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1. Overview

1.1 Summary

The work presented herein achieved the application of different facets of visible light
mediated photocatalysis towards the synthesis of biologically active and hence
pharmaceutically relevant molecules. It is divided in two parts.

The first part deals with harvesting the powers of the long known photochemical
decarboxylation. By means of N-O esters, i.e. N-hydroxyphthalimide esters, primary
carboxylic acids can be sufficiently activated to be decarboxylated by photochemical means.
Using this technique, the scope of a Smiles rearrangement initiated by visible light mediated
decarboxylation previously discovered in this workgroup was expanded. Additionally to the
compound range shown by Christian Faderl, a scope of various amphetamines was
synthesized (Scheme 1). In the course of this the possibility for incorporation and
conservation of enantiomeric information was investigated and successfully demonstrated
with the synthesis of enantiomerically pure (S)-amphetamine, a widely administered ADHD
therapeutic.

Amphetamines
1 mol%

H
@ N\
N CO,NPht [Ir(dtbbpy)(ppy)z]PFs; NBoc Boc
Boc MeCN/H,0 (40/1), .
R hV455 nm? r.t., 16 h R 30_54%

Scheme 1: Synthesis of amphetamines via visible light initiated decarboxylation/Smiles rearrangement cascade.

As the general build of the starting material required for such transformation implicated that
natural aspartic acid could be a viable building block, this possibility was examined. Initial
results were negative, but sparked the idea of using aspartic acid and its homologue, glutamic
acid, in decarboxylations. While in literature the latter was target for the decarboxylation of
its a-carboxy group, its y-carboxy group, representing a primary acid, was the focus of this
work. Adequate starting materials based on glutamic acid were synthesized, using different
protection strategies for a-carboxylic acid and amine. The formation of an oxazolidinone or a
hydantoin heterocycle was key to a successful protection of the two functionalities and

conservation of the stereoinformation brought in by the naturally enantiopure glutamic acid.
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Scheme 2: Substituted hydantoin derived from glutamic acid used for photochemical decarboxylation.

While the oxazolidinone protection strategy was used in decarboxylative intermolecular
reactions and further explored by Christian Eichinger, the hydantoin protection strategy was
successfully applied for an intramolecular cyclization, giving rise to six-membered ring
systems (Scheme 2).

The second part deals with a photochemical oxygenation of cyclopropanated (hetero-)
cycles giving rise to annelated peroxides. Suitable starting materials require an aromatic
system adjacent to the tricycle, which can be oxidized in presence of air and Fukuzumi’s
catalyst. This generates a radical next to the cyclopropyl group, triggering its opening and
subsequently leading to the incorporation of oxygen, therefore expanding the cyclopropane to

a five-membered endoperoxide (Scheme 3).

H pp ring- HPh CO,Me H Ph CO,Me
W' ], Oxidation opening ./ 2
/ 'CO,Me — > —_— &/ _>—> P
o —0
H O ® (o) H

Scheme 3: Synthesis of endoperoxides from cyclopropanated furan.

Following the exploration of a broad range of substrates, including differently substituted
cyclopropanated O- and N-heterocycles as well as carbocycles, an array of endoperoxides was
tested for activity against the malaria pathogen plasmodium falciparum at the Max Planck
Institute of colloids and interfaces by Felix Goerdeler of the research group of Prof. P. H.
Seeberger. The results showed a positive correlation between activity and lipophilicity of the
tested endoperoxides, revealing the carbocyclic derivatives to be most active. While the best
IC50 values were found to be in the low micromolar range and thus a factor 1000 higher than
the current state-of-the-art malaria therapeutic artesunate, these initial results demonstrate the
biological activity of the generated endoperoxides and point the way to possible further

research.



1.2 Zusammenfassung

Im Rahmen der nachfolgend vorgestellten Arbeit wurde die Anwendung unterschiedlicher
Facetten der Photokatalyse mit sichtbarem Licht in der Synthese biologisch aktiver Molekiile
von pharmazeutischer Relevanz erreicht. Die Arbeit teilt sich in zwei Teile.

Der erste Teil beschreibt die Verwendung der lange bekannten photochemischen
Decarboxylierung. Mittels der Aktivierung der Carboxylgruppe als N-O-ester, hier: als N-
Acyloxyphthalimid, konnen primédre Carboxylgruppen mittels sichtbaren Lichts
decarboxyliert werden. Durch die Anwendung dieser Strategie konnte die Substratbreite einer
durch Decarboxylierung eingeleiteten Smiles-Umlagerung, welche schon zuvor im
Arbeitskreis Reiser untersucht wurde, erweitert werden. Zusatzlich zu den Substraten, an
denen durch Christian Faderl die Umlagerung erfolgreich durchgefuhrt wurde, konnte diese
auch erfolgreich zur Synthese einiger Amphetamin-Derivate eingesetzt werden (Schema 1).
Im Zuge dessen konnte anhand der erfolgreichen Synthese von enantiomerenreinen (S)-
Amphetamin, welches zur Therapie von ADHS eingesetzt wird, gezeigt werden, dass in
diesem Falle die Stereoinformation des Startmaterials erhalten bleibt.

Amphetaminderivate
1 mol% H

@ N

NJ\/COZNPht [ir(dtbbpy)(PPY)2IPFs NBoc — 3 Boc
Loe MeCN/H,O (40/1), R

R hv4s5 nms F-t., 16 h R 30-54%

Schema 1: Synthese von Amphetaminderivaten mittels einer Kaskade von Decarboxylierung und Smiles-

Umlagerung.

Da die natlrliche Aminosduren Asparaginsdure und Glutaminsédure die grundsatzlichen
Voraussetzungen fur eine Verwendung als Teil eines geeigneten Startmaterials erfullen, und
erhebliche Vorteile wie geringe Kosten und inhdrente optische Reinheit mit sich bringen,
wurden sie als Ziel weiterer Untersuchungen ausgewéhlt. Wahrend einige Literatur zur
Decarboxylierung der a-Carboxylgruppe von Asparaginsédure und Glutaminsdure, dem um
eine CH»-Gruppe verldangerten Homolog, verfugbar ist, wurde im Folgenden auf die
Decarboxylierung der priméaren Sauregruppe der beiden Di-Sauren mittels Aktivierung als N-
Acyloxyphthalimid abgezielt. Fir Amin und o-S&uregruppe wurden verschiedene
Schutzgruppen getestet. Hierzu wurden Oxazolidinon- und Hydantoinheterocyclen gebildet,
welche erfolgreich die beiden unbeteiligten funktionellen Gruppen und die Stereoinformation

der natlrlichen Aminosauren bewahren.
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Schema 2: Glutaminséurebasiertes Hydantoinderivat als Startmaterial einer photochemischen Decarboxylierung.

Wahrend die Oxazolidinon-Schutzgruppe in decarboxylativen intermolekularen Reaktionen
verwendet wurde, welche von Christian Eichinger naher untersucht wurden, wurde ein
geeignetes glutaminséurebasiertes Hydantoin-Derivat erfolgreich bei einer intramolekularen
Cyclisierung zu einem sechsgliedrigen Heterozyklus eingesetzt (Schema 2).

Im zweiten Teil dieser Dissertation wird die photochemische Oxygenierung von
cyclopropanierten (Hetero-)zyklen zu annelierten Endoperoxiden beschrieben. Geeignete
Startmaterialien fur eine derartige Reaktion bendtigen ein aromatisches System neben dem
dreigliedrigen Ring, welcher in Gegenwart sichtbaren Lichtes, (Luft)sauerstoff und
Fukuzumi-Katalysator oxidiert werden kann. Dabei wird ein Radikalzentrum neben dem
Cyclopropanring gebildet, welcher dessen Offnung auslost. Diese Offnung wird schlieRlich
von Disauerstoff Uberbriickt, was zur Bildung eines fiinfgliedrigen Endoperoxids fiihrt
(Schema 3).

I;I Ph Ph  co,Me H CO,Me
7, Oxidation H, e > <« o
{ 57 ‘CO,Me ——> — -
0" 'H o ® O+

Schema 3: Synthese von Endoperoxiden aus cyclopropaniertem Furan.

Aus der Reihe verschiedenster auf diesem Wege synthetisierter Endoperoxide wurde eine
Auswahl am Max Planck Institut fur Kolloid- und Grenzflachenforschung von Felix Gordeler
aus der Arbeitsgruppe von Prof. P. H. Seeberger auf Aktivitdt gegen den Malaria-Erreger
plasmodium falciparum untersucht. Die Ergebnisse zeigen eine positive Korrelation zwischen
Aktivitat und Lipophilie der untersuchten Endoperoxide, mit einem annelierten Carbocyclus
als bestem Derivat. Wahrend die gefundenen IC50-Werte im mikromolaren Bereich liegen,
belegen sie doch die Wirksamkeit der synthetisierten Endoperoxide und zeigen den Weg zu

maoglichen weiteren Untersuchungen.



2. General Introduction

2.1 Basics of Visible Light Mediated Photochemistry

In the last two decades, visible light mediated photochemistry saw a rapid ascent in
popularity?, as indicated by the number of publications in this field. It has become a widely
established activation method, which provides selectivity and versatility and yet is
operationally simple. Supported by the development of efficient light sources with narrow
emission bands in the visible region, namely LED-lamps, in the 1990s, photochemistry is now
commonly found even in industrial-scale processes. Controlled irradiation at a certain
wavelength with a defined power allows for reproducibility and combined with flow-
chemistry, visible light photochemistry is a valuable tool for greener processes in industrial

syntheses, as covered in various reviews.?”’

For a long time, with some notable exceptions®, photochemistry relied on the use of UV-light,
generated by high-pressure mercury lamps, posing a costly safety hazard. Some intriguing
transformations were achieved®1°, but the applicability was low due to the incompatibility of
many functional groups with high-energy UV-light and the inconvenient reaction setup.

However, the use of visible light generated by efficient light sources was not only an
operational improvement, but also paved the path to completely new mechanisms and
therefore transformations. While UV-light can directly excite organic molecules, these usually
do not absorb in the visible region, making the use of catalysts mandatory. These colored
organic dyes'' and transition metal complexes? can harvest photons from the visible
spectrum with a wavelength between 400 and 800 nm and then catalyze reactions in colorless
substrates via different pathways. Combinations with other catalyst systems are possible,

giving way to an entirely new playground for organic chemists.**1’
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Scheme 4: Generic mechanism for photocatalytic reactions.

Said pathways are categorized either as single electron transfer (SET)® or energy transfer (ET)
mechanisms (Scheme 4). The single electron transfer mechanisms are usually called
photoredox catalysis, which utilizes the ability of the excited catalyst [Cat]* to either take up
an electron from a given substrate and therefore act as oxidant (Oxidative Quenching), or
donate an electron to function as one-electron reductant (Reductive Quenching). To close the
catalytic cycle, the catalyst then has to take or respectively give an electron to return in its
ground state, as shown in Scheme 4.

The energy transfer pathway in contrary does not necessarily produce a charged species, but
brings the substrate molecule (Q) in an excited state [Q]*, which can trigger e.g.
intramolecular electron transfer between two functional groups within the substrate molecule,

generating (di-)radicals.*®-*°

For the single electron pathway, the above described routes are differentiated by choosing the
reaction conditions accordingly. To determine these conditions, knowledge about the
reduction and oxidation potentials?® of all the components in the reaction is required,
including the catalyst in its ground- and excited state. Only then, the following questions can
be answered:

e Does the potential of the catalyst match the potential of the substrate, i.e. can a SET

between them take place?
e Does the reaction require a sacrificial electron donor, and if so, which one?
e s the desired product stable under the conditions, or will it react further because it can

also undergo a SET?



Analytical methods originally established in the field of electrochemistry and physical
chemistry give access to the required numbers?, e.g. cyclovoltammetry for the elucidation of
redox potentials.

The toolbox available for adjusting the reaction conditions holds a variety of catalysts,
covering a broad range of potentials. Several characteristics determine if a colored molecule
can become an effective photocatalyst: The molecule needs a high absorption coefficient,
which shows that of all the incoming photons, a large part is absorbed and can power the
catalytic cycle. Upon absorption, a potential catalyst is transferred to its excited state, with the
mechanism differing greatly between heterogeneous®? and homogeneous catalysts, and in the
latter group again between transition metal based and solely organic catalysts?. It needs to
remain in the excited state for a sufficiently long time (so-called lifetime) without
unproductive relaxation to enable interaction with the substrate, as this requires a close
encounter of the two (distance under 10 A). All of these properties can be tuned, by so-called
“doping” in heterogeneous inorganic catalysts, changing ligands in transition metal complexes
or substituents in organic dyes.

Most commonly employed are transition metal catalysts, which are known for their superior
stability (Scheme 5). Their properties are determined by the ligands attached. The costly
ruthenium?-2° (e.g. 1, 2) and iridium?® (e.g. 4, 5) based catalysts operate with an outer sphere
mechanism, where the radicals generated do not interact with the metal centre. Copper-based
catalysts (e.g. 3, 6) have shown extraordinary versatility, allowing for additional interaction:
Substrates can coordinate to the copper and undergo visible light induced homolysis, or the
radical formed during the reaction can coordinate to the copper, and therefore give rise to an
inner sphere mechanism. The details of copper photocatalysis are discussed in detail in a

recent review by Reiser et al..?’
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Scheme 5: Transition metal photocatalysts.

Next to transition metal catalysts, organic dyes stand as viable alternative (Scheme 6). Despite
being less stable, they can be used in larger quantities than e.g. Ir-based catalysts, as they are

more often than not inexpensive and produced in large scale by industry.

/
N O o,
N=
I %
XN
@,
N

rose bengal 7 methylene Fukuzumi's
blue 8 catalyst 9

Scheme 6: Organic dyes used as photocatalysts.

The broad range is further enhanced by compounds that cannot be summarized under the two
groups of catalysts discussed above, such as the heterogeneous anatase modification of
titanium dioxide®?° or rather exotic cases, e.g. sodium iodide in combination with

triphenylphosphine, which has been used as a photocatalyst by Fu et al. (Scheme 7).%°



20 mol% PPh;

lo) 1.5 eq. Nal Ph
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10 1 12

Scheme 7: Visible light mediated decarboxylative alkynation with iodide as catalyst.

Not only tailored catalysts, but also sacrificial electron donors tuned to specific demands — i.e.
less prone to side reactions, good solubility or with a special redox potential — are available
(Scheme 8). In terms of green chemistry, atom efficiency needs to be improved: The
sacrificial electron donor should be of low molecular weight, recoverable and recyclable,

easily accessible or ideally not “sacrificial” at all, but also transformed into a useful chemical.

0 0 )\J\O\/O

H G)O OH ’)\

Hantzsch ester 13 ascorbate 14 DIPEA 15 DCBA 16

.-\O

Scheme 8: Assorted sacrificial electron donors used in photocatalysis.®*

While a wide range of transformations can be performed using photocatalysis, its utilization
in industry was hindered due to issues when upscaling lab-scale reactions. Traditional
activation methods such as heating have been used for a long period of time; hence the
knowledge on key points to solve in upscaling is there. Photochemistry however requires
additional thought given to issues such as light penetration into vessels, which is dependent on
the concentration and on the amount of volume, and cooling when strong lights are used.
Several methods exist to improve lighting — e.g. lighting from the inside, or the use of flow
techniques®2-*, which in fact combine well with photocatalytic reactions.

DCA, TFA, 8 bar O,
LED, Flow reactor

HO,C
artemisinic acid artemisinin
17 18

Scheme 9: Synthesis of artemisinin by Seeberger et al.>

Even two-phase (liquid/liquid and liquid/gas) reactions can be performed in flow®’, as shown
by the continuous flow synthesis of the antimalarial pharmaceutical artemisinin 18 from its

precursor artemisinic acid 17 by photochemical oxidation in presence of oxygen (Scheme



9).3¢ This process allows for large scale synthesis of the drug, and as the precursor is extracted
from a plant, the chlorophyll contained in the extraction mixture can be used as photocatalyst,
making this a prime example of green chemistry. Hence, this much desired treatment for the
malaria-disease becomes available at a reasonable price to the people even in third-world

countries.
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2.2 Photochemical Decarboxylations

Decarboxylations are important reactions in nature and in synthetic chemistry. In nature,
catalytic decarboxylation is a key reaction in most lifeforms, supplying energy via the Krebs
cycle.® In chemistry, decarboxylations are useful reactions due to various carboxylic acids
being available in large scale but at low cost (amino acids, fatty acids), and therefore a variety
of starting materials are commercially available. In the laboratory, the extrusion of CO> from
carboxylic acids can be achieved by a number of ways, including heating®, electrochemical

40-41

methods*®4!, use of various catalysts*’, UV-irradiation*® and photoredox catalysis**, the latter

being the focus of this thesis and therefore discussed in more detail in the following.

Barton et al. first described decarboxylations of active esters by thermal means and upon
addition of tribuylstannane/AIBN as radical source (Scheme 10).45-% The radicals could be
added either to e.g. double bonds, selenides*, or simply abstract hydrogen atoms. With
further development by Bartons successors, among them Samir Z. Zard, this style of
decarboxylation became widely used, even more so as the use of toxic tin-based radical-
sources could be avoided by using an alternative “radical source” capable of inducing
homolytic cleavage of the active ester.*’ This “radical source” is of course light, which makes

the use of the N-O-esters developed by Barton viable even today.*®
HSn"Bu, | X
R L + N+ R —=>
or hv, AT
SSn"Buj;
Scheme 10: Decarboxylation of active esters as described by Barton et al.*®
An important contribution in the area of photochemical decarboxylations was made by the
group of Okada et al., who used a different activation group constructed from N-

hydroxyphthalimide 19, which is more easily introduced and can be regenerated after

completion of the reaction (Scheme 11).4°
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Scheme 11: Decarboxylation of N-acyloxyphthalimides as described by Okada et al.*®

This decarboxylation generates free radicals, which can undergo various transformations,
intramolecular and intermolecular (Scheme 12).
o) BDMAP
/\/\/\H/O\N ‘BuSH (O . M
isible li CyHys 27
Cq1Has 25 o) visible light 26 11H23
o THF/H,0 C11Hzs

Scheme 12: Application of Okada’s decarboxylation.*

Even though new techniques were developed which avoid the use of active-esters altogether,
the decarboxylation of N-acyloxyphthalimides remains viable due to the ease of preparation
of the required N-O-esters and the compatibility with modern photoredox chemistry. In the
example shown below (Scheme 13), Overman et al. use [Ru(bpy)s]** as photocatalyst instead
of BDMAP, and use a combination of Hantzsch ester 13 and DIPEA 15 as sacrificial electron

donors to facilitate the key step in their synthesis of (-)-aplyviolene 31.%°

0
COOMe
MeOOC 29
NPht THBSO H Cl
(1.5 eq) 0 —>»

1 mol% [Ru(bpy)s]1(BF,); [
1.5 eq Hantzsch ester . H 30
2.2 eq 'Pr,NEt ; -CO,, -HNPht ~ Me Me

DCM, r.t., 2.5 h, hy

Scheme 13: Synthesis of aplyviolene 31 by Overman et al.*®
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For a long time, the use of activation groups was mandatory to achieve successful
decarboxylation under photoredox conditions, until in 2014 the group of MacMillan et al.
demonstrated the visible light mediated photocatalytic decarboxylation of plain carboxylic
acids without the work-around of active esters.’® Employing highly oxidizing fluorinated
[Ir(dF(CF3)ppy)2(dtbbpy)]PFs catalyst, salts of carboxylic acids in activated positions (e.g.
a to a heteroatom group, secondary or tertiary acids) were decarboxylated upon irradiation.
Among the tested bases, which were used to deprotonate the acids, forming their respective

carboxylates, K;HPOj4 gave the best results (Scheme 14).

1 mol% 5
RYCOzH CoEt 1 mol% R CO,Me
+ —_—
Y = COzEt KzHPO4, DMF, Y COZMe
r.t.
Y = -NR,, -OR, 32
'cHzR

Scheme 14: Decarboxylation as described by MacMillan et al.5*

Since its first description in literature, this technique has been applied as the key step in a
number of syntheses.>>>3

However, this active-ester free approach fails for unactivated primary carboxylic acids, e.g.
most fatty acids from natural sources. In contrast, the decarboxylation of N-
hydroxyphthalimide esters is possible also with such substrates and in general requires less
oxidizing conditions and hence may be more suitable to sensitive substrates. A relevant up-to-
date example is depicted in Scheme 15: Riping et al. employed radicals generated via visible
light photoredox decarboxylation from various acyloxyphthalimides for an addition to
imines®, a transformation for which traditionally organometallic reagents would be
employed.

5 mol% rose bengal 7
20 mol% Li,CO,
5 eq. DIPEA

Ph 10 eq. H,0 Ph‘NH

N’
+ R CO,NPht o + HNPht + CO
)I ~ 2 EtOAc, rt.,, 20 h )\/R :
Ph green LED Ph

Scheme 15: Decarboxylation of N-acyloxyphthalimides for the construction of amines by Riiping et al.>*

In conclusion, visible light mediated decarboxylation represents an important technique in the
synthesis of complex molecules and an alternative to other activation methods, filling with

life the term “traceless activation group” coined by D. W. C. MacMillan.!
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3. Smiles Rearrangement

3.1 Introduction

The visible light mediated decarboxylation elaborated on in the previous chapter was applied
by Reiser et al. for a so-called Smiles rearrangement (Scheme 16).%

hv

O\

X
(1) +* (1)
[ll" 1 ] [Ir 1] ] ./+ /
RN IET RN o
8 8 8 Y

36
COZNPht COZNPht COZNP_ht
-CO,
R = Bu, Boc -HNPht
X=2HorO
Y=Br, H
Nu = OH X X X
RN RN ©
Ny —-—— A <*Nu” RN S
(o] le) Nu o) ®
39 © 38 Y 37 Y

Scheme 16: Visible light mediated decarboxylation and consecutive rearrangement published by Reiser et al.>®

The term is named after a rearrangement described by Samuel Smiles in 1931°¢ and used to
describe reactions where a chain on an aromatic system switches its start and end point, most
commonly via a bicyclic intermediate (41, Scheme 17). As the reaction pathway involves an
ipso-cyclization, the reaction is only feasible for certain chain lengths. Typically five or six-
membered intermediates give the best results, with longer chains being disfavored and shorter
chains nearly impossible as per the Baldwin rules.>” Driving force is the higher stability of the
newly formed bond, and the rearrangement is often triggered by reactions releasing volatile
groups such as CO (compare Scheme 16) or SO2.>® From the spiro-intermediate an 1,2 shift
(43) is competing with the ring opening, which can be differentiated from a possible ortho-

cyclization (44) only in presence of other substituents.
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bicyclic
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X
X\/\Y /> Y\/\X
40 Y41 42
R R R

competing 1,2-shift
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possible ortho-cyclication

X
ook
R Y

Scheme 17: Basic representation of a Smiles rearrangement.

The Smiles rearrangement has been® and still is® an interesting option for the construction of
side-chains of aromatic systems, even more so as visible light mediated photocatalysis
presents a powerful and selective method to facilitate these reactions in highly functionalized
molecules.®* Among a number of contemporary examples®9%2%2 one reported by Stephenson
et al. % is shown in Scheme 18, where the reaction is initiated by radical formation via visible

light mediated photoredox catalysis.

0 0 o) F
O F O, F %0 F
~g F hy S8 ~LF 0=8
/\—j 0 i o — = OH
/ \ Br g / \ F so, ([ \
S° 45 $° 46 S 47 S 48

Scheme 18: Smiles rearrangement as key step in the synthesis of an ORL-1 antagonist.®

Following the previous work of the Reiser group on this topic (Scheme 16) and drawing
inspiration from the literature, visible light mediated decarboxylation was applied as key step,
initiating a Smiles-rearrangement, in the synthesis of bioactive compounds and some

derivatives.
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3.2 Studies on Visible Light Mediated Smiles Rearrangement X

3.2.1 Initial Studies: Phenylethylamines, Tetrahydroisoquinolines and
Benzoazepeninones ¥

The results described in this first sub-chapter are results of C. Faderls work, which have been
published as his Ph.D thesis®®, and which are the foundation for the following work of the
author of this thesis. They are given within this thesis to present a reasonably complete view
and proper introduction on the subject of the Smiles rearrangement triggered by

photocatalytic decarboxylation.

Smiles rearrangement

Phenethylamines
] ) e X \(\l )
(0] p = NRPg
N,Pg catalyst o N g R=H, COAlkyl
R1 hv @ ( )
THNRRE 9
) THNPht R n o
CO,NPht - €02 N y-Pe
49 i 50 ] R )
P~ A 52
1,2 Acylshift

tetrahydroisoquinolines (n = 1)
benzoazepinones (n = 2)

Scheme 19: Visible light mediated photocatalysis initiating a Smiles rearrangement.

It was envisioned that the classes of biologically important phenylethylamines®® (51),
tetrahyrodoisoquinolines®” (52, n = 1), or benzoazepinones (52, n = 2) could be accessed via a
Smiles rearrangement from readily available starting materials 49 making use of renewable
resources, i.e. benzoic and amino acids (Scheme 19).%% 3 70 A photochemical
decarboxylation of a primary carboxylic acid should trigger the rearrangement, therefore an
active ester, i.e. an N-acyloxyphthalimide, was used as starting material (49). Furthermore, the
starting material was comprised from 4-methoxy benzoate, which was linked to B-alanin via
an amide bond. On the amide-nitrogen, a 'butyl group was attached to ensure a correct
conformation, as this bulky group forces the starting material into a desirable conformation,
bringing in close proximity the aromatic systems of the phthalimide and the benzoate (Figure
1).

X parts of this chapter are reproduced from C. Faderl, S. Budde, G. Kachkovskyi, D. Rackl and O. Reiser, J. Org.
Chem., 2018, 19, 12192-12206; Copyright 2018 American Chemical Society.

¥ The work presented in this subchapter is work performed by Christian Faderl and was published in his Ph.D
thesis.
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benzoate bulky group

(o)
/©)LNJ<
o iﬁ-amino acid
53a oo
(o) 'll (0]

N-O-ester

Figure 1: Model substrate for photochemical Smiles-rearrangement.

Under irradiation with a blue LED (Amax = 455 nm) an iridium based photocatalyst
[Ir(dtbbpy)(ppy)2]PFs was able to transform the model substrate 53a, yielding the desired
rearrangement product 54a in 41% vyield (Table 1 vide infra). As a competing process, a
considerable amount of ester hydrolysis was observed, accounting for the complete
conversion of 53a. A screening of reaction conditions revealed that some amount of water in a
polar organic solvent is beneficial for the reaction, as the water is coordinating to the

phthalimide-portion of the molecule, reducing its oxidation potential.”

Common photocatalysts such as [Ru(bpy)z]Cl2-6 H20 or the dye perylene did not facilitate the
desired rearrangement, while further control experiments suggested that the decarboxylation
reaction is indeed a photochemically mediated process: In absence of the photocatalyst or
light or in presence of air, no product formation was observed (entries 9-11). Under UV
irradiation in absence of a catalyst the reaction proceeded to give the desired product in a
comparable yield (entry 12) to the visible light / Ir-photocatalyst conditions (entry 3). It can
therefore be concluded that neither an oxidative nor a reductive quenching cycle, but rather
energy transfer is operative in this transformation. Either the catalyst can trigger the energy

transfer, or it takes place intramolecularly under UV-conditions.
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Table 1: Screening of reaction conditions.?

(o] ‘Bu

N/\/COZNPht 1 mol % catalyst . NH
tBu solvent /©/\/
MeO MeO

hV455 nms r.t.

53a 16 h 54a
entry  catalyst conditions yield (%)°
1 [Ir(dtbbpy)(ppy)2]PFe MeCN traces
2 [Ir(dtbbpy)(ppy)2]PFs MeCN/H20 (10/1) 41

3 [Ir(dtbbpy)(ppy)2]1PFs MeCN/H20 (40/1) 61

4 [Ir(dtbbpy)(ppy)2]1PFs MeCN/H20 (50/1) 48

5 [Ru(bpy)s]Cl2 MeCN/H20 (40/1) 0

6 Perylene MeCN/H20 (40/1) 0

7° [Ir(dtbbpy)(ppy)2]PFs 40 °C 40

8¢ [Ir(dtbbpy)(ppy)2]PFs 80 °C 17

g° [Ir(dtbbpy)(ppy)2]PFe no degassing 0

10¢ [Ir(dtbbpy)(ppy)2]PFe no light 0

11° - no catalyst 0

12¢ - UV /A > 250 nm 58

aUnless otherwise specified: 53a (0.1 mmol), photocatalyst (1 mol %), degassed solvent (2 ml), ratio of mixed
solvent in v/v, room temp., 16 h. *Yields were determined by *H NMR spectroscopy of the crude products with
4-nitrobenzaldehyde as internal standard. °Solvent: MeCN/H,O (40/1). “Acetone/H,0 (20:1), room temp., 6 h.

With optimized conditions in hands, the reaction scope was evaluated (Table 2). An array of
different B-phenylethylamines 54a-k was synthesized by introduction of substituents on the
phenyl ring. These substituents were tolerated well, regardless of the position (para-, meta-,
ortho-), but electron donating substituents gave higher yields (54a). With respect to variations
on the alkyl chain, pB-substitution was feasible as demonstrated with the synthesis of 54;j.
Changing water to alcohols (primary, secondary or tertiary) in the solvent mixture allowed the

isolation of the corresponding carbamates 54a-R?, 54b-R3 and 54f-Me.
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Table 2: Substrate scope of the Smiles rearrangement initiated by decarboxylation.

(o) 1 mol % R2 'Bu 9 By
N _co,NPht [Ir(dtbbpy)ppy,]PFg N N”
R '}‘H\( ’ ,16 h - . RO R ]
'‘Bu R? n
hV455 nm? r.t. Rz
# n SM R? R? R3 product outcome
53a | 4-OMe 54a, 61%
53b | 4-Cl 54b, 45%
1 1| 53c |4-Br H H 54c, 49%
53d | 4-Me 54d, 45%
53¢ | 4-H Ny, | 54e 29%
53f | 2-OMe RUED/V 54, 43%
2 |1 53g |3-OMe H|l H 54g, 33%
53h | 3-Cl 54h, 21%
3 | 1|53 [3ClL4OMe | H | H 54i, 53%
Me
4 | 1| 53 |4-OMe Me | H /©)\/NtBu 54j, 53%
MeO
CO2Me 54a-Me, 64%
5 1| 53a |4-OMe H | CO2'Pr 54a-'Pr, 35%
CO2'Bu 54a-Bu, 37%
CO:Et 54b-Et, 70%
] COZPr N, | 54b-Pr,56%
6 | 1] 530 4Cl 1| cosBu R1©/\/ 54b-'Bu, 35%
CO2'Bn 54b-Bn, 60%
7 1| 53f | 2-OMe H | CO:Me 54f-Me, 38%
8 1| 53k | 3,4-OMe H - o 553, 82%
NfBu
9 |1 531 |3,4,50Me | H - R 55h, 75%
56a | 4-H 57a, 43%
56b | 4-OMe s 57b, 60%
10 | 2 56¢ | 3,4-OMe H ) N 57c, 58%
56d | 3,4,5-OMe R? 57d, 43%
56e | 4-OMe, 3-Cl 57e, 62%
56f | Pyridine 57f, 35%

continue next page
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notable results:

OMe O
¢ 58, 45%:
11° | 2 |569 | 2,5-OMe | H - N No
t
OMeBu rearrangement
MeO

0/a-
12 |1|53m| 250Me | H | H @\/Vm&, 541, 38%
rearrangement

OMe

Reaction scale: SM (1 mmol), [Ir(dtbbpy)(ppy)2]PFs (1 mol %), 10 ml MeCN (degassed), with up to 13.5 equiv.
AlkylOH or a mixture of MeCN/H:O ratio 40/1, room temp., hv (455 nm), 16 h. Isolated yields are given.
aIncomplete conversion after 24 h.

A further increase of the electron density in the arene ring by introduction of two (53k), or
even three (531) methoxy groups led to the exclusive formation of dihydroisoquinolinones 55a
and 55b, the latter being established by X-ray structure analysis. This supports the proposed
mechanism, as these products arise from the 1,2-acyl shift in the spiroradical intermediate
(compare Scheme 17, cmpd. 41) rather than an ortho-cyclization which occurs
regioselectively towards the sterically less hindered site if an unsymmetrical starting material
such as 53k is employed. Such a pathway is not feasible when both ortho-positions are
blocked (53I); in this case, the Smiles rearrangement is observed (54m), albeit in low yield.
Substrates 56a-f, comprising an alkyl chain in the amine elongated by one methylene unit
compared to 53, formed tetrahydrobenzazepinones 57. No products arising from
rearrangement or 1,2-acyl shift were detected, indicating that these substrates followed a
different mechanistic pathway, which is likely a direct 7-exo/endo-trig ring closure. This
change in mechanism is supported by the formation of 58 from a substrate where both ortho-
positions are blocked: No rearrangement, but only formal reduction is observed, while the
analogous reaction towards B-phenylethylamine 541 follows the spirocyclization route.
Notably, also electron deficient pyridine derivative 56f was successfully transformed to 57f,
while no such reaction was observed for the analogous derivative with a shorter chain.

Both major product groups formed by the discussed decarboxylation, i.e. phenylethylamines
and benzoazepinones, are core parts of a class of natural compounds called capsazepines’
with anti-inflammatory and anti-nociceptive effects.”® Therefore, a formal synthesis of
capsazepinoid 61 was developed (Scheme 20, vide infra). Compounds 57b and 54b, being
obtained from the photorearrangement of 56b and 53b (Table 2) could be readily converted to

the key intermediates 59 and 60, which can be transformed into the desired capsazepinoid.
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Cl
TFA
57b reflux 6 h
86%

Ref. 72
— > S
1) TFA, r.t. yNH
overnight, N
87% NH;
54b o m LioH " /©/\/
THF, MeOH ¢ 61
MW, 89% 60 HO

Scheme 20: Formal synthesis of capsazepinoid 61 according to Sterner et al..”

The reduction potential of [Ir(dtbbpy)(ppy)2]PFs photocatalyst (Eiz (I'V*"") = -0.96 V vs.
SCE) on its own is insufficient to enable an electron transfer to the N-acyloxyphthalimides
(e.g. Ex2 =-1.32 V vs. SCE for 53a). Albeit the water required for successful transformation
has been demonstrated to lower the reduction potential of the phthalimides, a photoredox
mechanism remains unlikely in this case. Instead, an energy transfer mechanism seems more
plausible. This proposal is supported by the fact that the reaction proceeds under UV-
irradiation in absence of the catalyst (Table 1, entry 12). Furthermore, Schiitz et al. calculated
the analytic energy gradients for the ground and excited states in 53, which showed that the S;
and T state of the excited molecule 62 can undergo such a charge transfer.’* Upon energy
transfer, N-O bond cleavage triggers the decarboxylation, forming radical 63 and releasing a
neutral phthalimide molecule (Scheme 21, vide infra). Depending on the length of the alkyl
chain, a 7-endo/exo-trig cyclization leads to products 57, or the key intermediate 65 is formed
via spirocyclization. Following the analysis put forward by Chuang” and Tchabanenko® for
spiroradical intermediates, rearomatization of 65 could be accompanied either by a direct 1,2-
acyl shift to the ortho-position of the phenyl ring (observed for electron rich substrates 53Kk, 1),
or more likely, by ring cleavage. The latter gives rise to carbamoyl cation 66, which then
transforms to the different types of products depending on the electronic nature of the aryl
ring (54, 54-alk, 55) and the solvent. In case of water trapping the carbamoyl cation, another
decarboxylation occurs spontaneously under the reaction conditions, leading to products 54.
When instead of water an alcohol reacts with the carbamoyl cation, a stable urethane is
formed (products 54-Alk).
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Scheme 21: Mechanistic proposal for Smiles rearrangement triggered by decarboxylation.

In summary, the photocatalyzed transformation of w-aryl-N-acyloxyphthalimides in presence
of [Ir(dtbbpy)(ppy)2]PFe may lead to three different types of products, depending on several
key structural elements of the starting material: B-phenylethylamines 54,
dihydroisoquinolinones 55 and tetrahydrobenzoazepinones 57. The preparation of two key
intermediates for the convergent synthesis of the bronchodilator capsazepinoid 61,
distinguishing the reactivity of two -aryl-N-acyloxyphthalimides with different chain

lengths, shows the power of this synthetic strategy.
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3.2.2 Broadening the Substrate Scope: Amphetamines and More ®

Members of the phenylethylamin substance class, accessible by the Smiles rearrangement
presented above (Table 2), exhibit remarkable biological activity. Among these substances, a
subset of molecules with a special substitution pattern stands out: Amphetamines, which have
gained widespread attention both as useful pharmaceuticals for the treatment of various
diseases (ADHD, morbid obesity, etc.) as well as illegal stimulating drugs.®® ® Members of
this substance class have in common a methyl substituent in a-position to the amino group. In

principal, they should be accessible by the Smiles rearrangement discussed herein (Scheme

22).
©)LN/\/C02NPht condltlons NHPg
X=0,2H

proposed starting material amphetamin derivatives
OH I 0
NH, NH __NH,
©/\§/68 69 m 70
Amphetamin Norephedrin Cathin
ADHD drug anorectic drug illegal drug

Scheme 22: Amphetamines possibly accessible via Smiles rearrangement.

However, the preparation of the required starting material via the previous route was
unsuccessful (Scheme 23). Neither does the addition of tert-butylamine 71 to crotonate 76
take place as readily as to acrylate 72, nor is the coupling of the benzoyl chloride 74 to the
respective starting material sterically feasible.

Previous starting material synthesis o

o ©)j\0|
0 74
NH
2 o — HN/\)LO/

o} o}
S ~ e =
71 72 /’\ 73 /‘\ 75
o)

Attempted synthesis

NH, o J\/U\ J\/U\
+ —>¢> HN OEt — S N OEt —»
Xﬂ /\)71‘;0& /*\ 77 m 78

Scheme 23: Attempted starting material synthesis.

#The following work was performed by S. Budde as continuation of the work of C. Faderl presented in the
previous sub-chapter.
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An analysis of the key requirements of the starting material determined so far showed the
necessity of an aromatic group, a sterically demanding substituent on the amine, and a
suitable chain length for the carboxylic acid (compare Figure 1). Furthermore at least one of
the substituents on the amine should be electron withdrawing (e.g. Boc, Ts), so to prevent the
nitrogen from being oxidized under the photochemical conditions (i.e. act as electron donor,
comparable to the often used DIPEA). Switching the benzoyl part for a benzyl group and
exchanging the tert-butyl group for a Boc-protection group seemed a reasonable start for the
investigation. This change would also open up the reaction for introducing chirality in the key
substituent in a-position to the amine, significantly improving the previous approach (Scheme
24).
New synthesis - easy and cost effective
Boc,0

NH, OH
©/\ */\)L —>©/\ °Et W@” °Et e

rac-83a Boc rac-84a

Alternative - introduction of stereoinformation

= (o] = (0]
NH NaBH H H
©/\ 2 NaBH, ©/\N/\)]\0Et —»::::0 ©/\N/\)L0Et KoH
Et H 1
(S)-83a Boc (s)-84a

}\/ﬁ\ HONPht M
DCC —_—
N OH ————>» N ONPht o
Boc g5, Boc g6a

Scheme 24: New starting material synthesis for accessing phenethylamines.

Transferring the key components of the mechanism suggested for the Smiles photoreaction
(Scheme 21) on this new substrate (Scheme 25) showed one possible hindrance for the Smiles
rearrangement. Upon decarboxylation, an ipso cyclization (87) would lead to a product (88),
where both bonds of the spirocycle that do not derive from the aromatic system are alkyl
bonds, connecting to a CH»-R group, whereas with the previous substrate, one of the bonds
would connect to a carbonyl (Scheme 21). For the rearrangement to proceed, an opening of
the spirocycle 88 is required, and the differentiation between the two bonds would be less

distinct with the starting material being derived from a benzyl- rather than a benzoyl group.
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N 2 Cat N . cyclization ring opening
Boc -NPht" Boc
86a 87 88
Boc Boc
N\ H20 N NHBoc
— Y B T,
89 90 OH ~° rac-67a
Scheme 25: Proposed mechanism for the Smiles rearrangement leading to amphetamines.

Also in this reaction water plays a critical role, as it traps the carbocation 88, releasing
formaldehyde instead of another molecule of carbon dioxide as in the mechanism for the other
substrate classes (Scheme 21).

Both possible routes (Scheme 24) for the synthesis of suitable starting materials were
completed successfully (86a), and to our delight, the Smiles rearrangement took place under
irradiation in presence of a [Ir] catalyst, so to synthesize Boc-protected racemic (rac-67a) and
(S)-amphetamine ((S)-67a) in mediocre to good yields (Scheme 26). Consecutively two
different substituents on the aromatic system were introduced (67b, c), where the electron
deficient (67c) substrate gave significantly lower yield.

Amphetamines
1 mol% H

NJ\/COZNPhth [ir(dtbbpy)(PPY)1PFs /©/\|/N‘Boc
/©/\ . MeCN/H,0 (40/1),
R Boc hvass nms T, 16 h R
86a-c rac-67a: R = H, 54%
(S)-67a: R = H, 52%
67b: R = OMe, 45%

67c: R=Cl, 30%

Scheme 26: Synthesis of amphetamines via Smiles rearrangement.

In order to prove that the stereoinformation introduced by using chiral starting materials is

conserved, both Boc-amphetamines were subjected to chiral HPLC analysis (Figure 2).
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Figure 2: HPLC analysis of Boc-amphetamines.

In addition, more research towards the mechanism was performed by analyzing intensity- and
lifetime-quenching of mixtures of the catalyst and the substrate. By comparison with a N-
acyloxyphthalimide exhibiting similar core structure, but lacking the bulky substituent on the
amine, this was thought to give better insight into why the Smiles rearrangement
demonstrated above is feasible for these starting materials.””"® For this comparison, N-
hydroxyphthalimide ester of hippuric acid (91) was chosen.

For the graphs below, the intensity at 560 nm (F) was divided by the intensity of the pure
catalyst solution (Fo) and plotted against Nquencher/Ncat, Which corresponds to the equivalents of
substrate respective to the catalyst. Similarly, the lifetime of each sample (t) was divided by
the lifetime of the pure catalyst (to) and plotted against the equivalents of substrate respective

to the catalyst.
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Figure 3: Fluorescence lifetime and intensity-quenching of selected substrates.

As seen from the graphs above, until addition of about 1 equiv. 53b, the fluorescence intensity
and lifetime of the [Ir] catalyst increase slightly, indicating the formation of a catalyst-
substrate complex, but then drop drastically upon addition of more quencher. For 91, a very
small increase at the beginning is observed, but only poor quenching upon addition of more
91. We conclude that a successful interaction between the catalyst and the substrate is only
possible when the N-acyloxyphthalimide is in a favorable conformation due to the presence of

the bulky '‘Butyl group, or the Boc-group, respectively. However, the quenching of 53b did
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not follow a Stern-Volmer type quenching, indicating that more than just one pathway might
be operative.

Octyl-NPht 90 (Ei2® = -1.25V vs. SCE, irreversible peak) was also investigated as
completely neutral reference compound. If photoelectron transfer from the photocatalyst
would occur, it would be expected that fluorescence quenching would be observable for
Octyl-NPht, which was not the case, supporting our hypothesis of an electron transfer

mechanism.
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3.2.3 Consecutive Studies: Incorporating Aspartic and Glutamic acid

In an attempt to further broaden the substrate scope and to employ easily available starting
materials, optically pure aspartic acid was envisaged as an ideal starting material for the
Smiles rearrangement. This amino acid would be an affordable source with chiral
information, leading to phenyl alanin 92 and derivatives, depending on the substituents on the

aromatic ring (Scheme 27).

Smiles MeO,C o
. NHBoc Rearrangement \)j\
Rmo " ' > NY CONPht
20€ 92 Boc 93
substituted aspartic acid, activation
phenylalanin bulky residue group

Scheme 27: Smiles rearrangement leading to substituted phenylalanines.

A possible synthesis for the suitable starting material 93a called for the selective hydrolysis of
the y-ester of aspartic acid dimethyl ester 95 to the free acid 94 (Scheme 28). While a first
guess would be, that this ester group is less activated then the a-ester, the experiment showed

that the desired ester is indeed preferentially hydrolyzed in reasonable selectivity.

Meozu MeO,C O :{éﬁqmv' MeO.C
HONPht, DCC e0, e0,
N CoNPRt C—————» . L _co,m
Boc Ph” N \)J\OH PR N \CO;Me
93a Boc 94 Boc 95

Scheme 28: Envisioned starting material synthesis.

