22 1 0 -1.372553  -2.525526 0.887220
23 6 0 -3.990207 0.585325 -0.464028
24 1 0 -3.298937 1.901819 1.105589
25 1 0 0.866652 -1.923781 0.808749
26 1 0 -1.318121 -2.885930 -0.828518
27 1 0 -3.514666 2.692125 -0.435424
28 1 0 0.277171 0.096870 -1.383364
29 6 0 -1.630972 1.648487 -0.259932
30 1 0 -1.113481 2.505378 0.180150
31 1 0 -1.466134 1.705181 -1.343383
32 6 0 -1.078311 0.293198 1.800291
33 1 0 -0.712829  -0.652031 2.207037
34 1 0 -0.451653 1.092930 2.204122
35 1 0 -2.083233 0.443403 2.197100
36 6 0 -3.408406 -0.780348 -0.004646
37 1 0 -1.869275 -0.656848 -1.454297
38 6 0 1.643223 2.123174 -0.082130
39 1 0 1.226832 2.390304 -1.056651
40 1 0 1.059393 2.645137 0.684322
41 1 0 2.662577 2.516891 -0.027335
42 1 0 -3.949639 0.585128 -1.563989
43 6 0 -5.453847 0.788211 -0.047878
44 1 0 -6.119518 0.045623 -0.492567
45 1 0 -5.562697 0.727241 1.040785
46 1 0 -5.811232 1.774476 -0.359014
47 1 0 -3.513831 -0.849240 1.086923
48 6 0 -4.162631 -1.967969 -0.621678
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49 1 0 -4.102642 -1.942331 -1.715833
50 1 0 -3.741086  -2.919363 -0.288706
51 1 0 -5.219026 -1.967979 -0.345582
52 0 2.463242 0.184314 -0.637618

HF= -835.3327785 / NImag = 1 (-965.1355 cm™)

Sum of electronic and thermal Enthalpies= -834.843334

Sum of electronic and thermal Free Energies= -834.915322

S18-A3

Center Atomic Atomic Coordinates (Angstroms)

Number Number Type X Y Z
1 6 0 -1.135553 0.963174 -0.570828
2 6 0 -2.511084 0.395183 -0.786503
3 6 0 -3.319107 0.231211 0.533123
4 1 0 -3.078870 1.056233 -1.452042
5 1 0 -2.479353 -0.583789 -1.266681
6 1 0 -2.767147 -0.423513 1.214753
7 1 0 -3.434367 1.199268 1.031072
8 6 0 -4.669034 -0.427178 0.281578
9 8 0 -4.766249  -1.503058 -0.290850
10 7 0 -5.758203 0.271618 0.722917
11 6 0 -7.117349 -0.231727 0.599595
12 1 0 -7.798371 0.586870 0.357775
13 1 0 -7.136590 -0.965949 -0.204348
14 1 0 -7.457301 -0.718181 1.520050
15 6 0 -0.037924 0.062786 -0.060291
16 6 0 1.463748 0.434883 -0.326756
17 6 0 -0.128447 -1.417593 -0.550054
18 6 0 2.146845 -0.877287 0.154492
19 6 0 1.309248 -1.999729 -0.478968
20 1 0 -0.831898 -1.993100 0.055344
21 6 0 3.584229 1.619733 0.442788
22 1 0 1.679806 -2.244730 -1.479561
23 6 0 4.278245 0.287063 0.790266
24 1 0 3.895666 1.928519 -0.562621
25 1 0 -0.503678 -1.453306 -1.575039
26 1 0 1.349292 -2.921755 0.104648
27 1 0 3.956801 2.397906 1.118575
28 1 0 -0.127883 0.043780 1.044279
29 6 0 2.047052 1.583116 0.517203
30 1 0 1.654889 2.554527 0.205376
31 1 0 1.739078 1.442318 1.561754
32 6 0 1.675077 0.697868 -1.832996
33 1 0 1.285407 -0.116198 -2.447466
34 1 0 1.154230 1.608569 -2.139419
35 1 0 2.728481 0.822553 -2.088229
36 6 0 3.674257 -0.905308 -0.001049
37 1 0 1.954495 -0.920149 1.238428
38 6 0 -1.049615 2.447135 -0.355879
39 1 0 -0.944085 2.707953 0.710343
40 1 0 -0.191583 2.899903 -0.861433
41 1 0 -1.947506 2.950635 -0.725408
42 1 0 4.085905 0.083514 1.854761
43 6 0 5.795958 0.428053 0.606773
44 1 0 6.342454 -0.442028 0.976446
45 1 0 6.051361 0.559997 -0.450669
46 1 0 6.170944 1.302500 1.147279
47 1 0 3.927110 -0.774966 -1.062620
48 6 0 4.253968 -2.253978 0.452718
49 1 0 4.047363 -2.429796 1.514795
50 1 0 3.817563 -3.081826 -0.111284
51 1 0 5.335748 -2.301885 0.311188
52 1 0 -5.603639 1.124827 1.235064

HF= -835.3710852 / NImag = 0

Sum of electronic and thermal Enthalpies= -834.876342

Sum of electronic and thermal Free Energies= -834.955599

S518-A4

Center Atomic Atomic Coordinates (Angstroms)

Number Number Type X Y ¥4
1 6 0 -1.044021 0.862297 0.432681
2 6 0 -2.417434 0.305843 -0.012746
3 6 0 -2.779782 -1.086031 0.546505
4 1 0 -3.185231 1.017176 0.302908
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HF= -3409.571662 / NIMag = 0
Sum of electronic and thermal Enthalpies=
Sum of electronic and thermal Free Energies=

U WS s 0o oy

.464370
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822631 0.281436
065087 1.637845
582421 -0.081784

725743 -1.289844

848790 0.794655
336847 0.373195
675860 0.727127
355402 -0.715272
348365 0.746674
011484 -0.131906
205963 0.260940
121833 -1.685710
813825 -0.736026
498379 -2.077474
883290 -2.015597
413269 1.831415
337899 -2.575739
318625 0.772429
573261 1.801983
815573 -2.152439