Di-ester 95 is synthesized from aspartic acid by benzylation and consecutive protection of the
amine with a sterically demanding Boc-group. These two steps were attempted consecutively
and also in one pot, as they both require similar basic conditions. However, while the
benzylation was successful, a further substitution with a Boc-protection group on this amine
could not be achieved. Several different bases were tested, and even the reverse order, first
Boc-protection with consecutive benzylation, was attempted, all unsuccessful. Presumably
high steric crowding prevented the double substitution at the amine, where in comparison
with the singular methyl substituent (84, Scheme 23), the methyl carboxylate requires
significantly more space.

Hence, the unprotected substrate was tested for possible photoreaction under the standard
conditions established in the previous chapter, but no desired rearrangement product, but only
a complex mixture was observed, from which mainly the free acid, stemming from ester

hydrolysis, was identified.
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After the miscarriage of this endeavor to incorporate a natural amino acid into the previously
developed Smiles rearrangement, it was obvious that more drastic changes to the possible
starting material synthesis were required.

Summarizing the results so far, a bulky substituent is required to force the starting material
into the right conformation. Only when the phthalimide and the aromatic residue where the
rearrangement is to occur are in close proximity, a reaction can take place. High steric
crowding at the amine may prevent a successful starting material synthesis from natural
amino acids, calling for different protection strategies.

Consecutively, other methods were envisioned to incorporate aspartic or glutamic acid into a
rigid skeleton, borrowing from the Schéllkopf synthesis and others.”®8° These investigations
are described in the next chapter.
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3.3 Decarboxylative Transformations of Oxazolidinone Protected
Natural Amino Acids

Oxazolidinones, which are comparably easy to construct from aspartic and glutamic acid®?,
provide a rigid structure, protect the amine from oxidation, protect the a-carboxylic group of

the two di-acids, and offer the possibility for introduction of an aromatic residue on the amine.

0-° o o CO,H
{ i(v,co NPht HONPht, DCC . & KMCOZH HJ\H HN/k(\/)COZH
N ; > N tVh T e—— ), "
cat. TsOH
n=1,2 -H,0

Figure 4: Envisioned synthesis of suitable precursors incorporating aspartic or glutamic acid within an
oxazolidinone.

A possible synthetic route (Figure 4) calls for a condensation reaction of (natural) o-amino
acids with formaldehyde in presence of an acid catalyst such as toluenesulfonic acid.
Employing a Dean-Stark apparatus under reflux conditions removes the water and in general
results in good yields. In case of sensitive starting materials, an inverse Dean-Stark apparatus,
allowing the use of Chloroform or DCM as refluxing solvent may be used. However,
oxazolidinones only become stable when the amine is substituted with another electron

withdrawing group, such as a toluenesulfonate, which need to be introduced beforehand.®?

Based on the oxazolidinones formed from aspartic and glutamic acid, a photochemically
initiated decarboxylation may give rise to inter- and intramolecular radical additions or

rearrangements.®

First, starting from aspartic acid 96, a derivative suitable for decarboxylation and possible
subsequent intramolecular cyclization (99) was synthesized (Scheme 29). Compound 99
proved to be very polar and hardly dissolving in the solvent mixture acetonitrile: water 40:1

determined to be the best conditions for such decarboxylations.

TsCl, @g:o H,CO S,/o HONPht S,,o
Asp(OH), Base NH o (cat.TsOH _ 5<o0 DCC S0 O
PO HON Dean-Stark /SN O > /~N ©
96 o o N
I 970H 7’/\\)\0” No
o 98 o 99 o

Scheme 29: Synthesis of a tosyl protected oxazolidinone 99 based on aspartic acid 96 as precursor for
photochemical decarboxylation.
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However, adding DMSO increased the solubility, and allowed for some test reactions. A new
compound was isolable, which could not entirely be purified from residues of the phthalimide
byproduct. However, mass spectroscopy and 2D-NMR allowed for the identification of
product 101, which is a cyclic sulfonamide (Scheme 30). This product derives from the
starting material by ortho-cyclization initiated by decarboxylation (100), which had been
observed for a different class of substrates in the previously discussed Smiles rearrangement
(Table 2). It can be hypothesized, that due to the rigidity of the oxazolidinone, an ipso-
cyclization is prevented, and therefore no rearrangement can take place. While the yield was
rather low, and the final product could not be completely purified, the observed product
skeleton sparked interest as it is found as part of widely used non-steroidal anti-inflammatory
drugs (NSAIDs).8+8 Apart from being NSAIDs, these compounds were also shown to inhibit

the growth of certain cancer types.®

o 0\“ 0, //

3”*0 o h talyst N @

P hy, catalyst |~ /~

A N ) PRt 71)\ »/K/\Q\
NO' -CO, o 100
o 99 o)

Scheme 30: Synthesis of cyclic sulfonamide via visible light mediated decarboxylation.

Starting from this compound, the core structure of several pharmaceutically used cyclic
sulfonamides is accessible (102-104, Scheme 31). A possible synthetic route includes an
oxidation in the first step (A), e.g. via photochemical oxygenation®’, followed by opening of
the oxazolidinone (B), e.g. using zinc bromide in combination with triethylsilane®®, which

directly leads to the methyl substituent on the amine found in many biologically active cyclic

; Piroxicam N Meloxicam Isoxicam (o}
R Ri=wme,r2= (| 5 R'=Me.R?= /=S R'=Me R’ —LN
102 N 103 PR 104

sulfonamides.

2
/R N Hk HN'§‘
\\ // \ /, P
/CK/\\(O OX|dat|on 0 Oxazolldlnone s _OH
opening
106

keto- enol tautomerism

Scheme 31: Some pharmaceutically relevant cyclic sulfonamides and a possible synthesis of their core structure
from compound 101.
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The oxidation is essential, as the carbonyl involved in the keto-enol tautomerism is key to
biological activity of this substance class, but also it nullifies the stereochemical information
introduced by using chiral starting materials. After all, this substance class is much easier
accessible via traditional chemistry, involving a Friedel-Crafts acylation, avoiding laborious
starting material synthesis. Therefore, no further research on the intramolecular cyclization
found for the oxazolidinone derived from aspartic acid was carried out.

In contrast, possible intermolecular reactions of oxazolidinones derived from aspartic and
glutamic acids were investigated, in part as collaboration of Simon Budde with Christian
Eichinger (Scheme 32). This research is part of the thesis of Christian Eichinger and discussed
in depth ibidem.®

OR
NH; . OFNPg CO.NPht ::;alyst,Ar/& OFNPg Ar
Hozc/'\(ﬁ;,coz"I —> }I)\Mn * U R=Ac, siMes M
(0] o (o]
n=1,2 Pg=Ts, Boc l¢
n=2
pipecolic acid
(Nj\'(OH signal molecule in plants Ar/(NjYOMe
H 3 Pg o 107
108 pipecolic acid
derivatives

Scheme 32: Intermolecular reactions induced by photochemical decarboxylation of suitably protected natural
amino acids developed by C. Eichinger.

The synthesis developed gave access to pipecolic acid derivatives 107. Pipecolic acid 108 is a
signal molecule in plants, which plays an important role in defensive activity of plants e.g.
when being attacked by pests.?>® Its synthesis has sparked interest, as it might find some

application in agriculture or as structurally rigid part of peptides.®2-%
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3.4 The Hydantoin Group as Alternative to Oxazolidinone Protecting
Group

Focus of this work remained on the intramolecular reactions of natural amino acid
derivatives; in particular, an alternative to Smiles-type reactions and to aromatic residues as
part of the core skeleton in general was researched. An intramolecular cyclization to a suitable
residue of a substituent on the nitrogen was desirable, and this substituent should not be an
amide, i.e. electron withdrawing, so that in the final product, a basic nitrogen-containing
heterocycle would be formed. As oxazolidinones proved to be adequate protection groups,
able to conserve the stereochemical information from the starting material, a similar cyclic
protection group for a-amino acids should be used. Depending on the ring size, either
piperidine or azepane rings would be accessible, which represent core structures of many
biologically active compounds (Figure 5).%4%

H H H

HM\R hv,
N catalyst N R + N R
ZCO,, - HNPht
QI\/\coszht , ,
(0] (0] o

Figure 5: Envisioned intramolecular cyclization of glutamic acid derivatives.

Three cyclic protection groups for a-amino acids were compared in respect of ease of
synthesis, stability and possible functionalization (Figure 6). While 1,3-oxazolidin-4-one
derivatives are generally regarded as less stable when the nitrogen is substituted with an alkyl
group (in contrast to an electron withdrawing group such as Boc or Ts), the closely related N-

carboxy anhydrides have found use in transformations of a-amino acids.

NH2
/ COCIZH \
AIkyI 0 AIkyI AIkyI
r YN g Y )
o R°N
o (0]
1,3-oxazoI|d|n-4-on N-carboxy anhydride hydantoin
unstable

Figure 6: Possible cyclic protection groups for a-amino acids.
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Alternatively, hydantoins, which represent an urea derived structure, can be formed from a-
amino acids by the use of potassium cyanate (route A, Figure 7).%¢ The two nitrogens vary in
basicity and can be functionalized separately, or the diacylamine is already introduced with a
substituent by using organo-cyanates® instead of cyanate salt.

R2Br
NH, 1) KNCO Q Boc,0 D Bae Q
HO 2) HCI )j\ NEt; JL _R2
A R W HN 'NH ———3 BocN”~ 'NH —#~/> BocN™ 'N
-H2
0 o R? o] R’ o R?
amino acid unsubstituted decomposition
hydantoin
1) PhANCO or
NH, BzNCO j\ R*Br j\ R®= /"{\\\
3
B Hoj])\w 2) HCI R2N” °NH  Base o poyN-R or
-Hzo k\)\
0 o R? J R Z
amino acid
R?2=PhorBz

Figure 7 Synthesis of substituted hydantoins.

While the hydantoin-formation proceeds well in both routes, the third substituent of the di-
acylated nitrogen is key to the stability of the protection group.®”*® Introducing a Boc group is
achieved under relatively mild conditions. However, under the strongly basic conditions
required for the introduction of an alkyl group on the other nitrogen, the hydantoin group
decomposes and is cleaved.

Therefore, route B, introducing an aryl or benzyl group, was chosen. The first of which leads
to the most stable hydantoin, but in consequence is most difficult to remove in the end, while
the benzyl group is stable in the following steps but requires different and less harsh
conditions to remove.

For this thesis, two different alkyl substituents as targets for the envisioned synthesis were
chosen: a propargyl and a dimethylallyl group, the first of which would avoid the formation of
a new stereocenter altogether, the latter only creates one new stereocenter. This would be the
probe for possible stereoinduction by the chiral information brought into the synthesis by
employing optically pure glutamic acid. As it is suspected that a bulkier substituent such as
the dimethylallyl group would be more susceptible to chiral induction, it was chosen over a
simple allyl group.

Also, the influence of the phenyl or benzyl group were considered: The phenyl substituent
forces the hydantoin to take a very flat configuration due to conjugation of sp?-centers (both

nitrogens exhibit high sp?-character), while the benzyl group allows for more flexibility,
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which might have an impact on stereoinduction. As an energy transfer mechanism was not
feasible in this case, and the oxidative route described by Glorius et al.”* did not result in any
conversion, the well-known reductive quenching cycle of [Ru(bpy)z]Cl. was employed with
DIPEA 15 as sacrificial electron donor (Scheme 33). Commonly employed conditions
analogous to reports from Overman et al.® were adapted, and gave a mixture of two
compounds in excellent yields (Scheme 33). While the two compounds were inseparable by
column chromatography, they were successfully identified by 2D-NMR techniques. The
regioisomer which was formed in higher yields was found to be the product of a 6-exo-dig
cyclization (110a’, 110b’), while the minor regioisomer was derived from a 7-endo-dig
cyclization (110a’’, 110b°’). Both cyclizations are feasible in accordance to the Baldwin-
rules®, yet the formation of the seven-membered compound was not expected to occur in the
observed amount. The difference between phenyl and benzyl substituted hydantoin was found
to be rather small, as the overall yield was in the same range, and the ratio of regioisomers

was comparable.

o _ 1 mol%

S o  [r(dtbbpy)(ppy)IPFs  Q 2 A

R DIPEA N N
R™ On > R-N * R-N

MeCN, hV455 nms
o o o rt., 2.5h fo) fo)
R = Ph, 109a R = Ph, 110a’ 110a"
ratio 2.3:1, overall yield 73%

R = Bz, 109b

R = Bz, 110b’ 110b"
ratio 1.9:1, overall yield 70%

Scheme 33: Intramolecular cyclization of glutamic acid derived hydantoin involving a propargyl residue.

The starting material containing a dimethylallyl-residue 111 as target of the cyclization was
also subjected to both oxidative and reductive conditions, but in contrast to the propargyl-
substituted compound, conversion was observed under both conditions (Scheme 34).

lo) o

2.5 mol% fac-Ir(ppy)s _ N»\N +Ph=N | /
MeCN/H,0 (40:1) OH

o / hv4s5 nm» I-t.; N2, 18 h lo) 112 (o] 113

M o __ |

—N o
e 9
0 0 )
11 o 2 mol% [Ru(bpy);]Cl, N

2 equiv. DIPEA, Ph—N
MeCN, hV455 nm» (o] 114
r.t., N,, 18 h

Scheme 34: Intramolecular cyclization of glutamic acid derived hydantoin involving a dimethylallyl residue.
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In this case, no 7-membered product was observed, but still a mixture of two compounds was
isolated. For the oxidative reaction, compound 112 incorporating a hydroxyl group was
formed as expected, but apparently this hydroxyl group is eliminated comparably easily, so
that unsaturated product 113 derived from such reaction is also observed in considerable
amounts. Elimination may proceed during column chromatography, as the product ratio was
observed to change. Also, in case of the reductive pathway two cyclization products are
formed, one being identified as the same unsaturated compound 113 as in the oxidative
pathway, and one being the expected saturated compound 114. A possible mechanism,

explaining the formation of each compound, is shown below (Scheme 35).

/_>; hv’
o, ,N
% HNPht TP

Ph—N

A

B

Q”Q*
117
H* proton abstraction
+H+

Scheme 35: Depiction of possible pathways for oxidative (A) and reductive (B) conditions.

The initial generation of the radical and subsequent decarboxylation is different for oxidative
and reductive pathway (compare Scheme 4), but both lead to the same intermediate 117 upon
initial cyclization. From there, pathway A depicts the regeneration of the catalyst by oxidation
of the cyclized radical (oxidative pathway), whereupon the resulting carbocation 118 may be
trapped by water (112), which can be eliminated in the following, or the carbocation loses a
proton directly, both of which leading to the unsaturated product 113.

In contrast, pathway B calls for the regeneration of the catalyst by reduction of the cyclized
radical (reductive pathway). The resulting anion 119 may be trapped by a proton, giving the
saturated product 114. Alternatively, the unsaturated product 113 may be formed by a
different pathway from the carbanion or even the radical intermediate by abstraction of a
hydrogen radical or cation, respectively. This involves complementary charged species

formed from DIPEA (15) under the reaction conditions.
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In either case, the compound mixture may be homogenized by transforming one of the
compounds in each mixture to the other. For the oxidative pathway, the unsaturated product is
accessible from the hydroxyl-compound by acid catalyzed elimination, while for the reductive

reaction a hydrogenation may lead to solely the saturated compound.
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3.5 Conclusion

The decarboxylation of carboxylic acids, one of the oldest and arguably most useful reactions
in the toolbox of photochemistry has been brought to a renaissance by the application of new
techniques focused on the combination of visible light and organic or transition metal
catalysts. This allows for a simple reaction setup and smoothes the way to three different
mechanisms, which depend on the conditions the reaction is performed under: Energy
transfer, oxidative or reductive pathway (Scheme 4).

All three pathways were employed as key step in the synthesis of potentially biologically
active substances or their key skeleton, initiating a decarboxylation of primary N-
acyloxyphthalimides.

Suitably substituted B-amino acids were decarboxylated, resulting in a Smiles rearrangement

leading to amphetamine derivatives (Scheme 36).

hv4s5 nm NH
NJ\/C02NPht Catalyst 2
=
R

amphetamine derivatives

Scheme 36: Synthesis of amphetamine derivatives via Smiles rearrangement induced by visible light mediated
decarboxylation.

Consecutively, the natural B- and y-amino acids aspartic and glutamic acid were investigated
as possible starting material for intramolecular cyclizations. Working with these di-acids
required suitable protection strategies for the a-amino acid part of the starting material. This
resulted in the synthesis of oxazolidinones and hydantoins as protection group. The first of
which was explored in cooperation with C. Eichinger and is described at length in his thesis,
the latter was used for the construction of piperidines and also azepanes from glutamic acid
derivatives (Scheme 37).

R2
o ’7 hv4s5 nm (i\\ ) 0»\
y_N catalyst R2N N 2" R + RZN)//O
RN
\n)\/\cozNPht & d
(0] 109, 111 110, 112, 113, 114

Scheme 37: Synthesis of piperidines and azepanes from hydantoin protected glutamic acid.

Thereby it was shown that visible light mediated decarboxylation of N-acyloxyphthalimides

today is a viable method applicable in the synthesis of pharmacophores.
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3.6 Experimental Section

3.6.1 General Information

Solvents and chemicals

All commercially available compounds were used as received. Anhydrous solvents were
prepared by established laboratory procedures. Ethyl acetate, hexanes (40/60) and DCM were
distilled prior to use in chromatography. [Ir(dtbbpy)(ppy)2]PFs was prepared as described in
the literature.®®

Light source in photoreactions

As light source in batch process CREE XLamp XP-E D5-15 LED (A = 450 — 465 nm) were
used.

NMR-spectroscopy

1H-NMR spectra were recorded on BRUKER Avance 300 (300 MHz), BRUKER Avance llI
400 “Nanobay” (400 MHz) spectrometers. 13C-NMR spectra were recorded on BRUKER
Avance 300 (75 MHz) and BRUKER Avance III 400 “Nanobay” (100 MHz) spectrometers.
The spectra were recorded in CDCl3 unless otherwise noted. The Chemical shifts for 'H NMR
were reported as o, parts per million, relative to the signal of CHCIz at 7.26 ppm. The
Chemical shifts for *C NMR were reported as &, parts per million, relative to the center line
signal of the CDCls triplet at 77.0 ppm.

Mass spectroscopy

Mass spectra were recorded at Central Analytical Laboratory of the University of Regensburg
on a Varian MAT 311A, Finnigan MAT 95, Thermoquest Finnigan TSQ 7000 or Agilent
Technologies 6540 UHD Accurate-Mass Q-TOF LC/MS.

Chromatography

For the column purification silica gel (Merck, Geduran 60, 0.063-0.200 mm particle size) and
flash silica gel 60 (Merck, 0.040-0.063 mm particle size) was used. The TLC analysis was
performed on silica gel 60 F254 (Merck) coated on aluminum sheets and visualized with UV,
ninhydrin or KMnOsa.

FT-IR spectroscopy

ATR-IR spectroscopy was carried out on a Biorad Excalibur FTS 3000 spectrometer,
equipped with a Specac Golden Gate Diamond Single Reflection ATR-System.

Melting points were measured with a Buchi SMP-20 apparatus in silicon oil bath.
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Cyclic voltammetry was measured on an Autolab PGSTAT 302N setup at 20°C in MeCN
containing "BusNBF; as supporting electrolyte. The electrochemical cell consisted of a glassy
carbon working electrode, a platinum wire as counterelectrode and a silver wire as reference
electrode. The solvent was degassed by N2 sparging prior to the measurements, and the redox
potentials were referenced against ferrocene as internal standard. The values were then
calculated and reported in reference to SCE electrode.

Optical Rotation was measured using an Anton Paar MCP500 Polarimeter at 589 nm in the
specified solvent.

Chiral HPLC was carried out on a Varian 920-LC with Chiralpak AS-H, Phenomenex Lux
Cellulose-1 or 2 as chiral stationary phase (as specified), using mixtures of "heptane and
'PrOH as eluent.

Fluorescence intensity was measured with a Horiba Scientific FluoroMax4
Spectrofluorometer.

Fluorescence lifetime was measured with a Horiba DeltaPro Fluorescence Lifetime System
equipped with a 370 nm Deltadiode DD-370.
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3.6.2 Fluorescence Quenching

For the graphs below, the intensity at 560 nm (F) was divided by the intensity of the pure
catalyst solution (Fo) and plotted against Nquencher/Ncat, Which corresponds to the equivalents of
53b respective to the catalyst. Similarly, the lifetime of each sample (1) was divided by the
lifetime of the pure catalyst (to) and plotted against the equivalents of 53b respective to the
catalyst. As seen from the graphs (Figure 3), until addition of about 1 equiv. 53b, the
fluorescence intensity and lifetime of the [Ir] catalyst increase slightly, indicating the
formation of a catalyst-substrate complex, but then drop upon addition of more quencher. For
53b, a very small increase at the beginning is observed, but only poor quenching upon
addition of more 91. It can be concluded, that a successful interaction between the catalyst
and the substrate is only possible when the N-acyloxyphthalimide is in a favorable
conformation due to the presence of the bulky 'Butyl group. Furthermore, the quenching of
53b did not follow a Stern-Volmer type quenching, indicating that more than just one

pathway might be operative.
Table 3: Data for substrate 53b.

Intensity F 1705770,0 1782416,7 1856883,3 1862493,3 1873110,0 | 1895170,0
lifetime T [ps] 4,5846 4,8976 5,0649 5,0366 5,1683 5,1712
chi? 0,849 0,958 0,999 1,025 1,202 0,999
V total [L] 0,002000 0,002010 0,002020 0,002030 0,002050 0,002075
V add [L] - 0,000010 0,000020 0,000030 0,000050 0,000075
Ncat [mmol] 0,0001200 0,0001206 0,0001212 0,0001218 0,0001230| 0,0001245
nib [mmol] 0,0000000 0,0000240 0,0000480 0,0000720 0,0001200| 0,0001801
N1b/Ncat 0,00 0,20 0,40 0,59 0,98 1,45
F/Fo 1,0000 1,0449 1,0886 1,0919 1,0981 1,1110
T/To 1,0000 1,0683 1,1048 1,0986 1,1273 1,1279
Intensity F 1904283,3 1819480,0 1592940,0 1320006,7 995600,0 820910,0
lifetime T [ps] 5,1123 5,0565 4,3125 3,4935 2,5213 2,0638
chi? 1,003 1,016 0,856 0,840 0,918 0,936
V total [L] 0,00213 0,00225 0,00250 0,00300 0,00300 0,00300
V add [L] 0,00013 0,00025 0,00050 0,00100 0,00200 0,00300
Ncat [mmol] 0,0001275 0,0001350 0,0001501 0,0001801 0,0001801 | 0,0001801
N [mmol] 0,0003001 0,0006002 0,0012005 0,0024009 0,0048037 | 0,0072056
Nib/Ncat 2,35 4,44 8,00 13,33 26,68 40,02
F/Fo 1,1164 1,0667 0,9339 0,7738 0,5837 0,4813
T/t 1,1151 1,1029 0,9406 0,7620 0,5500 0,4502
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Table 4: Data for N-(Octanoyloxy)phthalimide 90.

Intensity F 1966603,3 1975056,7 1962646,7 1882810,0 1869390,0
Lifetime T [us] 5,0820 5,1253 5,0915 4,8762 4,7654
chi? 0,975 0,996 0,9975405 0,967 0,975
V total [L] 0,00200 0,00201 0,00205 0,00220 0,00250
V add [L] 0,00000 0,00001 0,00005 0,00020 0,00050
n cat [mmol] 0,0001200 0,0001206 0,0001230 0,0001320 0,0001501
N1q [Mmmol] 0,0000000 0,0001207 0,0006035 0,0024141 0,0060353
N1g/Ncat 0,00 1,00 4,90 18,28 40,22
F/Fo 1,0000 1,0043 0,9980 0,9574 0,9506
T/To 1,0000 1,0085 1,0019 0,9595 0,9377

Octyl-NPht (90, -1.25 V vs. SCE, irreversible peak) was chosen as a reference compound. If
photoelectron transfer from the photocatalyst would occur, it would be expected that
fluorescence quenching would be observable for Octyl-NPht, which was not the case.

Table 5: Data for hippuric acid derivative 91.

Intensity F 1903946,7 1961056,7 1918750,0 1799730,0 1647613,3
Lifetime T [us] 5,1625 5,1709 5,0286 4,6374 4,1329
chi? 0,968 1,048 1,058 0,905 0,888
V total [L] 0,00200 0,00201 0,00205 0,00220 0,00250
V add [L] 0,00000 0,00001 0,00005 0,00020 0,00050
Neat [mmol] 0,0001200 0,0001206 0,0001230 0,0001320 0,0001501
n1q [mmol] 0,0000000 0,0001213 0,0006064 0,0024254 0,0060635
N1a/Neat 0,00 1,01 4,93 18,37 40,41
F/Fo 1,0000 1,0300 1,0078 0,9453 0,8654
/Tt 1,0000 1,0016 0,9741 0,8983 0,8006

The N-hydroxyphthalimide ester of hippuric acid (91) tested, because it closely resembles the
successful starting material 53b, except that its amine is not functionalized with a bulky
group. Therefore its two aromatic systems, phenyl ring and phthalimide moiety, are not in
close proximity, preventing an IET. Thus, no transformation according to the suggested

mechanism is possible, which is in line with the observed experimental results.
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3.6.3 Synthesis of Starting Materials for the Amphetamine Synthesis

Substrates 83a-c were synthesized by one-pot addition of benzyl amines to ethyl crotonate
(Scheme 38, step 1a) or reductive amination of benzaldehyde with ethyl (S)-3-aminobutanoate
(step Ib) and successive Boc-protection (step I1) in a one-pot procedure, giving 84a-c.

(0]
R + —_—
/;:§/ﬂ\0Et R{EZ:]/A\N OEt

H -
R =H, 80a 83a-c
= 4-OMe, 80b
= 4-Cl, 80c _ o
orlb X NH, O B
g
81 g2~  OFEt (S)-83a
"""""""""" Y T
I N/\)J\OEt —_— N/\)LOEt
R H R Boc
(S)-83a 84a-c
s o = (o]
11 N/\)J\OEt —_— N/\)LOH
R Boc R Boc
84a-c 85a-c
s o = (o]
v N/\)J\OH — N/\)LONPht
R Boc R Boc
85a-c 86a-c

Scheme 38: Synthesis procedure for the synthesis of amphetamine precursors.

Following the saponification of 84a-c to the corresponding acids 85a-c (step I11), the desired
N-acyloxyphthalimides 86a-c were obtained by esterification with N-hydroxyphthalimide
(step IV).

Ethyl 3-(benzyl(tert-butoxycarbonyl)amino)butanoate (*)-84a

J\/(l)k
O/\N OEt
Boc

Compound (+)-84a was prepared by stirring benzyl amine 80a (2 mL, 18 mmol, 1 equiv.)
with ethyl crotonate 76, (2.3 mL, 18 mmol, 1 equiv.) for 3 days without additional solvent at
ambient temperature. Afterwards, the reaction mixture was diluted with 100 mL THF/H.0
(1/1) and NaHCO3 was added (7.56 g, 90 mmol, 5 equiv.). Upon cooling to 0 °C, Boc.O
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(4.53 g, 22 mmol, 1.2 equiv.) was added as solution in 20 mL THF. The reaction mixture was
stirred for 24 h at ambient temperature, then THF was evaporated under reduced pressure and
the remaining aqueous phase extracted with EtOAc (3x25 mL). The organic phase was
washed with 1M HCI and brine, dried over Na>SOg, filtered and the solvent was removed
under reduced pressure, yielding 5.07 g clear viscous oil, which was used in the next step

without further purification.

3-(benzyl(tert-butoxycarbonyl)amino)butanoic acid (*)-85a

J I
©/\N OH
Boc

Compound (%)-85a was prepared from ester (x)-84a (5.00 g, 15.6 mmol, 1 equiv.) and
potassium hydroxide (1.1 g, 20 mmol, 1.26 equiv.), which was dissolved in 10 mL H>O and
slowly added to a solution of the ester in 100 mL EtOH. After 3 h vigorous stirring the
mixture was acidified and extracted with 3x25 mL EtOAc. The organic phases were dried
with MgSO4 and the solvent evaporated under reduced pressure, yielding 3.8 g of viscous oil,

which was used in the next step without further purification.

1,3-dioxoisoindolin-2-yl 3-(benzyl(tert-butoxycarbonyl)amino)butanoate (+)-86a

(o)
J\/U\ /N
N (0]
Boc o}

Compound (*)-86a was prepared from acid (%)-85a (7.8 g, 26.5 mmol, 1equiv.), N-
hydroxyphthalimide (5.7 g, 27.8 mmol, 1.05equiv.), and DCC (45¢g, 27.8 mmol,
1.05 equiv.) by stirring in 100 mL dry DCM over night. After reaction completion, the
mixture was cooled to 0 °C and precipitated DCU was filtered off. Column chromatography
(hexanes:EtOAc = 4:1 to 1:1) and recrystallization from EtOH gave 6.15 g (14 mmol, 31%
over three steps) offwhite solid.

Rf (hexanes:EtOAc = 2:1) = 0.23.

m.p. = 107-108 °C.

IR (neat): 2978, 1825, 1785, 1736, 1684, 1464, 1435, 1341, 1252 1222, 1162, 1133, 1114,
693 cm™.
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'H NMR (400 MHz, CDCls): 6 7.82 (dd, J = 5.5, 3.1 Hz, 2H), 7.73 (dd, J = 5.5, 3.1 Hz, 2H),
7.31—-7.18 (m, 5H), 4.64 (broad d, 1H), 4.21 (broad m, 2H), 3.05 (broad d, 1H), 2.75 (s, 1H),
1.42 (s, 9H), 1.25 (s, 3H).

13C NMR (101 MHz, CDCls): 6 167.7, 161.9 (2 C), 154.9 (2 C), 139.2 (2 C), 134.9 (2 C),
128.9 (2 C), 128.6, 127.8, 127.5, 124.0 (2 C), 80.4, 76.8, 50.3, 49.7, 37.3, 28.5 (3 C), 18.5.
HR-MS (ESI-EIC) m/z calculated for C24H27N2Os [M+Na*]: 461.1683, found 461.1685.

Ethyl (S)-3-(benzyl(tert-butoxycarbonyl)amino)butanoate (S)-84a
o)

©/\N OEt
Boc

(S)-84a was prepared by stirring benzaldehyde (81, 1.26 mL, 12.4 mmol, 1.05 equiv.) with
ethyl (S)-3-aminobutanoate (82, 1.8 g, 11.8 mmol, 1 equiv.) for 24 h in 30 mL ethanol. Upon

.

cooling to 0 °C, NaBH4 (450 mg, 11.8 mmol, 1 equiv.) was added slowly in portions. When
gas evolution stoped, the cooling bath was removed and the reaction stirred for another 2 h.
Excess NaBH4 was quenched by dropwise addition of water, and the Ethanol was removed
under reduced pressure. The remains were dissolved in DCM (50 mL), and the solution
washed with water (2x10 mL) and brine (1x10 mL). The organic phase was dried with
MgSOs and filtered. NEts (1.8 mL, 13 mmol, 1.1 equiv.) was added, then Boc.O (2.84 g,
13 mmol, 1.1 equiv) in portions. Upon stirring for 16 h at ambient temperature, the reaction
mixture was washed with 1M HClag) (2x15 mL), saturated NaHCOz(q) (1x15 mL) solution
and brine (1x10 mL). The organic phase was dried with MgSOs, filtered and the solvent
removed under reduced pressure. Purification by column chromatography (hexanes:EtOAc
5:1, Rf = 0.55) yielded 2.54 g (7.9 mmol, 67 %) clear viscous oil.

3-(benzyl(tert-butoxycarbonyl)amino)butanoic acid (S)-85a
o)

©/\N OH
Boc

(S)-85a was prepared from ester (S)-84a (2.23g, 6.95 mmol, 1equiv.) and potassium

!

hydroxide (460 mg, 8.2 mmol, 1.2 equiv.), which was dissolved in 10 mL H>O and slowly
added to a solution of the ester in 50 mL EtOH. After 3 h vigorous stirring the mixture was

acidified and extracted with 3x25 mL EtOAc. The organic phases were dried with MgSO4 and
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the solvent evaporated under reduced pressure. The product was obtained as 1.91 g of clear

viscous oil, which was used in the next step without further purification.
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1,3-dioxoisoindolin-2-yl (S)-3-(benzyl(tert-butoxycarbonyl)amino)butanoate (S)-86a

©/\ N /:\/U\O’ N
Boc o

Compound (S)-86a was prepared from acid (S)-85a (1.87 g, 6.4 mmol, 1equiv.), N-
hydroxyphthalimide (1.25 g, 7.7 mmol, 1.2 equiv.), and DCC (1.6 g, 7.7 mmol, 1.2 equiv.) by
stirring in 50 mL dry DCM over night. After reaction completion, the mixture was cooled to
0 °C and precipitated DCU was filtered off. Column chromatography (hexanes:EtOAc = 3:1
to 1:1) and recrystallization from EtOH gave an offwhite solid (1.73 g, 3.95 mmol, 39% over
three steps). Analytical data was identical with rac-86a.

Optical rotation (DCM) [a]3 = 31.7 (¢ = 1.0, 589 nm)

Ethyl 3-((tert-butoxycarbonyl)(4-methoxybenzyl)amino)butanoate  84b

UL
/©/\N OEt
Boc
MeO

84b was prepared by stirring 4-methoxybenzylamine (1.5 mL, 11.5 mmol, 1 equiv.) with
ethyl crotonate (1.42 mL, 27 mmol, 1 equiv.) for 4 d without additional solvent at ambient
temperature. Afterwards, the reaction mixture was diluted with 40 mL DCM and NEtz was
added (2.3 mL, 17 mmol, 1.5equiv.). Upon cooling to 0°C, Boc.O (3.27 g, 15 mmol,
1.3 equiv.) was added in portions. The reaction mixture was stirred for 16 h at ambient
temperature, then washed with 1M HClug (2x20 mL), saturated NaHCO3(g) (1x15 mL)
solution and brine (1x15 mL). The organic phase was dried with MgSQsa, filtered and the
solvent removed under reduced pressure. Purification by column chromatography
(hexanes:EtOAc = 5:1, Rf = 0.50) yielded 3.15 g clear viscous oil, which was used in the next

step without further purification.

3-((tert-butoxycarbonyl)(4-methoxybenzyl)amino)butanoic acid 85b

J\/U\

N OH
/©/\Boc

MeO

85b was prepared from ester 84b (2.23 g, 6.95 mmol, 1 equiv.) and potassium hydroxide
(460 mg, 8.2 mmol, 1.2 equiv.) which was dissolved in 10 mL H2O and slowly added to a

solution of the ester in 100 mL EtOH. After 3 h vigorous stirring the mixture was acidified
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and extracted with 3x25 mL EtOAc. The organic phases were dried with MgSO4 and the
solvent evaporated under reduced pressure. The product was obtained as 2.7 g clear viscous
oil, which was used in the next step without further purification.

1,3-dioxoisoindolin-2-yl 3-((tert-butoxycarbonyl)(4-methoxybenzyl)amino)butanoate
86b

(o)
M /N
N (o)
Boc 0
MeO

Compound 86b was prepared from acid 85b (3.69, 11 mmol, 1equiv.), N-
hydroxyphthalimide (2.4g, 11.6 mmol, 1.05equiv.), and DCC (1.9g, 11.6 mmol,
1.05 equiv.) by stirring in 100 mL dry DCM over night. After reaction completion, the
mixture was cooled to 0 °C and precipitated DCU was filtered off. Column chromatography
(hexanes:EtOAc = 4:1 to 2:1) gave a clear viscous oil (3.34 g, 7.76 mol, 51% over three
steps).

Rt (hexanes:EtOAc = 2:1) = 0.26.

IR (neat): 2964, 2918, 1795, 1742, 1685, 1612, 1512, 1467, 1364, 1243, 1161, 1028, 970,876,
831 cm™,

'H NMR (400 MHz, CDCls): 6 7.86 (dd, J = 5.5, 3.1 Hz, 2H), 7.77 (dd, J = 5.5, 3.1 Hz, 2H),
7.21 (d, J = 7.8 Hz, 2H), 6.84 (d, J = 8.6 Hz, 2H), 4.63 (bs, 1H), 4.22 (bm, 2H), 3.78 (s, 3H),
3.07 (bd, 1H), 2.77 (bs, 1H), 1.49 (s, 9H), 1.27 (d, J = 4.6 Hz, 3H).

13C NMR (101 MHz, CDCls): & 167.9, 167.8(2 C), 161.9(2 C), 158.9(2 C), 134.9(2 C),
131.2(2 C), 128.9, 128.7, 124.0(2 C), 113.9, 80.3, 77.4, 55.3, 50.7, 49.6, 28.6(3 C), 18.5.
HRMS (ESI-EIC): m/z calculated for CasH2sN207 [M+H]: 469.1974, found 469.1976.
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Ethyl 3-((tert-butoxycarbonyl)(4-chlorobenzyl)amino)butanoate 84c

M
N OEt
Cli

84c was prepared by stirring 4-chlorobenzylamine (1.5 mL, 9.2 mmol, 1 equiv.) with ethyl
crotonate (1.15mL, 9.2 mmol, 1equiv.) for 3 d without additional solvent at ambient
temperature. Afterwards, the reaction mixture was diluted with 30 mL DCM and NEtz was
added (1.9 mL, 13.5 mmol, 1.5 equiv.). Upon cooling to 0 °C, Boc.O (2.8 g, 12.9 mmol,
1.4 equiv.) was added in portions. The reaction mixture was stirred for 16 h at ambient
temperature, then washed with 1M HCl@gg) (2x10 mL), saturated NaHCOs@g) (1x10 mL)
solution and brine (1x10 mL). The organic phase was dried with MgSQsa, filtered and the
solvent removed under reduced pressure. Purification by column chromatography
(hexanes:EtOAc = 5:1, Rf = 0.5) yielded 2.52 g clear viscous oil, which was used in the next
step without further purification.

3-((tert-butoxycarbonyl)(4-chlorobenzyl)amino)butanoic acid 85c

J\)OL

N OH
/©/\BOC

Cl

Compound 85c was prepared from ester 84c (2.39 g, 7.31 mmol, 1 equiv) and potassium
hydroxide (620 mg, 11 mmol, 1.5 equiv.) which was dissolved in 10 mL H>O and slowly
added to a solution of the ester in 100 mL EtOH. After 3 h vigorous stirring the mixture was
acidified and extracted with 3x25 mL EtOAc. The organic phases were dried with MgSO4 and
the solvent evaporated under reduced pressure. The product was obtained as 2.09 g clear

viscous oil, which was used in the next step without further purification.

1,3-dioxoisoindolin-2-yl 3-((tert-butoxycarbonyl)(4-chlorobenzyl)amino)butanoate 86¢

(0]
U /N
N (0]
Boc o)
Cl

Compound 86c was prepared from acid 85c (1.9g, 5.8mmol, 1equiv.), N-
hydroxyphthalimide (1.00g, 6.1 mmol, 1.05equiv.), and DCC (1.95g, 9.4 mmol,
1.05 equiv.) by stirring in 100 mL dry DCM over night. After reaction completion, the

mixture was cooled to 0 °C and precipitated DCU was filtered off. Column chromatography
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(hexanes:EtOAc = 4:1 to 1:1) and recrystallization from EtOH gave of viscous oil (1.60 g,
3.4 mmol, 46% over three steps).

IR (neat): 2926, 2851, 1739, 1624, 1579, 1450, 1311, 1076, 942, 843 cm™.

'H NMR (300 MHz, CDCls): 6 7.89 (dd, J = 5.5, 3.1 Hz, 2H), 7.79 (dd, J = 5.5, 3.1 Hz, 2H),
7.29 (d, J =8.4 Hz, 2H), 7.22 (d, J = 7.1 Hz, 2H), 4.61 (s, 1H), 4.25 (bm, 2H), 3.11 (bd, 1H),
2.80 (s, 1H), 1.62 — 1.38 (bm, 9H), 1.32 — 1.23 (bm, 3H).

13C NMR (75 MHz, CDCl3): § 167.7, 161.8, 134.9, 134.8, 128.9, 128.5, 127.7, 127.2, 124.1,
123.9, 77.3, 58.4, 50.6, 49.9, 28.5, 18.4.

HRMS (ESI-EIC) m/z calculated for C24H25CIN2Os [M+H"]: 473.1479 found 473.1480.
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3.6.4 Synthesis of Boc-amphetamines

General procedure GP1

A Schlenk tube with a magnetic stir bar was charged with a N-acyloxyphthalimide 1 (1 mmol,
lequiv.)) and the photocatalyst [lr(dtbbpy)(ppy)2]PFs (10 umol, 1 mol%) in 10 ml
acetonitrile/water (40/1, v/v) mixture (0.1 M concentration). The solution was degassed using
three freeze-pump-thaw cycles and closed with a Teflon-sealed inlet for a glass rod, through
which irradiation with a 455 nm high power LED took place. The photochemical reaction was
stirred at room temperature and monitored by TLC analysis. After completion the solvent was
removed under reduced pressure. The residue was purified by flash silica gel column
chromatography or by extraction. For this the solvent was evaporated, the residue dissolved in
EtOAc and extracted with 1 M HCI (3 x). The water phase was basified with KOH and
extracted with dichloromethane (3 x). The side product phthalimide (hexanes:EtOAc = 2:1; R
= 0.51) could be isolated in > 95% vyield.

tert-butyl (1-phenylpropan-2-yl)carbamate (¥)-67a

©/\’/NHBOC

Compound (%)-67a was prepared from (#)-86a (460.0 mg, 1.05mmol) and [Ir(dtb-
bpy)(ppy)2]PFs 9.1 mg, 10.0 umol, 1 mol%) following GP1. Yield 133.3 mg (0.567 mmol,
54%) white solid.

Analytical data match to the reported data.'%

(S)-tert-butyl (1-phenylpropan-2-yl)carbamate (S)-67a

: A~ NHBoc

Compound (S)-85a was prepared from (S)-86a (429.2mg, 0.98 mmol) and
[Ir(dtbbpy)(ppy)2]PFs (9.2 mg, 10.1 umol, 1.1 mol%) following GP1l. Yields 119.8 mg
(0.509 mmol, 52%) white solid.

Rf (hexanes:EtOAc = 19:1) = 0.17.

Optical rotation (DCM) [a]3® = 12.7 (c = 1.0, DCM, 589 nm). Enantioselectivity was
determined via HPLC in comparison with rac-67a (Chiralpak AS-H, 4.6x250 mm, 10 um,
"Heptane/'PrOH 99:1, r.t., 14.01 min.), ee > 99:1.
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1H and 13C NMR spectra were identical with rac-67a and in accordance with the

literature.100

tert-butyl (1-(4-methoxyphenyl)propan-2-yl)carbamate 67b

/@/\rNHBoc
MeO

Compound 67b was prepared from 86b (478.3 mg, 1.02 mmol) and [Ir(dtbbpy)(ppy)2]1PFs
(9.5 mg, 10.4 pumol, 1 mol%) following GP1. Yield 121.5 mg (0.45 mmol, 45%), white solid.
Rf (hexanes:EtOAc = 19:1) = 0.15.

m.p.: 78.5-79.5 °C.

IR (neat): 3361, 2972, 2923, 1682, 1519, 1454, 1367, 1248, 1165, 1089, 1029, 890 cm™.

'H NMR (400 MHz, CDCls): & 7.08 (d, J = 8.5 Hz, 2H), 6.82 (d, J = 8.6 Hz, 2H), 4.40 (s,
1H), 3.84 (s, 1H), 3.77 (s, 3H), 2.76 (dd, J = 13.4, 5.4 Hz, 1H), 2.59 (dd, J = 13.5, 7.4 Hz,
1H), 1.42 (s, 9H), 1.06 (d, J = 6.7 Hz, 3H).

13C NMR (101 MHz, CDCls): § 158.3, 155.4, 130.6(2 C), 130.4(2 C), 113.9, 79.2, 77.4, 55 .4,
42.2,28.6(3 C), 20.3.

HRMS (ESI-EIC): m/z calculated for C14H22NO2 [M+H"]: 266.1751, found 266.1750.

tert-butyl (1-(4-chlorophenyl)propan-2-yl)carbamate 68c

/@/\rNHBoc
Cl

Compound 68c was prepared from 86¢ (435 mg, 0.993 mmol) and [Ir(dtbbpy)(ppy)2]PFs
(9.2 mg, 10.1 pmol, 1.0 mol%) following GP1. Yield 80 mg (0.30 mmol, 30%), beige solid.
Rf (hexanes:EtOAc = 19:1) = 0.17.

m.p.: 88-89 °C.

IR (neat): 3383, 2968, 1681, 1507, 1443, 1367, 1246, 1168, 1059, 814 cm-1.

IH NMR (400 MHz, CDCl3): 6 7.21 (d, J = 7.7 Hz, 2H), 7.06 (d, J = 7.3 Hz, 2H), 4.34 (s,
1H), 3.82 (s, 1H), 2.75 (bd, J = 8.4 Hz, 1H), 2.59 (dd, J = 12.0, 7.3 Hz, 1H), 1.37 (s, 9H), 1.03
(d, J =6.0 Hz, 3H).

13C NMR (101 MHz, CDCl3): § 155.27, 136.9, 132.2, 130.9(2 C), 128.5(2 C), 79.4, 47.5,
425, 28.5(3 C), 20.2.

HRMS (ESI-EIC): m/z calculated for C1aH20CINONa [M+Na*]: 292.1075, found 292.1074.
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3.6.5 Synthesis of Hydantoins

Suitable starting material for Photoreaction V was synthesized in four steps. In step I,

glutamic acid was protected as phenyl hydantoin by stirring with phenyl isocyanate and then

refluxing the strongly acidified solution. Next, the system for intramolecular cyclization was

installed in step Il under basic conditions, using either mesitylated propargylic alcohol or

dimethylallyl bromide as coupling partner (Scheme 39).

11

11

v

NH,

s

MeO,C CO,Me

o

Ph—N
)])\/\cozNPht

1) PhNCO

2) HCI, reflux

LG” R, K,CO;4

DMF, AT

KOH

MeOH, H,0

DCC, HONPht

DCM

Photoreaction

Ph—N
)/)\/\COZNPht

(o}

Scheme 39: Schematic representation of the synthesis of hydantoin derivatives for photochemical

decarboxylation.

Subsequently the methyl ester was cleaved under basic conditions (step I11), and the resulting

acid transformed to the desired N-acyloxyphthalimide without purification (step 1V).
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Methyl (S)-3-(2,5-dioxo-1-phenylimidazolidin-4-yl)propanoate S1
o]

N—NH 0
Q/NM
o]
(o]
Compound S1 was synthesized following the literature procedure® by dissolving
dimethylglutamate hydrochloride (7 g, 33.2 mmol, 1 equiv.) in 100 mL MeCN, followed by
addition of NEts (5 mL, 36.5 mmol, 1.1 equiv.). Upon vigorous stirring for 15 min., the white
precipitate was filtrated off and washed with 50 mL MeCN. The colourless liquid was
collected and phenyl isocyanate (3.5 mL, 34.8 mmol, 1.05 equiv.) was added slowly over the
course of three minutes. The now yellowish solution was stirred at room temperature for 3 h,
and then the solvent was removed under reduced pressure. Next, the residue was dissolved in
100 mL MeOH, then 75 mL 6M HCI were added and the mixture refluxed for 1 h. The
majority of the MeOH component of the solution was evaporated under reduced pressure and
the remaining aqueous solution extracted (3 x 100 mL EtOAc). Upon drying over MgSQ4 the
solution was filtrated, evaporated under reduced pressure and the residue recrystallized from
EtOH to give the product (6.39 g, 24.2 mmol, 73%) as white crystalline compound.
IR (neat): 3267, 3056, 2951, 1699, 1648, 1593, 1495, 1442, 1313, 1230, 1172, 895, 752 cm™.
'H NMR (400 MHz, CDCls): 6 7.50 — 7.44 (m, 2H), 7.41 — 7.37 (m, 3H), 6.26 (s, 1H), 4.26
(ddd, J = 6.5, 5.2, 1.4 Hz, 1H), 3.71 (s, 3H), 2.56 (t, J = 7.0 Hz, 2H), 2.31 (ddd, J = 14.1, 7.2,
5.2 Hz, 1H), 2.20 — 2.11 (m, 1H).
13C NMR (101 MHz, CDCls): 8 177.9, 173.2, 172.3, 156.1, 131.3, 129.2, 129.1, 128.6, 128.3,
126.3, 126.1, 56.3, 52.1, 29.5, 27.0.
HRMS (ESI-EIC): m/z calculated for C13H15sN204 [M+H™]: 263.1026, found 263.1026.

Analytical data match the reported data.'%*

Methyl (S)-3-(2,5-dioxo-1-phenyl-3-(prop-2-yn-1-yl)imidazolidin-4-yl)propanoate S2

(o} Ve
N 00—
NM
o
o
Compound S2 was synthesized by suspending S1 (1.5g, 5.7mmol, 1equiv.),
methylsulfonylated propargylic alcohol (0.91 mL, 6.9 mmol, 1.2 equiv.) and potassium

carbonate (2.36g, 17.1 mmol, 3 equiv.) in a round bottom flask equipped with a reflux
condenser in 50 mL DMF and stirring the resulting mixture at 80 °C for 5 h. Subsequently,
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100 mL H.O were added and the mixture extracted with 3 x 30 mL cooled EtOAc. The
organic phases were combined and washed with brine (3 x 20 mL). Upon drying with MgSQO4
and filtration the solvent was evaporated under reduced pressure. The crude product was
purified by column chromatography (hexanes:EtOAc = 1:3) to give the product as colourless
solid (2.9 mmol, 0.87 g, 51%).

Rt (hexanes:EtOAc = 3:1) = 0.3.

IR (neat): 3250, 2983, 1812, 1732, 1444, 1354, 1262, 1154, 1095, 991, 893, 850 cm™.

'H NMR (400 MHz, CDCls): 6 7.50 — 7.34 (m, 5H), 4.64 (dd, J = 17.9, 2.6 Hz, 1H), 4.40 (dd,
J=6.1, 3.5 Hz, 1H), 3.95 (dd, J = 17.9, 2.5 Hz, 1H), 3.68 (s, 3H), 2.52 — 2.25 (m, 5H).

13C NMR (101 MHz, CDCls): 6 172.8, 171.0, 155.2, 131.5, 129.2, 128.5, 126.1, 76.6, 74.0,
57.9,52.1, 31.1, 28.3, 24.0.

HRMS (ESI-EIC): m/z calculated for C16H17N204 [M+H]: 301.1183, found 301.1186.

1,3-dioxoisoindolin-2-yl (S)-3-(2,5-dioxo-1-phenyl-3-(prop-2-yn-1-yl)imidazolidin-4-
yl)propanoate 109

0§—N/—: Q

NM O\'}b
Oy~ %
Compound 109 was synthesized from S2 in two steps. First, the methyl ester of compound S2
(790.2 mg, 2.6 mmol) was hydrolyzed by stirring with KOH (180 mg, 3.2 mmol, 1.2 equiv.)
in a MeOH/H20 mixture (20 mL, 2/1). Upon completion the aqueous mixture was acidified to
pH ~3 using 1M HCI and subsequently extracted with 3 x 20 mL EtOAc. The organic
fractions were combined and dried over MgSO4 and the solvent evaporated under reduced
pressure. Consequently the crude product was used in the next step without further
purification, calculating the required reagents according to theoretical 100% yield. Therefore,
the residue was dissolved in 20 mL DCM and N-hydroxyphthalimide (524 mg, 3.2 mmol,
1.2 equiv.) and DCC (665 mg, 3.2 mmol, 1.2 equiv.) were added. The solution was stirred
over night, cooled to 0 °C, and the white precipitate (consisting mainly DCU) removed by
filtration. Upon extraction (2 x 0.5M HCI, 1 x brine) the solution was dired over MgSO4 and
the solvent removed under reduced pressure. Column chromatography (hexanes:EtOAc = 2:1)
yielded the product as colourless solid (1.72 g, 3.98 mmol, 66% over two steps).
Rf (hexanes:EtOAc = 1:1) = 0.4.
IR (neat): 3282, 3142, 3056, 2928, 1673, 1437, 1310, 1254, 1203, 1107, 1013, 963, 912 cm™.
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IH NMR (300 MHz, CDCl3): & 7.90 — 7.84 (m, 2H), 7.81 — 7.76 (m, 2H), 7.49 — 7.34 (m,
5H), 4.57 (dd, J = 18.0, 2.5 Hz, 1H), 4.43 (dd, J = 6.5, 3.7 Hz, 1H), 4.08 (dd, J = 18.0, 2.5 Hz,
1H), 3.01 — 2.79 (m, 2H), 2.62 — 2.50 (m, 1H), 2.49 — 2.34 (m, 2H).

13C NMR (75 MHz, CDCls): 6 170.6, 168.6, 161.7, 155.0, 134.9, 131.3, 129.2, 128.8, 128.4,
126.0, 124.1, 76.5, 74.3, 57.8, 31.3, 25.6, 23.8.

HRMS (ESI-EIC): m/z calculated for C23H1sN3Os [M+H]: 432.1190, found 432.1193.

(S)-6-methylene-2-phenyltetrahydroimidazo[1,5-a]pyridine-1,3(2H,5H)-dione 110a’
and
(S)-2-phenyl-5,8,9,9a-tetrahydro-1H-imidazo[1,5-a]azepine-1,3(2H)-dione  110a”’

O™y O™y

110a’ 110a"

Compound 109a (301 mg, 0.7 mmol, 1 equiv.), [Ir(dtbbpy)ppy2]PFs (6.4 mg, 0.07 mmol,
1 mol%) and DIPEA (130 pL, 0.75 mmol, 1.05 equiv.) were dissolved in 4 mL MeCN and set
under nitrogen atmosphere by application of 3 x freeze-pump-thaw technique in a Schlenk
tube. The Schlenk tube was closed with a Teflon-sealed inlet for a glass rod, through which
irradiation with a 455 nm high power LED took place. The solution was subsequently
irradiated for 2.5 h until all starting material was consumed as judged by TLC, whereupon the
irradiation was stopped and the solvent evaporated under reduced pressure. The residue was
purified by column chromatography (hexanes:EtOAc = 5:1 to 1:1) and the inseparable
product mixture was obtained as colourless crystals (ratio 110a’ to 110a”’ = 1:2.4, 123.6 mg,
0.51 mmol, 73%). Further attempts to separate the two regioisomers by crystallization were
unsuccessful.

'H NMR (400 MHz, CDCls): § 7.49 — 7.32 (m, 16H), 5.89 — 5.77 (m, 1H), 5.72 (dddd, J =
9.7,4.3, 2.3, 1.1 Hz, 1H), 5.00 (q, J = 1.6 Hz, 2H), 4.93 (q, J = 1.6 Hz, 2H), 4.71 — 4.57 (m,
3H), 4.36 — 4.25 (m, 1H), 4.06 (dd, J = 12.0, 4.1 Hz, 2H), 3.71 (dt, J = 17.6, 2.3 Hz, 1H), 3.60
(dg, J = 14.4, 1.6 Hz, 2H), 2.61 (dt, J = 14.0, 2.8 Hz, 2H), 2.46 — 2.15 (m, 9H), 1.68 — 1.55
(m, 3H).

13C NMR (101 MHz, CDCls): 6 172.0, 171.4, 155.1, 153.3, 139.6, 131.8, 131.7, 131.0, 129.0,
128.1, 128.0, 127.0, 126.0, 126.0, 112.2, 61.5, 56.8, 45.3, 40.9, 31.3, 29.6, 28.9, 24.1.

HRMS (ESI-EIC): m/z calculated for C14H15N202 [M+H"]: 243.1128, found 243.1128.

Same molecular formular and mass for 710a’ and 110a°’.
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(S)-2-benzyl-6-methylenetetrahydroimidazo[1,5-a]pyridine-1,3(2H,5H)-dione 110b’
and
(S)-2-benzyl-5,8,9,9a-tetrahydro-1H-imidazo[1,5-a]azepine-1,3(2H)-dione 110b*’

AT . QX0

110b’ 110b"
Compound 109b (334 mg, 0.75 mmol, 1 equiv.), [Ir(dtbbpy)ppy2]PFs (7.5 mg, 0.08 mmol,
1mol%) and DIPEA (150 pL, 0.86 mmol, 1.15 equiv.) were dissolved in 4 mL MeCN and set
under nitrogen atmosphere by application of 3 x freeze-pump-thaw technique in a Schlenk
tube. The Schlenk tube was closed with a Teflon-sealed inlet for a glass rod, through which
irradiation with a 455 nm high power LED took place. The solution was subsequently
irradiated for 2.5 h until all starting material was consumed as judged by TLC, whereupon the
irradiation was stopped and the solvent evaporated under reduced pressure. The residue was
purified by column chromatography (hexanes:EtOAc = 5:1 to 1:1) and the product obtained
as colourless crystals (ratio 110b’ to 110b”* = 1:1.9, 133.9 mg, 0.52 mmol, 70%).
IH NMR (400 MHz, CDCly): & 7.38 (ddd, J = 7.8, 3.6, 1.5 Hz, 6H), 7.34 — 7.27 (m, 8H), 5.72
(dd, J =5.1, 2.6 Hz, 1H), 5.68 — 5.60 (m, 1H), 4.93 (d, J = 1.8 Hz, 2H), 4.86 (d, J = 1.8 Hz,
2H), 4.66 (s, 2H), 4.64 (s, 4H), 4.58 — 4.50 (m, 3H), 4.11 (dd, J = 5.8, 4.1 Hz, 1H), 3.88 (dd, J
=12.0, 3.9 Hz, 2H), 3.61 (dt, J = 17.8, 2.2 Hz, 1H), 3.50 (dd, J = 14.5, 1.7 Hz, 2H), 2.57 —
2.48 (m, 2H), 2.27 (tdd, J = 13.8, 7.7, 2.9 Hz, 5H), 2.18 — 1.94 (m, 3H), 1.47 — 1.34 (m, 2H).
13C NMR (101 MHz, CDCls): 8 172.8, 172.3, 156.1, 154.3, 139.8, 136.3, 136.2, 131.0, 128.7,
128.6, 128.6, 127.9, 127.0, 112.1, 61.7,57.1, 45.1, 42.6, 42.4, 40.9, 31.3, 29.4, 28.7, 24.0.
HRMS (ESI-EIC): m/z calculated for C15H17N202 [M+H]: 257.1285, found 257.1289.
Same molecular formular for 1105’ and 110b°°.
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Methyl (S)-3-(3-(3-methylbut-2-en-1-yl)-2,5-dioxo-1-phenylimidazolidin-4-yl)propanoate
S3

o 7
>N 0—

Q/NM

(o]

o

Compound S3 was synthesized by suspending S1 (1.59g, 5.7mmol, 1equiv.),
3,3-dimethylallyl bromide (95% purity, 1.48 mL, 12.2 mmol, 2.1 equiv.) and potassium
carbonate (2.3 g, 17.1 mmol, 3 equiv.) in a round bottom flask equipped with a reflux
condenser in 50 mL DMF and stirring the resulting mixture at 80 °C for 5 h. Subsequently,
100 mL H.O were added and the mixture extracted with 3 x 30 mL cooled EtOAc. The
organic phases were combined and washed with brine (3 x 20 mL). Upon drying with MgSQOa4
and filtration the solvent was evaporated under reduced pressure. The crude product was
purified by column chromatography (hexanes:EtOAc = ), yielding the desired compound as
colourless solid (1.0 g, 3.05 mmol, 54%)
Rt (hexanes:EtOAc = 4:1) = 0.35.
IR (neat): 3267, 3056, 2951, 2856, 1699, 1648, 1593, 1544, 1495, 1442, 1313, 1230, 1172,
983, 895, 810, 752 cm™,
'H NMR (300 MHz, CDCls): 8 7.49 — 7.32 (m, 5H), 5.25 — 5.16 (m, 1H), 4.34 (ddt, J = 15.4,
6.2, 1.1 Hz, 1H), 4.16 (dd, J = 6.3, 3.1 Hz, 1H), 3.75 (dd, J = 15.3, 8.4 Hz, 1H), 3.68 (s, 3H),
2.44 (td, J = 7.5, 1.4 Hz, 2H), 2.40 — 2.29 (m, 1H), 2.24 — 2.11 (m, 1H), 1.83 — 1.69 (m, 6H).
13C NMR (75 MHz, CDCls): § 172.7, 171.4, 155.2, 131.6, 131.5, 129.2, 129.1, 128.5, 128.2,
126.1, 119.8, 57.6, 52.0, 43.7, 28.0, 24.0.
HRMS (ESI-EIC): m/z calculated for C1gH22N204 [M+H"]: 331.1658, found 331.1654.

1,3-dioxoisoindolin-2-yl (S)-3-(3-(3-methylbut-2-en-1-yl)-2,5-dioxo-1-
phenylimidazolidin-4-yl)propanoate 111

O§_ /—-/>7 0
N 0-
O TS0
o °d
Compound 111 was synthesized from S3 in two steps. First, the methyl ester of compound S3

(850 mg, 2.57 mmol, 1equiv.) was hydrolyzed by stirring with KOH (152 mg, 2.7 mmol,

1.05 equiv.) in a MeOH/H>O mixture (2/1, 20 mL). Upon completion the aqueous mixture
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was acidified to pH ~3 using 1M HCI and subsequently extracted with 3 x 20 mL EtOAc. The
organic fractions were combined and dried over MgSO4 and the solvent evaporated under
reduced pressure. Consequently the crude product was used in the next step without further
purification, calculating the required reagents according to theoretical 100% yield. Therefore,
the residue was dissolved in 20 mL DCM and N-hydroxyphthalimide (445.3 mg, 2.73 mmol,
1.05 equiv.) and DCC (608.2 mg, 2.95 mmol, 1.15 equiv.) were added. The solution was
stirred over night, cooled to 0 °C, and the white precipitate removed by filtration. Upon
extraction (2 x 0.5M HCI, 1 x brine) the solution was dired over MgSO4 and the solvent
removed under reduced pressure. Column chromatography (hexanes:EtOAc = ) yielded the
product as colourless solid (746 mg, 1.62 mmol, 63%).

Rf (hexanes:EtOAc = 3:1) = 0.15.

IR (neat): 3059, 2978, 1689, 1419, 1319, 1249, 1183, 1106, 959, 794 cm™.

'H NMR (400 MHz, CDCls): 6 7.89 (dd, J = 5.5, 3.1 Hz, 2H), 7.80 (dd, J = 5.5, 3.1 Hz, 2H),
7.49 — 7.33 (m, 5H), 5.24 (tdd, J = 6.6, 2.9, 1.4 Hz, 1H), 4.39 — 4.30 (m, 1H), 4.22 (dd, J =
7.2, 3.4 Hz, 1H), 3.85 (dd, J = 15.3, 8.1 Hz, 1H), 2.94 — 2.82 (m, 2H), 2.51 (dddd, J = 14.5,
8.6, 7.4, 3.4 Hz, 1H), 2.30 — 2.20 (m, 1H), 1.76 (t, J = 1.5 Hz, 6H).

13C NMR (101 MHz, CDCls): 8 171.2, 168.7, 161.8, 155.2, 139.0, 134.9, 131.7, 129.1, 128.9,
128.2,126.0, 124.1, 117.6, 57.4, 39.2, 25.8, 25.5, 24.2, 18.1.

HRMS (ESI-EIC): m/z calculated for C2sH23N30sNa [M+Na*]: 484.1479, found 484.1485.

6-(2-hydroxypropan-2-yl)-2-phenyltetrahydroimidazo[1,5-a]pyridine-1,3(2H,5H)-dione
112 and
2-phenyl-6-(propan-2-ylidene)tetrahydroimidazo[1,5-a]pyridine-1,3(2H,5H)-dione 113

©\NJ2N + @NJZJN
ow o@:<

112 113
Compound 111 (180.0 mg, 0.4 mmol, 1 equiv.), fac-[Ir] (6.7 mg, 0.01 mmol, 2.5 mol%) and
H20 (90 pL, 5 mmol, 12.5 equiv.) were dissolved in 6 mL MeCN and set under nitrogen
atmosphere by application of 3 x freeze-pump-thaw technique in a Schlenk tube. The Schlenk
tube was closed with a Teflon-sealed inlet for a glass rod, through which irradiation with a
455 nm high power LED took place. The solution was subsequently irradiated for 22 h until
all starting material was consumed as judged by TLC, whereupon the irradiation was stopped
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and the solvent evaporated under reduced pressure. The residue was purified by column
chromatography (hexanes:EtOAc = 10:1 to 1:1) and the product obtained as colourless
crystals (81 mg, yield not calculated).

Rt (hexanes:EtOAc = 3:1) = 0.4.

'H NMR (400 MHz, CDCls): 8 7.53 — 7.30 (m, 5H), 4.65 (s, OH), 4.19 (dd, J = 7.0, 3.3 Hz,
1H), 3.81 (dt, J = 15.4, 8.1 Hz, 1H), 3.39 (d, J = 10.9 Hz, 1H), 3.13 (dt, J = 14.3, 7.2 Hz, 1H),
2.54 (h,J = 10.4, 9.5 Hz, 2H), 2.39 (dtd, J = 15.2, 7.7, 3.2 Hz, 1H), 2.15 (dg, J = 14.5, 7.1 Hz,
1H), 1.92 (d, J=12.3 Hz, 1H), 1.76 — 1.56 (m, 2H), 1.51 (9, J = 7.4 Hz, 2H), 1.34 (q, J = 12.1
Hz, 1H), 1.22 — 1.07 (m, 1H), 0.97 (d, J = 6.4 Hz, 6H).

13C NMR (101 MHz, CDCls): 6 176.1, 171.6, 155.2, 131.7, 129.1, 128.3, 126.1, 57.5, 49.5,
39.3, 36.4, 33.8, 27.9, 26.0, 25.6, 25.0, 24.1, 22.7, 22.3.

LRMS for 112 (APCI-EIC): m/z calculated for CisH21N2Os [M+H™]: 289.1552, found
289.1081.

6-isopropyl-2-phenyltetrahydroimidazo[1,5-a]pyridine-1,3(2H,5H)-dione 114
and

2-phenyl-6-(propan-2-ylidene)tetrahydroimidazo[1,5-a]pyridine-1,3(2H,5H)-dione 113

Qe O
A~ =( P~

113 114

Compound 111 (183.1 mg, 0.4 mmol, 1 equiv.), [Ir(dtbbpy)ppy2]PFs (4.4 mg, 4.8umol,
1.2 mol%) and DIPEA (73 pL, 0.42 mmol, 1.05 equiv.) were dissolved in 6 mL MeCN and
set under nitrogen atmosphere by application of 3 x freeze-pump-thaw technique in a Schlenk
tube. The Schlenk tube was closed with a Teflon-sealed inlet for a glass rod, through which
irradiation with a 455 nm high power LED took place. The solution was subsequently
irradiated for 1.5 h until all starting material was consumed as judged by TLC, whereupon the
irradiation was stopped and the solvent evaporated under reduced pressure. The residue was
purified by column chromatography (hexanes:EtOAc = 5:1 to 1:1) and the product obtained
as colourless crystals (85 mg, yield not calculated).

Rt (hexanes:EtOAc = 3:1) = 0.4.

IH NMR (300 MHz, CDCls): § 7.51 — 7.31 (m, 6H), 4.87 (p, J = 1.5 Hz, OH), 4.79 (p, J = 0.9
Hz, 1H), 4.30 (tdd, J = 12.6, 4.4, 1.8 Hz, 1H), 3.90 (ddd, J = 16.1, 11.9, 4.2 Hz, 1H), 2.74 (dd,
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J =132, 11.5 Hz, OH), 2.60 (dd, J = 13.2, 11.1 Hz, 1H), 2.42 — 2.29 (m, 1H), 2.19 — 2.02 (m,
2H), 1.78 (t, J = 1.1 Hz, 2H), 1.59 — 1.43 (m, 2H), 1.35 — 1.22 (m, 1H), 0.96 (dd, J = 6.8, 1.4
Hz, 4H).

13C NMR (75 MHz, CDCls): 6 172.0, 171.8, 153.6, 145.2, 134.3, 131.9, 129.1, 129.1, 128.1,
128.0, 126.1, 123.6, 111.3, 57.3, 57.1, 43.7, 43.2, 42.9, 42.4, 30.9, 28.3, 28.0, 27.8, 26.8, 21.5,
19.97.

HRMS for 113 (ESI-EIC): m/z calculated for CisH1sN202 [M+H']: 271.1447, found
271.1445.

HRMS for 114 (ESI-EIC): m/z calculated for CisH21N2O, [M+H*]: 273.1598, found
273.1597.
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3.6.6 Spectra

N-Acyloxyphthalimides for amphetamine synthesis
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Boc-amphetamines
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4. Visible Light Mediated Oxidative Ring Expansion of
Cyclopropanest

4.1 The Endoperoxide Moiety

Oxygen is by mass the most abundant element in earth’s crust, mainly bound to metals and
half-metals in their corresponding oxides. In such oxides it is almost exclusively found in its
oxidation state —II. Furthermore oxygen constitutes approximately 20% of earth’s atmosphere
as diatomic molecule O, taking on the oxidation state 0.1%2 Life on earth, save some deep-sea
organisms, is governed by this oxidizing atmosphere and revolves around cleaving and
forming carbon-oxygen bonds, changing the oxygen’s oxidation state from 0 to —Il or vice
versa in the process.!® In the —I state it is only rarely encountered in isolable molecules, and
mostly found in reactive intermediates. These highly reactive molecules are of particular
interest for chemistry and some have found widespread attention even in popular science. The
simplest peroxide, H2O> (120), has various applications, e.g. as disinfectant, bleach, and as
part of rocket fuel, all due to its highly oxidizing effect.?%
H. O,O\H R. o’O‘R
120 R = Aryl, Alkyl

Figure 8: Hydrogen peroxide (left) and organic peroxide (right).

The general instability of hydrogen peroxide is tamed by replacing the hydrogen with suitable
carbon residues, tuning the reactivity via electronic and steric effects (Figure 8). These
organic peroxides show increased stability, but are still rarely found in nature. However,
many of them exhibit pharmaceutical properties, which was also the case for the first ever
isolated organic peroxide, ascaridole (121, Figure 9). It was purified in 1908 from goosefoot-
0il*% and synthesized in 1944 by Karl Ziegler and Giinther Schenck.® In pure form it was
found to explode only when heated above 130 °C, and was used as pharmaceutical for its

anthelmintic properties.'%’

&)

121

Figure 9: Ascaridole.

T Parts of this chapter are reproduced or adapted with permission from the Royal Society of Chemistry from
Budde, S.; Goerdeler, F.; FloR, J.; Kreitmeier, P.; Hicks, E. F.; Moscovitz, O.; Seeberger, P. H.; Davies, H. M. L.;
Reiser, O., Visible-light mediated oxidative ring expansion of anellated cyclopropanes to fused endoperoxides
with antimalarial activity. Org. Chem. Front. 2020, 7, 1789-1795.
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Ascaridole is, as most naturally occurring peroxides, a cyclic molecule, where the peroxide is
part of at least one of the cycles.

More complex organic peroxides, such as the compound artesunate (122), display astounding
selectivity in a pharmaceutical context, delivering their oxidative power only to certain sites
in the body (Figure 10). This combination of selectivity and reactivity makes artesunate (122)
the most effective treatment for Malaria, a disease caused by Plasmodium parasites and

transferred by Anopheles mosquitos, affecting approximately 200 million humans every
108

year.
(0]
o@
o)j\/\r(
. 0]
122

Figure 10: Artesunate.

Cyclic peroxides such as artesunate have been the target of synthetic research for decades, but
their synthesis from scratch is challenging. While using natural precursors is a very effective
approach for the large-scale synthesis of artesunate®® 1%, the achievable variety of derivatives
is restricted to a certain degree by the structural diversity of the natural precursors.'

Synthetically, a number of methods are available to introduce a peroxide bridge as it is found
in artesunate, and a few reviews on the topic are available.'****3 Often comparably harsh
conditions, e.g. highly reactive reagents or UV-light, are required, making them unsuitable in

the synthesis of complex molecules because of incompatibility with functional groups.

The structural peculiarity, that diatomic oxygen molecule exists as diradical with two
unpaired electrons, points the way to the most commonly used synthetic routes to organic
peroxides, in which latent or manifest diradicals serve as precursors. This is where
cyclopropanes come into play.

In the cyclopropane molecule, the bond angles between the three carbons are bent to 60° from
the 109.5° in a strain-free tetraeder.!'* This distortion stores about 27 kcal/mol of energy,
making cyclopropane ring-opening or ring expansion an energetically favorable process.
Cyclopropanes undergo rapid ring-opening when a radical centre is generated in a-position to
the three-membered ring.!*® This observed behavior is exploited in the application of

cyclopropylmethyl substituents as radical clocks in the elucidation of mechanisms. Not only
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information on the type of the reaction — radical or non-radical — but also information on the
rate constant of the reaction in question can be obtained, due to the known rate-constant of the
ring opening of cyclopropylmethyl radical. Adding to their attractiveness as synthetic
precursors is the relative ease of their synthesis, as numerous routes, including chiral ones, are
available &9 116-11° \which lays the foundation for a broad application. Cyclopropane is a latent
diradical, making it a well-paired reaction partner for the oxygen molecule and one of the
favorite precursors for peroxide-containing molecules.

For example, Wimalasena et al. converted aminocyclopropanes 123 to the corresponding
cyclic peroxides 124 in up to quantitative yields (Scheme 40).1%° This strategy was based on
the one-electron oxidation of the amine moiety adjacent to the cyclopropane, leading to a
radical-cation, triggering the opening of the cyclopropane. UV-light or a traditional radical

starter, in this case benzoylperoxide, could initiate the reaction.

0,
R? R hv or (BzO), z&m
\VLNH 100% R NH
123 124

Scheme 40: Ring expansion of aminocyclopropanes demonstrated by Wimalasena et al.'?°.

A related and widely studied class of molecules, vinylcyclopropanes'?!123 can also act as
precursor for the formation of cyclic peroxides. This strategy was used by Kataoka et al. for
the synthesis of complex benzothiazine derivatives 126, comprising a spiro-dioxolane as
shown below (Scheme 41).12* The derivatives were then further examined for potentially
interesting pharmaceutical applications. The opening of the cyclopropane (125) is triggered
by the addition of a radical to the double bond. Said radical was generated in situ from
diphenyldiselenide or diphenylsulfide via homolysis of the respective compound by

irradiation of visible light.

|
—_—
jv(/( hv, benzene
S R2

125 X =8, Se 126

Scheme 41: Synthesis of a peroxide from a vinylcyclopropane.?4

Starting from cyclopropanes, but treading a completely different path via a hydroperoxide
compound is also possible. Rodriguez et al. described a strategy which does not rely on the
generation of a radical adjacent to the cyclopropyl moiety, but the cyclopropane (127)

scaffold is opened directly (Scheme 42). This introduces a hydroperoxide and a bromide
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moiety (128), and in the next step silver oxide is used to eliminate HBr, forming a 1,2-

dioxolane (129).1%®

Et,O CCl
Ar 2 O\OHBI' 4 0-0

127 128 129

1
R'" H,0,,NBS R AG.O R!
\ —>2 2 Ara/\l 292 > Ar%

Scheme 42: Stepwise synthesis of 1,2-dioxolane from a cyclopropyl precursor.?

Formally the second step of the above shown reaction constitutes an intramolecular
substitution, which in combination with an initial addition was also the essential step in the
preparation of cyclic organic peroxides 131 from potassium superoxide (Scheme 43). The
superoxide anion was used for the purpose of constructing a peroxide bridge as early as 1975
by E. J. Corey et al.*?6-%2" \who searched for synthetic routes towards compounds mimicking
prostaglandin endoperoxides, which are biologically interesting molecules in humans®?®, In
contrast to the examples described above for cyclopropyl-containing molecules, this strategy

does not rely on the involvement of radicals.

KO,

Y\(R 18-crown-6 \(YR
_— >

MsO OMs DMSO 0-0

R=CgH, 130 131

Scheme 43: Superoxide as oxygen nucleophile.

The yields obtained were only around 40%, presumably due to the highly reactive superoxide
undergoing side reactions.

Also a formal intramolecular addition is shown in the example depicted below (Scheme 44),
where mercury acetate was applied to facilitate the cyclization of a hydroperoxide (132) to a

neighboring double bond.*?®

R2 1. Hg(OAc), 2 NaBH, R2

R
. 2. KBr/H,0 HoBr  Base
RNR?’ ——> R! —> R!

R3 R3

OOH ' 433 0-0 433 0-0 434

Scheme 44: Mercury(ll) facilitating an intramolecular addition of a hydroperoxide.

In a comparable way hydroperoxides can form intramolecular ketals with carbonyl groups,
which leads to endoperoxides with the special feature, that one of the adjacent carbons is

directly connected to another oxygen containing functionality (Scheme 45).
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Scheme 45: Intramolecular perketalization under photochemical conditions reported by Dussault et al..!®

Similarly, Nojima et al. developed a strategy involving ozonolysis of a double bond (Scheme
46), forming a hydroperoxyketal (140). This cyclizes with another carbonyl functionality,
forming a cyclic endoperoxide consisting of two perketals (141).13!

1.0,

o OH o.
2 MeOH OOH (o)
~ome EE— OMe
140 n 141

Scheme 46: Ozonolysis and consecutive ketalization leading to a peroxide formed by two perketals.

Also intermolecular ketalization is possible, as shown by the example reported by Payne et al.
(Scheme 47).1%2 Here, an epoxide (143) is opened using hydrogen peroxide and then an

external ketone, e.g. acetone, is added to form the perketal, in this case a 1,2,4-trioxane (145).

O - O 22 O, =2
WO
H,WO, OOH 0/0

142 145

Scheme 47: Synthesis of an endoperoxide via intermolecular peroxyketal formation.

The structural motif of such a 1,2,4-trioxane is also found in the antimalarial drug artemisinin
(18) and was therefore target of various synthetic approaches, described in several reviews.***
134 Using the ozonolysis and ketalization strategy described above, artemisinin derivatives are
accessible. In the example below (Scheme 48), the precursor only incorporates the carbon
cycle; all the oxygen-containing rings are formed by ozonolysis and consecutive acid workup
with an ion exchange resin, Amberlyst 15,13

1. 03, DCM, -78 °C
2. Amberlyst 15

Scheme 48: Ozonolysis as the key step to artemisinin derivatives.
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A different workup of ozonides can also be employed to directly form endoperoxides, which
do not incorporate a perketal. Tin- or titanium chloride facilitate transformations such as the
example shown below (Scheme 49), where an additional coupling partner is incorporated into

the molecule, while selectively removing the oxygen in —II state from the ozonide.**¢-%7

0-0 0-0

XR1 snCl,
, ——————> \, TMS
O R? A~ _TMS

147 148

Scheme 49: Tin chloride facilitates the coupling of an ozonide with allyltrimethylsilane, forming an
endoperoxide.

Strategies for the synthesis of cyclic peroxides under circumvention of hydroperoxide-
containing intermediates include the [4+2]-cycloaddition of singlet oxygen to a 1,3-diene,
which for example was used for the first synthesis of the abovementioned ascaridole (121)
from a-terpinene (149) using chlorophyll as catalyst under photocatalytic conditions (Scheme
50).106

0,, chlorophyll |
e
hv

149 121

Scheme 50: Synthesis of ascaridole presented by Schenk and Ziegler 1944,

The Diels-Alder like [4+2] cycloaddition of singlet oxygen offers the advantage of high atom
economy, as all atoms of the precursors are found in the product, and only a catalyst is needed
for the formation of singlet oxygen, potentially from ambient air. While the operationally
simple reaction setup speaks for itself, the requirements on the starting material are
comparably high, as the two double bonds need to be in the right conformation, and side
reactions such as a [2+2] cycloaddition or the Schenck-ene reaction are possible. However,
the nature of the double bond may vary, e.g. enol-double bonds!® work well, and most
commonly cyclic substrates, which keep the two double bonds in the required conformation,

are employed.
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Apart from [4+2] cycloadditions, also a [3+2] cycloaddition route can lead to endoperoxides.

R3 R4 4
OSiEt, ® OSiEt \n/ RsR o
0. O0-OSiEt; SNCla °| o 5
RZ R' 150 R? "R' 151 Az 152

Scheme 51: Strategy for the synthesis reported by Woerpel et al. in 2005.13°

Peroxyketals (150) were used as precursors for reactive peroxycarbenium ions (151), which
can undergo a [3+2] reaction, forming endoperoxides 152 with terminal alkenes (Scheme

51).2 This strategy requires a Lewis acid such as tin- or titanium tetrachloride.

In conclusion, endoperoxides are accessible via a reasonable variety of synthetic routes,
including cycloadditions, reactions of hydroperoxides and their respective ketals, UV and

visible light mediated reactions.

The re-discovery of visible-light mediated reactions since the early 2000’s led to great
progress in that specific area of chemistry, as its advantages over UV-mediated and also
traditional synthetic strategies are numerous. While reports about the use of visible light in
conjunction with transition metal complexes! as an advance from the UV-version**! for the
synthesis of endoperoxides exist (Scheme 52), its full potential in this regard is still to be

discovered.

Ph

[Ru(bpz);]** R Yoon et al.: ,\\
)\R Halogen-lamp J_/ Ar = 4-MeO-Ph, R =N
'
30 psi O (0)
Ar 2
153 ArT N0 154

up to
quantitative yield

UV-version: Otsuji et al.

Scheme 52: Visible light mediated photooxygenation of cyclopropanes reported by Yoon et al. 140

So far, great yields were achieved with substrates exhibiting a limited degree of structural
complexity, namely cyclopropanes with electron rich aromatic substituents. Steps towards an
increased applicability of the visible light mediated photooxygenation of cyclopropanes for
the synthesis of biologically active and pharmaceutically relevant drugs, such as artemisinin,

need to be undertaken and were the aim of this work.
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4.2 Preliminary Studies

Cyclopropanated five-membered heterocycles, i.e. substituted furan derivatives, are a
precursor often used by the Reiser group.'*># Their advantages include comparably easy
gram-scale  synthesis from inexpensive raw materials via rhodium-catalyzed
cyclopropanation, resulting in a great accessible structural diversity. Additionally, the
cyclopropane system generated exhibits a favorable donor-acceptor substitution pattern. 119 142
145146 visible light mediated photooxygenation of the cyclopropyl group!#® (Table 6) would
lead to compounds similar to those reported by Xu et al.'*’, who employed a [2+3]-
cycloaddition strategy (based on Woerpel et al.'*°, compare also Scheme 51). The promising
antimalarial activity found in biological tests of these molecules increased our interest and,
together with the abovementioned background, were the foundation for the preliminary
studies.

Following the precedent set by Yoon et al., calling for the employment of [Ru(bpz)z](PFe)2
(E*12=+1.4V vs. SCE¥), only decomposition of the starting material 155a
(Eqwm+): +1.40 V vs. SCE) was observed.

Table 6: Initial testing.

4-MeO-Ph
H ph.(4-MeO) H yCO:Me
"Co,Me conditions IO
Ph“‘ O ’, Ph\\‘ 0 - O
H 155a H 156a
# catalyst solvent yield
1Y [Ru(bpz)s](PFe)2 (2) MeNO:/toluene decomp.
2 [MesAcr]CIO4 (9) MeCN 15%, d.r. 3:1

Irradiation with LED (455 nm) for 30 min under oxygen atmosphere (balloon); 0.1 M solution 155a in
respective solvent.

But as a reaction was definitely taking place, other catalysts were tested. Irradiation in
presence of the highly oxidizing 9-mesityl-10-methyl-acridinium perchlorate (Fukuzumi’s
Catalyst 9; E*12 = +2.06 V vs. SCE)™® under Oz-atmosphere in MeCN as solvent led to the
formation of the two endoperoxides 156a-major and 156a-minor (d.r. 3:1, entry 2). Albeit
complete conversion of the starting material 155a was reached within 30 min, 156a was
observed only in a low yield of 15%, while copious amounts of polymeric byproduct
precipitated from the reaction mixture. presumably not only the catalyst was an issue, but also

substrate 155a was too reactive, causing the formation of undesired byproducts.*
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4.3 Optimization

Instead of substrate 155a, comprising an electron rich aromatic substituent, a simpler starting
material was chosen. Cyclopropanated dihydrofurane 157 is accessible via visible light
mediated cyclopropanation followed by Rh-catalyzed reduction using commercially available
furan and methyl phenyldiazoacetate (Table 7; compare also Scheme 53, vide infra). It
exhibits a donor-acceptor substitution pattern on the cyclopropyl moiety, but does not have
additional substituents which might undergo reactions under the highly oxidizing conditions.
Furthermore, the electron-rich 4-MeO-Ph substituent was exchanged for an electronically
neutral functionality. This should be adequate to the high oxidizing power of Fukuzumi’s
catalyst, which was successfully used in the oxidation of unsubstituted aryl groups'!, and also

broaden the limitations discovered in the known literature.
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Table 7: Conditions Screening.

2 ph conditions Hfh” e ‘; Hfh M :‘[
W"COZMe — P ¢ L ETE | P 8
o S oh° P
157a 158a-major 158a-minor ¢
# catalyst substrate solvent yield
1Y | [Ru(bpz)s](PFe)2 157a MeNOz/tol -
22 | Ir[dF(CFs)ppy]2 (dtopy)PFs | 157a MeCN <5%
3 [MesAcr]ClO4 157a MeCN 47%, d.r. 4:1°
4 [MesAcr]ClO4 157a CHCl3 6% d.r. 1:1
5 [MesAcr]ClO4 157a HFIP 10% d.r. 1:1
6% | [MesAcr]ClO; 157a MeCN 49%, d.r. 4:1
79 | [Ru(bpy)s]Cl2 157a MeCN -
8 Rose Bengal 157a MeCN -
9 no catalyst 157a MeCN -
10 [MesAcr]CIOa, no light 157a MeCN -
11 [MesAcr]ClOa4, no O 157a MeCN -

NMR-Yields determined using 1,4-diacetylbenzene as internal standard. Reaction conditions:
10 mol% catalyst, 0.2 mmol substrate, 2 mL solvent, blue LED (455 nm), O,-Balloon, 16 h, r.t..
0.5 mol% catalyst, 0.2 mmol substrate, 2 mL MeNO,/toluene 1:1, 30 psi O,, 16h, r.t.. ¥2 mol%
catalyst; ® 30 psi Oz, 10 h.% 5 mol% Catalyst. ¥ Combined isolated yield of separated diastereomers.

While transition metal catalysts failed to produce the product in relevant quantity under the
tested conditions, employing Fukuzumi’s catalyst 9 gave rise to the diastereomers 158-major
and 158-minor, which were separated by column chromatography and characterized by X-ray
crystallography. Notably, the orientation of the phenyl and ester group was reversed for the
major diastereomer compared to the starting material. A short screening for optimum
conditions showed that the reaction is strongly dependent on the solvent (entries 3-5), with
acetonitrile giving the best yield and diastereomeric ratio. While the yield was by and large
constant, the reaction time decreased when instead of air (ambient pressure, 20 h) an O»-
balloon (16 h, entry 3) or oxygen overpressure (30 psi, 10 h, entry 6) were applied. Control

experiments using the known singlet-oxygen producing catalysts [Ru(bpy)s]?* or Rose Bengal
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(entries 9 & 10) did not facilitate the reaction, revealing that a mechanism not solely
dependent on singlet oxygen is operative. Furthermore it was shown that light, oxygen, as
well as catalyst were necessary for the reaction to proceed (entries 9-11).

As a working hypothesis, the catalyst was suspected to oxidize the aryl substituent, generating
a radical cation adjacent to the cyclopropane (159), therefore triggering its opening (Scheme
53). This would separate the radical site from the cationic site (160), but both stabilized by the
heteroatom adjacent to the furane ring and the aryl moiety, respectively. This would lead to
free rotation at the radical site, which might explain the formation of the two observed

diastereomers.

EI Ph H ring- HPh CO,Me
i1, Oxidation = opening -/ — 158a-major
., COMe \ ., —> 158a-minor
O 'H 157a / “CO,Me o o)
0" "H 159 160

Scheme 53: Working hypothesis on the initial mechanistic steps of the reaction.

With this mechanistic picture in mind, the limitations of the reaction were to be explored by

choosing appropriate substrates.
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4.4 Substrate Scope

Before performing variations on the substrate scope, enantiomerically enriched (-)-157 was
synthesized by carrying out an enantioselective cyclopropanation of furan 161 using a chiral
rhodium catalyst (Scheme 54). After several recrystallizations the desired enantiomeric excess
of >99% was achieved, and upon hydrogenation the appropriate substrate (-)-157a for the
peroxidation was isolated. Applying the standard conditions, the corresponding (-)-158a was

formed without erosion of enantiopurity.

H pj standard H |2—_h CO,Me
Ref. 116 Rh/C i~/ conditions o
/ Z ; COzMe 15 bar, 3 h Z ; “co,Me 3
0" ‘H (o) z
H
161 162, 67%, 97% ee 157a, 97%, 98% ee 158a, 47%,
both diastereomers
>98% ee

Scheme 54: Synthesis of enantiomerically enriched peroxide.