343159 -2.768295

817179 2.826404
984694 0.268591
253600 1.680565
444895 2.442122
218253 1.888111
643085 0.010782
008714 -0.979810
337792 0.733707
710126 0.102112
917547 -0.671370
801596 -0.424431
068506 1.945235
100111 2.450767
669133 2.246250
571765 2.293324
340272 0.930230
342259 0.984861
078624 0.350347
361988 0.769006
589844 2.022999
065942 -0.891902

906573 -1.719552
916160 -1.535727
614493 -2.727988
959469 -1.711865
762585 -0.359335
713277 .777997

-

-3409.071224
-3409.150799

518-TS2
Center Atomic Atomic Coordinates (Angstroms
Number Number Type X Y Z
1 6 0 1.309282 -0.521559 -0.227026
2 6 0 2.327269 -0.976018 0.805706
3 6 0 1.813563 -2.215908 1.541670
4 1 0 3.272847 -1.193159 0.308368
5 1 0 2.534353  -0.134824 1.473593
6 1 0 2.618862 -2.791279 2.003096
7 1 0 1.097556  -1.965660 2.331830
8 6 0 1.082245 -3.002539 0.477396
9 8 0 0.679407  -2.364204 -0.517867
10 7 0 0.884901 -4.315152 0.608886
11 6 0 0.157786 -5.128490 -0.364817
12 1 0 -0.908496 -5.167158 -0.129129
13 1 0 0.284750 -4.693177 -1.354420
14 1 0 0.565813  -6.138888  -0.359313
15 6 0 0.080820 0.147642 0.340147
16 6 0 -1.316224 0.193821 -0.370251
17 6 0 0.412942 1.664186 0.644874
18 6 0 -1.993445 1.281627 0.517891
19 6 0 -0.949791 2.403540 0.590173
20 1 0 0.881997 1.747991 1.625803
21 6 0 -3.630145 -0.840394 -0.597369
22 1 0 -1.004883 3.047691 -0.292336

141



Experimental Section

23
24
25
26
27
28
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

GHEEROARRPRREORERROARORREEOR RGO R R R B0

3
1

OO0 0000000000000 000000000OOOOOO O

HF= -3409.5264963 / NImag = 1
Sum of electronic and thermal Enthalpies=
Sum of electronic and thermal Free Energies=
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.876179 -2.244807
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.843064 1.527670

.130502 -1.501330
.224937 -2.261950
.708530 -1.206103

.905266 -1.892657
.012306 1.245779
.511977 -0.294409
.224044 0.323830

.878528 -1.326703
.434043 -0.270033
.993119 -0.899759

.717152 1.037160
.389891 2.082950
.622994 0.987167
.993949 0.749943
.027751 -0.142944
.757709 1.446946

-3409.028161
-3409.106207

S18-A5
Center Atomic Atomic Coordinates (Angstroms
Number Number Type X Y Z

1 6 0 0.274350 -0.904778 0.324103
2 6 0 0.966475 -0.947882 -1.057755
3 6 0 2.470918 -0.896015 -0.745539
4 1 0 0.693141 -1.849040 -1.604840
5 1 0 0.683465 -0.091572 -1.667299
6 1 0 2.921985 -1.888362 -0.651339
7 1 0 3.088843 -0.352437 -1.461904
8 6 0 2.496217 -0.235259 0.598007
9 8 0 1.321020 -0.227307 1.188718
10 7 0 3.534690 0.285371 1.150294
11 6 0 3.548441 0.926507 2.460914
12 1 0 4.485285 1.475010 2.545069
13 1 0 2.707374 1.613456 2.566030
14 1 0 3.497581 0.179082 3.256091
15 6 0 -0.966320 -0.005192 0.504043
16 6 0 -2.341487 -0.394077 -0.141141
17 6 0 -0.742821 1.482565 0.085501
18 6 0 -3.112581 0.937662 0.108391
19 6 0 -2.131538 2.032677 -0.333223
20 1 0 -0.324205 2.045595 0.921066
21 6 0 -4.600737 -1.548090 0.116121
22 1 0 -2.183689 2.188107 -1.415351
23 6 0 -5.345835  -0.202917 0.234373
24 1 0 -4.658270 -1.895946 -0.922265
25 1 0 -0.026256 1.577506  -0.732921
26 1 0 -2.344132 2.995554 0.134109
27 1 0 -5.134348 -2.300001 0.707426
28 1 0 -1.143285 -0.011672 1.586269
29 6 0 -3.129824 -1.511661 0.568741
30 1 0 -2.685267 -2.495454 0.392563
31 1 0 -3.088822 -1.339562 1.651801
32 6 0 -2.196859 -0.714341 -1.643710
33 1 0 -1.635188 0.051524 -2.181637
34 1 0 -1.683137 -1.668118 -1.790758
35 1 0 -3.167075 -0.800924 -2.132600
36 6 0 -4.553719 0.960588 -0.423500
37 1 0 -3.197686 1.021302 1.203565
38 6 0 0.112222 -2.301219 0.918467
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39
40
41
42
43
44
45
46
47
48
49
50
51
52
53

3

L e e R e = NS Sy

cooooocoocoooo0o0oO

HF= -3409.5736723/ NImag = 0
Sum of electronic and thermal Enthalpies=
Sum of electronic and thermal Free Energies=

-0.
-0.

1.
-5.
-6.
-7.
-6.
-7.
-4.
-5.
-5.
-4.
-6.

4.

5.