Since endoperoxides with the core structure of 158a, comprising a 5-aryl substituent on the
furan core, are reported to have especially promising anti-malarial activity!*’, the focus was
shifted to substrates with such substituents (155). This particular substitution pattern is
accessible via Heck-arylation of 2,3-dihydrofuran 163*° followed by cyclopropanation with
2-aryl 2-diazoacetates 165 (Scheme 55).1%8 The Heck arylation leads to a racemate (164),

while the consecutive cyclopropanation proceeds with complete diastereoselectivity (155).

Ar\n/COZMe H Ar
Z \3 Ar' Ar“"( 3\ N o Ar\“Fy,, COMe
o b) or c) O H
163 substituted .
dihydrofurans 155, up to 77%
164, up to 91% diastereoselective

a) 5-10 mol% Pd(OAc),, "BuyNCI, KOAc, molecular sieves, DMF, 24 h.
b) hv4s5 nm» DCM, 24 h.
c) 0.8 mol% Rh,(OAc),, DCM, 3 h.

Scheme 55: Synthesis of 5-aryl substituted substrates.

For the latter either the traditional transition metal catalyzed pathway using Rh2(OAc)s was
applied, or the recently reported, visible light driven process''® which allows for an
environmentally friendly, metal free approach. Both conditions gave cyclopropanes 155 in
32 -77% vyield with complete diastereoselectivity, in which the cyclopropanation occurs
opposite of the aryl moiety and the ester group orients on the convex side of the bicycle.
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Substrates containing electron rich, electron deficient, bulky and highly functionalized 5-aryl
substituents were successfully synthesized (166a-g) and consecutively subjected to the
optimized conditions to convert them to their respective endoperoxides 167a-g (Scheme 56).

5-Arylfuran Derivatives

0,
H Ph 5-10% [MesAcr]CIO, @

A ", hv455 nm H z, COR
\ CO,R > 2 +
Ar* o - MeCN, 16 h, r.t. P
H R = Me Ar\\\ o = (0] Ar\\\
166 H 167-major
Electronically neutral Electron rich Electronically deficient,
highly functionalized
Ar = Ph, 167a, 55%, d.r. 3:1 Ar = 4-OMe-Ph, 167c, [o)
= 1-Naphtyl, 167b, 68%, d.r. 3:1 Ar =
64%, d.r. 3:1
’ o— ¢ "
i Electron deficient A (o)
Electronically neutral, o
bulky ester H o ><
Ar = 4-CI-Ph, 167d, 43%, d.r. 3:1 o
0, .
R = Octyl, = 4-F-Ph, 167e, 51%, d.r. 3:1 1679, 46%, d.r. 3:1
Ar = Ph, 167h, 45%, d.r. 3:1 = 4-CO,Me-Ph, 167f, 54%, d.r. 3:1

Scheme 56: Variations on the 5-aryl substituent.

By and large the yields were constant in the range of 50%, and therefore comparable to the
unsubstituted furan derivative. This leads to the conclusion that the nature of the 5-aryl
substituent does not have a significant impact and no interference occurs with the mechanism
operative in this reaction. A crystal structure was obtained for the minor diastereomer of

compound 167e (Figure 11).

Figure 11: crystal structure of the minor diastereomer of compound 167e.

Next, the influence of variations on the Aryl group adjacent to the cyclopropane was explored

(Scheme 57). Changes on this position were expected to significantly alter the reaction
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outcome, as in the diarylcyclopropane literature models, mostly electron rich 4-OMe
substituted substrates were used and were found to deliver distinctly higher yields than the
unsubstituted or electron deficient derivatives. In order to test this, the 5-phenyl substituted
dihydrofuran was cyclopropanated with different aryldiazoacetates. The corresponding
electron rich (4-OMe, 155a), bulky (4-Ph, 155b) and electron deficient (4-F, 155c, and
4-NO,, 155d) substrates were subjected to the standard reaction conditions, with greatly
deviating results.

Cyclopropyl-Ar Derivatives

0,
H Ar 5-10% [MesAcr]CIO, HAr,,’ CO,Me I_|Ar COzMe
AWL hvas5 nm ~ o ‘. o
( S; ‘ o +
Ph"' = Cone MeCN, 0.5 -72 h, r.t. \ ! . {
) —0 ) —0
(o) Fl Pht 0" = Pht 0" =
155
H . H .
156-major 156-minor
Electron rich Electronically neutral Electron deficient

Ar = 4-OMe-Ph, 156a, 15%, Ar =Ph, 167a, 55%, d.r. 3:1 Ar = 4-F-Ph, 156¢c, 47%,
30 min, d.r. 3:1 = 4-Ph-Ph, 156b, ~10%, 3d.dor. 3:1

16 h, not purified Ar = 4-NO,-Ph, 156d, 25%
brsm, 3 d, d.r. 3:1

Scheme 57: Variations on the cyclopropyl-aryl group.

The electron rich compound 155a had already been tested in the beginning of the project, as it
is the closest analogue to the reported literature examples, and was thought to be oxidized
easiest because of its low reduction potential. As described earlier (table 6, vide supra), it
underwent rapid conversion, and the starting material was consumed after only 30 min.
During the reaction, a white precipitate formed, which was separated by filtration. It was
found to be hardly dissolvable in any tested solvent, and NMR analysis showed broad peaks,
indicating a polymeric substance of unknown constitution. Column chromatography of the
filtrate gave very little of the desired peroxide compound. The short reaction time is in
accordance with the literature and the mechanistic proposal, as electron rich substrates are
easier oxidized by the catalyst. However, due to the higher complexity of the substrate in
comparison with the diarylcyclopropanes reported in literature, there are more pathways
available, leading to side-reactions. One possible pathway, involving a cyclization to the aryl

ring, is shown below (Scheme 58).
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Scheme 58: Possible decomposition steps in the electron rich substrate 155a.

While the reaction with the electron rich substrate could lead to some interesting molecules,
unfortunately it did not lead to a productive outcome.

However, with the successful transformation of the highly electron deficient 4-NO2-Ph
substituted substrate 155d an unexpected outcome was observed (Figure 12), as there is no
evidence that such an electron deficient phenyl group can be oxidized by Fukuzumi’s catalyst
9.20 As crystal structures from both the starting material as well as the product are available,
there is no doubt that this transformation took place. This leads to the hypothesis that the
heteroatom of the furan-ring may also be oxidized by the catalyst, which ultimately leads to
the same result as the oxidation on the aryl substituent of the cyclopropyl group; the
hypothetical mechanism is discussed in the respective section (See chapter 4.7).

N
0, 02
5-10% [MesAcr]CIO,
hv4s5 nm - CO,Me
MeCN, 72 h, r.t. N

(o]

/

Ph'Ng 2 ©

< H
155d 156d-major 156d-minor, not

crystallized

Figure 12: Transformation of the electron deficient substrate, depicted with the available crystal structures.

Not only electronically different substituents were tested, but also the sterically more
demanding yet electronically neutral 4-Ph substituent was introduced (155b). With this, a low
yield (10%) of a product exhibiting the characteristic tH-NMR signals for the peroxide moiety
was isolated (156b), but could not be purified to a sufficient degree. No other distinct reaction
products were identified, instead a similar precipitate as in the case of the electron rich
substrate 155a was observed.

After all, changes on the aryl substituent of the cyclopropyl moiety had huge impact on the
outcome of the reaction, which was expected as this moiety plays a crucial role in the
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transformation from a mechanistic point of view. While giving interesting clues towards the

possible mechanism, all of the changes were detrimental to the yield.

Consecutively, the limitations of the variations of the heterocycle were to be investigated
(Scheme 59). First, instead of the five-membered furan substrate, the next larger ring size, a
six-membered pyran derivative 18la was subjected to the transformation. However, the
reaction was still not completed after three days of irradiation. After removal of the solvent,
the crude NMR revealed that indeed very little conversion had taken place. Most of the
starting material was intact, which was quite astounding given the high reactivity of the
oxygen species which are produced under these conditions, and the redox potential of 181a
being in range of the catalyst. To exclude experimental error, the reaction was carefully
repeated, with the same outcome. It seemed that the small steric change had a huge impact on
the substrate’s reactivity. This was an important riddle to solve and will be discussed in
further detail in chapter 4.7 but the underlying issue here is thought to be the reversibility of
the oxidation and the cyclopropane ring opening, which may proceed less likely in the six-
membered pyran derivative.

X-Heterocycles

Ph 02, hV455 nm HPh,’ COZMe HPh \\‘COZMG
., 5-10% [MesAcr]CIO, ¢ ¢
(V ‘CO,Me > o 4 o
N MeCN, 16 - 72 h, r.t. \ 0 0
H 181 X H 182-major X H 182-minor
O-Heterocycles H N-Heterocycles
v 0% Q
077, CO2Me % CO2Me
a (0]
/
—O0
" H
SO,Ph
181a, no reaction
SM re-isolated 182b, 34%, d.r. 1:1 182c, 37%, d.r. 5.3:1

Scheme 59: Variations on the heterocycle.

While the switch from five- to six-membered oxygen-heterocycles did radically change the
outcome, the analogous variation was possible with nitrogen containing heterocycles derived
from pyrrolidine (182b) and piperidine (182c, Scheme 59). With these two substrates, the
yield was generally lower than with the model substrate 157, but in a comparable range. This
may be because of the sp?-hybridization of the nitrogen centre, which leads to planarization

and represents a key difference to the pyran-derived substrate.
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Delighted with the results for the nitrogen-cycle, we asked if sp>-hybridized carbocycles may
also be suitable substrates for the peroxidation (Scheme 60). The starting materials were
accessed via cyclopropanation of cyclopentadiene, indene and cyclohexadiene. In case of
cyclopentadiene this required the use of large excess of the diene substrate, as it was possible
to cyclopropanate this substrate twice.*>

Carbocycles

Ph 02, hV455 nm HPh,’ COZMe HPh \\COZMe

’ 5-10% [MesAcr|CIO, : e
‘cO,Me > o+ 0
Y MeCN, 12 - 16, rt 3 4
H .

183d, decomposition

R = Me, 184a, 63%,
d.r. >99:1

R = Octyl, 184b, 51%,

d.r. 2:1 184c, 59%, d.r. 2:1

Scheme 60: Transformations of carbocycles.

To our delight, the peroxidation proceeded well for the two five-membered rings, with the
indene product 184c being confirmed by X-ray crystallography. Two different esters were
synthesized for the cyclopentadiene-derived substrate, and while both were successfully
transformed, the small methyl ester 183a did only give rise to one diastereomer, the larger
octyl ester 183b gave two diastereomers as expected based on the previous observations. For
the first case, it can be hypothesized, that both diastereomers may undergo follow-up
reactions, but the minor diastereomer undergoes further transformations more readily, leading
to its consumption, and therefore only one diastereomer is observed. While it is possible that
this reaction may be selective, it is very unlikely, as for the larger ester, this behaviour is not
observed. However, the reasons for this behaviour were not further explored so far.
Furthermore it must be noted, that the reproduction of the reaction of substrate 183a was
difficult, and for the peroxide, ring-opening of the oxygen bridge was observed to varying

degrees (Scheme 61).
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Scheme 61: One possible route of degradation for peroxide 184a.

This spontaneous opening of the peroxide-bridge was observed to a significant degree only in
the carbocycles, while in the other peroxides, a base was required to trigger the first step. The
second step, i.e. the elimination of water, yielding product 186, was only found in the

carbocycles, presumably because of the formation of a larger conjugated system.

Other variations included non-aryl substituents on the 5-position (Scheme 62). Here an ester-
(187) and a CH>OAc-group (188) derived from the ester by reduction and protection were
tested. Compound 187 comprising an ester group did not show conversion under standard
conditions, presumably because of the strong electron withdrawing effect of the ester, which
would destabilize the intermediate. To confirm that, in this case, an electronic effect prohibits
the reaction, and not a steric influence as with the pyran example discussed above, the ester
on this position was reduced to an alcohol and consecutively acetate-protected (188). This
compound was successfully transformed to peroxide 189, giving a yield in the range of the

unsubstituted furan compound.

Other variations on the 5-position
H ph

'/Co Me 99 no rxn

MeOZ (0) H

2) Ac,0, NEt,

C
H pph standard \/Ff
= condltlons

187 l1) 1.1 equiv. LAH,

OzMe

O H
188 189, 45%, d.r. 4:1
H pp stand_a.rd COzMe
S conditions - o
o, CO2Me o
H 190 O H 191, 60%

Scheme 62: Variations on the 5-position other than aryl substituents.
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A further variation on the 5-position was the introduction of an aromatic system, which is
actually conjugated with the furan’s oxygen. This case was investigated using benzofuran
derived 190. Transformation under standard conditions gave, presumably, the peroxide 191.
Judging from the NMR, the peroxide formed, albeit only one diastereomer was observed.
However, mass spectrometry revealed only the mass of the starting compound, without the
addition of di-oxygen. Consecutively testing its stability, compound 191 proved to be stable at
6 °C (stored in the refrigerator) for three months, without significant changes to the NMR.
Sadly, the product was observed as an oily liquid, which did not crystallize, so no X-ray
analysis could be performed. The formation of the peroxide is still supported by the NMR and
therefore proposed — oxygen may be lost easily under HRMS-conditions. A possible
explanation for the observation of only one diastereomer is the interaction of the two -

systems in the starting material, which may prevent the isomerisation of the ester and aryl

group.

So far, the only successful variation on the cyclopropyl-ester was the exchange of methyl- to
octyl-ester. This was done in order to make the resulting peroxides more lipophilic, which
was found to have a favourable influence on the biological activity against malaria-plasmodia,
discussed in the respective chapter. Another variation was tested on the cyclopentene-derived
substrate 183a, where a reduction of the ester was performed, and the resulting alcohol was
acetate protected, giving rise to compound 192. After the photoreaction under standard
conditions, instead of a peroxide bridge, hydroperoxide formation with an intact cyclopropyl
ring was observed (194). This may be explained by the reaction of the double bond in a
Schenck-ene-type reaction (193, Scheme 63).

Hydroperoxide formation

H pn H pn
H ph l_:l ., = :
@/ NLAH _ — 10, \Q’l ""I
CO,Me 3y ac.0 > 4 —> 4
4 2V1€ 2) Ac,0, o 4 OAc "4 OAc
H Et;N H OAc O"® H 0
Of

183a 193 194, 51%

Scheme 63: Variations on the cyclopropyl-ester group.

This example shows that the ester itself, with its electron withdrawing effect, is required for
the reaction to produce a peroxide bridge. A possible variation of the ester, which does not
completely change its electronic effects, is an amide. Two routes to amide 198 are possible,
but unfortunately could not be achieved so far (Scheme 64). The synthesis from scratch, using

a phenyldiazoamide 197, is impossible, as the required diazo compound is not stable and
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undergoes intramolecular reactions in the presence of the Rh-catalyst. Likewise, no
functioning protocol could be developed to make the amide from the free acid 195, which is
obtained upon ester hydrolysis after cyclopropanation. None of the desired products was
observed after applying a standard coupling procedure featuring DCC. The free acid also did
not undergo the photoreaction to the desired endoperoxide, instead, among decomposition

products, furo[2,3-b]furan 196 was observed, arising from intramolecular cyclization.*3

Ph Ph 02, hvass nm Ph
KOH oH 10 mol% [Cat] o
/(74(:02”'9 MeOH/H,0 MeCN,16h
Ph™ o 2 PN § oL 0
166a 195 Ph™ ™o 196
1.1 eq. DCC,
HNR,
DCM
o Ph
Ph S NR
Ph/@ ' \H)LNRZ th ’
164a N2 197 o O 108
unstable

Scheme 64: Attempted variations on the cyclopropyl-ester.

After all, a reasonable variety of derivatives was synthesized, showing overall good to
medium yields in the endoperoxide-formation, and laying a good foundation for the biological

tests.
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4.5 Stability of the Endoperoxides

Apart from the biological tests and the cyclovoltammetry data discussed at the beginning of
this chapter (and further in the chapter “Mechanistic Studies”), also data on the stability of the
endoperoxides was gathered by subjecting them to thermal analysis (Table 8). Peroxides and
especially endoperoxides are regarded as prone to spontaneous decomposition, and handling
them safely, especially in view of a gram-scale experiment producing a significant amount of
potentially explosive substance, required additional data. Thermal analysis allows for the

determination of decomposition temperatures.

Table 8: Decomposition temperatures.

decomposition temperature as
# compound ) )
determined by thermal analysis
Ph_ CO,Me
1 &IO 184a 189 °C
Ph_ CO,Me
o o
2 Ff’ 158a 212 °C
o
(o]
O,N
3 COMe 290 °C
2 156d
Ph—~Ng” ©
Ph_ CO,Me
(o]
4 g 182¢ 303 °C
N
CO,Me

Experimental details see SI.

To our delight, spontaneous decomposition did not turn out to be an issue with the compounds
synthesized during this work, which all show astounding thermal stability. The lowest
measured decomposition temperature was observed for the carbocyclic compound 184a at
189 °C, indicating that the compounds are presumably safe to handle in view of possible

explosive characteristics.
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4.6 Transformations of the Endoperoxides

While the endoperoxides were comparably stable against thermal decomposition, they readily
undergo transformations in basic media. As literature shows, endoperoxides undergo a variety

of reactions!®?

, among them the opening of their peroxide bridge under basic conditions, or
even when simply stirred in protic solvents such as methanol.'*” When peroxide 158a-major
was stirred in methanol with catalytic amounts of diethylamide, the below shown lactone

199a was formed (Scheme 65).

HPh—: CO,Me Ph co,me
3 HNE, H 3
(o} —_— = OH
\ OI MeOH, 16 h
0%, 95% o~ 0 p |
158a-major 199a
4\ COoMe Ph co,Me
L X HNEt, H o)
(o} — _Z " 0H
" 0’ MeOH, 16 h
0%, 95% o~ 0
158a-minor 199b

Scheme 65: Opening of the peroxide moiety under basic conditions.

The reaction proceeded under complete stereocontrol, meaning that both diastereomers
opened to their respective lactone under conservation of the stereoinformation at the
quaternary carbon. This is supported by the obtained X-ray structure of lactone 199b derived
from 158a-minor. While the obtained compounds had been unknown and so far no direct
application is known, the lactones comprise several vectors for further transformations and

accessible under full stereocontrol.
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4.7 Mechanistic Studies

The photochemical peroxidation of diarylcyclopropanes was first discovered in the 1980s and
the mechanism was consecutively studied with the means available at the time.}#% 1 The
catalyst used was dicyanoanthracene (DCA 203), in conjunction with 405 nm light generated
by a high-pressure mercury lamp with a NH3-CuSO4 solution as optical filter. Otsuji et al.
performed a number of key experiments investigating the mechanism, most importantly
showing that the reaction was distinctly different from common dye-sensitized

oxygenation'>*

, as the reaction is not triggered by the formation of singlet-oxygen via energy-
transfer (ET), but rather oxidation of the substrate by the catalyst. The proposed mechanism
(Scheme 66) starts with the irradiation of the catalyst 203, bringing it to its excited form.
Upon encounter with a diarylcyclopropane (153), a single-electron transfer (SET) takes place,
and the substrate is oxidized to the radical cation (200), with the initial site of the oxidation
being one of the aryl groups. This triggers a fast ring opening, separating the site of radical

and cation (201).

DCA<\via IorlIl
200

hy ( DCA™ A
DCA* Ar AI'+.
153 f \

Ar Ar (0] . +
2][ AI"/\/\AI'
201

0-Q .00 th B
pa CN

DCA:
Ar Ar path A
\ L
I 0-0’ .0,0
Ar e Ar CN 203
202 9,10-dicyanoanthracene

Scheme 66: Mechanism as proposed by Otsuji et al.'4

From there, two different pathways may lead to the endoperoxide. Path A has triplet oxygen
attached at the radical site (202), followed by the reduction of the cation by the DCA-anion

(I, regenerating the catalyst and finally completing the ring expansion.

Path B requires the DCA-anion to reduce oxygen to the superoxide radical anion (1), which
then combines with the said radical-cation, leading to the endoperoxide.
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Otsuji reported acetonitrile being the best solvent and the yield dropping when less polar
solvents were used.’™® However, using aromatic hydrocarbons such as phenanthrene as
additives was found to significantly accelerate the reaction, but leading to opening of the
endoperoxide and consecutive further oxidation on less electron rich diarylcyclopropanes (i.e.

none of the two aryl groups being p-OMe substituted).

Furthermore the effect of inorganic salts on the reaction had been examined, showing a
benign effect of BF,” and Cl0O,~ anions, significantly accelerating the reaction.*>® The effect
of the perchlorate on the reaction was also shown to be dependent on the counter-cation, with
the magnesium-salt giving the best results and up to 10-times faster reaction compared to
saltless conditions. Otsuji et al. suspected the added salts to suppress electron back-transfer
after the initial oxidation, therefore inhibiting the back-reaction, by interacting with the ionic
radicals (201-203) generated.

Yoon et al. in 2014 used a transition-metal based catalyst, namely [Ru(bpz)s](PFs)2 (2), in
conjunction with a 23 W fluorescent light bulb to facilitate the transformation on substrates
very similar to the ones reported by Otsuji.}*° Mostly electron rich diarylcyclopropanes were

converted in excellent yields, and the mechanism proposed does not deviate from Otsuji’s.

As the reaction described in this work significantly expands the substrate scope, facilitating
the conversion of structurally complex arylcyclopropanes, even comprising very electron
deficient aryl-substituents, the mechanism required additional investigation.

First, the reaction was shown to be dependent on both light and catalyst (Table 7).
Furthermore, it was shown that the catalyst used by Yoon et al., [Ru(bpz)s](PFs)2 (2), did not
lead to product formation, even with the electron rich substrate 155a. This showed that
Fukuzumi’s catalyst must exhibit unique properties, which were found to be the appropriate
oxidation potential. Conveniently, the [MesAcr]* catalyst comes with BF, or ClO,
counterions (because they are stable towards oxidation, compared to e.g. CI7), which were
shown by Otsuji to have a benign influence on the reaction. The salt effect was also observed,
when [Ir], which did not facilitate the oxygenation on its own, led to complete conversion of
the starting material with Mg(ClOa). as an additive. However, no peroxide formation, but
rather decomposition was observed in this case. Using common singlet-oxygen producing
catalysts, such as [Ru(bpy)s]>* or Rose Bengal, was also ineffective, reproducing the initial

finding of Otsuji, that singlet-oxygen itself was not sufficient for the photooxygenation.
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More physicochemical data was therefore gathered, first of which the reduction potentials of

several substrates and the catalysts were measured, which are shown in Table 9 in comparison

to selected examples of the previously discussed diarylcyclopropane compounds.

Table 9 Comparison of electrochemical data for several selected compounds.

# | Compound Em+ vs. SCE [V] | Comment
1 Yoon’s catalyst. Most substrates
[Ru(bpz)s](PFs)2 (2) 1.49 _ _
presented herein not in range.
2 Otsuji’s catalyst. Most substrates
DCE (203) 1.285" _ _
presented herein not in range.
3 Decomposition, no  dioxolanes
Ph
1.09 ) isolated, neither under Otsuji’s nor
Ph  153a
Yoon’s conditions.
4 Ph A A
0.795 Up to 99% 2- )
4-OMe-PH  153b
5 Ph-(4-OM
J; (4-OMe) | 6 505 Up to 99% 2D
4-OMe-Ph 153¢c
6 No dioxolanes isolated under
Ph-(4-Cl) b .. .
0.102 9 Otsuji’s conditions, Yoon not
4-Cl-PH 153d
tested.
7 Fukuzumi’s catalyst. Substrates
[MesAcr]ClO4 (9) 2.079 presented in this work in oxidation
range
8 No reaction under standard
Ir[dF(CF3)ppy]2(dtbbpy)PFe
1.69 conditions. Some conversion with
©) Mg(ClOa). as additive.
9 H ph
W"COZMe 1.95 Model substrate
0" ‘H 157
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10 H priano Two peaks: Highly electron deficient aryl
: ph-a-NOy) group on cyclopropane; Origin of
"CO,Me 1.84 o
Ph'"Ng N 1554 second, lower oxidation peak
2.21 unknown.
11
181a 200 Unreactive albeit in range of
catalyst’s oxidation potential.
12
1.87 Successful conversion
131 ,Ph _co,me Product of model substrate. OX.-
(f,o 158 2.83 potential ~ far  higher  than
A—0
o i substrate’s.

IRef.140, DRef. 14, 9Ref.148, Reduction potential converted from Ag/Ag*-electrode to SCE by subtracting 45 mV.

The diarylcyclopropanes 153 used in the literature precedents exhibit clearly lower oxidation
potentials than the donor-acceptor-substituted cyclopropanes employed in this work. Only the
oxidation potential of Fukuzumi’s catalyst (9) is high enough to enable a SET to these
substrates, making the literature conditions incompatible with them. However, not only
electronic properties matter: The case of the unreactive cyclopropanated pyran substrate 181a
shows that while the substrate may be oxidized by the catalyst, there are also steric
requirements to enable a successful cyclopropane ring opening. It must be suspected that this
substrate is actually oxidized but undergoes back-reaction more efficiently than any
irreversible transformation, leading to conversion of the radical cation. In hindsight, the

addition of Mg(ClO4)> might have been an interesting experiment for this substrate.

Further insight in the mechanism may be gained by quenching experiments, which are used to
evaluate the interaction of the catalyst with the substrate. For a given catalyst concentration
different amounts of quencher, i.e. substrate, are added and the fluorescence intensity (Figure
13) as well as the fluorescence lifetime (Figure 14) of the catalyst are observed (for details,

see experimental part). Catalyst [MesAcr]CIO4 and substrate 157 were used.
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Figure 13: Fluorescence intensity quenching.

The fluorescence intensity after addition of the quencher is shown relative to the blank
intensity of the catalyst and plotted against the equivalents of quencher added. It can be seen,
that the fluorescence intensity drops until about five equivalents of quencher are added,
showing a positive interaction between substrate and catalyst, and then stays relatively
constant upon further addition, indicating a saturation of the catalyst. The interaction was
examined both under air and under degassed conditions, as oxygen may influence the
interaction. This is clearly true, as the overall intensity under oxygen is higher than under
degassed conditions (see experimental part), but the relative quenching effect is very similar.

However, the quenching effect itself is quite small, as the intensity does not decrease more
than 8% of its original value. Plotting the interaction in a Stern-Volmer-style was

inconclusive and did not allow the distinction of dynamic and static quenching.
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Figure 14: Fluorescence lifetime quenching.

The analogous plot of the lifetime-quenching shows similar tendencies, but a greater impact

of oxygen atmosphere, which is expected as the catalyst can react with oxygen itself.

As the quenching was clearly detectable, but rather small, a collaboration with Dr. Roger Jan
Kutta from the group of Prof. Patrick Nlrnberger was initiated to investigate further
spectroscopic studies on the system. Because a reversible color change from yellow to orange
was observed when it was irradiated with blue light, indene substrate 183c was chosen for
time-resolved and stationary UV/vis studies on the photocatalytic system. These experiments
were performed by Dr. Jan Roger Kutta and Svenja Wortmann at the University of
Regensburg.

First, a spectrum of the components of the reaction was measured in MeCN, then the reaction
mixture (substrate concentration 100 mM) was illuminated using a blue LED (A = 450 nm),
leading to a change in the spectrum at around 300 nm. When the illumination was stopped,
the additional contribution decayed with an approximate lifetime of 500 s and resulted in a

spectrum showing additional contributions, indicating conversion (Figure 15).
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Figure 15: a: stationary absorption of [MesAcr]ClO4 and 183c in MeCN; b: Sequence spectra of the
system [MesAcr]ClO, and 183c in MeCN after illumination with 450 nm light and incubation in the
dark. Figures taken from report by R. J. Kutta.

Consecutively, the time-resolved UV/vis absorption and emission spectra of the catalyst were
measured, giving further insight into its behaviour (see experimental part), before the catalyst
was examined in presence of the substrate (100 mM), giving the spectra shown below (Figure
16).
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Figure 16: Quenching of the excited singlet state of [MesAcr]CIO4 by substrate 183c in oxygen-saturated MeCN.

Figures taken from report by R. J. Kutta. a: stationary absorption and emission spectra in dependence on the
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substrate-concentration as indicated. b: Time-resolved emission after exciting at 443 nm and detecting at 490 nm
(Atirr ~ 1 ns) in dependence of the substrate concentration as indicated. The red lines represent exponential fits,

the inset shows the Stern-Volmer plot.

In the presence of the substrate the lifetime of the charge-transfer state 'S . was notably
reduced while the lifetime of the locally excited state Sy, was not altered, leading to the
conclusion that the reaction between the substrate and the 'S; ., species of [MesAcr]CIO4
leads to singlet-born radical pairs, which recombine faster than they are formed. Such
recombination behaviour is often observed for excited singlet state reactions and can be
analyzed via a Stern-Volmer analysis, shown in the right spectrum of Figure 16b. Comparison
of the calculated bimolecular reaction rate of 3.7x10° M?s™ to the theoretical totally diffusion
controlled reaction rate of 1.86x10'° M-!s shows that approximately 20% of encounters lead
to a reaction.

Further spectroscopic experiments on this matter are currently underway, continuing the

cooperation.

Taking these findings into account, a mechanism similar to the literature precedent was
proposed (Scheme 67). First, a one-electron oxidation takes place on the aryl group adjacent
to the cyclopropyl group, forming a cationic radical 205. The dependence on a sufficiently
highly oxidizing catalyst such as [MesAcr]" indicates that the first step is indeed a single
electron transfer (SET) from the substrate to the catalyst to give rise to 205 via oxidation of
the arene moiety!! or to 205’ via oxidation of the heteroatom/double bond.*® Ring opening to
206 results in the separation of the radical and cationic centre, the former being stabilized due
to the synergistic push-pull interaction between the ester and the arene group, while the latter

profits from mesomeric conjugation with the neighbouring heteroatom or m-system.

\C02Me Ar_ CO,Me
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x”H
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+
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Ar, CO,Me
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Scheme 67: Mechanistic proposal.
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206 is then trapped by superoxide radical anion'> 8 |eading to diradical 207, which then
collapses in a productive manner to the product 208 provided that attack of O>™ has taken

place syn to the neighbouring group.

The striking difference in reactivity between furan (157) and pyran (181a) ring systems
required further investigation, as the oxidation potentials of both the five- and six-membered
ring systems were in the range of the catalyst, but only the five-membered analogue was
converted, while the six-membered didn’t show any significant conversion even after 3 days
of irradiation. Therefore, calculations on a B3LYP/6-31G level were used to obtain
information on the HOMO-Orbitals (Figure 17).

Figure 17: Representation of the HOMO-orbitals of furan and pyran derivatives calculated with GAMESS!®9-160
on B3LYP/6-31G level, visualized with VMD*#*,

Both molecule’s HOMO-orbitals show electron density localized over the phenyl ring, where
the initial oxidation is likely to occur, and over the oxygen of their respective heterocycle.
However, there is a significant difference on the exo-bond of the cyclopropane, where in the
furan derivative this bond is activated, as there is strong electron density observed in this

region, while in the pyran derivative this activation is completely missing.

Arguably, the orbitals shown are the orbitals of the unoxidized molecule in its ground state, so
one could point out that the orbitals will most certainly change upon oxidation. MM2-
simulation was therefore used to obtain further information on the behaviour of the substrate

upon oxidation.
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Figure 18: MM2-representaion of the furan model substrate before and after oxidation.

The furan model substrate shows inversion of configuration, as ester and phenyl-group switch
places (Figure 18). This corresponds to the observed configuration of the major diastereomer

in the peroxide product, where for the major the configuration has switched and in the minor
the initial configuration is conserved.

Figure 19: MM2-Representation of the pyran derivative before and after oxidation.
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For the pyran derivative, the MM2-representation does not show a similar change of
configuration for ester and phenyl group (Figure 19). However, the position of the proton
marked with a red arrow is significantly altered in comparison to its counterpart on the furan
derivative. It is suspected, that such an orientation would block the reaction with the oxygen
species from one side, which prevents a successful progress of the reaction, but rather leads to

back-reaction.

While in the literature precedents for the oxygenation of diarylcyclopropanes electron
withdrawing substituents were not tolerated, the conditions identified in this work were even
able to transform the para-nitrophenyl-derivative, albeit very slowly and with low yields. As
an oxidation of such electron deficient aromatic systems can be considered impossible for
Fukuzumi’s catalyst, the question where the initial oxidation would take place was elucidated

by B3LYP/6-31G level calculations of the HOMO-orbital (Figure 20).

—0 Ph-4-NO,

Figure 20: Representation of the HOMO-Orbitals of substrates 155d and 157 calculated with GAMESS!%-1¢° on
B3LYP/6-31G level, visualized with VMD?6%,

As expected, the HOMO-Orbital does not extend over this electron deficient group (Figure
20, right), but does include the heteroatom of the five-membered ring (red arrow). As
oxidation of this ether-oxygen may lead to the same intermediate (Scheme 67, 205°) we
hypothesize this process to allow for the observed slow conversion of compound 155d to the
corresponding peroxide. Oxidation of the heteroatom may be an alternative pathway to the
oxidation of the aryl moiety for similar substrates, e.g. for compound 155c. For more
depictions of HOMO-orbitals of selected substrates see experimental section.
118



4.8 Biological Tests

The endoperoxide scaffold is of high biological interest, as it is presumed to cause the anti-
malarial properties of drugs such as artesunate. Malaria is a disease caused by Plasmodium
parasites, transmitted by Anopheles mosquitoes, which thrive in warm climate and are
therefore expanding due to the climate change. While artesunate exhibits superior effectivness
against Malaria, there is a growing resistance against artemisinin and its derivatives, which
increases the demand for new drugs'®?. Encouraged by the promising results for bicyclic
peroxides containing a furan moiety reported by Xu et al.1*’, a selection of endoperoxide
containing compounds obtained in this study was tested against Plasmodium Falciparum to
assess their biological activity. The testings took place at the Max Planck Institute of colloids
and interfaces in Berlin at the work group of Prof. Seeberger, mainly by Felix Goerdeler
(Table 10).149

Table 10: Biological activity against P. falciparum in vitro.

# compound IC50 | # compound IC50
H 1 CO,Me Ph co,Me
1 { © >100 | 5 ’d<, 40
o=O 158 Naphtyl 3 167b
H
h co,me h co,Mme
2 { O >100 | 6 A 19
AcO \ 0/ 189 | / 184
= = a
° |-| H
H 1 CO,Me n 1 CO,0ctyl
3 1 80 |7 { © 14
Lo 191 Ph L0 167h
°§ i
n L CO,Me n 1 CO,0ctyl
4 { © 60 |8 { © 2.5
Ph >—O 167a *—0 184b
& A

IC50 [umol]. For procedure, see experimental section.

The model compound 158 displayed no activity (IC50 >100 umol) in the tested concentration
range, while for the closest literature compound, which comprises a methyl group instead of
an ester, an 1C50 value of 7 umol is reported.**” The 1C50 improved from 60 pumol for phenyl-
substituted compound 167a (entry 4) to 40 umol for naphtyl-substituted 167b (entry 5),
demonstrating an increase of activity with increasing lipophilicity. Notably, carbocyclic
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compound 184a was superior by far, which therefore was focus of our interest. To counter the
detrimental effect of the methyl ester’s polarity, it was exchanged for an octyl ester, thereby
increasing its lipophilicity. This led to a further improvement in both the phenyl substituted
(entry 7, 167h, compared to entry 4, 167a) as well as the carbocyclic compound (entry 8,
184b, compared to entry 6, 184a) with the latter exhibiting a promising 1C50 in the low
micromolar range. This led to attempts to transform the ester moiety into an ether or other,
less polar moieties, which have not been completed successfully within the range of this
thesis. However, further research to increase the lipophilicity of the products may lead to
more active compounds, while using the advantages of flow-photochemistry®” may help to

increase the so far mediocre yield.
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4.9 Conclusions

In conclusion the visible light mediated photooxygenation of arylcyclopropanes was
expanded to structurally complex fused hetero- and carbocycles by using the highly oxidizing,
low-cost organic dye [MesAcr]CIO4 (9) instead of transition metal catalysts (Scheme 68).

R3 R3
hv455 nm X =0, NPg, CH,
catalyst, O, CO,R? R'=H, Alkyl, Aryl
o R? = Alkyl
CO,R? ; S R3 =H, EWG, EDG
LUV R™™x

Scheme 68: Synthesis of various endoperoxides from cyclopropanated carbo- and heterocycles via visible light

mediated photooxygenation.

While the stereocenter at the benzyl position isomerizes during the oxygenation, the
orientation of the other stereocenters in the tested molecules was not altered. This allows for
the introduction of chirality, which is especially interesting considering the possible
transformation of the peroxides to butyrolactones under basic conditions in high yield. Also,
similar structures would be available from the various heterocycles that were successfully

transformed to endoperoxides (Scheme 69).

Ph

WCO,R?
- fﬁ“
1
RNy~ ~0

Scheme 69: Possibly accessible structures by treatment of endoperoxides described in this work with base.

Given the encouraging IC50 values of 167h and 184b, which were found to be in the low
micromolar range, and the identification of the polarity of the endoperoxides as key structural
property influencing the determined activity, the foundation to further research on this

compound class was laid.
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4.10 Experimental Section Endoperoxides

4.10.1 General Information

Solvents and Chemicals

All commercially available compounds were used as received. Anhydrous solvents were
prepared by established laboratory procedures. Ethyl acetate, hexanes (40/60) and DCM were
distilled prior to use in chromatography. [MesAcr]CIOs and [Ir(dtbbpy)ppy2]PFs were
prepared according to the literature,63-164

2-Aryl-2-diazoacetates were prepared according to the literature from aryl acetates and
tosylazide!®.

Light source in photoreactions

For irradiation, CREE XLamp XP-E D5-15 or OSLON SSL 80 LED (A = 450-465 nm,
maximum at 455 nm) light emitting diodes were employed.

NMR spectroscopy

'H, 13C, '°F and 2D spectra were recorded on BRUKER Avance 300 or BRUKER Avance I
400 “Nanobay” spectrometers. The spectra were recorded in CDCls unless otherwise
specified. The H-NMR chemical shifts are reported as & in parts per million (ppm) relative to
the signal of CHCl3 at 7.26 ppm. Coupling constants J are given in Hertz (Hz), with following
indications for the multiplicity of the signals: s = singlet, d = doublet, t = triplet, g = quartet,
quint = quintet, sept = septet, m = multiplet; to indicate broad signals, the letter b is used in
front of the multiplicity indication (e.g. bs = broad singlet).

The chemical shifts for $3C-NMR are reported as & in parts per million (ppm) relative to the
center line of CDCl3 at 77.0 ppm.

Chromatography

For column chromatography silica gel 60 (Merck, 0.040-0.063 mm particle size) was used.
Thin layer chromatography (TLC) was performed on silica gel 60 F254 coated aluminum
sheets (Merck) and visualized with UV and vanillin (2.5 g vanillin, 425 mL EtOH, 50 mL
conc. AcOH, 25 mL conc. H2SO4) or KMnOs (1 g KMnOs, 2 g Na2CO3, 100 mL H,0) stain.
Further analytics

Melting points were determined on an OptiMelt MPA 100

FT-IR spectroscopy was carried out on an Agilent Technologies Cary 680 FTIR machine

with diamond single reflection accessory.
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Mass spectroscopy was carried out by the Central Analytical Laboratory of the University of
Regensburg on Jeol AccuTOF GCX, Agilent Q-TOF 6540 UHD or ThermoQuest Finnigan
TSQ 7000 systems.

X-ray crystallography was performed on Agilent Technologies SuperNova, Single source at
offset/far, Atlas diffractometer or a GV1000, TitanS2 diffractometer at T = 123 K during data
collection The structures were solved with the ShelXT structure solution using Olex2% as
the graphical interface. The model was refined with version 2018/3 of ShelXL!® using Least
Squares minimization.

Cyclic voltammetry was measured on an Autolab PGSTAT 302N setup at 20°C in MeCN
containing "BusNBF; as supporting electrolyte. The electrochemical cell consisted of a glassy
carbon working electrode, a platinum wire as counterelectrode and a silver wire as reference
electrode. The solvent was degassed by N2 sparging prior to the measurements, and the redox
potentials were referenced against ferrocene as internal standard. The values were then
calculated and reported in reference to SCE electrode.

Optical Rotation was measured using an Anton Paar MCP500 Polarimeter at 589 nm in the
specified solvent.

Calorimetry was measured on a Perkin EImer TGA 7 under synthetic air atmosphere.

Chiral HPLC was carried out on a Varian 920-LC with Chiralpak AS-H, Phenomenex Lux
Cellulose-1 or 2 as chiral stationary phase (as specified), using mixtures of "heptane and
'PrOH as eluent.

Fluorescence intensity was measured with a Horiba Scientific FluoroMax4
Spectrofluorometer.

Fluorescence lifetime was measured with a Horiba DeltaPro Fluorescence Lifetime System
equipped with a 370 nm Deltadiode DD-370.

Setup

Pre-assembly: In operation:
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Large scale (15 mmol) setup — immersion well reactor:

v

< &%

RS
1 E\ km 0
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4.10.2 Biological Testing

The anti-malarial activity was evaluated at the Max Planck Institute of Colloids and Interfaces,
Berlin, following the protocol from Dery et al.*®’

Synchronized Plasmodium falciparum parasites were cultivated at 1% hematocrit as described
by Radfar et al.!%® Parasitemia was determined by blood smears. Therefore, a small sample of
medium was spread on a glass slide, fixed with methanol for 30 s and then stained with Giemsa
staining solution (6%) for 15 min. Prior to the experiment, infected erythrocytes were diluted to
1% parasitemia and resuspended to 4% hematocrit.

The samples were then weighed in (1-3 mg), dissolved in DMSO and a dilution series covering
an appropriate range of concentrations was created. In a 96 well plate, 50 pL of drug solution
were mixed with 50 puL of Plasmodium culture in triplicates for each concentration. In addition,
three wells with 0.5% DMSO (negative control) and three wells with 8 uM artemisinin (positive
control) were included.

The cultures were kept at 37 °C for 96 h, corresponding to two lifecycles of the parasites, and
subsequently frozen. After adding 100 pL of lysis buffer (20 mM Tris (pH 7.5), 5 mM EDTA,
0.008% (W/V) saponin, and 0.08% (V/V) Triton X-100, 1x SYBR Green-1) to each well, the
plate was incubated in the dark for 3 h. SYBR Green-1 intercalates with the nucleic acids from
Plasmodium and its fluorescence intensity is thus proportional to the amount of parasites in
culture. After the incubation time, the SYBR Green-1 fluorescence was measured at 528 nm and
plotted vs. log(c). The plot was fitted with the dose-response function using Origin (originlab,

Version 2018.b) and the 1C50 determined using the software’s Derived Parameters feature.

Ax—Aq
1+ 10(ogx0—x)p

Dose-response function: y = A; +

Red blood cells (red-ish) and Plasmodium parasites (blue-ish).

125



30000 ~

S v
25000 - .
. \
| | G
| = CO,Me
20000 - e \‘ , 158a G
T ° | i
2 |
15000 - |

. )

% _CO,Me

T { H
* \ ( s :,°
10000 - w o5

| 191
> 1672 <— %ﬁm
5000 - * 167 o
T T T T T
10 100 %ﬁm
IJM 1-Naphty!™ o:go

Figure 21: Mean fluorescence intensity (MFI in arbitrary units) plotted vs. concentration [c in UM ] of tested
substances, first series.

The first series of tests was performed with more data points under 1 uM concentration, as it was
estimated that the compounds were in the range of the literature compounds reported by Xu et
al..'*” However, the first series of compounds turned out to have 1C50 values between 10 and
100 pM, leading to the data points being too far apart to make accurate calculations for IC50
values (vide supra). The test could have been repeated for precise determination of these values,
which was omitted as the 1C50 values found for the first series were not in an interesting range
(around 1 uM) to save valuable resources. Nevertheless, a trend was visible, as the least polar
compound 167b was the most active, while the most polar compound 158a was virtually
inactive. Therefore, two more series of less polar compounds were prepared and tested (vide
infra) with data points chosen in a more appropriate range. The trend continued, as the

introduction of non-polar groups (octyl-instead of methyl ester) lead to lower ICso values.

Table 11: Experimental values to Figure 22.

Al A2 Logx0 p span Statistics

Ox- Ox- 1C50 Ox- Y Ox- Ox- 12 r2

-1646967 *) 21345 | 4157 | 931 746253 | -0.004 | 0.06702 | 1668313 *) 2200410 | 0.698

4274 391 | 20963 | 800 | 18,95 | 1,4257 | -0.217 | 0.26268 16688 892 614177 | 0.990

4697 393 | 23828 | 1968 | 15,19 | 1,85673 | -0.068 | 0.01686 19130 2073 | 556136 | 0.989
1. *1.26786E10;
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Figure 22: Mean fluorescence intensity (MFI in arbitrary units) plotted vs. concentration [¢ in puM ] of tested
substances, series two.
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Figure 23: Mean fluorescence intensity (MFI in arbitrary units) plotted vs. concentration [c in uM ] of tested
substances, series three.

Table 12: Experimental values to Figure 23.

Al A2 Logx0 p span Statistics

Ox- Ox- IC50 Ox- Vv Ox- 2

Ox- X

7974 | 1020 | 43082 | 26831 | 2.55 | 14.97 | -0.0452 | 0.0242 | 35107 | 27172 | 2200410 | 0.698

6322 | 831 | 61512 | 22828 | 2.17 | 4.22 | -0.0898 | 0.0288 | 55189 | 23040 | 614177 | 0.990
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4.10.3. Thermogravimetric Analysis

In order to determine the stability of the endoperoxides, thermogravimetric analysis (TGA) was
performed on compound 158a.

The compounds were weighed in under an atmosphere of synthetic air and heated from 30 °C to
500 °C at a rate of 10 °C/min while continuously measuring the sample weight. The weight was
plotted against the temperature as shown below (black). The sigmoid curve (red) was fitted with
the software program Origin 2019b from OriginLab. The minimum of the first derivative of said

fit corresponds to the decomposition of the compound.

Thermal analysis

4
double span=A2 - Al;
double Sectionl = span*p/(1+pow(1
Gleichung 0,(LOGX01-X)*hl));
double Section2 = span* (1-p)/(1+po
W(10,(LOGX02-X)*h2));
y=Al + Sectionl +Section2;
3 Al -0,26731 + 0,00406
A2 3,463 + 0,00263
LOGx01 212,32305 +0,10975
LOGx02 364,93745 + 3,29559
h1 -0,02805 + 1,6842E-4
h2 -0,01977 £ 0,00274
2 - p 0,9575 +0,00219
Chi-Quadr Reduziert 0,00363
COZMe R-Quadrat (COD) 0,99868

Kor. R-Quadrat 0,99868

weight [mg]
-
1 L
U
\ =2
O-g

T T T T T T T T T T
0 100 200 300 400 500
temperature [°C]

Decomposition temperature: 212 °C.
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Thermal analysis

Gleichung

weight [mg]

0,5

Zeichnen

Al

A2

LOGx01

LOGx02

hi

h2

P

Chi-Quadr Reduziert
R-Quadrat (COD)
Kor. R-Quadrat

double span=A2 - Al;
double Sectionl = span*p/(1+pow(1
0,(LOGX01-x)*h1));
double Section2 = span* (1-p)/(1+po
W(10,(LOGX02-X)*h2));
y=Al + Sectionl +Section2;
Condition:
-0,01436 + 0,00115
1,7044 £ 0,0014
240,70045 + 0,61351
285,19793 £ 0,17972
-0,01155 + 7,58861E-5
-0,05494 £ 0,00134
0,6348 +0,00576
5,43529E-4
0,999
0,999

182c

0,0

o

T
100 200

temperature [°C]

Decomposition at 290 °C; presumably loss of residual water at 93 °C.

Thermal analysis

double span=A2 - Al;
double Sectionl = span*p/(1+pow(1
Gleich 0,(LOGX01-X)*h1));
eichung double Section2 = span* (1-p)/(1+po
6 W(10,(LOGX02-x)*h2));
y=Al + Sectionl +Section2;
Zeichnen Condition:
Al 1,498 +£0,00122
A2 5,84771+0,00115
LOGx01 256,59806 + 0,33136
LOGx02 305,23166 + 0,08269
— NO hi -0,01155 + 3,03453E-5
(@)] 2 h2 -0,03997 + 3,58052E-4
E p 0,60721 +0,00318
—_ ~ Chi-Quadr Reduziert 4,38477E-4
=g 4 R-Quadrat (COD) 0,99987
e \ Kor. R-Quadrat 0,99987
=) Y
o 2 CO,Me
= H =
-
-
O
/
uw —0
T T T T T T ]
0 200 400 600

Decomposition at 303 °C.

temperature [°C]
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Thermal analysis

double span=A2 - Al;
double Sectionl = span*p/(1+pow(1
2 Gleichung 0,(LOCYOLXhL));
double Section2 = span* (1-p)/(1+po
W(10,(LOGX02-X)*h2));
y=Al + Sectionl +Section2;
Zeichnen Condition:
Al -0,16497 + 0,01384
A2 2,18847 0,004
LOGx01 185,74844 + 0,02342
— LOGx02 398,54626 + 7,34324
()] hL -0,04694 + 1,19098E-4
e H h2 -0,00299 + 1,09221E-4
[ B p 0,79673 + 0,00605
+— l . Chi-Quadr Reduziert 9,7405E-5
N R-Quadrat (COD) 0,99988
(@)] Kor. R-Quadrat 0,99988
2

T T T 1
0 200 400 600
temperature [°C]

Decomposition at 189 °C.
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4.10.4. Cyclovoltammetry

Cyclic voltammetry was used to determine the oxidation potential of some substrates and
compared with the literature value'*® for [MesAcr]* of +2.07 V in the oxidative cycle. Ferrocene
was used as internal standard (peaks are marked in italics), the potential vs. SCE is then
calculated as follows:®°

Eyjp[V] = Eg[V] — Eg[V] + C
(E1/2[V]: Redox potential vs. SCE; Es[V]: Measured redox potential of the analyte; Er[V]:

Measured redox potential of ferrocene; Correction factor C := + 0.38 V)

Rac-methyl-6-phenyl-2-oxabicyclo[3.1.0]hexane-6-carboxylate 157a

E(1).
=

/,'; i Index Peak position
\\x;// s
i —— 1 0.79056
L\¢ 2 2.3062

3 0.68985

Potential applied (V)

Emm+y: 1.95 V vs. SCE

Methyl 7-phenyl-2-oxabicyclo[4.1.0]heptane-7-carboxylate

181a

Index Peak position

\ /|
%m /. o / ] 1 0.7251
,f—//‘ //77
%\% 2 06395
: 3 2.3112

1 15
Potential applied (V;

Emm+y: 2.00 V vs. SCE
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Methyl 6-(4-nitrophenyl)-3-phenyl-2-oxabicyclo[3.1.0]hexane-6-carboxylate

00002

urrent (A)

WE(1).C

Eom+y: 1.84 V vs. SCE for peak 2;
Eovm+y: 2.21 V vs. SCE for peak 3

132

Index Peak position

1

2
3
4

0.65964
2.0847
2.4573
0.59418

155d



Methyl 1-phenyl-1,1a,6,6a-tetrahydrocyclopropalalindene-1-carboxylate 183c

0.0001

WE(1). Current (A)
N
&
o
T
1

Index Peak position
1 2.0343

1 1 | 1 1 1 1 1
-1 0.5 o 0.5 1 15 2 25
Fotential applied (V)

WE(1).Current (A)

Index Peak position

ol ] 1 20595
i ] 2 061432

) 3 0.52872

-1 0.5 o

Emm+y: 1.87 V vs. SCE
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Methyl 6-phenylbicyclo[3.1.0]hex-2-ene-6-carboxylate 183a

6ES

WE(1).Current (A)

Index Peak position

°F 1 2.3767
2 0.75027
- 3 059418
Emm+y: 2.08 V vs. SCE
Methyl 3-phenyltetrahydro-3H-furo[2,3-c][1,2]dioxole-3-carboxylate 158a
H z ,CO,Me
@)
/
07z ©
Jéf—// 1 Index Peak position
/ 12 3.0212
N _
3 0.50354

15 2
Potential applied (V)

Emm+y: 2.83 V vs. SCE
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4.10.5. Fluorescence Quenching

Fluorescence intensity and lifetime quenching can give indications about the interaction of
catalyst and substrate. Therefore, the intensity and lifetime of the fluorescence of the catalyst
[MesAcr]CIOs were measured in the respective solvent. Then substrate 157a was added
successively, and the development of intensity and lifetime analyzed (see tables 13 and 14 below
and figures 24 and 25).

Table 13: Measurements under air

probe pure 25 pL 50uL 100 L 200 pL 500 pL  substpure
Intensity [au] 1878380 1828803 1792953 1787610 1773803 1779917 1744917
Lifetime [ns] 6,473319 6,062533 6,020994 5,968409 5,931989 5,947243 5,865632

Chi? 1153671 1,135958 1,18721 1,171837 1,147781 111271  1,1853
added vol. [L] 0 0000025 000005 00001 00002  0,0005 nA
total vol. [L] ~ 0,002  0,002025 0,00205 00021  0,0022  0,0025 nA
Neay [MMOl]  0,00016 0,000162 0,000164 0,000168 0,000176  0,0002 nA
Nqu [Mmol] 0 8E-05 000016 000032 000064 0001601  n.A

N/ Nea) 0 049381 0,975576 1,904696 3,636237 7,999721 40

1 0,973607 0,954521 0,951676 0,944326 0,947581 0,928948
1 0,936542 0,930125 0,922001 0,916375 0,918732 0,906124

[ pure)/iaday] -1 0 0,027109 0,047646 0,050777 0,058956 0,055319 0,076487
Excitation at 440 nm, emission measured between 450 and 600 nm, intensity at maximum is reported.

Table 14: Measurements under nitrogen

probe pure 25 L 50puL 100 L 200 pL 500 pL  substpure
Intensity [au] 1322897 1297073 1276573 1270797 1277430 1281240 1299920
Lifetime [ns] 7,789377 7,702887 7,710023 7,635077 7,634908 7,584592  7,605927

Chi? 1,057809 1,063876 10761  1,076137 1,12047 1100293 1,144738
added vol. [L] 0 0000025 000005 00001 00002  0,0005 nA
total vol. [L] 0,002  0,002025 0,00205 0,021 00022  0,0025 nA
Neay [MMOI]  0,00016 0,000162 0,000164 0,000168 0,000176  0,0002 nA
Nqu [Mmol] 0 8E-05 000016 000032 000064 0001601  n.A
Nqu/Necay 0 049381 0,975576 1,904696 3,636237 7,999721 40

1 0,98048 0,964983 0,960617 0,965631 0,968511 0,982632
1 0,988896 0,989813 0,980191 0,980169 0,97371 0,976449

[purey/1aday] -1 0 0,019909 0,036287 0,040998 0,035592 0,032513 0,017675
Excitation at 440 nm, emission measured between 450 and 600 nm, intensity at maximum is reported.

The starting intensity of pure catalyst solution is lower by approx. 20% under air compared to

under nitrogen atmosphere.
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Figure 24: Fluorescence intensity quenching of substrate 157a .
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Figure 25: Fluorescence lifetime quenching of substrate 157a.

A stronger quenching is observed under air than under nitrogen atmosphere, but both show
similar behavior. Overall quenching is low but significant, indicating that there is interaction
between the catalyst and the substrate.
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4.10.6. MM2 Minimization: Structure Analysis

MM2 Structure Minimization was done using Chem3D Version 17.1.0.105 on the structures
shown on the right. The minimized structures are shown from two different angles, and

important features are marked with a red arrow and commented below the corresponding figure.
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Parts of the octyl group are omitted in the depiction for clarity; the octyl ester has a great impact
on the orientation in the oxidized form, which is also observed in the actual diastereomeric

outcome of the reactions.
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As there are other reactions (e.g. Schenck-ene) possible, this substrate seems to readily react
under the conditions but not in the desired way, leading to the observed decomposition.

The proton marked has an unusual orientation compared to all other structures, especially to the
piperidin-derived shown below, which might explain that this substrate did not undergo a

reaction.
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Parts of the protecting group are omitted for clarity; In contrast to the pyran derivative (above),

the oxidized structures appears to be less bent.

J

Parts of the protection group are omitted for clarity. The orientation of the ester changes

analogously as for the furan derivative.
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4.10.7. Gamess Optimization and Orbital Simulation

Gamess™® 1% (General Atomic and Molecular Electronic Structure System, Version
2019.R1.P1.mkl) was used to assess the Highest Occupied Molecular Orbital (HOMO) of
selected compounds in search of possible explanations for observed differences in reactivity
(vide infra). More information on the program “Gamess'c is available at
https://www.msg.chem.iastate.edu/GAMESS/ . The input file for Gamess was partially prepared

using ‘Avogadro’ (Version 1.2.0, www.avogadro.cc/ ) and further modified with the input given

below. Avogadro and VMD?!*! (Visual Molecular Dynamics, Version 1.9.3

https://www.ks.uiuc.edu/Research/vmd/ ) were used to visualize the results, the latter one to

produce the pictures shown below.

Gamess input command:

SBASIS GBASIS=N31 NGAUSS=6 SEND

SCONTRL SCFTYP=RHF RUNTYP=OPTIMIZE DFTTYP=B3LYP SEND
SSTATPT OPTTOL=0.0001 NSTEP=250 SEND

SSYSTEM MWORDS=300 SEND

4-MeO-Ph 155a

I

Me0,C™ \ N
H\‘ 0 ""Ph
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4.10.8. Synthesis of Starting Materials
General Procedure 2 (GP2) for the synthesis of 2-aryl-2,3-dihydrofurans

KOAc, "Bu,NClI
Pd(OAc),

|+ { \5 Molsieves 4A > R \
R o” DMF rt,18h o

Following the literature procedure’®, a 100 mL round bottom flask was equipped with a
magnetic stirbar and charged with KOAc (2.2 equiv.), "BusNCI (2.5 equiv.) and crushed 4 A

Molsieves (approx. a teaspoon per 5 mL DMF) which all was thoroughly stirred in DMF (1 mL
per mmol of Ar-1). Then iodobenzene (1equiv.), 2,3-dihydrofuran (5-10 equiv.) and
Pd(OAC). (5 mol%) were added successively in this order. The reaction mixture turned dark
black within 10 min, and was further stirred for 18 h (overnight) at room temperature. For work-
up, Et20 (approx. 10 mL per mmol Ar-1) was added and the resulting mixture filtered over a plug
of celite. The filtrate was then washed twice with water and once with brine, dried over MgSQea.,
filtrated and evaporated under reduced pressure. Purification of the crude by column
chromatography yielded the pure product, which was then used in the next step.

2-phenyl-2,3-dihydrofuran 164a

o

Following GP2, KOAc (1.08 g, 11 mmol, 2.2 equiv.), "BusNCI (3.50 g, 12.5 mmol, 2.5 equiv.)
and a spoonful of crushed Molsieves 4 A were suspended in 5 mL DMF. Then iodobenzene
(1.02 9, 1.86 mL) and 2,3-dihydrofuran (3.5 mL, 45 mmol, 9 equiv.) was added. At last,
Pd(OACc)2 (56 mg, 0.25 mmol, 5 mol%) was added, and the reaction was stirred over night. After
workup, the crude product was further purified by column chromatography
(hexanes:EtOAc = 19:1), yielding a colorless clear oil. (663 mg, 4.54 mmol, 91%);

Rt (hexanes:EtOAc = 9:1) = 0.62; purple with vanillin.

'H NMR (300 MHz, CDCls): 6 7.41 —7.28 (m, 5H), 6.46 (g, J = 2.4 Hz, 1H), 5.52 (dd, J = 10.7,
8.4 Hz, 1H), 4.97 (g, J = 2.6 Hz, 1H), 3.09 (ddt, J = 15.4, 10.7, 2.4 Hz, 1H), 2.62 (ddt, J = 15.2,
8.4, 2.4 Hz, 1H).

LR-MS (EI-MS): m/z calc. for C1oH100 [M*] 146.0731, found 146.0719.

Analytical data is in accordance with the literature.'*
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2-(naphthalene-1-yl)-2,3-dihydrofuran 164b

% 0

Following GP2, KOAc (1.1 g, 11 mmol, 2.2 equiv.), "BusNCI (3.47 g, 12.5 mmol, 2.5 equiv.)
and a spoonful of crushed Molsieves 4 A were suspended in 5mL DMF. Then 1-
iodonaphthalene (1.27 g, 5 mmol, 1 equiv.), and 2,3-dihydrofuran (3.5 mL, 45 mmol, 9 equiv.)
were added. At last, Pd(OAc)2 (56 mg, 0.25 mmol, 5 mol%) was added, and the reaction was
stirred over night. After workup the crude product was further purified by column
chromatography (hexanes:EtOAc = 19:1), yielding a colorless clear oil. (848 mg, 4.33 mmol,
86%);

Rt (hexanes:EtOAc = 9:1) = 0.55; brown with vanillin.

IH NMR (300 MHz, CDCls): 5 7.95 — 7.88 (m, 2H), 7.81 (bd, J = 8.2 Hz, 1H), 7.61 (bdt, J = 7.1
Hz, 1H), 7.55 — 7.47 (m, 3H), 6.59 (g, J = 2.4 Hz, 1H), 6.19 (dd, J = 11.0, 8.4 Hz, 1H), 5.04 (q, J
= 2.6 Hz, 1H), 3.30 (ddt, J = 15.1, 11.0, 2.4 Hz, 1H), 2.67 (ddt, J = 15.1, 8.4, 2.4 Hz, 1H).
LR-MS (EI-MS): m/z calc. for C10H100 [M™] 196.0888, found 196.0886.

Analytical data is in accordance with the literature.*>

2-(4-chlorophenyl)-2,3-dihydrofuran 164c

/®/®
O
Cl

Following GP2, KOAc (1.1 g, 11 mmol, 2.2 equiv.), "BusNCI (3.5 g, 12.5 mmol, 2.5 equiv.) and
a spoonful of crushed Molsieves 4 A were suspended in 5 mL DMF. Then 4-chloroiodobenzene
(1.20 g, 5 mmol, 1 equiv.), and 2,3-dihydrofuran (3.5 mL, 45 mmol, 9 equiv.) were added. At
last, Pd(OACc). (56 mg, 0.25 mmol, 5 mol%) was added, and the reaction was stirred over night.
After workup the crude product was further purified by column chromatography
(hexanes:EtOAc = 19:1), yielding a colorless clear oil. (741 mg, 4.12 mmol, 86%);

Rt (hexanes:EtOAc = 9:1) = 0.72; bright purple with vanillin.

'H NMR (300 MHz, CDCls): § 7.35 — 7.27 (m, 4H), 6.44 (g, J = 2.4 Hz, 1H), 5.49 (dd, J = 10.8,
8.2 Hz, 1H), 4.96 (q, J = 2.6 Hz, 1H), 3.08 (ddt, J = 15.3, 10.8, 2.4 Hz, 1H), 2.55 (ddt, J = 15.3,
8.2, 2.4 Hz, 1H).

LR-MS (EI-MS): m/z calc. for C10H100 [M™] 180.0342, found 180.0337.

Analytical data is in accordance with the literature!’,
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2-(4-fluorophenyl)-2,3-dihydrofuran 164d

/@/@
O
F

Following GP2, KOAc (1.04 g, 11 mmol, 2.2 equiv.), "BusNCI (3.3 g, 12 mmol, 2.5 equiv.) and
a spoonful of crushed Molsieves 4 A were suspended in 7 mL DMF. Then 1-fluoroiodobenzene
(1.06 g, 4.8 mmol, 1 equiv.), and 2,3-dihydrofuran (3.5 mL, 45 mmol, 10 equiv.) were added. At
last, Pd(OAc). (50 mg, 0.22 mmol, 5 mol%) was added, and the reaction was stirred over night.
The crude product isolated after workup as yellowish oil (607 mg, 3.7 mmol, 77%), was used in

the next step without further purification.

Analytical data is in accordance with the literature. 1’

Methyl-4-(2,3-dihydrofuran-2-yl)benzoate 164e

/@/@
(o)
MeOZC

Following GP2, KOAc (860 mg, 8.8 mmol, 2.2 equiv.), "BusNCI (2.78 g, 10 mmol, 2.5 equiv.)
and a spoonful of crushed Molsieves 4 A were suspended in 5 mL DMF. Then methyl 4-
iodobenzoate (1.05 g, 4 mmol, 1 equiv.), and 2,3-dihydrofuran (2.7 mL, 34 mmol, 8.5 equiv.)
were added. At last, Pd(OAc). (45 mg, 0.2 mmol, 5 mol%) was added, and the reaction was
stirred over night. After workup the crude product was further purified by column
chromatography (hexanes:EtOAc = 99:1 to 19:1), yielding a colorless clear oil. (709 mg,
3.48 mmol, 87%);

Rt (hexanes:EtOAc = 9:1) = 0.6; brownish with vanillin.

'H NMR (300 MHz, CDCls): 6 8.03 (d, J = 8.5 Hz, 2H), 7.42 (d, J = 8.1 Hz, 2H), 6.47 (q, J =
2.4 Hz, 1H), 5.56 (dd, J = 10.8, 8.2 Hz, 1H), 4.96 (g, J = 2.5 Hz, 1H), 3.91 (s, 3H), 3.12 (ddt, J =
15.5,10.9, 2.4 Hz, 1H), 2.56 (ddt, J = 15.2, 8.2, 2.4 Hz, 1H).

LR-MS (EI-MS): m/z calc. for C12H1203 [M™] 204.0786, found 204.0790.

Analytical data is in accordance with the literature®’2,
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2-(4-methoxyphenyl)-2,3-dihydrofuran 164f

/@/@
O
MeO

Following GP2, KOAc (1.1 g, 11 mmol, 2.2 equiv.), "BusNCI (3.5 g, 12.5 mmol, 2.5 equiv.) and
a spoonful of crushed Molsieves 4 A were suspended in 5 mL DMF. Then 4-iodoanisole (1.17 g,
5 mmol, 1equiv.), and 2,3 dihydrofuran (3.5 mL, 45 mmol, 9 equiv.) were added. At last,
Pd(OAcC)2 (56 mg, 0.25 mmol, 5 mol%) was added, and the reaction was stirred over night. After
workup the crude product was further purified by column chromatography
(hexanes:EtOAc = 19:1), yielding a colorless clear oil. (751 mg, 4.27 mmol, 86%);

Rt (hexanes:EtOAc = 9:1) = 0.57; dark brown with vanillin.

'H NMR (300 MHz, CDCls): 8 7.42 — 7.26 (m, 3H), 6.97 — 6.79 (m, 2H), 6.43 (q, J = 2.4 Hz,
1H), 5.47 (dd, J = 10.6, 8.5 Hz, 1H), 4.96 (q, J = 2.5 Hz, 1H), 3.81 (s, 3H), 3.04 (ddt, J = 15.3,
10.6, 2.4 Hz, 1H), 2.61 (ddt, J = 15.2, 8.5, 2.4 Hz, 1H).

LR-MS (EI-MS): m/z calc. for C10H100 [M*] 176.0837, found 176.0836.

Analytical data is in accordance with the literature>°.

General Procedure 3 (GP3) for the photochemical cyclopropanation

N H pn
hV \ "
o + ©\"/C02Me LN \.‘Z 57 '‘COMe 4 enantiomere
R DCM, rt, 22 h R@‘ 0" H

N,

diastereoselective

Modifying  the literature procedure'®  aryl 2,3-dihydrofuran (1 equiv.) and
methyl 2-phenyl-2-diazoacetate (1.5 equiv.) were dissolved in dry DCM (approx. 6 mL per
mmol dihydrofuran) in a schlenk tube equipped with a glass rod (see 4.10.1 for setup details).
The mixture was degassed either by bubbling N2 for 3 min or 3 freeze-pump-thaw cycles. After
24 h of blue light irradiation, the solvent was evaporated under reduced pressure and the crude

mixture purified by column chromatography.
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Methyl (1S*,55*,6R*)-6-phenyl-2-oxabicyclo[3.1.0]hexane-6-carboxylate  (£)-157a

Following GP3 2,3-dihydrofuran (1.0 mL, 14 mmol, 3 equiv.) was reacted with
methyl 2-phenyl-2-diazoacetate (790 mg, 4.5 mmol, 1 equiv.) for 22 h in 20 mL DCM The crude
product was purified by column chromatography (Hexanes:EtOAc =9:1) to yield 821 mg
(3.77 mmol, 83%) of a viscous colorless oil (at room temperature) which solidified in the fridge
to an amorphous substance.

Rt (hexanes:EtOAc = 4:1) = 0.35; greenish with vanillin.

IR (neat): 3050, 2952, 2902, 1701, 1434, 1312, 1243, 1117, 1068, 1027, 943, 901, 859 cm™™.

'H NMR (300 MHz, CDCls): & 7.43 — 7.28 (m, 5H), 4.50 (d, J = 5.7 Hz, 1H), 3.77 (ddd, J =
10.1, 8.4, 3.6 Hz, 1H), 3.56 (s, 3H), 2.65 (t, J = 5.7 Hz, 1H), 2.43 — 2.31 (m, 1H), 2.30 — 2.16 (m,
1H), 1.90 — 1.79 (m, 1H).

13C NMR (75 MHz, CDCls): 6 172.0, 132.2, 131.5, 128.5, 127.6, 70.2, 70.1, 52.4, 38.1, 32.5,
26.3.

HR-MS (EI-MS): m/z calc. for C13H1403 [M™] 218.09375, found 218.09385.

Methyl 3-(naphthalene-1-yl)-6-phenyl-2-oxabicyclo[3.1.0]hexane-6-carboxylate 166b

H pn
""CO,Me

O "0

According to GP3, compound 164b (503mg, 2.56 mmol, 1lequiv.) and
methyl 2-phenyl-2-diazoacetate (590 mg, 3.3 mmol, 1.3 equiv.) were reacted for 22 h in 15 mL
DCM. Column chromatography (hexanes:EtOAc = 9:1) yielded a colorless oil which solidified
in the fridge (598 mg, 1.73 mmol, 68%).

Rt (hexanes:EtOAc = 9:1) = 0.4; light brown with vanillin.

IR (neat): 3059, 2952, 1726, 1693, 1429, 1366, 1329, 1249, 1222, 1156, 1124, 1100, 1012, 989,
969, 880, 855, 773 cm™.

IH NMR (400 MHz, CDCl3): 5 7.80 (d, J = 9.0 Hz, 1H), 7.71 (d, J = 8.2 Hz, 1H), 7.50 (m, 5H),
7.45 — 7.36 (m, 5H), 7.32 (m, 1H), 4.89 (d, J = 5.8 Hz, 1H), 4.25 (t, J = 8.3 Hz, 1H), 3.64 (s,
3H), 2.81 (t, J = 5.8 Hz, 1H), 2.55 (dd, J = 13.4, 8.3 Hz, 1H), 2.24 (ddd, J = 13.4, 8.3, 6.0 Hz,
1H).
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13C NMR (101 MHz, CDCI3): § 172.2, 137.6, 133.9, 132.5, 131.8, 129.7, 128.8 128.1, 127.9,
126.0, 125.6, 125.5, 123.1, 122.3, 81.0, 70.1, 52.5, 37.7, 34.8, 32.4.
HR-MS (EI-MS): m/z calc. for C23H2003 [M™] 344.14070, found 344.13983.

Methyl (1R,3R,5R,6S)-3,6-diphenyl-2-oxabicyclo[3.1.0]hexane-6-carboxylate 167a

H Pn

[/ come
O

H

According to GP3, compound 164a (506 mg, 3.47mmol, 1lequiv.) and
methyl 2-phenyl-2-diazoacetate (790 mg, 4.5 mmol, 1.3 equiv.) were reacted for 22 h in 20 mL
DCM. Column chromatography (hexanes:EtOAc =9:1) vyielded a colorless crystalline solid
(737 mg, 2.50 mmol, 72%).

Rt (hexanes:EtOAc = 9:1) = 0.25; light brown with vanillin.

m.p.: 94 °C.

IR (neat): 3052, 2938, 2907, 2880, 1700, 1600, 1435, 1248, 1114, 1068, 1002, 946, 863 cm™.
'H NMR (400 MHz, CDCls): § 7.40 (m, 5H), 7.22 (m, 3H), 7.08 (m, 2H), 4.75 (d, J = 5.8 Hz,
1H), 3.60 (s+t overlap, 4H), 3.54 (s, 1H), 2.73 (t, J = 6.0 Hz, 1H), 2.35 (dd, J = 13.4, 8.3 Hz,
1H), 2.16 (ddd, J = 13.4, 8.3, 6.0 Hz, 1H).

13C NMR (75 MHz, CDCls): & 172.2, 142.2, 132.4, 131.7, 128.7, 128.6, 128.4, 128.0, 127.7,
127.6, 125.5, 83.0, 70.2, 52.5, 37.6, 35.7, 32.3.

HR-MS (EI-MS): m/z calc. for C19H1803 [M"]" 294.12505, found 294.12494.

Methyl 7-phenyl-2-oxabicyclo[4.1.0]heptane-7-carboxylate 181a

“co,Me

Following GP3, 3,4-dihydro-2H-pyran (2g, 10 mmol, 1equiv.) and methyl 2-phenyl-
2-diazoacetate (2.6 g, 15mmol, 1.5equiv.) were reacted. Column chromatography
(hexanes:EtOAc = 9:1) yielded a colorless crystalline solid (360 mg, 1.55 mmol, 88%).

Rt (hexanes:EtOAc 4:1) = 0.33; light brown with vanillin.

m.p.: 110-113 °C.

IR (neat): 3063, 2989, 2949, 2856, 1701, 1433, 1390, 1342, 1248, 1202, 1081, 1061, 972, 904

cm™,
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IH NMR (400 MHz, CDCls): & 7.38 — 7.28 (m, 5H), 4.21 (d, J = 7.5 Hz, 1H), 3.55 (s, 3H), 3.44
~3.38 (m, 1H), 3.30 (ddd, J = 12.6, 10.7, 2.1 Hz, 1H), 2.16 (td, J = 7.3, 1.1 Hz, 1H), 2.01 (ddt, J
=14.2,11.4, 7.0 Hz, 1H), 1.91 — 1.84 (m, 1H), 1.07 — 0.98 (m, 1H), 0.37 — 0.23 (m, 1H).

13C NMR (101 MHz, CDCI3): § 173.7, 133.2, 132.5, 128.0, 127.0, 64.5, 62.1, 52.3, 34.8, 25.3,
21.1, 17.4.

HR-MS (EI-MS): m/z calc. for C14H1603 [M*] 232.10940, found 232.10881.

Methyl (1S*,1aR*,6aR*)-1-phenyl-1,1a,6,6a-tetrahydrocyclopropalalindene-1-carboxylate
183c

According to GP3, indene (2.1 9, 18 mmol, 10 equiv.) and methyl 2-phenyl-2-diazoacetate
(330 mg, 1.9 mmol, 1 equiv.) were reacted for 18 h in 6 mL DCM. Column chromatography
(hexanes:EtOAc = 19:1 to 9:1) yielded a colorless crystalline solid (460 mg, 1.74 mmol, 91%).
Rf (hexanes:EtOAc = 9:1) = 0.4; light brown with vanillin.

m.p.: 125 °C.

IR (neat): 3046, 2951, 2915, 2839, 1708, 1494, 1432, 1314, 1245, 1218, 1158, 1052, 942,
867 cm™,

IH NMR (300 MHz, CDCls): & 7.40 (d, J = 7.5 Hz, 1H), 7.13 — 7.00 (m, 4H), 6.99 — 6.84 (m,
3H), 6.72 (d, J = 7.5 Hz, 1H), 3.63 (s, 3H), 3.47 (d, J = 6.8 Hz, 1H), 3.23 (dd, J = 17.9, 6.7 Hz,
1H), 2.87 (t,J =7.0 Hz, 1H), 2.75 (d, J = 17.9 Hz, 1H).

13C NMR (75 MHz, CDCls): 6 174.0, 143.0, 141.4, 132.2, 132.1, 127.3, 126.5, 126.3, 126.1,
125.0, 124.1,52.5, 40.7, 38.2, 33.2, 32.1.

HR-MS (EI-MS): m/z calc. for C1gH1603 [M"™] 264.1144, found 264.1148.

Methyl 1-phenyl-1a,6b-dihydro-1H-cyclopropa[b]benzofuran-1-carboxylate 190

Following GP3, benzo[b]furan (1.2 g, 10 mmol, 3 equiv.) and methyl 2-phenyl-2-diazoacetate
(602 mg, 3.4 mmol, 1 equiv.) were reacted. Column chromatography (hexanes:EtOAc = 19:1)
yielded colorless crystalline solid (683 mg, 2.56 mmol, 76%).
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Rf (hexanes:EtOAc = 9:1) = 0.4; bright red with vanillin.

IH NMR (300 MHz, CDCla): § 7.35 (dd, J = 7.4, 1.5 Hz, 1H), 7.08 (s, 5H), 6.94 — 6.87 (td, J =
7.4, 1.3 Hz, 1H), 6.80 (td, J = 7.4, 1.1 Hz, 1H), 6.46 (dq, J = 8.1, 0.7 Hz, 1H), 5.36 (d, J = 5.5
Hz, 1H), 3.79 (dd, J = 5.5, 0.5 Hz, 1H), 3.67 (s, 3H).

13C NMR (75 MHz, CDCls): & 173.3, 159.4, 132.5, 129.5, 128.0, 127.5, 127.1, 126.4, 125.0,
121.1, 109.6, 70.4, 52.7, 37.4, 30.9.

LR-MS (EI-MS): m/z calc. for C17H1403 [M™] 266.0943, found 266.0937.

Analytical data is in accordance with the literature.1%°

Methyl 6-phenyl-2-(phenylsulfonyl)-2-azabicyclo[3.1.0]hex-3-ene-6-carboxylate ~ S3

1-(phenylsulfonyl)-1H-pyrrole (1.6 g, 7.7 mmol, 2 equiv.) and Rh2(OAc)s were dissolved in
10 mL DCM and a solution of methyl 2-phenyl-2-diazoacetate (0.76 g, 3.8 mmol, 1 equiv.) in
5mL DCM was added via a syringe pump over the course of 2 h. After completion of the
reaction the solvent was removed and column chromatography (hexanes:EtOAc = 9:1) yielded a
colorless crystalline solid (562 mg, 1.58 mmol, 41%), which was used in the next step without
additional purification.

Rf (hexanes:EtOAc = 7:1) = 0.3; light brown with vanillin.

m.p.: 118-120 °C.

IR (neat): 3123, 2874, 2933, 2810, 2758, 1700, 1413, 1364, 1297, 1152, 1014, 831, 760 cm™.
IH NMR (400 MHz, CDCls): 6 7.84 (d, J = 7.7 Hz, 2H), 7.62 (t, J = 7.6 Hz, 1H), 7.54 (t, J = 7.6
Hz, 2H), 7.25 (q, J = 4.9 Hz, 5H), 5.97 (d, J = 3.4 Hz, 1H), 5.31 (t, J = 3.1 Hz, 1H), 4.60 (dd, J =
6.6, 1.4 Hz, 1H), 3.57 (s, 3H), 3.17 (dd, J = 6.6, 2.4 Hz, 1H).

13C NMR (101 MHz, CDCls): 6 173.3, 137.7, 133.3, 132.3, 130.6, 130.2, 129.3, 127.7, 127.3,
127.0,111.4,77.4,77.1, 76.8, 52.6, 51.9, 38.5, 28.0.

HR-MS (ESI-TOF): m/z calc. for C1gH1sNO4S [M+H™] 356.0951, found 356.0954.
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General Procedure 4 (GP4) for the Rh2(OAc)4 Catalyzed Cyclopropanation of Phenyl-2,3-
dihydrofurans

R2

\ 0.8 mol% Rh,(OAc),
o + >
R! COMe DCM, rt, 2 h

N,

diastereoselective

In a modification of commonly employed Rh-catalyzed cyclopropanations &9 1% a solution of
2-phenyl-2,3-dihydrofuran (1 equiv.) and Rh2(OAc)s (0.08 mol%) in dry DCM (approx. 5 mL
per mmol furan) in an 100 mL round bottom flask was degassed by bubbling N2 for 3 min. The
flask was then equipped with a rubber septum and a nitrogen balloon. In a separate flask, the
methyl 2-aryl-2-diazoacetate (approx. 1.3 equiv.) was dissolved in dry DCM and the solution
also degassed via N»-bubbling for 3 min. This solution was then drawn up into a syringe and
added to the solution of substrate and catalyst via a syringe pump over the course of 2-4 h. The
resulting solution was stirred for further 2 h, then the solvent was removed under reduced

pressure and the resulting crude purified by column chromatography.

Methyl (1S*,35*,55* 6R*)-6-(4-methoxy)-3-phenyl-2-oxabicyclo[3.1.0]hexane-6-carboxylate
155a
OMe

Following GP4, compound 164a (562 mg, 3.86 mmol, 1.2 equiv.) and
methyl 2-(4-methoxyphenyl)-2-diazoacetate (711 mg, 3.22 mmol, 1equiv.) were reacted.
Column chromatography (hexanes:EtOAc =9:1 to 7:1) yielded a colorless crystalline solid
(554 mg, 1.70 mmol, 53%).

Rt (hexanes:EtOAc = 9:1) = 0.18; yellow with vanillin.

m.p.: 98-100 °C.

IR (neat): 3000, 2956, 2943, 2908, 2841, 1695, 1613, 1513, 1248, 1174, 1109, 1074, 1036,
862 cm™,

'H NMR (400 MHz, CDCls): & 7.36 — 7.29 (m, 2H), 7.29 — 7.16 (m, 3H), 7.11 (d, J = 7.0 Hz,
2H), 6.96 (d, J = 8.8 Hz, 2H), 4.74 (d, J = 5.8 Hz, 1H), 3.85 (s, 3H), 3.68 (t, J = 8.3 Hz, 1H),
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3.60 (s, 3H), 2.71 (t, J = 5.9 Hz, 1H), 2.34 (dd, J = 13.3, 8.4 Hz, 1H), 2.16 (ddd, J = 13.5, 8.2,
6.1 Hz, 1H).

13C NMR (101 MHz, CDCls): & 172.5, 159.1, 142.4, 132.8, 128.4, 127.5, 125.5, 124.4, 114.2,
83.1,70.2, 55.3, 52.4, 36.9, 35.7, 32.3.

HR-MS (EI-MS): m/z calc. for CaoHz104 [M+H*]* 325.1439, found 325.1434.

Methyl (1S*,35*,55*,6R*)-6-(4-fluorophenyl)-3-phenyl-2-oxabicyclo[3.1.0]hexane-6-
carboxylate 155¢

Following GP4, compound 164a (226 mg, 1.55 mmol, 1.3 equiv.) and
methyl 2-(4-fluorophenyl)-2-diazoacetate (230 mg, 1.18 mmol, 1 equiv.) were reacted. Column
chromatography (hexanes:EtOAc = 19:1 to 9:1) yielded a yellowish crystalline solid (132 mg,
0.42 mmol, 36%).

Rt (hexanes:EtOAc = 9:1) = 0.22; brown with vanillin.

m.p.: 112-114 °C.

IR (neat): 3063, 2999, 2954, 2907, 2839, 1697, 1513, 1436, 1246, 1175, 1110, 1072, 1036,
862 cm™,

'H NMR (400 MHz, CDCls): 6 7.39 (m, 2H), 7.30 — 7.19 (m, 3H), 7.16 — 7.08 (m, 4H), 4.76 (d,
J = 5.8 Hz, 1H), 3.66 (t, J = 8.3 Hz, 1H), 3.61 (s, 3H), 2.75 (t, J = 5.8 Hz, 1H), 2.33 (dd, J =
13.5, 8.4 Hz, 1H), 2.19 (ddd, J = 13.5, 8.4, 6.0 Hz, 1H).

13C NMR (101 MHz, CDClg): & 171.9, 162.4 (d), 142.1, 133.4 (d), 128.4, 128.3 (d), 127.6,
125.5, 115.8 (d), 83.2, 70.1, 52.4, 37.0, 35.6, 32.3.

HR-MS (EI-MS): m/z calc. for C1gH170sF [M*] 312.11562, found 312.11497.
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Methyl (1S*,3S*,55* ,6R*)-6-(4-nitrophenyl)-3-phenyl-2-oxabicyclo[3.1.0]hexane-6-
carboxylate 155d
NO,

(0] "|-|

!: )\\“

Following GP4, compound 164a (340 mg, 0.84 mmol, 1.2 equiv.) and methyl 2-(4-nitrophenyl)-
2-diazoacetate (156 mg, 0.71 mmol, 1equiv.) were reacted. Column chromatography
(hexanes:EtOAc = 9:1 to 7:1) yielded a colorless crystalline solid (76 mg, 0.22 mmol, 32%).

The reaction was performed twice to obtain enough material for the follow-up reaction.

Rt (hexanes:EtOAc = 9:1) = 0.18; yellow with vanillin.

m.p.: 181 °C.

IR (neat): 3063, 2963, 2363, 1709, 1598, 1512, 1446, 1349, 1248, 1176, 1111, 1065, 943,
869 cm™.

'H NMR (400 MHz, CDCls): 6 8.29 (d, J = 8.8 Hz, 2H), 7.60 (d, J = 8.8 Hz, 2H), 7.25 (m, 3H),
7.11-7.07 (m, 2H), 4.82 (d, J = 5.7 Hz, 1H), 3.65 (t, J = 8.2 Hz, 1H), 3.61 (s, 3H), 2.84 (t, J =
5.7 Hz, 1H), 2.36 — 2.21 (m, 2H).

13C NMR (101 MHz, CDCls): & 170.7, 147.5, 141.6, 140.2, 132.8, 128.5, 127.8, 125.3, 123.8,
83.3,70.0, 52.6, 37.5, 35.4, 32.7.

HR-MS (EI-MS): m/z calc. for C19H17NOs [M™] 339.11012, found 339.10954.

Methyl (1S*,35*,55*,6R*)-3-(4-Methoxyphenyl)-6-phenyl-2-oxabicyclo[3.1.0]hexane-6-
carboxylate 166¢

nl

Ph

A_y,'"COZMe
/@u 0" "n
MeO

Following GP4, compound 164f (573 mg, 3.26 mmol, 1 equiv.) and

methyl 2-phenyl-2-diazoacetate (695 mg, 3.95 mmol, 1.2 equiv.) were reacted. Column
chromatography (hexanes:EtOAc = 9:1) yielded a colorless solid (855 mg, 2.64 mmol, 81%).

Rt (hexanes:EtOAc = 9:1) = 0.25; brown with vanillin.

m.p.: 101-103 °C.

IR (neat): 3061, 2999, 2934, 1695, 1612, 1512, 1436, 1246, 1174, 1110, 1074, 1036, 1007, 862,
706 cm™,
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IH NMR (400 MHz, CDCl3): & 7.41 (m, 5H), 7.01 (d, J = 8.7 Hz, 2H), 6.78 (d, J = 8.7 Hz, 2H),
4.73 (d, J = 5.8 Hz, 1H), 3.75 (s, 3H), 3.60 (s, 3H), 3.55 (t, J = 8.2 Hz, 1H), 2.74 (t, J = 5.8 Hz,
1H), 2.31 (dd, J = 13.4, 8.2 Hz, 1H), 2.16 (ddd, J = 13.7, 8.3, 6.1 Hz, 1H).

13C NMR (101 MHz, CDCls): & 172.2, 159.1, 134.2, 132.5, 131.7, 128.7, 127.7, 127.0, 113.8,
82.8, 70.0, 55.3, 52.4, 37.6, 35.6, 32.3.

HR-MS (EI-MS): m/z calc. for C20H2004 [M*] 324.13695, found 324.13606.

Methyl (1S*,35*,55*,6R*)-3-(4-chlorophenyl)-6-phenyl-2-oxabicyclo[3.1.0]hexane-6-
carboxylate 166d
H pn

A_y'"cozm
W 0 ',H
Cl

Following GP4, compound 164c (732 mg, 4.1 mmol, 1 equiv.) and
methyl 2-phenyl-2-diazoacetate (1.07g, 6.1 mmol, 1.5equiv.) were reacted. Column
chromatography (hexanes:EtOAc = 19:1 to 7:1) yielded a colorless oil which solidified in the
fridge (598 mg, 3.13 mmol, 77%).

Rt (hexanes:EtOAc = 4:1) = 0.42; light brown with vanillin.

m.p.: 162-164 °C

IR (neat): 3060, 2935, 1700, 1492, 1435, 1329, 1246, 1178, 1112, 1072, 1003, 944, 863,
831 cm™,

'H NMR (400 MHz, CDCls): & 7.45 — 7.37 (m, 5H), 7.21 (d, J = 8.5 Hz, 2H), 7.02 (d, J = 8.5
Hz, 2H), 4.75 (d, J = 5.8 Hz, 1H), 3.60 (s, 3H), 3.56 (t, J = 8.3 Hz, 1H), 2.73 (t, J = 5.8 Hz, 1H),
2.35(dd, J =13.4, 8.3 Hz, 1H), 2.10 (ddd, J = 13.4, 8.3, 6.1 Hz, 1H).

13C NMR (101 MHz, CDCls): & 172.1, 140.8, 133.2, 132.3, 131.7, 128.7, 128.5, 127.8, 126.9,
82.3,70.1,525, 37.6, 35.8, 32.1.