253794
594021
066569
420938
771542
383399
758368
277664
539466
212662
260983
651708
229970
445416
947567

Calculations according starting with compound S01:

2.
2.
2.
0.
0.
0.
0.
1.
. 795645 -1.509679
.325168 -0.171527
.544134 0.901158
.130916 -0.650737

coMmwNNO

249339 1.945360
885407 0.327761
834040 0.919692
038382 1.305532
349920 -0.315207
533893 -0.125009
522395 -1.397093
202270 0.147586

.362474 -0.565530
.283233 0.548187
.269963 -0.752413

-3409.074309
-3409.153135

S01-A1
Center Atomic Atomic Coordinates (Angstroms)
Number Number Type X Y Z

1 6 0 -5.250033  -1.359828 0.556423
2 6 0 -4.154668 -0.286587 0.485513
3 1 0 -6.164796  -0.962101 1.005079
4 1 0 -5.502826 -1.726444 -0.444365
5 1 0 -4.928775 -2.218271 1.153244
6 6 0 -2.860292 -0.889917 -0.090323
7 1 0 -3.943452 0.042240 1.512803
8 6 0 -1.653772 0.050547 -0.030609
9 1 0 -2.616732 -1.805038 0.456966
10 1 0 -3.030343 -1.198282 -1.127646
11 1 0 -1.815839 0.943146 -0.642763
12 1 0 -1.500510 0.417042 0.990462
13 6 0 -0.378599 -0.621584 -0.499097
14 8 0 -0.333896 -1.752346 -0.941820
15 7 0 0.818817 0.096803 -0.388274
16 35 0 0.847419 1.941619 0.043627
17 6 0 -4.646228 0.932611 -0.308978
18 1 0 -3.923138 1.752714 -0.304486
19 1 0 -4.840628 0.662746 -1.353142
20 1 0 -5.578724 1.320981 0.110585
21 6 0 2.058977 -0.454526 -0.908427
22 1 0 1.801594 -1.320463 -1.519008
23 1 0 2.585454 0.278726 -1.521091
24 6 0 3.011198 -0.932421 0.182326
25 9 0 3.456975 0.077515 0.960817
26 9 0 2.445354 -1.841957 0.994040
27 9 0 4.095336  -1.505811 -0.389530

HF= -3316.5496544/ NImag

=0

Sum of electronic and thermal Enthalpies=
Sum of electronic and thermal Free Energies=

-3316.323577
-3316.388476

S01-A2
Center Atomic Atomic Coordinates (Angstroms)
Number Number Type X Y 7
1 6 0 -0.870247 0.310267 -0.273791
2 8 0 -1.693222 -0.552561 0.272641
3 6 0 -3.116110 -0.117706 0.139723
4 6 0 -3.041018 0.942606 -0.978657
5 6 0 -1.600502 1.471337 -0.897264
6 6 0 -3.908413 -1.359800 -0.231019
7 6 0 -3.526796 0.456383 1.492327
8 7 0 0.396992 0.071100 -0.229969
9 6 0 1.423720 0.904584 -0.823755
10 6 0 1.911126 1.992807 0.124867
11 9 0 0.905854 2.856809 0.442725
12 9 0 2.881289 2.715541 -0.467929
13 9 0 2.389977 1.506564 1.273555
14 35 0 1.723578 -2.603942 -0.000075
15 1 0 -3.860753 -2.102059 0.567646
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16 1 0 -4.955731 -1.091173 -0.392178
17 1 0 -3.518925 -1.810549 -1.145664
18 1 0 -3.216771 0.473992 -1.949312
19 1 0 -3.785228 1.727062 -0.841174
20 1 0 -1.175383 1.747247 -1.863005
21 1 0 -1.503834 2.341068 -0.242205
22 1 0 -2.948639 1.348441 1.746924
23 1 0 -4.584744 0.729462 1.472061
24 1 0 -3.376128 -0.284858 2.279058
25 1 0 2.266101 0.244205 -1.046199
26 1 0 1.097146 1.389205 -1.746210
27 1 0 0.779859 -0.964355 0.041806

HF= -742.3730628/ NImag = 0

Sum of electronic and thermal Enthalpies= -742.152087

Sum of electronic and thermal Free Energies= -742.213201

S01-TS1

Center Atomic Atomic Coordinates (Angstroms)

Number Number Type X Y ¥4
1 6 0 -1.830967 -2.343313 -0.602618
2 6 0 -1.960058 -0.980410 0.055621
3 1 0 -1.310004 -3.054820 0.042906
4 1 0 -2.827660 -2.755136 -0.812180
5 1 0 -1.291338 -2.281183 -1.550438
6 6 0 -2.559975 0.101181 -0.847571
7 1 0 -0.832467 -0.521251 0.113849
8 6 0 -2.180949 1.517705 -0.393111
9 1 0 -2.196929  -0.057724 -1.867065
10 1 0 -3.652561 0.002017 -0.882278
11 1 0 -2.424195 2.257454 -1.159957
12 1 0 -2.748617 1.818219 0.493747
13 6 0 -0.710941 1.719352 -0.032498
14 8 0 -0.261824 2.822309 0.247068
15 7 0 0.078688 0.590896  -0.092577
16 6 0 -2.524551 -1.033357 1.467275
17 1 0 -2.526915 -0.056961 1.957388
18 1 0 -3.562286 -1.390775 1.440748
19 1 0 -1.958594 -1.725849 2.095933
20 6 0 1.294247 0.549131 0.679184
21 1 0 1.685255 1.565694 0.789874
22 1 0 1.138548 0.140724 1.685436
23 6 0 2.346546 -0.307135 -0.000688
24 9 0 2.685747 0.155435 -1.216748
25 9 0 1.931768 -1.587305 -0.158810
26 9 0 3.472643  -0.345249 0.749999

HF= -742.3592516/ NImag = 1 (-975.3294 cm™')

Sum of electronic and thermal Enthalpies= -742.142973

Sum of electronic and thermal Free Energies= -742.20044

S01-A3

Center Atomic Atomic Coordinates (Angstroms)

Number Number Type X Y 7
1 6 0 -4.657323 -0.252852 -0.736016
2 6 0 -3.352927 -0.546209 -0.065662
3 1 0 -5.074083 -1.142118 -1.220380
4 1 0 -5.418932 0.094290 -0.014796
5 1 0 -4.561670 0.534832 -1.489697
[3 6 0 -2.413148 0.584045 0.249152
7 6 0 -0.982956 0.350358 -0.270434
8 1 0 -2.788237 1.520118 -0.171152
9 1 0 -2.354262 0.749031 1.334909
10 1 0 -0.576977 -0.581190 0.135780
11 1 0 -1.003669 0.226799 -1.359899
12 6 0 -0.038580 1.494409 0.078953
13 8 0 -0.390796 2.480633 0.698406
14 7 0 1.267135 1.398077 -0.369046
15 6 0 -3.212603  -1.838713 0.676456
16 1 0 -2.173708 -2.065809 0.933325
17 1 0 -3.771944 -1.817652 1.628571
18 1 0 -3.610064 -2.682729 0.102938
19 6 0 1.912134 0.279599 -1.006988
20 1 0 2.615570 0.628609 -1.767663
21 1 0 1.182550 -0.359462 -1.502777
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22 1 0 1.848341 2.174336 -0.08129%6
23 6 0 2.707051 -0.594997 -0.040343
24 9 0 3.305719 -1.607254 -0.706187
25 9 0 3.674879 0.108510 0.585938
26 9 0 1.927581 -1.141755 0.915527

HF= -742.3877789 / NImag = 0

Sum of electronic and thermal Enthalpies= -742.165986

Sum of electronic and thermal Free Energies= -742.228422

S01-A4

Center Atomic Atomic Coordinates (Angstroms)

Number Number Type X Y 7
1 6 0 -3.715783 1.131193 0.997970
2 6 0 -2.447743 0.320341 0.745534
3 1 0 -4.548892 0.486259 1.281062
4 1 0 -3.530400 1.833314 1.819124
5 1 0 -4.004169 1.705896 0.116647
6 6 0 -1.314624 1.236454 0.268670
7 6 0 0.011985 0.559622 -0.073621
8 1 0 -1.658360 1.811700 -0.593005
9 1 0 -1.144430 1.967696 1.067401
10 1 0 0.411454 0.013465 0.786108
11 1 0 -0.145621 -0.178264 -0.866739
12 6 0 1.060472 1.570630 -0.519791
13 8 0 0.872828 2.773179 -0.500057
14 7 0 2.264166 1.071213 -0.978997
15 6 0 -2.083903 -0.535872 1.954789
16 1 0 -1.247262 -1.205261 1.754655
17 1 0 -1.805432 0.124192 2.784880
18 1 0 -2.933265 -1.142350 2.272627
19 6 0 2.720854 -0.295146 -0.993392
20 1 0 3.328632 -0.480394 -1.882685
21 1 0 1.880806 -0.988217 -1.020873
22 1 0 2.930164 1.792195 -1.222976
23 35 0 -2.900477 -0.974809 -0.776707
24 6 0 3.581170 -0.662356 0.213401
25 9 0 4.003779 -1.941471 0.117184
26 9 0 4.675309 0.123295 0.303152
27 9 0 2.907258 -0.543496 1.377507

HF= -3316.598001 / NIMag = 0

Sum of electronic and thermal Enthalpies= -3316.370656

Sum of electronic and thermal Free Energies= -3316.433598

S01-TS2

Center Atomic Atomic Coordinates (Angstroms)

Number Number Type X Y 7
1 6 0 -2.056550 1.485255 1.411892
2 6 0 -1.585693 0.861222 0.146173
3 1 0 -2.092781 2.572134 1.323342
4 1 0 -3.072226 1.112450 1.580054
5 1 0 -1.434402 1.194068 2.258266
6 6 0 -0.938284 -0.502038 0.160464
7 6 0 0.405726 -0.494204 -0.586088
8 1 0 -1.640981 -1.194832 -0.304514
9 1 0 1.013290 -1.352594 -0.296763
10 1 0 0.264032 -0.549835 -1.671795
11 6 0 1.068443 0.825059 -0.264014
12 8 0 0.352321 1.726760 0.190410
13 7 0 2.380480 1.047101 -0.497640
14 6 0 -1.999243 1.485249 -1.142641
15 1 0 -1.504568 1.045560 -2.009211
16 1 0 -3.073153 1.293444 -1.239938
17 1 0 -1.830889 2.563312 -1.116135
18 6 0 3.353038 0.097615 -0.994732
19 1 0 4.041161 0.597941 -1.678731
20 1 0 2.864373 -0.706278 -1.543247
21 1 0 2.709272 1.968865 -0.238014
22 1 0 -0.796450 -0.826529 1.192033
23 35 0 -4.280883 -0.818880 -0.004435
24 6 0 4.187538 -0.526977 0.121267
25 9 0 3.421721 -1.215262 0.991498
26 9 0 5.093011 -1.375667 -0.397498
27 9 0 4.851094 0.414510 0.822237

HF= -3316.541403/ NImag = 1 (-322.1048 cm™)
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Sum of electronic and thermal Enthalpies=
Sum of electronic and thermal Free Energies=

-3316.316147
-3316.380185

S01-A5
Center Atomic Atomic Coordinates (Angstroms)
Number Number Type X Y Z

1 6 0 -0.870247 0.310267 -0.273791
2 8 0 -1.693222 -0.552561 0.272641
3 6 0 -3.116110 -0.117706 0.139723
4 6 0 -3.041018 0.942606 -0.978657
5 6 0 -1.600502 1.471337 -0.897264
6 6 0 -3.908413 -1.359800 -0.231019
7 6 0 -3.526796 0.456383 1.492327
8 7 0 0.396992 0.071100 -0.229969
9 6 0 1.423720 0.904584 -0.823755
10 6 0 1.911126 1.992807 0.124867
11 9 0 0.905854 2.856809 0.442725
12 9 0 2.881289 2.715541 -0.467929
13 9 0 2.389977 1.506564 1.273555
14 35 0 1.723578 -2.603942 -0.000075
15 1 0 -3.860753 -2.102059 0.567646
16 1 0 -4.955731 -1.091173 -0.392178
17 1 0 -3.518925 -1.810549 -1.145664
18 1 0 -3.216771 0.473992 -1.949312
19 1 0 -3.785228 1.727062 -0.841174
20 1 0 -1.175383 1.747247 -1.863005
21 1 0 -1.503834 2.341068 -0.242205
22 1 0 -2.948639 1.348441 1.746924
23 1 0 -4.584744 0.729462 1.472061
24 1 0 -3.376128 -0.284858 2.279058
25 1 0 2.266101 0.244205 -1.046199
26 1 0 1.097146 1.389205 -1.746210
27 1 0 0.779859  -0.964355 0.041806