HR-MS (EI-MS): m/z calc. for C1gH1703Cl [M*] 328.0860, found 328.0864.

Methyl (1S*,3S*,55*,6R*)-3-(4-fluorophenyl)-6-phenyl-2-oxabicyclo[3.1.0]hexane-6-
carboxylate 166e

nl

Ph

W 0 ‘,
F

H

Following GP4, compound 164d (607 mg, 3.7 mmol, 1 equiv.) and
methyl 2-phenyl-2-diazoacetate (930 mg, 5.3 mmol, 1.3 equiv.) were reacted to form an orange
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solution. Column chromatography (hexanes:EtOAc =9:1) yielded a colorless crystalline solid
(595 mg, 1.91 mmol, 52%).

Rt (hexanes:EtOAc = 4:1) = 0.37; light brown with vanillin.

m.p.: 151-153 °C.

IR (neat): 3060, 2923, 1700, 1600, 1509, 1450, 1330, 1248, 1182, 1114, 1071, 1002, 944,
836 cm™.

IH NMR (400 MHz, CDCls) & 7.40 (m, 5H), 7.05 (m, 2H), 6.93 (m, 2H), 4.75 (d, J = 5.8 Hz,
1H), 3.60 (s, 3H), 3.57 (t, J = 8.3 Hz, 1H), 2.74 (t, J = 5.8 Hz, 1H), 2.34 (dd, J = 13.4, 8.3 Hz,
1H), 2.16 — 2.09 (m, 1H).

13C NMR (101 MHz, CDCls): § 172.1, 163.4, 161.0, 137.9 (d), 132.4, 131.7, 128.7, 127.8, 127.3
(d), 115.2 (d), 82.4, 70.0, 52.5, 37.6, 35.8, 32.1. Doublets observed due to coupling with fluorine
F NMR (282 MHz, CDCls) 6 -114.56 (tt, J = 8.6, 5.4 Hz).

HR-MS (EI-MS): m/z calc. for C19H170sF [M"] 312.11562, found 312.11559.

Methyl (1S*,3S*,55*,6R*)-3-(4-(methoxycarbonyl)phenyl)-6-phenyl-2-
oxabicyclo[3.1.0]hexane-6-carboxylate 166f

H pn
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Following GP4, compound 164e (633 mg, 3.1 mmol, 1 equiv.) and
methyl 2-phenyl-2-diazoacetate (810 mg, 4.6 mmol, 1.5equiv.) were reacted. Column
chromatography (hexanes:EtOAc = 19:1 to 9:1) yielded a colorless crystalline solid (847 mg,
2.4 mmol, 77%).

Rt (hexanes:EtOAc = 4:1) = 0.25; brown with vanillin.

m.p.: 130 °C.

IR (neat): 3035, 2951, 2909, 1711, 1612, 1496, 1433, 1275, 1239, 1106, 1068, 947, 857 cm™.

'H NMR (400 MHz, CDCls): 6 7.92 (d, J = 8.4 Hz, 2H), 7.45 — 7.36 (m, 5H), 7.15 (d, J = 8.4
Hz, 2H), 4.78 (d, J = 5.8 Hz, 1H), 3.87 (s, 3H), 3.65 (t, J = 8.3 Hz, 1H), 3.59 (s, 3H), 2.73 (t, J =
5.8 Hz, 1H), 2.39 (dd, J = 13.3, 8.3 Hz, 1H), 2.12 (ddd, J = 13.3, 8.3, 6.1 Hz, 1H).

13C NMR (101 MHz, CDCls): & 172.0, 166.8, 147.4, 132.2, 131.6, 129.8, 129.3, 128.7, 127.8,
125.2,82.4,70.2,52.5,52.1, 37.7, 35.7, 32.0.

HR-MS (APCI-MS): m/z calc. for C21H210s [M+H]" 353.1384, found 353.1386.
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Methyl (1R,3R,5R,6S)-3-(4-((((3aR,5R,6S,6aR)-5-((R)-2,2-dimethyl-1,3-dioxolan-4-yl)-2,2-
dimethyltetrahydrofuro[2,3-d][1,3]dioxol-6-yl)oxy)carbonyl)phenyl)-6-phenyl-2-
oxabicyclo[3.1.0]hexane-6-carboxylate 1669

Following GP4, the corresponding dihydrofuran derivative (410 mg, 0.95 mmol, 1 equiv.) and
methyl 2-phenyl-2-diazoacetate (190 mg, 1.05 mmol, 1.1equiv.) were reacted. Column
chromatography (hexanes:EtOAc =4:1 to 3:1) yielded a colorless oil (220 mg, 0.38 mmol,
40%).

Rt (hexanes:EtOAc = 4:1) = 0.2; brown with vanillin.

IR (neat): 2956, 2906, 2840, 1740, 1713, 1612, 1516, 1368, 1219, 1177, 1030, 910, 835,
800 cm™,

IH NMR (400 MHz, CDCls-d): & 7.89 (d, J = 8.3 Hz, 2H), 7.44 — 7.37 (m, 5H), 7.16 (d, J = 8.3
Hz, 2H), 5.92 (d, J = 3.7 Hz, 1H), 5.48 — 5.45 (m, 1H), 4.77 (d, J = 5.7 Hz, 1H), 4.60 (d, J = 3.7
Hz, 1H), 4.33 — 4.28 (m, 2H), 4.11 - 4.03 (m, 2H), 3.65 (t, J = 8.3 Hz, 1H), 3.59 (s, 3H), 2.73 (t,
J =5.8 Hz, 1H), 2.40 (dd, J = 13.3, 8.5 Hz, 1H), 2.10 (ddd, J = 13.8, 8.1, 6.2 Hz, 1H), 1.54 (s,
3H), 1.39 (s, 3H), 1.30 (s, 3H), 1.23 (s, 3H).

13C NMR (101 MHz, CDCls): 6 171.9, 164.9, 148.1, 132.2, 131.6, 129.9, 128.8, 128.6, 127.8,
125.4,125.3,112.4,109.4, 105.2, 83.4, 82.3, 82.3, 80.0, 72.6, 70.2, 67.3, 52.5, 37.7, 35.7, 31.9,
26.9, 26.8, 26.3, 25.2.

HR-MS (ESI-MS): m/z calc. for C32H36010Na [M+Na*]* 603.2199, found 603.2201.

Optical rotation (DCM): [a]3’= 81.1°
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Octyl (1S*,35*,55*,6R*)-3,6-diphenyl-2-oxabicyclo[3.1.0]hexane-6-carboxylate 167h

H Ph
! 57"::, SN N e e
@un A n/
0" H O

Following GP4, compound 164a (830 mg, 3.03 mmol, 1 equiv.) and
octyl 2-phenyl-2-diazoacetate (891 mg, 6.1 mmol, 2equiv.) were reacted. After reaction
completion the crude was purified via column chromatography (hexanes:EtOAc =99:1),
yielding a colorless oil (841 mg, 2.14 mmol, 70%).

Rr (hexanes:EtOAc = 9:1) = 0.6; light brown with vanillin.

IR (neat): 3060, 2925, 2855, 1705, 1449, 1330, 1242, 1177, 1156, 1110, 1065, 972, 751,
698 cm™.,

'H NMR (400 MHz, CDCls): 6 7.42 — 7.33 (m, 5H), 7.22 (m, 3H), 7.09 (d, J = 7.1 Hz, 2H), 4.75
(d, J =5.8 Hz, 1H), 3.99 (td, J = 6.5, 1.4 Hz, 2H), 3.64 (t, J = 8.3 Hz, 1H), 2.72 (t, J = 5.9 Hz,
1H), 2.36 (dd, J = 13.3, 8.3 Hz, 1H), 2.16 (ddd, J = 13.7, 8.2, 6.1 Hz, 1H), 1.49 (p, J = 6.4 Hz,
2H), 1.35 — 1.15 (m, 12H), 0.89 (t, J = 7.0 Hz, 3H).

13C NMR (101 MHz, CDCls): 6 171.7, 142.3, 132.7, 131.6, 128.6, 128.4, 127.5, 127.5, 125.5,
82.9, 69.9, 65.2, 37.9, 35.8, 31.9, 31.8, 29.2, 29.1, 28.5, 25.8, 22.7, 14.2.

HR-MS (EI-MS): m/z calc. for C26H3303 [M+H*]* 393.2424, found 393.2427.

Methyl (1S*,5R*,65*)-6-phenylbicyclo[3.1.0]hex-2-ene-6-carboxylate 183a

Following GP4, freshly distilled cyclopentadiene (1.8 mL, 21.3 mmol, 7equiv.) and
methyl 2-phenyl-2-diazoacetate (5.3 mL, 3.0 mmol, 1equiv.) were reacted. Column
chromatography (hexanes:EtOAc =99:1 to 9:1) yielded a colorless crystalline solid (318 mg,
1.49 mmol, 49%).

IH NMR (400 MHz, CDCl3): & 7.29 — 7.20 (m, 3H), 7.15 — 7.05 (m, 2H), 5.78 — 5.71 (m, 1H),
5.24 —5.16 (m, 1H), 3.58 (s, 3H), 3.00 — 2.87 (m, 1H), 2.72 — 2.56 (m, 2H), 2.14 — 1.99 (m, 1H).
13C NMR (101 MHz, CDCls): 6 174.5, 133.1, 133.0, 132.9, 129.7, 127.6, 126.8, 52.5, 40.9, 37.9,
34.2,32.4.

Analysis was in accordance with the literature.!”
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Octyl (1S*,5R*,6S*)-6-phenylbicyclo[3.1.0]hex-2-ene-6-carboxylate 183b

Following GP4, freshly distilled cyclopentadiene (0.225mL, 2.7 mmol, 5equiv.) and
octyl 2-Phenyl-2-diazoacetate (145 mg, 0.53 mmol, 1equiv.) were reacted in presence of
Rh2(OAC)4 (1.4 mgq, 0.0032 mmol, 0.006 equiv.). Column chromatography
(hexanes:EtOAc = 99:1 to 9:1) yielded a colorless oil (85.9 mg, 0.275 mmol, 52%).

Rt (hexanes:EtOAc = 9:1) = 0.7.

IR (neat): 3061, 2925, 2855, 1708, 1456, 1226, 1222, 1156, 1072, 972, 950, 866, 746 cm™.

IH NMR (400 MHz CDCls): & 7.35 — 7.18 (m, 3H), 7.12 — 7.06 (m, 2H), 5.76 (dt, J = 5.4, 2.0
Hz, 1H), 5.23 — 5.18 (m, 1H), 4.03 — 3.92 (m, 2H), 2.94 — 2.88 (m, 1H), 2.69 — 2.59 (m, 2H),
2.14 — 2.05 (m, 1H), 1.46 (p, J = 6.7 Hz, 2H), 1.23 (m, J = 28.5, 8.5 Hz, 10H), 0.88 (t, J = 7.0
Hz, 3H).

13C NMR (101 MHz, CDCls): 6 174.0, 132.9, 132.7, 129.8, 127.5, 126.6, 65.1, 41.6, 40.5, 38.2,
34.2,32.1,31.8,29.2,29.1, 28.6, 25.8, 22.7, 14.2.

Spectra are contaminated with octyl phenylacetate, integrals are corrected to account for that.
HR-MS (ESI-MS): m/z calc. for Ca1H2002 [M+H*]* 313.2167, found 313.2162.

Dimethyl (3R*,55*,6R*)-6-phenyl-2-oxabicyclo[3.1.0]hex-3-ene-3,6-dicarboxylate S4

MeO,C

Following GP4, methyl 2-furoate (530 uL, 5 mmol, 2equiv.) and methyl 2-phenyl-
2-diazoacetate (440 mg, 2.5mmol, 2equiv.) were reacted. Column chromatography
(hexanes:EtOAc = 5:1) yielded a colorless crystalline solid (563 mg, 2.07 mmol, 88%).

'H NMR (400 MHz, CDCl3): 6 7.41 — 7.20 (m, 6H), 4.77 (dd, J = 10.5, 6.9 Hz, 1H), 4.61 (d, J =
6.1 Hz, 1H), 3.55 (s, 3H), 3.27 (s, 3H), 2.72 (ddd, J = 7.2, 6.1, 1.1 Hz, 1H), 2.59 (ddd, J = 13.9,
10.5, 7.2 Hz, 1H), 2.26 (ddd, J = 13.9, 6.9, 1.1 Hz, 1H).

13C NMR (101 MHz, CDCls): & 173.1, 158.8, 148.8, 132.2, 129.5, 128.0, 127.7, 114.12, 71.1,
52.8,52.0, 39.5, 28.5.

Analytical data is in accordance with the literature.'*°
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Methyl (1S*,6R*,7S*)-7-phenylbicyclo[4.1.0]hept-2-ene-7-carboxylate 183d

Following the literature procedure®!, AgSbFs (179 mg, 0.52 mmol, 0.1 equiv.) was weighed into
a flame dried Schlenck flask under N2 atmosphere. The flask was wrapped in aluminum foil to
exclude light and 10 mL dry DCM as well as Cyclohexadiene (2.4 mL, 25.2 mmol, 5 equiv.)
were added. In a separate flask, methyl 2-phenyl-2-diazoacetate (970 mg, 5.5 mmol, 1 equiv.)
was dissolved in 6 mL dry DCM and degassed by N2 sparging, after which it was added to the
cyclohexadiene-solution via a syringe pump over the course of 3 h. The solution was stirred for
additional 1 h, then the solvent was removed under reduced pressure and the crude purified via
column chromatography (hexanes:EtOAc =19:1 to 9:1). The product was then recrystallized
from Et2O to remove remaining cyclohexadiene to yield white crystals (415 mg 1.8 mmol, 33%).
'H NMR (400 MHz, CDCls): 6 7.27 (d, J = 16.6 Hz, 5H), 6.03 (d, J = 9.4 Hz, 1H), 5.50 — 5.37
(m, 1H), 3.59 (s, 3H), 2.42 — 2.29 (m, 2H), 2.04 — 1.94 (m, 1H), 1.83 (m, 1H), 1.59 (dd, J = 15.7,
8.4 Hz, 1H), 0.47 (dt, J = 18.5, 9.8 Hz, 1H).

13C NMR (101 MHz, CDCls): § 174.0, 134.7, 131.7, 128.4, 127.7, 126.9, 122.7, 52.4, 40.3, 27.7,
25.6, 21.0, 16.8.

Analytical data is in accordance with the literature. !
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Other Cyclopropyl Substrates

Methyl (1S,5S,6R)-6-phenyl-2-oxabicyclo[3.1.0]hex-3-ene-6-carboxylate (-)-162

In an modification of GP3 and following the literature procedure?®, furan (150 pL, 2 mmol,
2 equiv.) and methyl 2-phenyl-2-diazoacetate (176 mg, 1 mmol, 1equiv.) were reacted in
presence of Rho(S-TCPTTL)4 (1.8 mg, 1 umol, 0.1 mol%) in dry hexanes (2 mL). After reaction
completion, the solution was washed with 1M HCI, water and brine to remove the rhodium
catalyst. Column chromatography (hexanes:EtOAc =4:1) and repeated recrystallization from
methanol afforded the product as white solid (145 mg, 0.67 mmol, 67%; 97% ee as determined
by chiral HPLC).

Analytical data is in accordance with the literature.°

Methyl (1S,5S,6R)-6-phenyl-2-oxabicyclo[3.1.0]hexane-6-carboxylate (-)-157

m

/ "'CO;Me

0" “H

In an uncovered vial, (-)-162 (120 mg, 0.55 mmol, 1 equiv.) was dissolved in EtOAc (10 mL),
and Rh/C (8.1 mg, 0.0039 mmol, 0.7 mol%) was added. The vial was then placed in an autoclave
and after purging with H» three times, the reaction was stirred under 30 bar H for 2 h. The crude
product was purified by column chromatography (hexanes:EtOAc = 9:1) to yield a viscous clear
oil which solidified in the fridge (116 mg, 0.53 mmol, 97%).

Analytical data is identical to (z)-1a.

Optical rotation: [a]3°=-66.6° in DCM.

Chiral HPLC chromatogram available; column: Phenomenex Lux Cellulose-1; eluent Heptane:
'PrOH 99:1; Flow: 1 mL/min Retention time: 28.5, 29.6. Enantiomeric excess 98% ee.
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Dimethyl (1S*,3R*,55*,6R*)-6-phenyl-2-oxabicyclo[3.1.0]hexane-3,6-dicarboxylate
187

MeOZC

S4 (531 mg, 1.94 mmol, 1 equiv.) was dissolved in 5 mL EtOAc. Pd/C (5%w/w Pd, 40 mg,
0.019 mmol Pd, 0.1 equiv.) was added, and the solution was stirred in an autoclave at 25 bar H»
for 2h. Then the solution was filtrated, the solvent evaporated under reduced pressure and the
crude purified by column chromatography (hexanes:EtOAc 9:1 to 5:1), yielding a colorless
crystalline solid (523 mg, 1.89 mmol, 97%)

Rt (hexanes:EtOAc = 4:1) = 0.36; reddish brown with vanillin.

m.p.: 140-142 °C.

IR (neat): 3028, 2957, 2849, 1752, 1735, 1700, 1497, 1435, 1232, 1155, 1084, 1025, 956,
862 cm™.

'H NMR (300 MHz, CDCls): 6 7.38 — 7.22 (m, 5H), 4.77 (dd, J = 10.4, 6.9 Hz, 1H), 4.61 (d, J =
6.0 Hz, 1H), 3.55 (s, 3H), 3.26 (s, 3H), 2.72 (ddd, J = 7.1, 6.1, 1.0 Hz, 1H), 2.59 (ddd, J = 13.8,
10.4, 7.2 Hz, 1H), 2.26 (ddd, J = 13.9, 6.9, 1.0 Hz, 1H).

13C NMR (101 MHz, CDCls): 6 171.7, 170.1, 133.3, 129.9, 128.2, 127.9, 83.6, 71.3, 52.5, 52.0,
41.2, 32.6, 29.0.

HR-MS (APCI-MS): m/z calc. for C1sH170s [M+H*]* 277.1071, found 277.1074.

Methyl (1S*,3R*,55*,6R*)-3-(hydroxymethyl)-6-phenyl-2-oxabicyclo[3.1.0]hexane-6-
carboxylate S5

O

~
~
~

HO\U\COZMe

O H

m

187 (1.01 g, 3.6 mmol, 1 equiv.) was dissolved in a mixture of 15 mL THF and 25 mL MeOH,
and NaBH4 (281 mg, 7.7 mmol, 2.1 equiv.) was slowly added in portions (gas evolution!). The
reaction was stirred over night, then the solvents were evaporated and the crude subjected to
column chromatography (hexanes:EtOAc = 2:1), yielding a colorless solid (554 mg, 2.23 mmol,
62%).

Rt (hexanes:EtOAc = 2:1) = 0.23; yellow with vanillin.

m.p.: 118 °C.
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IR (neat): 3469, 3043, 2954, 1707, 1446, 1332, 1252, 1103, 1252, 1103, 1047, 1026, 960,
863 cm™.

IH NMR (400 MHz, CDCls): & 7.46 — 7.32 (m, 3H), 7.28 — 7.22 (m, 2H), 4.56 — 4.45 (m, 2H),
3.57 (s, 3H), 3.03 (dd, J = 12.0, 3.1 Hz, 1H), 2.72 (ddd, J = 7.8, 6.2, 1.8 Hz, 1H), 2.43 (dd, J =
12.0, 6.1 Hz, 1H), 2.20 (dt, J = 13.5, 7.9 Hz, 1H), 1.60 (ddd, J = 13.6, 9.6, 1.9 Hz, 1H), 0.93 (bs,
1H).

13C NMR (101 MHz, CDCls): 6 171.7, 133.3, 131.4, 128.5, 127.9, 90.3, 69.5, 63.0, 52.3, 43.1,
33.2, 26.9.

HR-MS (ESI-MS): m/z calc. for C14H1704 [M +H*]* 249.1121, found 249.1125.

Methyl (1S*,3R*,55*,6R*)-3-(acetoxymethyl)-6-phenyl-2-oxabicyclo[3.1.0]hexane-6-
carboxylate 188

X
’“©

AcO CO;Me

;

o’
S5 (520 mg, 2I.-I1 mmol, 1equiv.) was dissolved in 10 mL DCM, and triethylamine (400 L,
2.9 mmol, 1.4 equiv) was added. Ac2O was added (275 pL, 2.7 mmol, 1.3 equiv.) and the
resulting cloudy solution stirred for 3 h. Then the solution was washed with 0.5 M HCI,
NaHCOs3(yq, saty, and brine. The organic phase was then dried over MgSO4 and the crude was
purified by crystallization from DCM/Et;0, yielding colorless crystals (504 mg, 1.74 mmol,
83%).

Rt (hexanes:EtOAc = 4:1) = 0.38; bright yellow with vanillin.

m.p.: 114-116 °C.

IR (neat): 3043, 2966, 2910, 1745, 1700, 1437, 1372, 1249, 1229, 1072, 1043, 962, 858 cm™.

'H NMR (300 MHz, CDCls):  7.45 — 7.27 (m, 3H), 7.22 (dd, J = 8.0, 1.5 Hz, 2H), 4.65 — 4.46
(m, 2H), 3.54 (s, 3H), 3.31 (dd, J = 11.6, 3.5 Hz, 1H), 2.69 (ddd, J = 7.6, 6.1, 1.6 Hz, 1H), 2.58
(dd, J = 11.6, 8.4 Hz, 1H), 2.33 (ddd, J = 13.6, 8.4, 7.7 Hz, 1H), 1.92 (s, 3H), 1.44 (ddd, J =
13.6,9.3, 1.6 Hz, 1H).

13C NMR (75 MHz, CDCls): 5 171.6, 170.4, 133.3, 130.9, 128.4, 127.9, 86.4, 70.6, 65.0, 52.3,
42.7,32.6, 28.5, 20.7.

HR-MS (ESI-MS): m/z calc. for C16H190s5 [M +H*]" 291.1227, found 291.1231.
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Methyl (1S*,55*,6R*)-6-phenyl-2-(phenylsulfonyl)-2-azabicyclo[3.1.0]hexane-6-carboxylate
181b

Compound S3 (422 mg, 1.18 mmol, 1 equiv.) was dissolved in 10 mL EtOAc and hydrogenated
in the presence of Rh/C (5 w/w% Rh, 30 mg, 0.006 mmol, 0.5 mol%) under 30 bar H> in an
autoclave. After 3 h, the dispersion was filtrated and the crude mixture subjected to column
chromatography (hexanes: EtOAc = 9:1 to 4:1), yielding the product (387 mg, 1.08 mmol, 92%)
as colorless crystalline solid.

Rt (hexanes:EtOAc = 4:1) = 0.33; brown with vanillin.

m.p.: 128-130 °C.

IR (neat): 3027, 2960, 2926, 1771, 1737, 1707, 1599, 1498, 1435, 1357, 1297, 1252, 1096, 954,
887, 820, 749, 671 cm™,

IH NMR (300 MHz, CDCl3): & 7.91 — 7.81 (m, 2H), 7.66 — 7.50 (m, 3H), 7.32 (s, 5H), 4.27 (d, J
= 6.8 Hz, 1H), 3.58 (s, 3H), 3.26 — 3.14 (m, 1H), 2.48 (dd, J = 6.6, 5.7 Hz, 1H), 1.97 — 1.76 (m,
3H).

13C NMR (75 MHz, CDCls): 6 171.83, 139.51, 132.88, 131.54, 131.26, 129.39, 128.74, 127.95,
127.00, 52.83, 51.84, 48.08, 37.27, 30.68, 25.09.

HR-MS (ESI-TOF): m/z calc. for C19H20NO4S [M +H*]" 358.1108, found 358.1110.

7-methyl 2-phenyl 7-phenyl-2-azabicyclo[4.1.0]heptane-2,7-dicarboxylate  181c

7-methyl  2-phenyl  7-phenyl-2-azabicyclo[4.1.0]hept-4-ene-2,7-dicarboxylate (500 mg,
1.43 mmol, 1equiv.) was dissolved in 5 mL EtOAc, Rh/C (5% w/w Rh, 16 mg, 7.8 umol,
0.5 mol%) was added and the vial placed in an autoclave. The solution was stirred under 25 bar

Ho for 1.5h, then filtrated and the solvent was removed under reduced pressure. Column
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chromatography (hexanes:EtOAc =5:1) yields a white amorphous compound (403 mg,
1.15 mmol, 80%)

Rt (hexanes:EtOAc = 4:1) = 0.32; faint grey with vanillin.

m.p.: 76-78 °C.

IR (neat): 3042, 2944, 2880, 1704, 1594, 1417, 1385, 1242, 1192, 1157, 1063, 965, 930,
801 cm™.

'H NMR (400 MHz, CDCls): 8 7.47 —7.30 (m, 7H), 7.30 — 7.12 (m, 3H), 3.94 (dd, J = 69.8, 9.3
Hz, 1H), 3.58 (d, J = 11.0 Hz, 3H), 3.35 (dd, J = 28.5, 14.5 Hz, 1H), 2.93 (dt, J = 53.6, 11.7 Hz,
1H), 2.44 (dt, J = 16.3, 7.9 Hz, 1H), 2.10 — 1.84 (m, 2H), 1.38 — 1.23 (m, 1H), 0.63 — 0.43 (m,
1H).

13C NMR (101 MHz, CDCls): § 173.6, 173.5, 155.6, 155.3, 151.4, 151.3, 133.2, 133.0, 131.8,
131.5, 129.5, 129.4, 128.7, 128.5, 127.6, 127.6, 125.6, 125.5, 121.8, 121.7, 52.7, 52.6, 42.5,
42.4,42.0,41.4,35.0,34.8,24.9,24.7,21.1, 20.7, 18.6, 18.5.

HR-MS (ESI-MS): m/z calc. for C21H22NO4 [M+H*]* 352.1543, found 352.1551.
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General Procedure 5 (GP5) for the Visible Light Mediated Synthesis of Endoperoxides from
Cyclopropanated Heterocycles.

R2
5-10 mol%
[MesAcr]CIO,
hv455 nm > Z
MeCN, rt, 30 min-36 h H = CO,Me

B8
"Ao

R™ =

X H
major

In an appropriate Schlenk-tube equipped with a magnetic stirbar, cyclopropanated heterocyclic
starting material (1 equiv.) and catalyst [MesAcr]CIO4 (0.05 — 0.1 equiv) were dissolved in dry
MeCN (approximately 10 mL per mmol cyclopropane). An O filled rubber ballon was attached
and the vigorously stirred solution was irradiated at room temperature with blue light (455 nm)
via a glas rod sticking into the solution until complete conversion of starting material was
observed as judged by TLC (30 min—36 h). Then the solvent was evaporated under reduced
pressure and the diastereomeric ratio was determined from the crude reaction mixture via NMR.
Column chromatography (hexanes:EtOAc) was used for purification. See for pictures of the
reaction setup

When the diastereomers were inseparable, the IR spectrum of the mixture is given and

overlapping NMR-signals are marked.

Methyl (35*,3aS*,6aR*)-3-phenyltetrahydro-3H-furo[2,3-c][1,2]dioxole-3-carboxylate and
methyl (3R*,3aS*,6aR*)-3-phenyltetrahydro-3H-furo[2,3-c][1,2]dioxole-3-carboxylate

158a
H '—: C02M9
=< o

/
0" = 0 major

Following GP5, compound ()-158a (330 mg, 1.5 mmol, 1equiv.) was dissolved in 15 mL
MeCN and irradiated in the presence of [MesAcr]CIO4 (30 mg, 0.075 mmol, 5 mol%) for 16 h.
Column chromatography (hexanes:EtOAc=8% to 20%) allowed separation of the
diastereomers, each yielding a colorless crystalline solid; major: 140.9 mg, minor: 35.2 mg; total:
176.1 mg (0.71 mmol, 47%).
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15 mmol scale

In a 200 mL water cooled circulating immersion-well photoreactor (pictures see General
Information), 3.27 g (15.0 mmol) (%)-157a and 309 mg (0.75 mmol, 5 mol%) [MesAcr]CIlOa
where dissolved in 200 mL MeCN and saturated with O> by bubbling oxygen through the
solution for 10 min. An O filled balloon was attached and the solution was irradiated for 15 h
with 30 Oslon SSL 80 LED (maximum 455 nm). After evaporation of the solvent under reduced
pressure the oily residue was purified by flash chromatography (hexanes:EtOAc = 10% to 20%).
The diastereomers were separable by column chromatography, giving a combined yield of 1.46 g
(5.83 mmol, 39%; Major diastereomer 1.19 g, Minor diastereomer 0.27 Q)

Major

Rt (hexanes:EtOAc = 4:1) = 0.13; dark brown with vanillin.

m.p.: 110-112 °C.

IR (neat): 2956, 2896, 1732, 1493, 1449, 1368, 1251, 1193, 1083, 1020, 989, 925, 860, 727,
698 cm.

IH NMR (300 MHz, CDCls): & 7.70 — 7.62 (m, 2H), 7.45 — 7.30 (m, 3H), 5.74 (d, J = 5.0 Hz,
1H), 4.19 (ddd, J = 10.5, 8.4, 6.1 Hz, 1H), 4.03 (dtd, J = 11.0, 6.3, 5.4, 2.6 Hz, 2H), 3.74 (s, 3H),
2.27 (dddd, J = 13.7, 10.4, 9.4, 8.0 Hz, 1H), 2.15 — 2.04 (m, 1H).

13C NMR (75 MHz, CDCls): & 168.22, 137.97, 128.67, 128.49, 126.24, 108.26, 92.69, 69.28,
60.75, 53.01, 29.73.

Minor

Rt (hexanes:EtOAc 4:1) = 0.25; dark brown with vanillin.

m.p.: 123-125 °C.

IR (neat): 2990, 2958, 2899, 1739, 1494, 1449, 1370, 1311, 1271, 1240, 1205, 1064, 957, 931,
840, 810, 734, 696 cm™.

'H NMR (300 MHz, CDCls): 6 7.42 — 7.28 (m, 5H), 5.98 (dd, J = 5.1, 0.6 Hz, 1H), 4.49 (ddd, J
=9.7,5.1, 2.0 Hz, 1H), 3.98 — 3.79 (m, 2H), 3.73 (s, 3H), 1.90 (dddd, J = 13.4, 10.9, 9.8, 8.4 Hz,
1H), 1.53 (m, 1H).

13C NMR (75 MHz, CDCls): 6 & 172.40, 133.71, 129.00, 128.81, 125.47, 108.87, 92.40, 69.44,
57.79, 53.50, 27.60.

HR-MS (EI-MS): m/z calc. for C13H150s [M+H"]* 251.0914, found 251.0913.

Crystals suitable for X-ray analysis (minor: CCDC 1980425, major: CCDC 1980424) were
obtained by recrystallization from DCM/Et20.
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(-)-2a

Analytical data is identical for (S)-isomers.

Optical rotation (S)-major: [a]4°=-264.9° in DCM.

Optical rotation (S)-minor: [a]4°=-259.9° in DCM.

Chiral HPLC chromatogram available (see Chiral HPLC).

(S)-major: column: Chiralpak AS-H; eluent Heptane:'PrOH 95:5; Flow: 0.5 mL/min; Retention
time [min]: 39.7, 55.3; enantiomeric excess >98% ee.

(S)-minor: column: Phenomenex-Lux Cellulose 1; eluent Heptane:'PrOH 99:1; Flow: 1 mL/min;

Retention time [min]: 15.8, 50.8; enantiomeric excess >99% ee.

Methyl (3R*,3aS*,55*,6aR*)-3-(4-methoxyphenyl)-5-phenyltetrahydro-3H-furo[2,3-
c][1,2]dioxole-3-carboxylate and
Methyl (35*,3aS*,55*,6aR*)-3-(4-methoxyphenyl)-5-phenyltetrahydro-3H-furo[2,3-
c][1,2]dioxole-3-carboxylate 156a

MeO, MeO

\\\\ 0 ’H \\\\
major minor

Following GP5, compound 155a (64.7 mg, 0.2 mmol, 1 equiv.) was dissolved in 2.5 mL MeCN
and irradiated with blue light for 16 h in the presence of [MesAcr]CIO4 (6.3 mg, 0.015 mmol,
8 mol%). Column chromatography (hexanes:EtOAc =19:1 to 9:1) yielded the major
diastereomer as colorless crystalline solid, (8.5mg, 0.022 mmol, 11.3%); The minor
diastereomer could not be purified, the total yield was calculated based on the diastereomeric
ratio of 3:1 determined from the crude NMR as 15%

Rr (hexanes:EtOAc = 4:1) = 0.32; light brown with vanillin.

m.p.: 148 °C.

IR (neat): 3064, 2956, 2919, 2879, 2849, 1738, 1607, 1510, 1451, 1298, 1253, 1212, 1180, 1058,
1026, 992, 957, 932, 807, 771, 702 cm™.

'H NMR (400 MHz, CDCls): & 7.60 (d, J = 8.9 Hz, 2H), 7.39 — 7.28 (m, 5H), 6.94 (d, J = 8.9
Hz, 2H), 5.96 (d, J = 5.1 Hz, 1H), 5.46 (dd, J = 10.6, 5.5 Hz, 1H), 4.15 (ddd, J = 9.6, 5.1, 1.7 Hz,
1H), 3.82 (s, 3H), 3.77 (s, 3H), 2.47 — 2.40 (m, 1H), 2.18 (dt, J = 13.9, 10.0 Hz, 1H).

13C NMR (101 MHz, CDCls): & 168.5, 159.9, 140.0, 129.9, 128.6, 128.2, 127.6, 126.0, 113.9,
108.1, 92.5, 81.8, 61.3, 55.4, 53.0, 38.2.

HR-MS (EI-MS): m/z calc. for C2oH20NaOs [M+Na*]" 379.1152, found 379.1147.
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Methyl (3R*,3aS*,55*,6aR*)-3-(4-fluorophenyl)-5-phenyltetrahydro-3H-furo[2,3-
c][1,2]dioxole-3 carboxylate and
Methyl (35*,3aS*,55*,6aR*)-3-(4-fluorophenyl)-5-phenyltetrahydro-3H-furo[2,3-
c][1,2]dioxole-3-carboxylate 156¢

F.

O CO,Me

H,' '0
o

o (o) ’H o
major

Following GP5, compound 155c¢ (99.5 mg, 0.3 mmol, 1 equiv.) was dissolved in 3 mL MeCN
and irradiated with blue light for 70 h in the presence of [MesAcr]CIO4 (9.6 mg, 0.023 mmol,
8 mol%). Column chromatography (hexanes:EtOAc =19:1 to 9:1) yielded the major

diastereomer as colorless crystalline solid, (36.4 mg, 0.11 mmol, 35%); The minor diastereomer
could not be purified, the total yield was calculated based on the diastereomeric ratio of 3:1
determined from the crude NMR as 47%

m.p.: 124-126 °C.

Rf (hexanes:EtOAc = 4:1) = 0.4; light brown with vanillin.

IR (neat): 3062, 2925, 2855, 1719, 1599 1495, 1450, 1379, 1359, 1228, 1129, 1068, 1021, 861
cm™.

IH NMR (400 MHz, CDCl3): & 7.70 (dd, J = 7.1, 1.5 Hz, 2H), 7.44 — 7.30 (m, 8H), 5.95 (d, J =
5.1 Hz, 1H), 5.47 (dd, J = 10.6, 5.5 Hz, 1H), 4.22 — 4.16 (m, 1H), 3.78 (s, 3H), 2.46 (ddd, J =
13.9, 5.6, 1.3 Hz, 1H), 2.20 (ddd, J = 13.9, 10.6, 9.6 Hz, 1H).

13C NMR (101 MHz, CDCls): & 178.5, 152.5, 140.0, 138.0, 128.8, 128.6, 128.6, 128.2, 126.3,
126.0, 108.1, 81.8, 61.4, 53.1, 38.2.

19F NMR (377 MHz, CDCls): & -115.58 (tt, J = 8.7, 5.4 Hz).

HR-MS (EI-MS): m/z calc. for C19H18FOs [M+H*]* 345.1133, found 345.1134.
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Methyl (3R*,3aS*,55*,6aR*)-3-(4-nitrophenyl)-5-phenyltetrahydro-3H-furo[2,3-
c][1,2]dioxole-3-carboxylate and
Methyl (35*,3aS*,55*,6aR*)-3-(4-nitrophenyl)-5-phenyltetrahydro-3H-furo[2,3-
c][1,2]dioxole-3-carboxylate 156d

O,N O,N

@ CO,Me

H,, 9

—O

o (o) ’H RS
major

Following GP5, compound 155d (115 mg, 0.34 mmol, 1 equiv.) was dissolved in 4 mL MeCN
and irradiated with blue light for 70 h in the presence of [MesAcr]CIO4 (13.5 mg, 0.03 mmol,

9 mol%). No significant further conversion was observed, so that the reaction was stopped albeit
not all starting material was consumed. Column chromatography (hexanes:EtOAc = 19:1 to 7:1)
allowed for recovery of 42.2 mg 155d as starting material, which is 36% of the total starting
material. Therefore the conversion was 64%. The major diastereomer was isolated as colorless
crystalline solid, (15.1 mg, 0.04 mmol, 18.7% brsm, 12.2% total); as the minor diastereomer
could not be purified, the total yield was calculated based on the diastereomeric ratio of 3:1
determined from the crude NMR as 25% brsm.

Rr (hexanes:EtOAc = 4:1) = 0.18; dark brown with vanillin.

m.p.: 164-167 °C.

IR (neat): 3492, 3073, 3030, 2958, 2918, 2851, 1739, 1597, 1516, 1347, 1258, 1174, 1134, 1071,
983, 921, 852, 737, 697 cm™.

'H NMR (400 MHz, CDCls): 6 8.29 — 8.24 (m, 2H), 7.93 — 7.87 (m, 2H), 7.40 — 7.30 (m, 5H),
5.95 (d, J = 5.0 Hz, 1H), 5.47 (dd, J = 10.8, 5.4 Hz, 1H), 4.15 (ddd, J = 9.4, 5.0, 1.5 Hz, 1H),
3.82 (s, 3H), 2.50 — 2.43 (m, 1H), 2.22 (ddd, J = 14.0, 10.8, 9.4 Hz, 1H).

13C NMR (101 MHz, CDCls): & 167.2, 148.2, 144.9, 139.5, 128.7, 128.4, 127.8, 126.0, 123.7,
107.8,92.3, 82.0, 62.2, 53.5, 38.2.

HR-MS (EI-MS): m/z calc. for C1gH1sNO7 [M+H*]* 372.1078, found 372.1079.

Crystals suitable for X-ray analysis (major: CCDC 1980428) were obtained by recrystallization
from DCM/Et.0.
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Methyl (3R*,3aS*,55*,6aR*)-3,5-diphenyltetrahydro-3H-furo[2,3-c][1,2]dioxole-3-
carboxylate and Methyl (35*3aS*55* 6aR*)-3,5-diphenyltetrahydro-3H-furo[2,3-
c][1,2]dioxole-3-carboxylate 167a

o (o) i—-l - o -
major minor

Following GP5, compound 155a (301 mg, 1.02 mmol, 1 equiv.) was dissolved in 10 mL MeCN
and irradiated with blue light for 15 h in the presence of [MesAcr]ClOs (40 mg, 0.097 mmol,
10 mol%). Crude NMR revealed a diastereomeric ratio of 2.6:1. Column chromatography
(hexanes:EtOAc = 9:1) yielded the major diastereomer as white crystalline solid (132.7 mg,
0.405 mmol, 40%); The minor diastereomer could not be purified, the total yield was calculated
based on the diastereomeric ratio determined as 55%;

Rf (hexanes:EtOAc = 4:1) = 0.2.

m.p.: 100-102 °C.

IR (neat): 3033, 2958, 1701, 1603, 1461, 1326, 1260, 1239, 1153, 1114, 1085, 1032, 962, 937,
902, 879, 811 cm™,

IH NMR (400 MHz, CDCls): & 7.72 — 7.66 (m, 2H), 7.45 — 7.31 (m, 8H), 5.95 (d, J = 5.1 Hz,
1H), 5.47 (dd, J = 10.6, 5.5 Hz, 1H), 4.19 (ddd, J = 9.5, 5.1, 1.7 Hz, 1H), 3.78 (s, 3H), 2.47 (ddd,
J=13.9,55, 1.3 Hz, 1H), 2.20 (ddd, J = 13.9, 10.6, 9.5 Hz, 1H).

13C NMR (101 MHz, CDCls): 4 168.2, 140.0, 138.0, 128.7, 128.6, 128.6, 128.2, 126.3, 126.0,
108.1,92.7,81.8, 61.4, 53.1, 38.2.

HR-MS (ESI-MS): m/z calc. for C19H100s [M+H*]* 327.1227, found 327.1229.
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Methyl (3R*,3aS*,55*,6aR*)-5-(naphthalen-1-yl)-3-phenyltetrahydro-3H-furo[2,3-
c][1,2]dioxole-3-carboxylate and

Methyl (35*,3aS*,55*,6aR*)-5-(naphthalen-1-yl)-3-phenyltetrahydro-3H-furo[2,3-
c][1,2]dioxole-3-carboxylate 167b

@ co,Me

H,' 9
o

O o (o) ’i'_l O
O major

Following GP5, compound 166b (282 mg, 0.81 mmol, 1 equiv.) was dissolved in 8 mL MeCN
and irradiated with blue light for 13 h in the presence of [MesAcr]CIO4 (33 mg, 0.08 mmol,
10 mol%). Crude NMR revealed a diastereomeric ratio of 3:1. Column chromatography

(hexanes:EtOAc = 3% to 10%) yielded a inseparable mixture of diastereomers as white
crystalline solid (195 mg, 0.519 mmol, 64%);

Rf (hexanes:EtOAc = 4:1) = 0.55.

m.p.: 80-82 °C.

IR (neat): 3064, 3030, 2951, 2844, 1738, 1594, 1441, 1321, 1239, 1196, 1142, 993, 955,
799 cm™,

Major as assigned from 2D-NMR

IH NMR (400 MHz, CDCls):  8.03 (d, J = 8.4 Hz, 2H), 7.69 (d, J = 7.1 Hz, 2H), 7.45 — 7.38
(m, 5H), 5.97 (d, J = 5.0 Hz, 1H), 5.52 (dd, J = 10.7, 5.6 Hz, 1H), 4.20 (ddd, J = 9.7, 5.1, 1.6 Hz,
1H), 3.92 (s, 3H), 3.79 (s, 3H), 2.54 — 2.47 (m, 1H), 2.15 (dt, J = 13.9, 10.7, 1H).

13C NMR (101 MHz, CDCls): & 168.1, 166.9, 145.2, 137.8, 130.0, 129.9, 128.8, 128.6, 126.3,
125.8,108.1, 92.7, 81.3, 61.3, 53.2, 52.2, 38.2.

Minor: as assigned from 2D-NMR

'H NMR (400 MHz, CDCls): & 7.96 (d, J = 8.3 Hz, 2H), 7.47 — 7.36 (m, 5H), 7.28 (d, J = 8.7
Hz, 2H), 6.20 (d, J = 5.1 Hz, 1H), 5.23 (dd, J = 10.8, 5.6 Hz, 1H), 4.66 (dd, J = 9.6, 5.2 Hz, 1H),
3.89 (s, 3H), 3.78 (s, 3H), 1.95 (dd, J = 13.5, 5.6 Hz, 1H), 1.81 (dt, J = 13.6, 10.0 Hz, 1H).

13C NMR (101 MHz, CDCls): & 172.2, 166.9, 145.3, 133.6, 129.8, 129.7, 129.2, 129.0, 125.6,
125.5,108.7,92.4, 81.3, 58.4, 53.6, 52.2, 36.1.

HR-MS (APCI-MS): m/z calc. for C23sH24NOs [M+NH4*]" 394.1654, found 394.1645.
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Methyl (3R*,3aS*,55*,6aR*)-5-(4-Methoxyphenyl)-3-phenyltetrahydro-3H-furo[2,3-
c][1,2]dioxole-3-carboxylate and
Methyl (35*,3aS*,55*,6aR*)-5-(4-Methoxyphenyl)-3-phenyltetrahydro-3H-furo[2,3-

c][1,2]dioxole-3-carboxylate 167c
@ COZMe \\COzMe
o 3
o o

W (0] ’H o O H
MeO major MeO minor

Following GP4, 11 (98 mg, 0.47 mmol, 1 equiv.) was dissolved in 3 mL MeCN and irradiated
with blue light for 16 h in the presence of [MesAcr]CIO4 (10 mg, 0.024 mmol, 9 mol%). Crude
NMR revealed a diastereomeric ratio of 3:1. Column chromatography (hexanes:EtOAc 5% to
10%) allowed for separation of the diastereomers, which were each isolated as clear crystalline
material after removal of the solvent. Major: 85.4 mg, 0.24 mmol, 51%; Minor: 28.4 mg,

0.079 mmol, 17%); combined: 68%

Major

Rt (hexanes:EtOAc 9:1) = 0.15. Light brown with vanillin.

m.p.: 145-147 °C

IR (neat): 2955, 2841, 1735, 1613, 1515, 1446, 1247, 1247, 1174, 1062, 1029, 985, 833, 736 cm"
1.