HF= -3316.581776/ NImag

=0

Sum of electronic and thermal Enthalpies=
Sum of electronic and thermal Free Energies=

Calculations according starting with compound 519:

-3316.356501
-3316.418285

S519-A1
Center Atomic Atomic Coordinates (Angstroms)
Number Number Type X Y Z

1 6 0 -1.042448 1.779166 -0.781416
2 6 0 0.376307 1.918237 -0.175136
3 6 0 1.223556 0.641466 -0.203976
4 1 0 0.909566 2.701034 -0.723085
5 1 0 0.312113 2.274242 0.854563
[3 1 0 0.727128 -0.175859 0.329607
7 1 0 1.366559 0.280531 -1.226565
8 6 0 2.585398 0.851876 0.426895
9 8 0 2.929235 1.883317 0.969997
10 7 0 3.506622 -0.201600 0.361681
11 35 0 3.017831 -1.929494 -0.243319
12 6 0 4.788419 -0.103528 1.039493
13 1 0 4.741298 0.757592 1.706656
14 1 0 4.991412 -1.003922 1.621114
15 6 0 -1.931009 0.797601 0.020056
16 6 0 -3.440469 0.634637 -0.368234
17 6 0 -1.987315 1.149961 1.540838
18 6 0 -3.960907 -0.117700 0.891271
19 6 0 -3.359462 0.657848 2.072631
20 1 0 -1.158893 0.688714 2.083918
21 6 0 -5.229066 -0.644588 -1.658783
22 1 0 -3.998064 1.502820 2.350010
23 6 0 -5.798551 -1.274045 -0.371456
24 1 0 -5.821735 0.242989 -1.912064
25 1 0 -1.882173 2.229498 1.683079
26 1 0 -3.255242 0.037503 2.965251
27 1 0 -5.378338 -1.344513 -2.488652
28 1 0 -1.493254 -0.205233 -0.080615
29 6 0 -3.739406  -0.265307 -1.582609
30 1 0 -3.447319 0.212403 -2.521104
31 1 0 -3.138315 -1.180115 -1.497803
32 6 0 -4.099240 2.019381 -0.546634
33 1 0 -3.883277 2.689648 0.288750
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34 1 0 -3.732207 2.503657 -1.455703
35 1 0 -5.184374 1.952912 -0.634473
36 6 0 -5.465436 -0.427273 0.887478
37 1 0 -3.453624 -1.095827 0.871241
38 1 0 -1.490177 2.775848 -0.683364
39 6 0 -0.958384 1.463339 -2.285031
40 1 0 -0.686784 0.419926 -2.472527
41 1 0 -1.905676 1.646743 -2.793699
42 1 0 -0.205503 2.095244 -2.766872
43 1 0 -5.299604 -2.245456 -0.232721
44 6 0 -7.301244 -1.538069 -0.541890
45 1 0 -7.720806 -2.109278 0.288818
46 1 0 -7.857349 -0.596849 -0.616274
47 1 0 -7.492277 -2.105900 -1.457532
48 1 0 -6.023681 0.517086 0.824128
49 6 0 -5.891065 -1.129952 2.185815
50 1 0 -5.378925 -2.092923 2.295089
51 1 0 -5.647572 -0.523437 3.061415
52 1 0 -6.966083 -1.319642 2.212987
53 6 0 5.959687 0.120473 0.089402
54 9 0 6.153598 -0.920168 -0.749909
55 9 0 7.096163 0.272343 0.808447
56 9 0 5.802757 1.219647 -0.667587

HF= -3746.678033/ NImag = 0

Sum of electronic and thermal Enthalpies= -3746.170388

Sum of electronic and thermal Free Energies= -3746.258434

519-A2

Center Atomic Atomic Coordinates (Angstroms)

Number Number Type X Y ¥4
1 6 0 -0.554592 2.046358 0.184522
2 6 0 0.917208 1.960522 0.661453
3 6 0 1.819060 1.034681 -0.159531
4 1 0 1.346929 2.966158 0.641867
5 1 0 0.949736 1.648089 1.708254
6 1 0 1.455130 0.000253 -0.163941
7 1 0 1.854319 1.327588 -1.215166
8 6 0 3.251024 1.011685 0.323414
9 8 0 3.731977 1.789714 1.129779
10 7 0 4.057716 0.069443 -0.326242
11 6 0 5.049674 -0.578296 0.475478
12 1 0 5.485015 0.118264 1.202894
13 1 0 4.600284 -1.404659 1.046334
14 6 0 -1.287662 0.687139 0.292278
15 6 0 -2.823977 0.615096 -0.011336
16 6 0 -1.173733 0.054764 1.716387
17 6 0 -3.142870 -0.794840 0.566345
18 6 0 -2.441752 -0.813282 1.932663
19 1 0 -0.262043 -0.540328 1.812348
20 6 0 -4.696554 0.164217 -1.680460
21 1 0 -3.085493 -0.380231 2.704975
22 6 0 -5.067654 -1.171638 -1.004543
23 1 0 -5.358292 0.950787 -1.297763
24 1 0 -1.108750 0.838854 2.476549
25 1 0 -2.196580 -1.825947 2.259376
26 1 0 -4.916553 0.089884 -2.751379
27 1 0 -0.815888 -0.000706 -0.422923
28 6 0 -3.229316 0.590857 -1.497181
29 1 0 -3.082115 1.564092 -1.971696
30 1 0 -2.578179 -0.115903 -2.027705
31 6 0 -3.569950 1.742571 0.734957
32 1 0 -3.272986 1.808459 1.784305
33 1 0 -3.361716 2.713147 0.275900
34 1 0 -4.651727 1.604469 0.714778
35 6 0 -4.616760 -1.216500 0.481601
36 1 0 -2.590773 -1.499787 -0.075822
37 1 0 -1.039460 2.735702 0.886597
38 6 0 -0.630082 2.686186 -1.212050
39 1 0 -0.319376 1.992818 -1.999543
40 1 0 -1.640800 3.017522 -1.452812
41 1 0 0.019717 3.565406 -1.266795
42 1 0 -4.511423 -1.967704 -1.522814
43 1 0 -5.226173 -0.497493 1.046558
44 6 0 -4.834173 -2.602649 1.107684
45 1 0 -4.518394 -2.619293 2.153562
46 1 0 -5.884356 -2.900834 1.082940
47 1 0 -4.257539 -3.366535 0.573369
48 6 0 -6.566048 -1.449006 -1.18979%6
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49 1 0 -6.844837 -1.374475 -2.245293
50 1 0 -6.850435  -2.445948 -0.847296
51 1 0 -7.169632 -0.719717 -0.637898
52 6 0 6.159755 -1.168330 -0.379098
53 9 0 6.807947 -0.227764 -1.089481
54 9 0 5.699518 -2.090787 -1.246312
55 9 0 7.070644 -1.779556 0.415457

HF= -1172.501281 / NImag = 0

Sum of electronic and thermal Enthalpies= -1171.999133

Sum of electronic and thermal Free Energies= -1172.084437

519-TS1

Center Atomic Atomic Coordinates (Angstroms)

Number Number Type X Y 7
1 6 0 -0.757438 -1.000753 -0.628678
2 6 0 -1.076405  -2.462418 -0.233350
3 6 0 -2.244190 -2.593360 0.774856
4 1 0 -1.344088 -3.019037 -1.136716
5 1 0 -0.199361 -2.960666 0.182894
6 1 0 -2.585328 -3.626675 0.840533
7 1 0 -1.919047 -2.281091 1.771432
8 6 0 -3.438038 -1.731597 0.396932
9 8 0 -4.570171 -2.169285 0.241687
10 7 0 -3.133258 -0.385032 0.312492
11 6 0 -3.996352 0.451361 -0.482439
12 1 0 -3.785611 0.386758 -1.557627
13 1 0 -5.036077 0.139778 -0.336925
14 6 0 0.377956 -0.250973 0.090842
15 6 0 1.885236 -0.475100 -0.314107
16 6 0 0.389267 -0.412729 1.638247
17 6 0 2.560642 0.349987 0.821336
18 6 0 1.835601 -0.088975 2.104226
19 1 0 -0.351894 0.244488 2.097669
20 6 0 3.861129 0.216902 -1.765591
21 1 0 2.312054 -0.972837 2.540597
22 6 0 4.564792 0.911641 -0.581916
23 1 0 4.270258 -0.794620 -1.875949
24 1 0 0.122668 -1.431119 1.927240
25 1 0 1.853689 0.687754 2.870960
26 1 0 4.125058 0.742548 -2.689912
27 1 0 0.196291 0.810109 -0.123338
28 6 0 2.327090 0.145912 -1.651893
29 1 0 1.935560 -0.416012 -2.504454
30 1 0 1.912722 1.159353 -1.726131
31 6 0 2.264841 -1.968483 -0.269316
32 1 0 1.989020 -2.439072 0.676600
33 1 0 1.766255 -2.517348 -1.072949
34 1 0 3.337147 -2.118384 -0.399234
35 6 0 4.096738 0.347885 0.787960
36 1 0 2.259474 1.392837 0.636898
37 6 0 -0.817309 -0.777846 -2.136681
38 1 0 -0.651394 0.268589 -2.403037
39 1 0 -0.060995 -1.378467 -2.653472
40 1 0 -1.788319  -1.084935 -2.538012
41 1 0 4.268077 1.971268 -0.598859
42 6 0 6.086705 0.846491 -0.773442
43 1 0 6.625133 1.442858 -0.034152
44 1 0 6.446155 -0.185855 -0.697804
45 1 0 6.368123 1.221163 -1.762139
46 1 0 4.455092 -0.687182 0.875513
47 6 0 4.676464 1.141881 1.968546
48 1 0 4.367407 2.192355 1.922282
49 1 0 4.334150 0.736941 2.923826
50 1 0 5.767983 1.115698 1.979196
51 1 0 -1.728462 -0.437418 -0.201963
52 6 0 -3.862937 1.907471 -0.080182
53 9 0 -2.597338 2.363997 -0.246384
54 9 0 -4.665542 2.679744 -0.850428
55 9 0 -4.200488 2.127808 1.202811

HF= -1172.485197 / NImag = 1 (-582.2053 cm™)