'H NMR (400 MHz, CDCls): & 7.72 — 7.66 (m, 2H), 7.46 — 7.34 (m, 3H), 7.29 (d, J = 8.6 Hz,
2H), 6.89 (d, J = 8.7 Hz, 2H), 5.92 (d, J = 5.0 Hz, 1H), 5.42 (dd, J = 10.7, 5.4 Hz, 1H), 4.19
(ddd, J = 9.6, 5.1, 1.6 Hz, 1H), 3.81 (s, 3H), 3.77 (s, 3H), 2.46 — 2.36 (m, 1H), 2.25 — 2.14 (m,
1H).

13C NMR (101 MHz, CDCls): 4 168.3, 159.6, 138.0, 131.8, 128.7, 128.5, 127.5, 126.3, 114.0,
107.9, 92.7, 81.6, 61.4, 55.4, 53.1, 38.1.

HR-MS (EI-MS): m/z calc. for C2oH2106 [M+H*]* 357.1333, found 357.1331.

Minor

Rf (hexanes:EtOAc 9:1) = 0.08. Light brown with vanillin.

m.p.: 158-161 °C

IR (neat): 3034, 2958, 1701, 1603, 1461, 1436, 1260, 1239, 1153, 1086, 1032, 962 879, 811, 750
cm™.

IH NMR (400 MHz, CDCl3): § 7.71 (d, J = 7.3 Hz, 2H), 7.40 (dd, J = 14.8, 7.6 Hz, 5H), 6.92 (d,
J=8.6 Hz, 2H), 5.73 (d, J = 5.5 Hz, 1H), 4.99 (dd, J = 10.3, 5.7 Hz, 1H), 4.25 (td, J = 9.1, 5.6
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Hz, 1H), 3.82 (s, 3H), 3.66 (s, 3H), 2.70 (ddd, J = 12.6, 8.7, 5.7 Hz, 1H), 2.01 (dt, J = 12.6, 9.9
Hz, 1H).

13C NMR (101 MHz, CDCls): & 167.6, 159.6, 137.1, 132.3, 128.9, 128.7, 127.5, 126.1, 114.0,
108.2, 92.5, 82.7, 61.9, 55.4, 53.0, 38.1.

HR-MS (EI-MS): m/z calc. for CaoH2106 [M+H*]* 357.1333, found 357.1330.

Methyl (3R*,3aS*,55*,6aR*)-5-(4-chlorophenyl)-3-phenyltetrahydro-3H-furo[2,3-
c][1,2]dioxole-3-carboxylate and

Methyl (35*,3aS*,55*,6aR*)-5-(4-chlorophenyl)-3-phenyltetrahydro-3H-furo[2,3-
c][1,2]dioxole-3-carboxylate 167d

@ CO,Me

H,’ 9
o
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Following GP4, 166d (337 mg, 1.0 mmol, 1equiv.) was dissolved in 10 mL MeCN and
irradiated with blue light for 16 h in the presence of [MesAcr]CIO4 (39 mg, 0.09 mmol, 9 mol%).

Crude NMR revealed a diastereomeric ratio of 1.7:1. Column chromatography
(hexanes:EtOAc =3% to 10%) yielded a inseparable mixture of diastereomers as white
crystalline solid (159 mg, 0.44 mmol, 43%).

Rt (hexanes:EtOAc 4:1) = 0.25. Light brown with vanillin.

m.p.: 62 °C

Ir (neat): 3069, 2952, 2899, 1727, 1600, 1493, 1448, 1252, 1120, 1061, 986, 969, 917, 756, 725
cm™.

Major

IH NMR (400 MHz, CDCl3) & 7.68 (d, J = 7.3 Hz, 2H), 7.45 — 7.27 (m, 7H), 5.94 (d, J = 5.0 Hz,
1H), 5.43 (dd, J = 10.6, 5.4 Hz, 1H), 4.19 (dd, J = 8.6, 4.9 Hz, 1H), 3.78 (s, 3H), 2.46 (dd, J =
13.8, 5.0 Hz, 1H), 2.13 (dt, J = 13.8, 10.2 Hz, 1H),

Minor

IH NMR (400 MHz, CDCl3) § 7.45 — 7.27 (m, 7H), 7.15 (d, J = 8.3 Hz, 2H), 6.17 (d, J = 5.0
Hz, 1H), 5.15 (dd, J = 10.7, 5.6 Hz, 1H), 4.65 (dd, J = 8.9, 5.3 Hz, 1H), 3.78 (s, 3H), 1.91 (dd, J
=13.4,5.4 Hz, 1H), 1.79 (dt, J = 13.4, 10.2 Hz, 1H).

Mixture
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13C NMR (101 MHz, CDCls) § 172.3, 168.1, 138.7, 138.5, 137.8, 133.9, 133.6, 129.1, 129.0,
128.8, 128.6, 128.6, 127.4, 127.2, 126.3, 125.5, 108.6, 108.0, 92.6, 92.4, 81.2, 81.1, 61.3, 58.4,
53.6, 53.1, 38.3, 36.1.

HR-MS (EI-MS): m/z calc. for C19H1sClOs [M+H*]* 361.0837, found 361.0837.

Methyl (3R*,3aS*,55*,6aR*)-5-(4-fluorophenyl)-3-phenyltetrahydro-3H-furo[2,3-
c][1,2]dioxole-3 carboxylate and

Methyl (35*,3aS*,55*,6aR*)-5-(4-fluorophenyl)-3-phenyltetrahydro-3H-furo[2,3-
c][1,2]dioxole-3-carboxylate 167e

@ C02M9
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Following GP5, 166e (310 mg, 1.0 mmol, 1equiv.) was dissolved in 15mL MeCN and
irradiated with blue light for 16 h in the presence of [MesAcr]CIO4 (40 mg, 0.1 mmol, 10 mol%).

Crude NMR revealed a diastereomeric ratio of 3:1. Column chromatography (hexanes:EtOAc

3% to 10%) vyielded a inseparable mixture of diastereomers as colorless crystalline solid
(178 mg, 0.51 mmol, 51%).

Rt (hexanes:EtOAc 4:1) = 0.25. Light brown with vanillin.

m.p.: 120-122 °C.

Ir (neat): 3073, 2953, 2910, 1732, 1603, 1511, 1446, 1274, 1221, 1071, 1003, 918, 836,
724 cm,

Major

'H NMR (300 MHz, CDCls) 6 7.72 — 7.66 (m, 2H), 7.46 — 7.29 (m, 5H), 7.09 — 6.93 (m, 2H),
5.94 (d, J = 5.0 Hz, 1H), 5.44 (dd, J = 10.7, 5.4 Hz, 1H), 4.20 (ddd, J = 9.5, 5.0, 1.6 Hz, 1H),
3.77 (d, J = 1.7 Hz, 3H), 2.45 (dddd, J = 14.0, 5.5, 1.6, 0.7 Hz, 1H), 2.16 (ddd, J = 14.0, 10.8, 9.5
Hz, 1H).

Minor

'H NMR (300 MHz, CDCls) 6 7.46 — 7.29 (m, 5H), 7.22 — 7.16 (m, 2H), 7.09 — 6.93 (m, 2H),
6.17 (d, J = 5.1 Hz, 1H), 5.16 (dd, J = 10.5, 5.8 Hz, 1H), 4.69 — 4.61 (m, 1H), 3.77 (d, J = 1.7
Hz, 3H), 1.95 - 1.75 (m, 2H).

13C mixture:
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13C NMR (75 MHz, CDCls) & 169.1, 164.2, 160.9, 137.8, 135.7, 135.7, 135.6, 133.6, 129, 1,
128.9, 128.7, 128.5, 127.8, 127.7, 127.5, 126.2, 125.4, 115.6, 115.5, 115.3115.2, 108.5, 107.9,
92.6, 81.2,61.3, 58.4, 53.6, 53.1, 38.3, 36.1

F mixture:

19F NMR (282 MHz, CDCls): & -114.56 (tt, J = 8.6, 5.3 Hz), -114.81 (tt, J = 8.7, 5.3 Hz).
HR-MS (EI-MS): m/z calc. for C1gH1sFOs [M+H*]* 345.1133, found 345.1131.

Crystals suitable for X-ray analysis (minor: CCDC 1980427) were obtained by recrystallization
from DCM/Et.0.

Methyl (3R*,3aS*,55*,6aR*)-5-(4-(methoxycarbonyl)phenyl)-3-phenyltetrahydro-3H-
furo[2,3-c][1,2]dioxole-3-carboxylate and

Methyl (35*,3aS*,55*,6aR*)-5-(4-(methoxycarbonyl)phenyl)-3-phenyltetrahydro-3H-
furo[2,3-c][1,2]dioxole-3-carboxylate 167f
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Following GP5, compound 1g (98 mg, 0.27 mmol, 1 equiv.) was dissolved in 3 mL MeCN and
irradiated with blue light for 16 h in the presence of [MesAcr]CIO4 (10 mg, 0.024 mmol,
9 mol%). Crude NMR revealed a diastereomeric ratio of 3:1. Column chromatography

(hexanes:EtOAc = 10% to 25%) allowed for separation of the diastereomers as white crystalline
solids. Major: 42 mg, 0.11 mmol, 40.5%; Minor: 14 mg, 0.036 mmol, 13.5%); combined: 54%
Major

Rs (hexanes:EtOAc = 4:1) = 0.2. Light brown with vanillin.

m.p.: 172 °C.

IR (neat): 2999, 2955, 2904, 1720, 1433, 1255, 1192, 1068, 1007, 919, 882, 851, 800, 768,
722 cm',

'H NMR (400 MHz, CDCls): 6 8.03 (d, J = 8.4 Hz, 2H), 7.69 (d, J = 7.1 Hz, 2H), 7.45 — 7.38
(m, 5H), 5.97 (d, J = 5.0 Hz, 1H), 5.52 (dd, J = 10.7, 5.6 Hz, 1H), 4.20 (ddd, J = 9.7, 5.1, 1.6 Hz,
1H), 3.92 (s, 3H), 3.79 (s, 3H), 2.54 — 2.47 (m, 1H), 2.15 (ddd, J = 13.9, 10.7, 9.5 Hz, 1H).

13C NMR (101 MHz, CDCls): & 168.1, 166.9, 145.2, 137.8, 130.0, 129.9, 128.8, 128.6, 126.3,
125.8,108.1, 92.7, 81.3, 61.3, 53.2, 52.2, 38.2.

HR-MS (EI-MS): m/z calc. for C21H2:07 [M+H*]* 385.1282, found 385.1284.
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Minor

Rr (hexanes:EtOAc 4:1) = 0.18. Light brown with vanillin.

m.p.: 188 °C.

IR (neat): 2956, 2907, 2840, 1738, 1612, 1436, 1217, 1177, 1030, 976, 909, 882, 800, 763 cm™.
'H NMR (400 MHz, CDCls): & 7.96 (d, J = 8.3 Hz, 2H), 7.47 — 7.36 (m, 5H), 7.28 (d, J = 8.7
Hz, 2H), 6.20 (d, J = 5.1 Hz, 1H), 5.23 (dd, J = 10.8, 5.6 Hz, 1H), 4.66 (dd, J = 9.6, 5.2 Hz, 1H),
3.89 (s, 3H), 3.78 (s, 3H), 1.95 (dd, J = 13.5, 5.6 Hz, 1H), 1.81 (dt, J = 13.6, 10.0 Hz, 1H).

13C NMR (101 MHz, CDCls): & 172.2, 166.9, 145.3, 133.6, 129.8, 129.7, 129.2, 129.0, 125.6,
125.5, 108.7, 92.4, 81.3, 58.4, 53.6, 52.2, 36.1.

HR-MS (EI-MS): m/z calc. for C21H2:07 [M+H*]* 385.1282, found 385.1286.

Methyl (3R*,3aS*,55* 6aR*)-5-(4-((((3aR,5R,6S,6aR)-5-((R)-2,2-dimethyl-1,3-dioxolan-4-
yD)-2,2-dimethyltetrahydrofuro[2,3-d][1,3]dioxol-6-yl)oxy)carbonyl)phenyl)-3-
phenyltetrahydro-3H-furo[2,3-c][1,2]dioxole-3-carboxylate and Methyl
(35*,3aS*,55*,6aR*)-5-(4-((((3aR,5R,6S,6aR)-5-((R)-2,2-dimethyl-1,3-dioxolan-4-yl)-2,2-
dimethyltetrahydrofuro[2,3-d][1,3]dioxol-6-yl)oxy)carbonyl)phenyl)-3-phenyltetrahydro-
3H-furo[2,3-c][1,2]dioxole-3-carboxylate 1679

Following GP5, compound 166g (174 mg, 0.30 mmol, 1 equiv.) was dissolved in 5 mL MeCN
and irradiated with blue light for 20 h in the presence of [MesAcr]CIO4 (10.3 mg, 0.025 mmol,
8 mol%). Due to the introduction of a chiral residue (Diacetone-D-glucose) this reaction can lead
to four different diastereomers. A pair of two diastereomers was purified by column
chromatography (hexanes:EtOAc =10% to 50%), yielding a viscous clear oil (84 mg,
0.14 mmol, 46%). The material obtained showed a diastereomeric ratio for this pair of 3:1.

Rt (hexanes:EtOAc = 2:1) = 0.2; dark brown with vanillin.

IR (neat): 3064, 3001, 2953, 2854, 1736, 1435, 1356, 1254, 1218, 1068, 1015, 949, 820 cm™.

IH NMR (300 MHz, Chloroform-d): & 8.04 — 7.99 (m, 6H), 7.93 (d, J = 8.2 Hz, 2H), 7.71 — 7.66
(m, 5H), 7.46 — 7.33 (m, 20H), 7.28 (d, J = 8.7 Hz, 2H), 6.20 (d, J = 5.2 Hz, 1H), 6.01 — 5.91 (m,
7H), 5.56 — 5.45 (m, 7H), 5.23 (dd, J = 10.8, 5.6 Hz, 1H), 4.70 — 4.58 (m, 5H), 4.41 — 4.28 (m,
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9H), 4.20 (dd, J = 9.0, 5.0 Hz, 3H), 4.14 — 4.04 (m, 8H), 3.80 — 3.76 (m, 11H), 2.50 (dd, J =
14.2, 5.6 Hz, 2H), 2.20 — 2.07 (m, 3H), 1.95 (dd, J = 13.6, 5.7 Hz, 1H), 1.78 (dt, J = 13.6, 9.8
Hz, 1H), 1.55 (d, J = 4.0 Hz, 12H), 1.40 (d, J = 5.6 Hz, 12H), 1.31 (d, J = 4.6 Hz, 12H), 1.25 (d,
J=7.3Hz, 12H).

13C NMR (75 MHz, CDCls): & 168.0, 164.8, 145.7, 137.6, 130.0, 129.8, 129.1, 128.7, 128.5,
126.1, 125.8, 125.3, 112.4, 109.4, 108.0, 105.1, 92.5, 92.2, 83.3, 81.0, 79.9, 72.5, 67.2, 61.1,
53.5, 53.1, 26.8, 26.7, 26.2, 25.2.

HR-MS (ESI-MS): m/z calc. for CsH37012 [M+H*]* 613.2280, found 613.2279.

Octyl (3R*,3aS*,55*,6aR*)-3,5-diphenyltetrahydro-3H-furo[2,3-c][1,2]dioxole-3-
carboxylate and Octyl (35*,3aS*,5S5*,6aR*)-3,5-diphenyltetrahydro-3H-furo[2,3-
c][1,2]dioxole-3-carboxylate 167h

@ CO,0ctyl
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Following GP5, compound 167h (475 mg, 1.21 mmol, 1 equiv.) was dissolved in 12 mL MeCN
and irradiated with blue light for 15 h in the presence of [MesAcr]CIO4 (49 mg, 0.12 mmol,

C£0,0ctyl

10 mol%). Crude NMR revealed a diastereomeric ratio of 3:1. Column chromatography
(hexanes:EtOAc =99:1 to 9:1) yielded the major diastereomer as white solid (173 mg,
0.407 mmol, 34%) and a mixed fraction containing also the minor diastereomer (combined
232 mg, 0.547 mmol, 45%).

Rt (hexanes:EtOAc = 9:1) = 0.7: Faint brown with vanillin.

m.p.: 153 °C.

Ir (neat): 2923, 2854, 1737, 1495, 1451, 1376, 1341, 1249, 1212, 1066, 1006, 917, 875,
782 cm™,

'H NMR (300 MHz, CDCls): 6 7.70 (dd, J = 8.2, 1.4 Hz, 2H), 7.45 — 7.32 (m, 8H), 5.96 (d, J =
5.1 Hz, 1H), 5.48 (dd, J = 10.7, 5.5 Hz, 1H), 4.25 — 4.07 (m, 3H), 2.57 — 2.42 (m, 1H), 2.19 (ddd,
J=13.9,10.6, 9.5 Hz, 1H), 1.67 — 1.57 (m, 2H), 1.22 (s, 10H), 0.87 (t, J = 6.8 Hz, 3H).

13C NMR (75 MHz, CDCls): 6 167.8, 140.0, 138.2, 128.7, 128.6, 128.5, 128.2, 126.3, 126.0,
108.0, 92.6, 81.9, 66.4, 61.3, 38.2, 31.8, 29.2, 29.1, 28.5, 25.8, 22.7, 14.2.

HR-MS (ESI-MS): m/z calc. for C2sH3205 [M+NH4"]" 442.2593, found 442.2597.
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Methyl (3R*,3aS*,6aR*)-3-phenyl-6-(phenylsulfonyl)hexahydro-[1,2]dioxolo[3,4-b]pyrrole-
3-carboxylate and

Methyl (35*,3aS*,6aR*)-3-phenyl-6-(phenylsulfonyl)hexahydro-[1,2]dioxolo[3,4-b]pyrrole-
3-carboxylate 182b

0, major
Ph

Following GP5, compound 181b (71.5 mg, 0.2 mmol, 1 equiv.) was was dissolved in 10 mL
MeCN and irradiated with blue light for 12 h in the presence of [MesAcr]CIOs (8.3 mg,
0.02 mmol, 10 mol%). Crude NMR revealed a diastereomeric ratio of 1:1, column
chromatography (hexanes:EtOAc =9:1 to 4:1) allowed for separation of the diastereomers,
which were isolated as colorless viscous oils. Major: 13.5 mg, 0.034 mmol, 17% Minor:
13.2 mg, 0.034 mmol, 17%; combined: 26.7 mg, 0.068 mmol, 34%.

Major

Rf (hexanes:EtOAc = 4:1) = 0.14.

IR (neat): 2944, 2840, 1707, 1584, 1453, 1412, 1274, 1237, 1121, 1006, 913, 853, 760 cm™.

'H NMR (400 MHz, CDCls): 6 7.94 — 7.89 (m, 2H), 7.63 — 7.51 (m, 5H), 7.43 — 7.35 (m, 3H),
6.00 (d, J =5.9 Hz, 1H), 4.16 — 4.09 (m, 1H), 3.69 (s, 3H), 3.63 — 3.57 (m, 1H), 3.38 (td, J = 8.9,
7.1 Hz, 1H), 2.36 (dq, J = 13.7, 8.8 Hz, 1H), 2.09 (ddt, J = 13.9, 7.3, 3.9 Hz, 1H).

13C NMR (101 MHz, CDCls): & 167.6, 139.1, 137.4, 133.1, 129.2, 129.1, 128.9, 128.8, 128.6,
127.8,126.1,94.4,92.7,60.2, 53.1, 47.5, 28.4.

HR-MS (EI-MS): m/z calc. for C19H20NOgS [M+H*]* 390.1011, found 390.1015.

Minor

Rf (hexanes:EtOAc 4:1) = 0.17.

'H NMR (400 MHz, CDCls): 6 7.97 (d, J = 7.7 Hz, 2H), 7.59 (dt, J = 26.4, 7.3 Hz, 3H), 7.37 —
7.31 (m, 3H), 7.20 — 7.13 (m, 2H), 6.25 (d, J = 5.9 Hz, 1H), 4.64 — 4.49 (m, 1H), 3.75 (s, 3H),
3.43 (t, J = 8.7 Hz, 1H), 3.08 — 2.99 (m, 1H), 2.04 — 1.89 (m, 1H), 1.50 (d, J = 6.7 Hz, 1H).

13C NMR (101 MHz, CDCls): & 167.6, 139.1, 137.4, 133.1, 129.2, 129.1, 128.9, 128.8, 128.6,
127.8,126.1,94.4,92.7, 60.2, 53.1, 47.5, 28.4.

HR-MS (EI-MS): m/z calc. for C1gH20NOeS [M+H*]* 390.1011, found 390.1011.
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3-methyl 7-phenyl (3R*,3aS*,7aR*)-3-phenyltetrahydro-3H-[1,2]dioxolo[3,4-b]pyridine-
3,7(4H)-dicarboxylate and

3-methyl 7-phenyl (35*,3aS*,7aR*)-3-phenyltetrahydro-3H-[1,2]dioxolo[3,4-b]pyridine-
3,7(4H)-dicarboxylate 182c
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Following GP5, compound 181c (154 mg, 0.44 mmol, 1 equiv.) was dissolved in 10 mL MeCN
and irradiated with blue light for 15 h in the presence of [MesAcr]ClOs (14 mg, 0.035 mmol,
8 mol%). Crude NMR revealed a diastereomeric ratio of 5.3:1. Column chromatography
(hexanes:EtOAc = 9:1 to 2:1) yielded the major diastereomer as colourless crystalline solid,
(52.7 mg, 0.137 mmol, 31%); The minor diastereomer could not be purified, the total yield was
calculated based on the diastereomeric ratio determined from the crude NMR as 37%;

Rf (hexanes:EtOAc = 9:1) = 0.1.

m.p.: 153 °C.

IR (neat): 2967, 1735, 1591, 1445, 1413, 1287, 1247, 1193, 1100, 1052, 960, 909, 793 cm™.

'H NMR (400 MHz, CDCls): 6 7.75 (d, J = 6.9 Hz, 2H), 7.46 — 7.29 (m, 6H), 7.18 (t, J = 7.3 Hz,
1H), 7.02 (s, 2H), 6.05 (d, J = 4.7 Hz, 1H), 4.17 — 4.03 (m, 1H), 3.75 (s, 3H), 3.34 — 3.08 (m,
2H), 2.25 —2.15 (m, 1H), 1.99 — 1.80 (m, 2H), 1.60 (s, 1H); broadened signals due to rotamers.
13C NMR (101 MHz, CDCls): & 167.8, 150.9, 137.3, 129.3, 129.0, 128.8, 125.8, 125.7, 121.7,
92.2,84.8,52.9,50.3, 40.2, 39.8, 22.1, 21.9.

HR-MS (APCI-MS): m/z calc. for C21H22NOgs [M+H*]" 384.1442, found 384.1443.

Methyl (3R*,3aR*,8aR*)-3-phenyl-3,3a,8,8a-tetrahydroindeno[2,1-c][1,2]dioxole-3-
carboxylate and Methyl (3S*,3aR*,8aR*)-3-phenyl-3,3a,8,8a-tetrahydroindeno[2,1-
c][1,2]dioxole-3-carboxylate 184c

Following GP5, compound 183c (132 mg, 0.5 mmol, 1 equiv.) was dissolved in 10 mL MeCN
and irradiated with blue light for 10 h in the presence of [MesAcr]CIO4 (16.5 mg, 0.04 mmol,
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8 mol%). Crude NMR revealed a diastereomeric ratio of 2.8:1. Column chromatography
(hexanes:EtOAc =19:1 to 7:1) yielded the major diastereomer as white crystalline solid,
(63.7 mg, 0.21 mmol, 43.9%); The minor diastereomer could not be purified, the total yield was
calculated based on the diastereomeric ratio determined from the crude NMR as 59%;

m.p.: 146-148 °C.

IR (neat): 30423062, 2920, 2855, 2342, 1739, 1461, 1445, 1335, 1236, 1064, 932, 815,
784 cm™,

1H NMR (400 MHz, CDCls): § 7.77 (d, J = 7.4 Hz, 2H), 7.47 — 7.32 (m, 5H), 7.26 (t, J = 6.8 Hz,
2H), 5.58 (d, J = 6.9 Hz, 1H), 4.40 (ddd, J = 9.0, 6.8, 5.3 Hz, 1H), 3.72 (s, 3H), 3.43 (dd, J =
17.2,9.1 Hz, 1H), 3.22 (dd, J = 17.2, 5.1 Hz, 1H).

13C NMR (101 MHz, CDCls): § 168.6, 143.2, 139.1, 138.4, 129.8, 128.5, 128.4, 127.4, 126.1,
125.9, 124.5, 92.9, 89.2, 60.3, 52.7, 35.7.

HR-MS (APCI-MS): m/z calc. for C1gH1704 [M+H*]* 297.1121, found 297.1123.

Crystals suitable for X-ray analysis (major: CDC 1980432) were obtained by recrystallization
from DCM/Et.0.

Methyl (3R*,3aR*,6aS*)-3-phenyl-3,3a,4,6a-tetrahydrocyclopenta[c][1,2]dioxole-3-
carboxylate 184a
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Following GP5, compound 183a (53 mg, 0.25 mmol, 1 equiv.) was dissolved in 3 mL MeCN
and irradiated in the presence of [MesAcr]ClO4 (10.4 mg, 0.025 mmol, 10 mol%) for 13 h.
Column chromatography (hexanes:EtOAc =19:1) yielded an ochre crystalline solid (39.4 mg,
0.157 mmol, 63%).; only one diastereomer was observed in the crude NMR.

Rt (hexanes:EtOAc = 9:1) = 0.18; dark brown with vanillin.

IR (neat): 3064, 3001, 2953, 2854, 1736, 1435, 1356, 1254, 1218, 1068, 1015, 949, 820 cm™.

IH NMR (400 MHz, CDCl3): & 7.75 — 7.68 (m, 2H), 7.44 — 7.31 (m, 3H), 6.11 (dt, J = 6.0, 2.4
Hz, 1H), 5.80 (dq, J = 5.7, 2.2 Hz, 1H), 5.21 (dt, J = 7.1, 1.9 Hz, 1H), 4.14 (ddd, J = 8.8, 7.1, 3.7
Hz, 1H), 3.72 (s, 3H), 2.82 (ddt, J = 18.2, 8.7, 2.3 Hz, 1H), 2.53 (ddq, J = 18.2, 4.3, 2.3 Hz, 1H).
13C NMR (101 MHz, CDCls): 6 168.9, 138.9, 137.2, 128.5, 128.4, 126.3, 93.1, 90.7, 57.8, 52.8,
36.9.

HR-MS (APCI-MS): m/z calc. for C14H14NO4 [M+H]" 247.0970, found 247.0966.
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As further undesired sidereactions may occur, the reaction must not be run longer then until full

consumption of starting material.

Octyl (3R*,3aR*,6aS*)-3-phenyl-3,3a,4,6a-tetrahydrocyclopenta[c][1,2]dioxole-3-
carboxylate and

Octyl (35*,3aR*,6aS*)-3-phenyl-3,3a,4,6a-tetrahydrocyclopenta[c][1,2]dioxole-3-
carboxylate 184b

Following GP5, compound 183b (75 mg, 0.24 mmol, 1 equiv.) was dissolved in 2 mL MeCN
and irradiated with blue light for 12 h in the presence of [MesAcr]ClOs (8 mg, 0.02 mmol,
8 mol%). Column chromatography (hexanes:EtOAc = 19:1) yielded a colourless oil, (42.3 mg,
0.122 mmol, 51%).; consisting of two inseparable diastereomers.

Rt (hexanes:EtOAc = 19:1) = 0.2.

IR (neat): 2956, 2926, 1737, 1597, 1494, 1449, 1347, 1211, 1159, 1091, 1011, 965, 910,
814 cm™,

'H NMR (300 MHz, CDCls): 6 7.74 — 7.69 (m, 2H), 7.39 — 7.33 (m, 3H), 6.11 (dt, J = 5.0, 2.2
Hz, 1H), 5.83 — 5.77 (m, 1H), 5.19 (dt, J = 7.0, 1.8 Hz, 1H), 4.18 — 4.06 (m, 3H), 2.82 (ddt, J =
18.0, 8.7, 2.2 Hz, 1H), 2.55 (ddt, J = 15.8, 3.9, 1.9 Hz, 1H), 1.55 (m, 2H), 1.32 — 1.16 (m, 10H),
0.88 (t, J = 6.8 Hz, 3H).

13C NMR (75 MHz, CDCls): § 170.3, 139.0, 137.1, 128.3, 127.5, 126.2, 92.9, 90.6, 65.9, 57.3,
36.8, 31.7, 29.1, 29.0, 28.3, 25.6, 22.6, 14.1.

HR-MS (ESI-MS): m/z calc. for Ca1H2004 [M+H"]* 345.2060, found 345.2064.
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Methyl (3R*,3aS* ,5R*,6aR*)-5-(acetoxymethyl)-3-phenyltetrahydro-3H-furo[2,3-
c][1,2]dioxole-3-carboxylate and methyl (3S*,3aS*,5R*,6aR*)-5-(acetoxymethyl)-3-
phenyltetrahydro-3H-furo[2,3-c][1,2]dioxole-3-carboxylate 189

H :: COZMe \\\COZMe
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Following GP5, compound 188 (252 mg, 0.87 mmol, 1 equiv.) was dissolved in 10 mL MeCN
and irradiated with blue light for 16 h in the presence of [MesAcr]CIO4 (28.5 mg, 0.07 mmol,
8 mol%). Column chromatography (hexanes:EtOAc = 9:1 to 4:1) yielded the major diastereomer
as colorless oil (100.9 mg, 0.313 mmol, 36%); The minor diastereomer could not be purified, the
total yield was calculated based on the diastereomeric ratio of 4:1 determined from the crude-
NMR as 45%.

Rf (hexanes:EtOAc 4:1) = 0.35.

IR (neat): 3048, 2955, 2074, 1735, 1491, 1448, 1249, 1216, 1078, 1008, 917, 875, 824 cm™.

'H NMR (400 MHz, CDClg): & 7.72 — 7.62 (m, 2H), 7.47 — 7.30 (m, 3H), 5.69 (d, J = 5.5 Hz,
1H), 4.42 — 4.30 (m, 2H), 4.26 (dd, J = 10.6, 6.3 Hz, 1H), 4.15 (ddd, J = 9.8, 7.3, 5.5 Hz, 1H),
3.73 (s, 3H), 2.50 (ddd, J = 13.4, 9.8, 6.7 Hz, 1H), 2.12 (s, 3H), 1.84 (dt, J = 13.4, 7.4 Hz, 1H).
13C NMR (101 MHz, CDCls): § 171.69, 170.49, 133.34, 130.92, 128.40, 127.90, 86.45, 70.69,
65.03, 52.39, 42.75, 32.66, 28.50, 20.77.

HR-MS (APCI-MS): m/z calc. for C16H1907 [M+H™]* 323.1125, found 323.1131.

Methyl (35*,3aS*,8aS*)-3-phenyl-3a,8a-dihydro-3H-[1,2]dioxolo[3,4-b]benzofuran-3-
carboxylate 191

o H

Following GP5, compound 190 (133 mg, 0.5 mmol, 1 equiv.) was dissolved in 5 mL MeCN and
irradiated in the presence of [MesAcr]ClO4 (20.2 mg, 0.49 mmol, 10 mol%) for 2 h. Crude NMR
showed only one diastereomer. Column chromatography (hexanes:EtOAc =9:1) vyielded
colorless oil (89 mg, 0.3 mmol, 60%).

Rt (hexanes: EtOAc = 4:1) = 0.58; bright red with vanillin.
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IR (neat): 3029, 2952, 2843, 1734, 1637, 1606, 1484, 1452, 1230, 1170, 1112, 1034, 973, 936,
798, 729, 753, 694 cmL,

1H NMR (400 MHz, CDCls):  7.58 (d, J = 6.9 Hz, 2H), 7.39 — 7.30 (m, 3H), 7.17 (td, J = 7.7,
1.6 Hz, 1H), 7.06 — 7.00 (m, 2H), 6.89 (td, J =7.4, 1.1 Hz, 1H), 6.64 (d, J = 9.8 Hz, 1H), 6.29 (d,
J=9.8 Hz, 1H), 3.76 (s, 3H).

13C NMR (101 MHz, CDCls): & 171.3, 152.0, 140.1, 130.0, 128.6, 128.6, 126.9, 126.1, 125.2,
124.1, 121.9, 120.6, 116.7, 81.6, 53.1.

HR-MS (ESI-MS): m/z calc. for C17H1503 [(M-02)+H*]" 267.1021, found 267.1019. Note: For
this peroxide, no applied method would allow for detection of the actual peroxide, instead it
seems to rapidly loose O, upon ionization. However, the substance was kept for 3 months at 4-

6 °C and showed no signs of decomposition.
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4.10.9. Synthesis of Hydroperoxides

((1IR*,55*,6R*)-6-phenylbicyclo[3.1.0]hex-2-en-6-yl)methanol S6

Compound 183a (108.4 mg, 0.5 mmol, 1 equiv.) was reduced to the alcohol by stirring it in
10 mL MeOH and slowly adding NaBHa4 (45.9 mg, 1.2 mmol, 2.4 equiv.) to the solution. When
the gas evolution ceased, stirring was continued for 3 h, then water was added dropwise to
quench the remaining NaBHas. The reaction mixture was acidified using 1M HCly and then
extracted with EtOAc. The organic phases were combined and dried over MgSOyg, filtered over a
plug of silica and used in the next step without further purification, yielding 80.4 mg
(0.43 mmol, 86%) of clear viscous oil.

IH NMR (400 MHz, CDCls): § 7.29 (t, J = 7.2 Hz, 2H), 7.20 (dd, J = 19.2, 7.8 Hz, 3H), 5.76 —
5.67 (m, 1H), 5.11 (dg, J = 5.5, 2.1 Hz, 1H), 3.65 (dd, J = 11.1, 4.0 Hz, 1H), 3.43 (dd, J = 11.2,
5.2 Hz, 1H), 2.55 (dd, J = 18.4, 7.5 Hz, 1H), 2.31 (dt, J = 5.4, 2.2 Hz, 1H), 2.04 (dq, J = 18.4, 3.3
Hz, 1H), 1.96 — 1.88 (m, 1H), 1.39 (s, 1H).

13C NMR (75 MHz, CDCls): § 136.5, 132.2, 130.9, 130.7, 128.1, 126.6, 71.4, 39.1, 35.1, 33.1,
26.6.

HR-MS (EI-MS): m/z calc. for C13H140 [M *]* 186.1039, found 186.1036.

((1S*,5R*,6R*)-6-phenylbicyclo[3.1.0]hex-2-en-6-yl)methyl acetate 192

Compound S6 (70.0 mg, 0.37 mmol, 1equiv.) was dissolved in DCM and acetic anhydride
(50 pL, 0.49 mmol, 1.3 equiv.) was added. The reaction was cooled to 0°C using an ice-bath, and
NEts (70 pL, 0.49 mmol, 1.3 equiv.) was added slowly. After stirring for 2 h, the mixture was
quenched by adding water, and consecutively washed with water, NaHCOg3aq, sat and 1M HCI.
Upon drying over MgSQOg4 the solvent was removed and the crude further purified by column
chromatography, yielding 80.9 mg clear viscous oil (0.35 mmol, 96%).

Rs (hexanes:EtOAc = 9:1) = 0.4.

IR (neat): 3057, 3026, 2903, 2837, 1736, 1602, 1496, 1445, 1361, 1223, 1027, 957, 767 cm™.
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IH NMR (300 MHz, CDCl3): § 7.26 (s, 5H), 5.71 (dg, J = 5.6, 2.2 Hz, 1H), 5.12 (dtd, J = 5.6,
2.2, 1.2 Hz, 1H), 4.10 (d, J = 11.2 Hz, 1H), 3.98 (d, J = 11.2 Hz, 1H), 2.61 — 2.49 (m, 1H), 2.39
—2.34 (m, 1H), 2.09 — 1.95 (m, 5H).

13C NMR (75 MHz, CDCls): § 171.2, 136.3, 132.2, 131.2, 130.4, 127.8, 126.5, 72.3, 35.5, 35.4,
33.2,27.0, 21.1.

HR-MS (EI-MS): m/z calc. for C1sH1s02 [M *]* 228.1144, found 228.1147.

((1S*,5R*,6R*)-4-hydroperoxy-6-phenylbicyclo[3.1.0]hex-2-en-6-yl)methyl acetate 194

Following GP5, compound 192 (73 mg, 0.32 mmol, 1 equiv.) was dissolved in MeCN and
[MesAcr]ClO4 (12.3 mg, 0.03 mmol, 0.1 equiv.) was added. The reaction was irradiated with a
455 nm LED and progress monitored by TLC. The reaction was terminated after 3 h and the
mixture directly subjected to column chromatography. Hydroperoxide 194 was obtained as
52.6 mg beige solid (0.20 mmol, 63%).

Rf (hexanes:EtOAc = 7:1) = 0.2.

m.p.: decomposes upon heating above 80 °C. Compound turns dark brown.

IR(neat): 3400, 3061, 2925, 2855, 1710, 1602, 1495, 1455, 1379, 1222, 1157, 972, 759, 723,
699 cm™,

1H NMR (400 MHz, CDCls) & 8.15 (s, 1H), 7.29 — 7.08 (m, 5H), 6.17 (d, J = 5.5 Hz, 1H), 5.26
(d, J = 5.5 Hz, 1H), 4.55 (s, 1H), 4.18 (d, J = 11.3 Hz, 1H), 4.05 (d, J = 11.3 Hz, 1H), 2.51 (dt, J
=5.1,2.4 Hz, 1H), 2.42 (d, J = 5.7 Hz, 1H), 2.01 (s, 3H).

13C NMR (101 MHz, CDCls): 6 171.0, 138.6, 135.0, 131.7, 127.9, 127.7, 126.9, 88.6, 70.8, 42.5,
33.6, 32.0, 20.9.

HR-MS (APCI-MS): m/z calc. for C1sH1704 [M+H*]* 261.1121, found 261.1121.
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4.10.10. Synthesis of Butyrolactones from Endoperoxides

Methyl (R*)-2-hydroxy-2-((S*)-2-oxotetrahydrofuran-3-yl)-2-phenylacetate 199a

158a-major (48.9 mg, 0.19 mmol, 1 equiv.) was dissolved in 5 mL MeOH and HNEt, (20 uL,
0.19 mmol, 1 equiv.) was added while stirring. The reaction was stirred over night for 16 h and
the solvent evaporated under reduced pressure. Column chromatography (hexanes:EtOAc 1:1)
yielded the product was white very viscous oil (46.4 mg, 18.5 mmol, 95%).

Rt (hexanes:EtOAc 1:1) = 0.2.

IR (neat): 3524, 3064, 3004, 2952, 1766, 1722, 1449, 1427, 1375, 1254, 1132, 1077, 1027,
968 cm™,

'H NMR (400 MHz, CDCl3): & 7.60 — 7.49 (m, 2H), 7.45 — 7.29 (m, 3H), 4.60 — 4.35 (m, 2H),
4.20 (g, J = 8.2 Hz, 1H), 3.82 (s, 3H), 3.32 (t, J = 9.3 Hz, 1H), 2.45 (dq, J = 12.7, 8.8 Hz, 1H),
2.20 (dddd, J=12.8, 9.5, 7.6, 4.0 Hz, 1H).

13C NMR (75 MHz, CDCls): & 176.2, 173.4, 138.6, 128.5 (2C), 125.4, 79.4, 66.7, 53.6, 48.0,
25.6.

HR-MS (APCI-MS): m/z calc. for C13H1505 [M+H™]* 251.0914, found 251.0916.

Methyl (S*)-2-hydroxy-2-((S*)-2-oxotetrahydrofuran-3-yl)-2-phenylacetate 199b

158a-minor (33.8 mg, 0.13 mmol, 1 equiv.) was dissolved in 5 mL MeOH and HNEt, (15 uL,
0.14 mmol, 1.1 equiv.) was added while stirring. The reaction was stirred over night for 16 h and
the solvent evaporated under reduced pressure. Column chromatography (hexanes:EtOAc = 1:1)
yielded the product was white amorphous solid (32.1 mg, 12.8 mmol, 95%).

Rt (hexanes:EtOAc = 1:1) = 0.2.

m.p.: 130-133 °C.

IR (neat): 3482, 2962, 2925, 2856, 2360, 1765, 1719, 1497, 1449, 1224, 1256, 1180, 1143, 1111,
1021, 932, 895, 842 cm™.
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IH NMR (400 MHz, CDCls): § 7.62 (d, J = 7.6 Hz, 2H), 7.36 (dt, J = 15.7, 7.1 Hz, 3H), 4.34 (td,
J=8.9,3.1 Hz, 1H), 4.17 (g, J = 8.9 Hz, 1H), 4.13 (s, 1H), 3.87 (s, 3H), 3.77 (t, J = 9.7 Hz, 1H),
2.25—2.13 (m, 1H), 2.05 — 1.96 (m, 1H).

13C NMR (101 MHz, CDCls): 6 175.98, 174.02, 139.18, 128.71, 128.43, 125.86, 77.29, 66.93,
53.98, 48.48, 23.84.

HR-MS (APCI-MS): m/z calc. for C13H1s0s [M+H"]" 251.0914, found 251.0916.

Crystals suitable for X-ray analysis (CDC 1980429) were obtained by recrystallization from
DCM/Et20.

187



4.10.11.

Crystal Structures

Experimental: Single clear colourless prism-shaped
crystals of 155a were obtained by recrystallisation
from DCM/Et20/pentane. A crystal
(0.27x0.20%0.17) was selected and mounted on a
MITIGEN holder with inert oil on a SuperNova, Single

suitable

source at offset/far, Atlas diffractometer. The crystal
was kept at T = 123.00(10) K during data collection.
Using Olex2166 | the structure was solved with the
ShelXT165 structure solution program, using the
Intrinsic Phasing solution method. The model was
refined with ShelXL165
minimisation.

using Least Squares

Crystal Data. C20H2004, M, = 324.36, triclinic, P-1 (No.
2), a= 12.0615(2)A, b= 14.8226(3)4 «c=
15.1286(3) A, a= 67.799(2)°, = 81.5530(10)’, y=
87.6980(10)°, V= 2476.70(9) A3, T = 123.00(10) K,
Z= 6, Z'= 3, u(CuKy) = 0.733, 54132 reflections
measured, 9938 unique (Rin:= 0.0236) which were
used in all calculations. The final wR> was 0.0833
(all data) and R; was 0.0319 (1 > 2(I)).
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Compound

Formula

Dcalc,/ g cm3
p/mm-1
Formula Weight
Colour

Shape

Max Size/mm
Mid Size/mm
Min Size/mm
T/K

Crystal System
Space Group
a/A

b/A

c/A

af°

B

7

V/A3

Z

7

@min/O

@max/o
Measured Refl.
Independent Refl.
Reflections Used
Rint
Parameters
Restraints
Largest Peak
Deepest Hole
GooF

WR: (all data)
WR2

R; (all data)

Ri

155a

C20H2004
1.305
0.733
324.36
clear colourless
prism

0.27

0.20

0.17
123.00(10)
triclinic
P-1
12.0615(2)
14.8226(3)
15.1286(3)
67.799(2)
81.5530(10)
87.6980(10)
2476.70(9)
6

3

3.579
74.375
54132
9938

9298
0.0236

889

0

0.256
-0.188
1.039
0.0833
0.0816
0.0341
0.0319



Experimental: Single clear colourless irregular-shaped
crystals of 155c¢ were obtained by recrystallisation from
diethyl ether. A suitable crystal 0.29x0.16x0.09 mm3 was
selected and mounted on a MITIGEN holder oil on an
offset/far, Atlas
diffractometer. The crystal was kept at a steady T =
123.01(10) K during data collection. The structure was
solved with the ShelXT165 structure solution program

SuperNova, Single source at

using the Intrinsic Phasing solution method and by using
Olex2166 as the graphical interface. The model was
refined with version 2016/6 of ShelXL165 using Least
Squares minimisation.

Crystal Data. C19H17FO3, M, = 312.32, monoclinic, P21/c
(No. 14), a= 7.79512(16) A, b= 9.30322(20) 4, c=
21.9617(5)A, A= 98.048(2)°, a= y= 90°, V=
1576.97(6) A3, T = 123.01(10) K, Z= 4, Z'= 1, u(CuK,) =
0.794, 21337 reflections measured, 3301 unique (Rin=
0.0253) which were used in all calculations. The final wR>
was 0.1087 (all data) and R; was 0.0396 (I > 2(1)).
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Compound

Formula

Dcalc,/ g cm3
p/mm-1
Formula Weight
Colour

Shape
Size/mm3

T/K

Crystal System
Space Group
a/A

b/A

c/A

af

B

i

V/A3

Z

7
Wavelength/A
Radiation type
@min/u

@max/o
Measured Refl.

Independent Refl.
Reflections with I >

2(D)

Rint
Parameters
Restraints
Largest Peak
Deepest Hole
GooF

WR: (all data)
WR>

Ri1 (all data)
R1

Creation Method
Solution
Refinement

155c¢

C19H17FO3
1.316

0.794
312.32
clear colourless
irregular
0.29x0.16x0.09
123.01(10)
monoclinic
P21/c
7.79512(16)
9.30322(20)
21.9617(5)
90
98.048(2)
90
1576.97(6)
4

1

1.54184
CuKy

4.066
76.658
21337

3301

2924

0.0253
209

0
0.297
-0.248
1.033
0.1087
0.1046
0.0447
0.0396

Olex2 1.2-alpha
(compiled
2018.07.26
svn.r3523 for
OlexSys, GUI
svn.r5532)



Experimental:
crystals of 155d were obtained by recrystallisation from
DCM/Et,0/pentane. A
0.26x0.18x0.12 mm3 was selected and mounted on a

Single clear colourless prism-shaped

suitable crystal
MITIGEN holder oil on an SuperNova, Single source at
offset/far, Atlas diffractometer. The crystal was kept at a
steady T = 123.01(10) K during data collection. The
structure was solved with the ShelXT65 structure
solution program using the Intrinsic Phasing solution
methods solution method and by using Olex21¢ as the
graphical interface. The model was refined with version
2018/3 of ShelXL!¢5 using Least Squares minimisation.

Crystal Data. C19H17NOs, M, = 339.33, monoclinic, P21/c
(No. 14), a= 13.7013(3)A, b= 11.6692(2)4, c=
10.4671(2) A, p= 104314(2), a= y= 90°, V=
1621.55(7) A3, T = 123.01(10) K, Z= 4, Z'= 1, u(CuK,) =
0.842, 17252 reflections measured, 3245 unique (Rint=
0.0210) which were used in all calculations. The final wR;
was 0.0894 (all data) and R; was 0.0342 (I > 2(I)).
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Compound

Formula

Dcalc./ g cm3
p/mm?
Formula Weight
Colour

Shape
Size/mm3

T/K

Crystal System
Space Group
a/A

b/A

c/A

af°

B

a8

V/A3

Z

7
Wavelength/A
Radiation type
@min/O

@max/o
Measured Refl.

Independent Refl.
Reflections with I >

2(D)

Rl’nt
Parameters
Restraints
Largest Peak
Deepest Hole
GooF

WR: (all data)
WR>

R (all data)
R1

Creation Method
Solution
Refinement

155d

C19H17NOs
1.390
0.842
339.33
clear colourless
prism
0.26x0.18x0.12
123.01(10)
monoclinic
P21/c
13.7013(3)
11.6692(2)
10.4671(2)
90
104.314(2)
90
1621.55(7)
4

1

1.54184
CuKg
5.046
74.257
17252
3245

2910

0.0210
294

0
0.234
-0.232
1.054
0.0894
0.0861
0.0380
0.0342

Olex2 1.2-alpha
(compiled
2018.07.26
svn.r3523 for
OlexSys, GUI
svn.r5532)



Experimental: Single clear colourless prism-shaped
crystals of 156d were obtained by recrystallisation from
DCM/Et;0/pentane. A crystal
0.20x0.17x0.13 mm3 was selected and mounted on a

suitable

MITIGEN holder oil on an SuperNova, Single source at
offset/far, Atlas diffractometer. The crystal was kept at a
steady T = 123.00(10) K during data collection. The
structure was solved with the ShelXT65 structure
solution program using the Intrinsic Phasing solution
method and by using Olex2166 as the graphical interface.
The model was refined with version 2018/3 of ShelXL165
using Least Squares minimisation.

Crystal Data. C3gH34N2014, M= 742.67, monoclinic, P21
(No. 4), a= 6.99870(10) A, b= 12.21330(10) 4, c=
19.7453(2) A, B= 91.0500(10), a= y= 90°, V=
1687.49(3) A3, T = 123.00(10) K, Z= 2, Z'= 1, u(CuK,) =
0.953, 29386 reflections measured, 7073 unique (Rint =
0.0242) which were used in all calculations. The final wR;
was 0.0645 (all data) and R; was 0.0256 (I > 2(I)).
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Compound

Formula

Dcalc./ g cm3
p/mm1
Formula Weight
Colour

Shape
Size/mm3

T/K

Crystal System
Flack Parameter
Hooft Parameter
Space Group
a/A

b/A

c/A

af

B

a8

V/A3

Z

7
Wavelength/A
Radiation type
@min/u

@max/D

Measured Refl.
Independent Refl.

Reflections with I >

2(D)

Rl’nt
Parameters
Restraints
Largest Peak
Deepest Hole
GooF

WR: (all data)
WR:

R (all data)
R:

156d

C38H34N2014
1.462

0.953

742.67

clear colourless
prism
0.20x0.17x0.13
123.00(10)
monoclinic
-0.04(4)
0.03(3)

P24
6.99870(10)
12.21330(10)
19.7453(2)
90
91.0500(10)
90
1687.49(3)

2

1

1.54184

CuKy

4.257

76.375

29386

7073

6895

0.0242
489

1
0.203
-0.183
1.047
0.0645
0.0636
0.0266
0.0256



Experimental: Single clear colourless prism-shaped
crystals of 158a-major were obtained by recrystallisation
DCM/Et;0/pentane. A
0.22x0.12x0.09 mm3 was selected and mounted on a
MITIGEN holder with inert oil on an GV1000, TitanS2
diffractometer. The crystal was kept at a steady T =
123.01(10) K during data collection. The structure was
solved with the ShelXT165 structure solution program

from suitable crystal

using the Intrinsic Phasing solution method and by using
Olex2166 as the graphical interface. The model was
refined with version 2016/6 of ShelXL1¢> using Least
Squares minimisation.

Crystal Data. Ci3H140s, M,= 250.24, orthorhombic,
P21212; (No. 19), a= 7.94950(10) A, b= 9.83780(10) 4,
c=15.6228(2) A, a= p= y=90°, V= 1221.79(3) A3, T =
123.01(10)K, Z= 4, Z'= 1, wu(CuK,)= 0.883, 13755
reflections measured, 2441 unique (Rie = 0.0401) which
were used in all calculations. The final wR, was 0.0863
(all data) and R; was 0.0326 (I > 2(1)).

192

Compound

Formula

Dcalc,/ g cm3
p/mm-1
Formula Weight
Colour

Shape
Size/mm3

T/K

Crystal System
Flack Parameter
Hooft Parameter
Space Group
a/A

b/A

c/A

af

B

i

V/A3

Z

7
Wavelength/A
Radiation type
@min/u

@max/o
Measured Refl.

Independent Refl.
Reflections with I >

2(D)

Rint
Parameters
Restraints
Largest Peak
Deepest Hole
GooF

WR: (all data)
WR2

R; (all data)
R:

158a-major

C13H140s
1.360

0.883

250.24

clear colourless
prism
0.22x0.12x0.09
123.01(10)
orthorhombic
-0.06(6)
-0.04(6)
P212121
7.94950(10)
9.83780(10)
15.6228(2)
90

90

90

1221.79(3)

4

1

1.54184

CuKy

5.314

73.372

13755

2441

2391

0.0401
208

0
0.360
-0.289
1.042
0.0863
0.0856
0.0333
0.0326



Experimental: Single clear colourless prism-shaped

crystals of 158a-minor were obtained by
recrystallisation from DCM/Et,0/pentane. A suitable
crystal 0.19x0.14x0.10 mm3 was selected and mounted
on a MITIGEN holder oil on an SuperNova, Single source
at offset/far, Atlas diffractometer. The crystal was kept at
a steady T = 123.00(10) K during data collection. The
structure was solved with the ShelXT65 structure
solution program using the Intrinsic Phasing solution
method and by using Olex2166 as the graphical interface.
The model was refined with version 2018/3 of ShelXL165

using Least Squares minimisation.

Crystal Data. Ci13H140s5, M, = 250.24, monoclinic, P21/c
(No. 14), a= 84209(2)A, b= 11.6353(2)4, c=
12.1410(2) A, p= 105937(2), a= y= 90°, V=
1143.85(4) A3, T = 123.00(10) K, Z= 4, Z'= 1, u(CuK,) =
0.943, 13754 reflections measured, 2380 unique (Rin=
0.0234) which were used in all calculations. The final wR>
was 0.0856 (all data) and R; was 0.0330 (I > 2(1)).
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Compound

Formula

Dcalc./ g cm3
p/mm?
Formula Weight
Colour

Shape
Size/mm3

T/K

Crystal System
Space Group

a /A

b/A

c/i\

af°

B

a8

V/A3

Z

7
Wavelength/A
Radiation type
@min/O

@max/o
Measured Refl.

Independent Refl.
Reflections with I >

2()

Rint
Parameters
Restraints
Largest Peak
Deepest Hole
GooF

WR: (all data)
wWR2

R; (all data)
R:

158a-minor

C13H1405
1.453
0.943
250.24
clear colourless
prism
0.19x0.14x0.10
123.00(10)
monoclinic
P21/c
8.4209(2)
11.6353(2)
12.1410(2)
90
105.937(2)
90
1143.85(4)
4

1

1.54184
CuKg
5.368
76.165
13754
2380

2231

0.0234
164

0
0.326
-0.217
1.034
0.0856
0.0838
0.0350
0.0330



Experimental: Single clear colourless prism-shaped
crystals of 155a were obtained by recrystallisation from
DCM/Et20/pentane. A
0.28x0.17x0.14 mm3 was selected and mounted on a

suitable crystal

MITIGEN holder oil on an SuperNova, Single source at
offset/far, Atlas diffractometer. The crystal was kept at a
steady T = 123.01(10) K during data collection. The
structure was solved with the ShelXT65 structure
solution program using the Intrinsic Phasing solution
method and by using Olex2166 as the graphical interface.
The model was refined with version 2016/6 of ShelXL165
using Least Squares minimisation.

Crystal Data. Ci9H1803, M, = 294.33, monoclinic, P21/c
(No. 14), a= 11.8626(2)A, b= 9.88239(17) A, c=
13.0212(2) A, A= 101.0990(16),, a= y= 90°, V=
1497.93(4) A3, T = 123.01(10)K, Z= 4, Z'= 1, u(CuK,) =
0.703, 16352 reflections measured, 3028 unique (Rin=
0.0248) which were used in all calculations. The final wR>
was 0.1009 (all data) and R; was 0.0384 (I > 2(I)).

194

Compound

Formula

Dcalc./ g cm3
p/mm-1
Formula Weight
Colour

Shape
Size/mm?3

T/K

Crystal System
Space Group
a/A

b/A

c/A

af

Br

i

V/A3

Z

7
Wavelength/A
Radiation type
@min/u

@max/o
Measured Refl.

Independent Refl.
Reflections with I >

2()

Rint
Parameters
Restraints
Largest Peak
Deepest Hole
GooF

WR: (all data)
wR2

R; (all data)
R1

Creation Method
Solution
Refinement

155a

C19H1803
1.305

0.703

294.33

clear colourless
prism
0.28x0.17x0.14
123.01(10)
monoclinic
P21/c
11.8626(2)
9.88239(17)
13.0212(2)
90
101.0990(16)
90
1497.93(4)

4

1

1.54184
CuKy

3.797

74.536

16352

3028

2801

0.0248
200

0
0.196
-0.197
1.049
0.1009
0.0979
0.0414
0.0384

Olex2 1.2-alpha
(compiled
2018.07.26
svn.r3523 for
OlexSys, GUI
svn.r5532)



Experimental. Single clear colourless prism-shaped
crystals of 166b were obtained by recrystallisation from
DCM/Et20/pentane. A suitable crystal (0.21x0.16x0.13)
was selected and mounted on a MITIGEN holder with
inert oil on a GV1000, TitanS2 diffractometer. The crystal
was keptat T=122.94(19) K during data collection. Using
Olex2166 | the structure was solved with the ShelXT165
structure solution program, using the Intrinsic Phasing
solution method. The model was refined with ShelXL165
using Least Squares minimisation.

Crystal Data. C23H2003, M= 344.39, monoclinic, P21/c
(No. 14), a= 18.55810(10) A, b= 16.75580(10) A, c=
18.73840(10) A, p= 113.1090(10)°, a= y= 90°, V=
5359.27(6) A3, T=122.94(19) K, Z= 12, Z' = 3, p(CuK,) =
0.670, 87373 reflections measured, 10748 unique (Rin =
0.0397) which were used in all calculations. The final wR>
was 0.1111 (all data) and R; was 0.0428 (I > 2(I)).

195

Compound

Formula

Dcalc,/ g cm3
p/mm?t
Formula Weight
Colour

Shape

Max Size/mm
Mid Size/mm
Min Size/mm
T/K

Crystal System
Space Group
a/A

b /A

c/A

af°

Bl

7

V/A3

Z

7

@min/O

@max/o
Measured Refl.

Independent Refl.

Reflections Used
Rint
Parameters
Restraints
Largest Peak
Deepest Hole
GooF

WR: (all data)
wR2

R; (all data)
R1

166b

C23H2003
1.280

0.670

344.39

clear colourless
prism

0.21

0.16

0.13
122.94(19)
monoclinic
P21/c
18.55810(10)
16.75580(10)
18.73840(10)
90
113.1090(10)
90
5359.27(6)
12

3

3.679

73.457

87373

10748

10057

0.0397

943

0

0.137

-0.300

1.062

0.1111
0.1088
0.0451
0.0428



Experimental: Single clear colourless prism-shaped
crystals of 166d were obtained by recrystallization from
DCM/Et;0/pentane. A crystal
0.21x0.18x0.07 mm3 was selected and mounted on a

suitable

MITIGEN holder oil on an SuperNova, Single source at
offset/far, Atlas diffractometer. The crystal was kept at a
steady T = 123.00(10) K during data collection. The
structure was solved with the ShelXT65 structure
solution program using the Intrinsic Phasing solution
method and by using Olex2166 as the graphical interface.
The model was refined with version 2018/3 of ShelXL165
using Least Squares minimisation.

Crystal Data. C19H17Cl03, M, = 328.77, monoclinic, P21/c
(No. 14), a= 11.6388(3)A, b= 10.4822(2)A, c=
13.0337(3)A, p= 99.515(2)°, a= y= 90, V=
1568.24(6) A3, T = 123.00(10) K, Z= 4, Z'= 1, x(CuK,) =
2.263, 17244 reflections measured, 3156 unique (Rint=

196

0.0247)
which
were
used in
all
calculati
ons. The
final wR;
was
0.0814
(all data)
and Ry
was
0.0302 (I

> 2(D).

Compound

Formula

Dcalc./ g cm3
p/mm-1
Formula Weight
Colour

Shape
Size/mm3

T/K

Crystal System
Space Group
a/A

b/A

c/A

af

Br

i

V/A3

Z

7
Wavelength/A
Radiation type
@min/u
@max/o
Measured Refl.

Independent Refl.
Reflections with I >

2(D

Rin[
Parameters
Restraints
Largest Peak
Deepest Hole
GooF

WR: (all data)
WR;z

R; (all data)
R1

Creation Method
Solution
Refinement

166d

C19H17Cl03
1.393
2.263
328.77
clear colourless
prism
0.21x0.18x0.07
123.00(10)
monoclinic
P21/c
11.6388(3)
10.4822(2)
13.0337(3)
90
99.515(2)
90
1568.24(6)
4

1

1.54184
CuKy

3.851
74.159
17244
3156

3000

0.0247
209

0
0.298
-0.255
1.032
0.0814
0.0800
0.0317
0.0302

Olex2 1.2-alpha
(compiled
2018.07.26
svn.r3523 for
OlexSys, GUI
svn.r5532)



Experimental: Single clear colourless prism-shaped
crystals of 166e were obtained by recrystallisation from
DCM/Et,0/pentane. A
0.27x0.15x0.09 mm3 was selected and mounted on a

suitable crystal
MITIGEN holder with inert oil on an SuperNova, Single
source at offset/far, Atlas diffractometer. The crystal was
kept at a steady T = 123.01(10) K during data collection.
The structure was solved with the ShelXT165 structure
solution program using the Intrinsic Phasing solution
method and by using Olex2166 as the graphical interface.
The model was refined with version 2018/3 of ShelXL165
using Least Squares minimisation.

Crystal Data. C19H17FO3, M, = 312.32, monoclinic, P21/c
(No. 14), a= 11.6831(2)4, b= 10.0186(2)A, c=
13.0076(2) A, p= 100573(2), a= y= 90°, V=
1496.67(5) A3, T = 123.01(10) K, Z= 4, Z'= 1, u(Cu K,) =
0.836, 16695 reflections measured, 3096 unique (Rinc=
0.0206) which were used in all calculations. The final wR;
was 0.0868 (all data) and R; was 0.0321 (I > 2(I)).

197

Compound

Formula

Dcalc./ g cm3
p/mm?t
Formula Weight
Colour

Shape
Size/mm3

T/K

Crystal System
Space Group

a /A

b/A

C/A

af°

Bl

a8

V/A3

Z

7
Wavelength/A
Radiation type
@min/u

@max/o
Measured Refl.

Independent Refl.
Reflections with I >

2(D

Rin[
Parameters
Restraints
Largest Peak
Deepest Hole
GooF

WR: (all data)
wWR2

R; (all data)
R1

166e

C19H17FO3
1.386
0.836
312.32
clear colourless
prism
0.27x0.15x0.09
123.01(10)
monoclinic
P21/c
11.6831(2)
10.0186(2)
13.0076(2)
90
100.573(2)
90
1496.67(5)
4

1

1.54184
CuKq
3.849
76.251
16695
3096

2872

0.0206
276

0
0.298
-0.185
1.060
0.0868
0.0845
0.0344
0.0321



Experimental: Single clear colourless prism-shaped
crystals of 167e were obtained by recrystallisation from
DCM/Et,0/Pentane. A
0.12x0.08x0.08 mm3 was selected and mounted on a
MITIGEN holder oil on an GV1000, TitanS2
diffractometer. The crystal was kept at a steady T =
122.96(15) K during data collection. The structure was
solved with the ShelXT165 structure solution program

suitable crystal

using the Intrinsic Phasing solution method and by using
Olex2166 as the graphical interface. The model was
refined with version 2018/3 of ShelXL1¢> using Least
Squares minimisation.

Crystal Data. C19H17FOs, M, = 344.32, monoclinic, P21/c
(No. 14), a= 12.8902(4)A, b= 10.7066(3) 4, c=
11.7428(3)A, p= 101317(3)°, a= y= 90°, V=
1589.12(8) A3, T = 122.96(15) K, Z= 4, Z'= 1, u(CuK,) =
0.941, 19261 reflections measured, 3217 unique (Rin=
0.0358) which were used in all calculations. The final wR>
was 0.1125 (all data) and R; was 0.0414 (1> 2(I))

198

Compound

Formula

Dcalc./ g cm3
p/mm-1
Formula Weight
Colour

Shape
Size/mm3

T/K

Crystal System
Space Group
a/A

b/A

c/A

af

B

i

V/A3

Z

7
Wavelength/A
Radiation type
@min/O

@max/o
Measured Refl.

Independent Refl.
Reflections with I >

2(D)

Rl’nt
Parameters
Restraints
Largest Peak
Deepest Hole
GooF

WR: (all data)
WR>

Ri1 (all data)
R1

Creation Method
Solution
Refinement

167e

C19H17FOs
1.439
0.941
344.32
clear colourless
prism
0.12x0.08x0.08
122.96(15)
monoclinic
P21/c
12.8902(4)
10.7066(3)
11.7428(3)
90
101.317(3)
90
1589.12(8)
4

1

1.54184
CuKy

3.497
73.919
19261
3217

2934

0.0358
227

0
0.201
-0.285
1.037
0.1125
0.1092
0.0445
0.0414

Olex2 1.3-dev
(compiled
2019.03.18
svn.r3573 for
OlexSys, GUI
svn.r5689) #



c');

44

Experimental: Single clear colourless prism-shaped
crystals of 167f were obtained by recrystallisation from
DCM/Et,0/pentane. A
0.16x0.13x0.08 mm3 was selected and mounted on a

suitable crystal
suitable support on an SuperNova, Single source at
offset/far, Atlas diffractometer. The crystal was kept at a
steady T = 123.00(10) K during data collection. The
structure was solved with the ShelXT65 structure
solution program using the Intrinsic Phasing solution
method and by using Olex2166 as the graphical interface.
The model was refined with version 2018/3 of ShelXL165
using Least Squares minimisation.

Crystal Data. C21H200s5, M, = 352.37, triclinic, P-1 (No. 2),
a= 5.9347(2) A, b= 12.1303(3) A, c= 12.1467(3) A, a=
89.852(2)°, p= 87.791(2)°, y= 89.479(2), V=
873.75(4) A3, T = 123.00(10)K, Z= 2, Z'= 1, 4(Cu K,) =
0.783, 19644 reflections measured, 3528 unique (Rinc=
0.0281) which were used in all calculations. The final wR;
was 0.0946 (all data) and R; was 0.0356 (I > 2(I)).

199

Compound

Formula

Dcalc./ g cm3
p/mm?
Formula Weight
Colour

Shape
Size/mm3

T/K

Crystal System
Space Group
a/A

b/A

c/A

af°

B

a8

V/A3

Z

7
Wavelength/A
Radiation type
@min/O

@max/D
Measured Refl.

Independent Refl.
Reflections with I >

2(D)

Rint
Parameters
Restraints
Largest Peak
Deepest Hole
GooF

WR: (all data)
WR:

R (all data)
Ri

167f

C21H2005
1.339
0.783
352.37
clear colourless
prism
0.16x0.13x0.08
123.00(10)
triclinic
P-1
5.9347(2)
12.1303(3)
12.1467(3)
89.852(2)
87.791(2)
89.479(2)
873.75(4)
2

1

1.54184
Cu Ky
3.642
74.576
19644
3528

3186

0.0281
316

0
0.282
-0.217
1.032
0.0946
0.0913
0.0395
0.0356



Experimental: Single clear colourless prism-shaped
crystals of 181a were obtained by recrystallisation from
DCM/Et;0. A suitable crystal 0.26x0.14x0.12 mm3 was
selected and mounted on a MITIGEN holder oil on an
offset/far, Atlas
diffractometer. The crystal was kept at a steady T =
123.01(10) K during data collection. The structure was
solved with the ShelXT165 structure solution program

SuperNova, Single source at

using the Intrinsic Phasing solution method and by using
Olex2166 3s the graphical interface. The model was
refined with version 2016/6 of ShelXL1¢> using Least
Squares minimisation.

Crystal Data. C14H1603, M, = 232.27, orthorhombic, Pbca
(No. 61), a= 8.00279(16)A, b= 16.9635(4) A, c=
17.0457(4) A, a= B= y= 90°, V= 2314.04(9)A3, T =
123.01(10)K, Z= 8, Z'= 1, u(CuK,)= 0.754, 14494
reflections measured, 2395 unique (Rin: = 0.0360) which
were used in all calculations. The final wR> was 0.1107

200

(all data) and R; was 0.0411 (I > 2(I)).

Compound

Formula

Dcalc./ g cm3
p/mm?t
Formula Weight
Colour

Shape
Size/mm3

T/K

Crystal System
Space Group
a/A

b/A

c/A

af°

B

i

V/A3

Z

7
Wavelength/A
Radiation type
@min/O

@max/o
Measured Refl.

Independent Refl.
Reflections with I >

2(D)

Rint
Parameters
Restraints
Largest Peak
Deepest Hole
GooF

WR: (all data)
WR:

R (all data)
Ri

181a

C14H1603
1.333

0.754

232.27

clear colourless
prism
0.26x0.14x0.12
123.01(10)
orthorhombic
Pbca
8.00279(16)
16.9635(4)
17.0457(4)
90

90

90
2314.04(9)

8

1

1.54184

CuKg

5.190

76.316

14494

2395

2101

0.0360
155

0
0.265
-0.195
1.034
0.1107
0.1054
0.0475
0.0411



Qc

@a

Experimental: Single clear colourless prism-shaped
crystals of 183c were obtained by recrystallisation from
DCM/Et;0/pentane. A crystal
0.19x0.17x0.09 mm3 was selected and mounted on a

suitable

MITIGEN holder oil on an SuperNova, Single source at
offset/far, Atlas diffractometer. The crystal was kept at a
steady T = 123.01(10) K during data collection. The
structure was solved with the ShelXT 2018/3165 structure
solution program using the Intrinsic Phasing solution
method and by using Olex2166 as the graphical interface.
The model was refined with version 2018/3 of ShelXL
2018/3165 using Least Squares minimisation.

Crystal Data. CigsH1602, M= 264.31, monoclinic, P21/c
(No. 14), a= 11.7253(2)4, b= 16.1027(3)A, c=
7.43946(14) A, p= 104.833(2), a= y= 90, V=
1357.83(5) A3, T = 123.01(10) K, Z= 4, Z'= 1, u(Cu K,) =
0.659, 17407 reflections measured, 2716 unique (Rint=
0.0213) which were used in all calculations. The final wR;
was 0.0888 (all data) and R; was 0.0342 (I > 2(I)).

201

Compound

Formula

Dcalc./ g cm3
p/mm-1
Formula Weight
Colour

Shape
Size/mm?3

T/K

Crystal System
Space Group
a/A

b/A

c/A

af°

B

a8

V/A3

Z

7
Wavelength/A
Radiation type
@min/u

@max/o
Measured Refl.

Independent Refl.
Reflections with I >

2(D

Rint
Parameters
Restraints
Largest Peak
Deepest Hole
GooF

WR: (all data)
WR2

R; (all data)
R1

183c

C18H1602
1.293

0.659
264.31
clear colourless
prism
0.19x0.17x0.09
123.01(10)
monoclinic
P21/c
11.7253(2)
16.1027(3)
7.43946(14)
90
104.833(2)
90
1357.83(5)
4

1

1.54184

Cu Ky

3.900
73.929
17407

2716

2547

0.0213
190

0
0.236
-0.176
1.039
0.0888
0.0872
0.0360
0.0342



Experimental: Single clear dark colourless prism-shaped
crystals of 184c were obtained by recrystallisation from
DCM/Et;0/pentane. A crystal
0.26x0.15x0.13 mm3 was selected and mounted on a
MITIGEN holder o0il on an GV1000, TitanS2
diffractometer. The crystal was kept at a steady T =
123.01(10) K during data collection. The structure was
solved with the ShelXT 2018/3165 structure solution
program using the Intrinsic Phasing solution method and

suitable

by using Olex216¢ as the graphical interface. The model
was refined with version 2018/3 of ShelXL 2018/3165
using Least Squares minimisation.

Crystal Data. CigsH1604, M= 296.31, monoclinic, P21/c
(No. 14), a= 13.2541(3)A, b= 6.14070(12)4, c=
18.1087(4) A, p= 104.293(2)°, a= y= 90°, V=
1428.23(5) A3, T = 123.01(10)K, Z= 4, Z'= 1, x(Cu K) =
0.578, 14871 reflections measured, 2838 unique (Rinc=
0.0282) which were used in all calculations. The final wR;
was 0.0908 (all data) and R; was 0.0353 (I > 2(I)).

202

Compound

Formula

Dcalc./ g cm3
p/mm?t
Formula Weight
Colour

Shape
Size/mm3

T/K

Crystal System
Space Group
a/A

b/A

c/A

af’

Br

a8

V/A3

Z

7
Wavelength/A
Radiation type
@min/O

@max/o
Measured Refl.

Independent Refl.
Reflections with I >

2(D)

Rl’nt
Parameters
Restraints
Largest Peak
Deepest Hole
GooF

WR: (all data)
WR:

Ri1 (all data)
Ri

184c

C18H1604
1.378
0.578
296.31
clear dark
colourless
prism
0.26x0.15x0.13
123.01(10)
monoclinic
P21/c
13.2541(3)
6.14070(12)
18.1087(4)
90
104.293(2)
90
1428.23(5)
4

1

1.39222
CuK

3.107
59.969
14871
2838

2467

0.0282
208

0
0.294
-0.220
1.034
0.0908
0.0860
0.0415
0.0353



Experimental: Single clear colourless prism-shaped
crystals of 190 were obtained by recrystallisation from
DCM/Et20/pentane. A
0.20x0.14x0.07 mm3 was selected and mounted on a

suitable crystal
MITIGEN holder oil on an SuperNova, Single source at
offset/far, Atlas diffractometer. The crystal was kept at a
steady T = 123.00(10) K during data collection. The
structure was solved with the ShelXT65 structure
solution program using the Intrinsic Phasing solution
method and by using Olex2166 as the graphical interface.
The model was refined with version 2016/6 of ShelXL165
using Least Squares minimisation.

Crystal Data. Ci7H1403, M= 266.28, monoclinic, P21/c
(No. 14), a= 11.5255(2)4, b= 15.7925(2)A, c=
7.67337(16) A, p= 106.926(2), a= y= 90°, V=
1336.18(4) A3, T = 123.00(10) K, Z= 4, Z'= 1, x(CuK,) =
0.733, 27148 reflections measured, 2692 unique (Rint=
0.0361) which were used in all calculations. The final wR;
was 0.0888 (all data) and R; was 0.0336 (I > 2(I)).

203

Compound

Formula

Dcalc,/ g cm3
p/mm?t
Formula Weight
Colour

Shape
Size/mm3

T/K

Crystal System
Space Group

a /A

b/A

C/A

af°

Bl

7

V/A3

Z

7
Wavelength/A
Radiation type
@min/u

@max/o
Measured Refl.

Independent Refl.
Reflections with I >

2()

Rint
Parameters
Restraints
Largest Peak
Deepest Hole
GooF

WR: (all data)
WR2

R; (all data)
R1

190

C17H1403
1.324

0.733
266.28

clear colourless
prism
0.20x0.14x0.07
123.00(10)
monoclinic
P21/c
11.5255(2)
15.7925(2)
7.67337(16)
90
106.926(2)
90
1336.18(4)
4

1

1.54184
CuKg

4.009
73.791
27148

2692

2389

0.0361
182

0
0.192
-0.238
1.042
0.0888
0.0852
0.0384
0.0336



Experimental: Single clear colourless prism crystals of
199a were used as supplied. A suitable crystal with
dimensions 0.16 x 0.10 x 0.06 mm3 was selected and
mounted on a Lindemann tube oil on a SuperNova, Single
source at offset/far, Atlas diffractometer. The crystal was
kept at a steady T= 123.01(10) K during data collection.
The structure was solved with the ShelXT 2018/3165
solution program using dual methods methods and by
using Olex1¢¢ as the graphical interface. The model was
refined with ShelXL 2018/3165 using full matrix least
squares minimisation on Fz,

Crystal Data. Ci13H140s5, M, = 250.24, monoclinic, P21/c
(No. 14), a= 9.4933(2)A, b= 84381(2)4, «c=
15.4728(3)A, p= 97.573(2), a= y= 90, V=
1228.64(5) A3, T=123.01(10)K, Z= 4, Z'= 1, u(Cu K,) =
0.878, 13027 reflections measured, 2463 unique (Rin=
0.0187) which were used in all calculations. The final wR>
was 0.0802 (all data) and R; was 0.0302 (I > 2(I)).

204

Compound

Formula

Dcalc./ g cm3
p/mm?
Formula Weight
Colour

Shape
Size/mm3

T/K

Crystal System
Space Group
a/A

b/A

c/A

af°

Br

7

V/A3

Z

7
Wavelength/A
Radiation type
@min/u

@max/o
Measured Refl's.
Ind't Refl's

Refl's with I > 2(1)

Rint
Parameters
Restraints
Largest Peak
Deepest Hole
GooF

WR: (all data)
WR2

R; (all data)
R1

199a

C13H1405
1.353
0.878
250.24
clear colourless
prism
0.16x0.10x0.06
123.01(10)
monoclinic
P21/c
9.4933(2)
8.4381(2)
15.4728(3)
90
97.573(2)
90
1228.64(5)
4

1

1.54184
CuKg
4.699
73.835
13027
2463

2283
0.0187

219

0

0.313
-0.207
1.057
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4.10.12. Chiral HPLC

HPLC chromatograms are shown below.
(¥)-157a

(x)-methyl 6-phenyl-2-
oxabicyclo[3.1.0]hexane-6-carboxylate

Wall - 54 Colurnn - Phenomenex Lux Cellulose-1,
: 1 4.6 250 mm, 5 pm

Fun ime : 50,00 min :
Inj. Ve, - 10,000 @ E = -Pmpana

i: 215nm

Peak Results :
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(% A AL
- “MS.J—-"'MLH_""‘,., = M=
F IU mc.\wi sl ag I :.uI Izs :-r--l
=1 I T TN T K |

(x)-158a-major
(x)-methyl 3-phenyltetrahydro-3H-
furo[2,3-c][1,2]dioxole-3-carboxylate

B = i-Propancl
Flow - 0.5 mUmin

Vail - 54

Method : AS-H_ 955 0.5
Run time : 90,00 min

Inj. vol. - 10,000 pl

ko 215 nm

0 5 10 15 20 25 30 35 40 45 50 55 60 €5 70 75 80 &5 90
in

Peak Results :
Index Name Time. Fesa Area %
n [mAL M
T JONKNOWN] 2093 4g70] 1388  we0] dgeee
IUNI’JVOWN}SE:IZ ) 1142 28] 50304

Total [ I

10000l 2540

2018]100000]
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(-)-157
(-)-methyl (1S,5S,6R)-6-phenyl-2-

oxabicyclo[3.1.0]hexane-6-carboxylate

“ail 1 117

Method - Phex-Cel1_89-1
Run time : 60,00 min

Inj. vol. : 10,000 pl

Column : Phenomenex Lux Cellulose-1,
4.6 %250 mm, 5 pm

Eluents : A = n-Heptane
B = i-Propanol

Flow: 1.0 mimin

A: 215nm

“1CO,Me

"D 2 4 6 8 1012 14 16 16 20 22 24 26 26 30 32 34 36 35 40 42 44 46 45 50 52 54 56 58 60
Min

Peak Results :

Index Name Tire| iy | Heg Frea A
] AL Min]

unmcwn‘euagl muno‘ ] 1?4‘ 100,000

Total | [ I ool 221 174 100000

(-)-158a-major

(-)-methyl (3R,3aS,6aR)-3-
phenyltetrahydro-3H-furo[2,3-
c][1,2]dioxole-3-carboxylate

Vail - 117

Method - AS-H_95.5_ 05
Run time - 90,00 min

Inj. vol. : 20,000 pi

Column : Chiralpak AS-H, 4 6 x 250 mm, 10 pm
Eluents - A = n-Heptane

B = i-Propanol
Flow : 0.5 miimin

Lo 215nm

0O 5 10 15 20 25 30 35 40 45 S50 55 60 65 V0 75 BO 85 O
Min

Peak Results :

Tndex Name Time| Aea A%
] [mAL Min]

UNFHCWN] 2022 D77l 08 06 0771

uummwly 0] mazal zan 5‘ 22220

Toia | 1 10000 £8 1(100000




(x)-158a-minor (-)-158a-minor

(x)-Methyl 3-phenyltetrahydro-3H- Methyl (3S,3aS,6aR)-3-

furo[2,3-c][1,2]dioxole-3-carboxylate phenyltetrahydro-3H-furo[2,3-
c][1,2]dioxole-3-carboxylate

Vi Vail - 116 Column : Phenomenex Lux Cellulose-1,
Method : Phex-Cel1_99-1 4.6 x 250 mm, 5 um Method : Phex-Cel1_99-1 46 x250 mm, 5 pm

Run time : 60,00 min Eluents : A = n-Heptane Run time - 60,00 min Eluents - A = n-Heptane

Inj. vol. - 10,000 pl B = i-Propanol Inj. vol. : 10,000 wi B = i-Propanol

Flow : 1.0 miimin
%c 215mm 2 215nm

Flow - 1.0 ml/min

SBA-373-minor_rac_umkrist_1.DATA - PDA detector Absorbance Analog Channel 1

mAL
]

00000

024 6 8 10121416 18 20 22 24 26 28 30 32 34 36 38 40 42 44 46 45 50 52 54 56 58 b -
Min 0 2 4 6 8 101214 16 18 20 22 24 26 28 30 32 34 36 38 40 42 44 46 48 50 52 54 56 58 60
Min

Peak Results : Peak Results :
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UNENOWH] 1582 4014 20 k] RN 7%_>M Areal [mAUI [mAUMn| %]
IUNKNONN‘EHG il 08 z\anl 5 B 1 uNKNOV\'N‘tfsBI Iunno‘ 551‘ 26.9] 100,000
Tow | I 100001 722 4711 100000] Total [ 10000] 651] 269] 100000
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NMR Spectra

4.10.13.

Starting Materials 1
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5. List of Abbreviations

Ac
Acr

ADHD

ADHS

AIBN
aq
Ar

ATRA

ATR-IR

BDMAP
Bn

Boc
Box
bpy
bpz

"Bu

dap

Cat
DCA

DCC

Angstrom
Acetyl
acridinium

Attention Deficiency
Hyperactivity Disorder

Aufmerksamkeitsdefizit und
Hyperaktivitatsstorung

azobis(*°butyronitrile)
aqueous
aryl

Atom Transfer Radical
Addition

Attenuated Total Reflection
Infrared Spectroscopy

1,6-bis(dimethylamino)pyrene

benzyl
hutyloxycarbonyl
bisoxazolin
2,2’-bipyridin
2,2’-bipyrazin
n-butyl

tert-butyl

2,9-dianisolyl-1,10-
phenanthrolin

Catalyst
9,10-dicyanoanthracene

Di(cyclohexyl)carbodiimide
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DCBA
DCM
DIPEA
AT
DMF
DMSO
dtbbpy
EA

ED
EDTA
ee

e.g.
ET
etal.
EtOAc

FT-IR

HOMO

HPLC

IC50

ie.
IET

LAH

Di(cyclohexyl)**butylamin
dichloromethylene
di(*°propyl)ethylamine
elevated temperature
dimethylformamide
dimethylsulfoxide
di*"butylbispyridin

Electron Acceptor

Electron Donor
ethylenediamintetraacetate
enantiomeric excess
exempli gratia = for example
Electron Transfer

et alii = and others

ethyl acetate

Fourier-Transform Infrared
Spectroscopy

Highest Occupied Molecular
Orbital

High Pressure Liquid
Chromatography

Half Maximal Inhibitory
Concentration

id est = that is
Internal Electron Transfer

lithium aluminium hydride



LED

Mes
m.p.
NBS
NMR
NPht
Pg
Ph
Pr

PPy

rac
r.t.
sat
SCE

S|

Light Emitting Diode

methyl

mesityl

melting point
N-bromosuccinimide
Nuclear Magnetic Resonance
phthalimidyl

Protecting group

phenyl

Sopropyl

2-phenylpyridin

residue

racemic

room temperature
saturated

Standard Calomel Electrode
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TGA

TFA

THF

TLC

T™S

Ts

Ref.

SET

uv

Vs.

vssl.

Thermogravimetric Analysis
trifluoroacetic acid
tetrahydrofuran

Thin Layer Chromatography
Trimethylsilyl
4-toluenesulfonyl
Quencher

Reference

Single Electron Transfer
ultraviolet

versus = opposite to / in
contrast to

voraussichtlich



6. Curriculum Vitae

270



271



7. Acknowledgements

Mein Dank gilt meinem Doktorvater Prof. Dr. Oliver Reiser, der mir wahrend meines
Bachelorstudiums einen Aufenthalt an der UC Berkeley ermdoglichte, unter dessen Anleitung ich
meine Masterarbeit anfertigte und der mich schlielilich in seine Arbeitsgruppe aufnahm und mich bei
meiner Bewerbung um ein Promotionsstipendium unterstiitzte. Seine wertvolle konstruktive Kritik
erlaubte mir persénliche und fachliche Weiterentwicklung.

Fir fachliche, technische und moralische Unterstiitzung danke ich Herrn Dr. Peter Kreitmeier, dessen
Fachkenntnis und personlicher Einsatz die Arbeiten an dieser Dissertation ermdoglichten. Auch
unseren Technikern Klaus Déring, Helena Konkel, Roxane Harteis, Brigitte Eichenseher und Johannes
Floss gilt mein Dank. Durch grofen Einsatz trugen Dr. Peter Kreitmeier und Johannes Flof3
entscheidend zum Peroxid-projekt bei, wofiir ich ihnen besonders dankbar bin.

Ich bedanke mich bei den Mitarbeitern der zentralen Analytik der Universitat fir Durchfiihrung und
Unterstilitzung bei der Auswertung von NMR, Massenspektroskopie und Kristallstrukturanalyse.

Beim Sekretariat des Lehrstuhls, Frau Michaela Schiile und Frau Antje Weigert, bedanke ich mich fur
Unterstlitzung und Bearbeitung von organisatorischen und biirokratischen Angelegenheiten jeglicher
Art. Bei Frau Dr. Petra Hilgers bedanke ich mich fir die Begleitung im Rahmen des Graduiertenkollegs
Photokatalyse.

Ich danke meinen lieben Laborkollegen, die ich Uber die Jahre hatte — Dr. Christian Faderl, Dr.
Christian Eichinger, Andreas Hartl sowie Dr. Matthias Knorn, dessen Laborplatz ich zunachst
libernehmen durfte. Ohne meine Kollegen hatte ich nie die Zeit durchgehalten, und ware sicher nicht
so gerne ins Labor gekommen — Danke fiir ein offenes Ohr, fir die Geduld mit meinen Launen und
die gute Zusammenarbeit & Freundschaft.

Ich danke Tobias Babl dafiir, dass er seine Bachelorarbeit mit mir durchgestanden hat, und spater als
Doktorand zur Arbeitsgruppe stieR —ich wiinsche ihm fir die Zukunft alles Gute!

Ich danke meinen Forschungspraktikantinnen und Forschungspraktikanten, derer ich einige zu
meinen Freunden in der Arbeitsgruppe zahlen darf. Viktoria Scheidler, Carina Sonnleitner und Robert
Eckl stiefen als Masteranden zur Arbeitsgruppe; mit Carina konnte ich spater auch fir den
Regensburger Halbmarathon trainieren - danke fiir die Motivation!

Auch allen weiteren gegenwartigen und ehemaligen Angehdrigen des Arbeitskreises Reiser gilt mein
herzlicher Dank fiir entgegengebrachtes Vertrauen, fir fachlichen Rat, fir personlichen Rat, fir
gemeinsames Lachen, und fiir so viel mehr. Danke, dass ihr mich wahrend meiner Zeit am AK Reiser
begleitet habt!

Leider habe ich wahrend dieser Arbeit auch einen guten Freund noch aus Schultagen, Ralph, an den
Krebs verloren. Ich bedauere, dass wir nicht mehr gemeinsam den Abschluss unserer jeweiligen
Promotionsarbeiten feiern kénnen. Du fehlst!

272



Meinen Freunden in und ausserhalb der Uni, in der Friedrich-Ebert-Stiftung, in Regensburg und wo
auch immer sie sich gerade rumtreiben, danke ich fiir die guten Gesprache und die schone Zeit, die
wir gemeinsam hatten und haben. Danke dass ihr mein Leben lebenswert macht!

Meinem guten Freund Ulrich Sattler danke ich fur ein immer offenes Ohr, seine Hilfsbereitschaft und
Unterstilitzung, und die gemeinsamen Ausfllige zu seinem Kamerunschaf Bocki.

Besonders bedanken mdchte ich mich bei meiner Freundin Natalija, fur ihre Unterstiitzung und
Motivation, und dass ich oft mit ihr zusammen lachen kann.

Zu guter Letzt bedanke ich mich bei meinen Eltern und meiner ganzen Familie, dass sie stets an mich
geglaubt haben, flr die bedingungslose Unterstiitzung und Liebe. Danke - ich weil} dass diese Arbeit
nicht nur mich gefordert hat.

273



274



8. Declaration

Herewith | declare that this thesis is a presentation of my original work, prepared single-handedly
unless otherwise noted. Contributions of others are marked clearly with reference to the literature,
license or acknowledgement of collaborative research.

Ich erklare hiermit, dass die vorgelegte Dissertationsschrift, soweit nicht anders angegeben, der
Ausfluss meiner eigenen, eigenhdndigen Arbeit ist. Beitrdge anderer sind klar als solche
gekennzeichnet unter Angabe der jeweiligen Literaturstelle oder Anerkennung der

Kollaborationsleistung.

Simon Budde

Regensburg, xx.xx.2020

275