Sum of electronic and thermal Enthalpies= -1171.986753

Sum of electronic and thermal Free Energies= -1172.067029

S19-A3
Center Atomic Atomic Coordinates (Angstroms)
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Number Number Type X Y Z
1 6 0 0.184159 -0.778581 0.215687
2 6 0 -1.146781 -0.129913 0.470410
3 6 0 -1.937632 0.172727 -0.838135
4 1 0 -1.761584 -0.792167 1.091308
5 1 0 -1.049540 0.810706 1.013313
[3 1 0 -1.355730 0.857613 -1.461442
7 1 0 -2.088632 -0.747799 -1.410223
8 6 0 -3.257706 0.857422 -0.532415
9 8 0 -3.323266 1.917252 0.065683
10 7 0 -4.383344 0.192753 -0.968171
11 6 0 -5.712558 0.698727 -0.728647
12 1 0 -5.617828 1.664603 -0.231155
13 1 0 -6.272745 0.829999 -1.658884
14 6 0 1.380350 0.048472 -0.185180
15 6 0 2.816451 -0.417223 0.256226
16 6 0 1.340905 1.541024 0.266934
17 6 0 3.638675 0.831599 -0.168592
18 6 0 2.814460 2.026312 0.338187
19 1 0 0.743258 2.147323 -0.417610
20 6 0 4.921249 -1.763449 -0.240271
21 1 0 3.089028 2.281710 1.366607
22 6 0 5.741359 -0.489451 -0.529096
23 1 0 5.094644 -2.066507 0.799291
24 1 0 0.868363 1.629189 1.246974
25 1 0 2.980213 2.923250 -0.262120
26 1 0 5.313367 -2.581676 -0.854841
27 1 0 1.416047 0.042871 -1.292476
28 6 0 3.408831 -1.626035 -0.491534
29 1 0 2.917382 -2.559027 -0.204136
30 1 0 3.231758 -1.496519 -1.567370
31 6 0 2.831827 -0.659047 1.780166
32 1 0 2.447390 0.198771 2.335925
33 1 0 2.201061 -1.515187 2.033969
34 1 0 3.834185 -0.866700 2.157837
35 6 0 5.136458 0.761297 0.165484
36 1 0 3.577609 0.855973 -1.268250
37 6 0 0.169409 -2.248177 -0.095784
38 1 0 0.430571 -2.452305 -1.145778
39 1 0 0.889095 -2.813177 0.506841
40 1 0 -0.815887 -2.684532 0.090398
41 1 0 5.685530 -0.300228 -1.612009
42 6 0 7.214592 -0.727547 -0.169417
43 1 0 7.858531 0.096246 -0.484423
44 1 0 7.337165 -0.854077 0.912133
45 1 0 7.588342 -1.636182 -0.651157
46 1 0 5.253758 0.641784 1.251627
47 6 0 5.858374 2.054968 -0.241074
48 1 0 5.794431 2.214507 -1.323641
49 1 0 5.415257 2.925082 0.249163
50 1 0 6.915904 2.034352 0.030523
51 1 0 -4.277815 -0.671065 -1.476402
52 6 0 -6.526559 -0.225901 0.161887
53 9 0 -6.642160 -1.463207 -0.388963
54 9 0 =7.777137 0.254997 0.327452
55 9 0 -5.983900 -0.388174 1.381369

HF= -1172.522974 / NImag = 0

Sum of electronic and thermal Enthalpies= -1172.019548

Sum of electronic and thermal Free Energies= -1172.107093

519-A4

Center Atomic Atomic Coordinates (Angstroms)

Number Number Type X Y zZ
1 6 0 0.149610 0.999057 0.372672
2 6 0 -1.240240 0.598991 -0.179841
3 6 0 -1.746634 -0.785793 0.274582
4 1 0 -1.960764 1.355359 0.141350
5 1 0 -1.228654 0.620129 -1.269066
6 1 0 -1.036517 -1.569765 -0.002618
7 1 0 -1.868892 -0.822698 1.360451
8 6 0 -3.048939  -1.132601 -0.434063
9 8 0 -3.140896 -1.166429 -1.647739
10 7 0 -4.110408 -1.422015 0.391921
11 6 0 -5.412414 -1.767201 -0.126247
12 1 0 -5.334535 -1.834980 -1.211784
13 1 0 -5.763283 -2.725026 0.267794
14 6 0 1.264253 0.091000 -0.198324
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44 1 0 -7.455088
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45 1 0 -7.811066 -0.747782 1.139932
46 1 0 -5.233549 -0.167658 -1.554654
47 6 0 -5.727503 1.886854 -1.209424
48 1 0 -5.661523 2.648172 -0.423944
49 1 0 -5.201445 2.268364 -2.087541
50 1 0 -6.778718 1.781722 -1.484124
51 1 0 3.992371 -0.410814 -0.014067
52 35 0 5.417806 -1.626601 -0.511399
53 6 0 3.233274 2.600759 0.408463
54 9 0 4.148582 2.663542 -0.568275
55 9 0 2.017899 2.759461 -0.165142
56 9 0 3.430749 3.650670 1.234525

HF= -3746.718913 / NImag = 0

Sum of electronic and thermal Enthalpies= -3746.211368

Sum of electronic and thermal Free Energies= -3746.297171
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10.1 Synthesis of Lactones via C-H Functionalization of Non-Activated C(sp®)-H Bonds

Johannes Richers,* Michael Heilmann,** Markus Drees,® and Konrad Tiefenbacher* <

@ Department of Chemistry, Technical University of Munich, Lichtenbergstrafie 4, 85747 Garching, Germany
b Department of Chemistry, University of Basel, St. Johanns-Ring 19, 4056 Basel, Switzerland
¢ Department of Biosystems Science and Engineering, ETH Zurich, Mattenstrasse 26, 4058 Basel, Switzerland

* these authors contributed equally. * Corresponding authors

C(sp)-Hbond  Directing group Lactone
l |
R H a AcOBr then hv (LEDs) R! l oo
—— R:v
+
4 b Ag* then H,0
3°, 2° or 1° nonactivated position up to 93% yield
.19 *Good i group * One-pot sequence

Abstract: An electron-deficient amide is utilized as a directing group to functionalize nonactivated
C(sp’)-H bonds through radical 1,5-hydrogen abstraction. The y-bromoamides formed are subsequently
converted to y-lactones under mild conditions. The method described is not limited to tertiary and
secondary positions but also allows functionalization of primary nonactivated sp*-hybridized positions
in a one-pot sequence. In addition, the broad functional group tolerance renders this method

suitable for the late-stage introduction of y-lactones into complex carbon frameworks.

Author contributions: J. R. jointly conceived the study with K. T., developed the concept, designed and
carried out the experiments, interpreted data and prepared the manuscript and supporting information.
M. H. contributed equally, carried out the experiments, interpreted data, prepared the supporting
information and edited the manuscript. M. D. performed the DFT calculations and prepared supporting
information. K. T. conceived, developed and supervised the study, interpreted data and edited the

manuscript. All authors reviewed the results and approved the final version of the manuscript.
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10.2 A Six-Step Total Synthesis of a-Thujone and Dg-a-Thujone, enabling facile Access to Isotopically
Labelled Metabolites

Irene Thamm,? Johannes Richers,® Michael Rychlik,* and Konrad Tiefenbacher*<4

@ Analytical Food Chemistry, Technical University of Munich, Alte Akademie 10, 85354 Freising, Germany

b Department of Chemistry, Technical University of Munich, Lichtenbergstrafie 4, 85747 Garching, Germany

¢ Department of Chemistry, University of Basel, St. Johannsring 19, CH-4056 Basel, Switzerland. E-mail: konrad.tiefenbacher@unibas.ch

4 Department of Biosystems Science and Engineering, ETH Ziirich, Mattenstrasse 26, CH-4058 Basel, Switzerland. E-mail: tkonrad@ethz.ch

* Corresponding authors

a-Thujone O
o Six steps RAC. [0]
)l\ . —_— 3 L) —_— Main metabolites of
RsC” “CR, >"' .. a-Thujone
R,C ‘H
R=HorD

Abstract: The short synthesis of a-Thujone relies on the functionalization of the readily available
dimethylfulvene. Furthermore, the three main metabolites of the natural product were also synthesized.
Since de-acetone can be used as a starting material, the route developed allows for the facile
incorporation of isotopic labels which are required for detecting and quantifying trace amounts via

GC/MS analysis.

Author contributions: 1. T. designed and carried out the experiments, interpreted data and prepared the
manuscript and supporting information. J. R. designed and carried out the experiments, interpreted data,
prepared supporting information and edited the manuscript. M. R. conceived, developed and supervised
the study. K. T. conceived, developed and supervised the study, interpreted data and wrote the

manuscript. All authors reviewed the results and approved the final version of the manuscript.
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10.3 Synthesis and Neurotrophic Activity Studies of /llicium Sesquiterpene Natural Product Analogs

Johannes Richers,® Alexander Po6thig,® Eberhardt Herdtweck,® Claudia Sippel° Felix Hausch,d
and Konrad Tiefenbacher*ef

@ Department Chemistry, Technical University of Munich, Lichtenbergstrafie 4, 85747 Garching, Germany

b Catalysis Research Center, Technical University of Munich, Ernst-Otto-Fischer-Str. 1, 85747 Garching, Germany

¢ Department of Translational Research in Psychiatry, Max-Planck-Institute of Psychiatry, Kraepelinstr. 2-10, 80804 Munich, Germany

4 Clemens-Schopf-Institute of Organic Chemistry and Biochemistry, TU Darmstadt, Alarich-Weiss-Str. 4, 64287 Darmstadt, Germany

¢ Department of Chemistry, University of Basel, St. Johannsring 19, CH-4056 Basel, Switzerland. E-mail: konrad.tiefenbacher@unibas.ch

/ Department of Biosystems Science and Engineering, ETH Ziirich, Mattenstrasse 26, CH-4058 Basel, Switzerland. E-mail: tkonrad@ethz.ch

* Corresponding authors

Simpliflied framework derivatives: Neurite outgrowth of N2a cell cultures:

« Gram-Scale Framework Synthesis + 6-8 Steps  + Retained biological activity [Control, DMSO] [ +Natural product Analog]

Abstract: Neurotrophic natural products hold potential as privileged structures for the development of
therapeutic agents against neurodegeneration. However, only a few studies have been conducted to
investigate a common pharmacophoric motif and structure-activity relationships (SARs). Here, an
investigation of structurally more simple analogues of neurotrophic sesquiterpenes of the illicium family
is presented. A concise synthetic route enables preparation of the carbon framework of (%)-
Merrilactone A and (#)-Anislactone A/B on a gram scale. This has allowed access to a series of
structural analogues by modification of the core structure, including variation of oxidation levels
and alteration of functional groups. In total, 15 derivatives of the natural products have been
synthesized and tested for their neurite outgrowth activities. Our studies indicate that the promising
biological activity can be retained by structurally simpler natural product analogues, which are

accessible by a straightforward synthetic route.
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12 Index of Abbreviations

AC..ciieriiene acetone

AC.iininn. acetyl

ATR ............ attenuated total reflection
BDE............. bond dissociation energy
Bu.ooiein butyl

CAM........... ceric ammonium nitrate
Catericinne catalyst

< RN doublet

dimethyldioxirane
4-dimethylaminopyridine
...N,N-dimethyl formamide

dimethyl sulfoxide

diastereomeric ratio

... 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide

[T enantiomeric excess
Elcooriinns electron ionization
ESL.....coeve. electron spray ionization
Eteeveveice ethyl

EtO....oe. diethyl ether

EtOAc......... ethyl acetate

EtOH .......... ethanol
etal....... et alii, and co-workers
EWG.......... electron withdrawing group

...equivalents

functional group

GC..vvveee gas chromatography

HRMS......... high resolution mass spectrometry
HV s high vacuum

IR infrared spectroscopy

[ coupling constant

159



Index of Abbreviations

LDA........... lithium diisopropylamide
| ISR ligand

Mo multiplet

Y FOR molar, m/L

Y SR methyl

MeCN.......... acetonitrile

MS...ooiiiea mass spectrometry
NMR........... nuclear magnetic resonance
NOE........... nuclear OVERHAUSER effect
py - pyridine

quant. ......... quantitative (yield > 99%)
Rforeieeieians retention factor

08 SRR regioisomeric ratio

) room temperature
SAR.....cccceu. structure-activity relationship
SET...covenne single electron transfer

[ 3 PR starting material
TFac............ trifluoroacetone
TFA............ trifluoroacetic acid

TFDO.......... methyl(trifluoromethyl)dioxirane

THF............. tetrahydrofuran
TLC...cceen thin layer chromatography
TMS ............ trimethylsilyl

TS tosyl

pTsOH........ para-toluenesulfonic acid
UV ultraviolet

Virt e virtual
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