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1. Overview

1.1  Summary

The work presented herein achieved the application of different facets of visible light
mediated photocatalys towards the synthesis of biologically active and hence
pharmaceutically relevant moleculéss dividedin two parts.

The first part deals with harvesting the powers of the long known photochemical
decarboxylation. By means ON-O esters,i.e. N-hydroxyphthalimide estersprimary
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 wameded Additionally to the
compound rangeshown by Christian Faderl, a scope of various amphetamines was
synthesized(Scheme 1). In the o©urse of thisthe possibility for incorporation and
conservation of enantiomeric information was investigaiad successfully demonstrated
with the synthesis of enantiomerically pu®-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%

Schemel: Synthesis omphetaminesia 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 aspartiaratits homologue, glutamic
acid, in decarboxylations. While in literature the latter veaget for thedecarboxylation of

its a-carboxy groupijts g-carboxy group, representing a primagid, was the focus of this
work. Adequate starting matersabase on glutamic acid ere synthesizedusing different
protection strategies f@-carboxylic acid and amine. The formation of an oxazolidinone or a
hydantoin heterocycle was key to a successful protection of the two functionahties

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

While the oxazolidinone protection strategy was used in decarboxylatiganolecular
reactions and further explored by Christian Eichinger, the hydantoin protection strategy was
successfully applied for amtramolecular cyclization, giving rise to sixembered ring
systemgScheme).

The ®condpart deals witha photochemical oxygenation of cyclopropanated (hétero
cycles giving rise to arglated peroxidesSuitable starting materials require an aromatic
system adjacen t o t he tricycl e, which can be oxi di
catalyst. This generates a radical next to the cyclopropyl group, triggering its opening and
subsequently leading to the incorporation of oxygen, therefore expanding the cyclepmpan

a fiveememberedndoperoxidéSchemes).

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

Scheme3: Synthesis of endoperoxides from cyclopropanated furan.

Following the exploration of a broad range of substrates, including differently substituted
cyclopropanate@®- andN-heterocycles as well as carbocycles, an array of endoperoxides was
tested for activity against the malaria pathogéssmodium falciparunat the Max Planck
Institute of colloids and interfacdsy 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 carbocyclivalgres 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 statef-the-art malaria therapeutic artesunate, these initial results demonstrate the
biological activity ofthe 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 Molekule
von pharmazeutischer Relevanz errei€hé Arbeit teilt sich in zwei Teile.

Der ersteTeil beschreibt die Verwendung der lange bekannten photochemischen
Decarboxylierung. Mittels der Aktivierung der Carboxylgruppe Mt©-ester, hier: aldN-
Acyloxyphthalimid, konnen primare Carboxylgruppen mittels sichtbaréichts
decarboxyliert verden.Durch die Anwendung dieser Strategie konnte die Substratbreite einer
durch Decarboxylierung eingeleiteten Smiléslagerung, welche schon zuvor im
Arbeitskreis Reiser untersucht wurde, erweitert werden. Zusétzlich zu den Substraten, an
denen durch kristian Faderl die Umlagerung erfolgreich durchgefiihrt wurde, konnte diese
auch erfolgreich zur Synthese einiger AmphetabBdémivate eingesetzt werddSchema 1L
Im Zuge dessen konnte anhand der erfolgreichen Synthese von enantiomerer8einen (
Amphetamin, welches zur Therapie von ADHS eingesetzt wird, gezeigt werden, dass in

diesem Falle die Stereoinformation dear8haterials erhalten bleibt

Amphetaminderivate
1 mol% H

@ N.
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Schena 1: Synthese von Amphetandarivaten mittelginer Kaskade von Decarboxylierung und Smiles

Umlagerung.

Da die naturliche Aminosaure Asparagisaure und Glutaminsauredie grundsatzliche
Voraussetzungen fur eine Verwendung als Teil eines geeigneten Startmateriadg, eridll
erhebliche Vorteile wie geringe Kosten und inh&rente optische Reinheit mit sich bringen,
wurden sie als Ziel weiterer Untersuchungen ausgewahlt. Wahrend einige Literatur zur
Decarboxylierung dern-Carboxylgruppe von Asparaginsaure und Glutaminsaws dm

eine CH-Gruppe verlangerten Homolog, verfugbar ist, wurde kwlgenden auf die
Decarboxylierung deprimaren Sauregruppeer beiden DiSauren mittels Aktivierung als-
Acyloxyphthalimid abgezielt. Fir Amin unda-S&uregruppe wurden verschiedene
Schukgruppen getestet. Hierzu wurden Oxazolidinond Hydantoinheterocyclen gebildet,
welche erfolgreich die beiden unbeteiligten funktionellen Gruppen und die Stereoinformation

der natirlichen Aminosauren bewahren.
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Schena 2: Glutaminsaurebasiertes Hydantoinderivat als Startiab&ner photochemischen Decarboxylierung

Wahrend dieOxazolidinonSchutzgruppen decarboxylativenntermolekularen Reaktionen
verwendet wurde, welche von Christian Eichinger néher untersuctdemjumurde ein
geeigneteglutaminsaurebasiertddydantoinDerivat erfolgreich bei einentramolekularen
Cyclisierungzu einemsechgliedrigen Hetermyklus eingesetzt (Schema 2).

Im zweiten Teil dieser Dissertation wird die photochemische Oxygenievong
cyclopropanierten (Hetefrjzyklen zu annelierten Endoperoxiden beschrieb8eeignete
Startmaterialien fir eine derartige Reaktion bendtigen ein aromatisches System neben dem
dreigliedrigen Ring, welcher in Gegenwart sichtbarkichtes (Luft)sauerstdf und
FukuzumiKatalysator 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 flunfgliedrigen Endoperdits
(Schema 3).

Ph
I;I Ph Ph  co,Me H CO,Me
7, Oxidation H, e - <« o
/ “CO,Me —> — 0
0" ‘H o’ ® 0" 4

Schema 3: Synthese von Endoperoxiden aus cyclopropaniertem Furan.

Aus der Reihe verschiedenster auf diesem Wege synthetisierter Endoperoxideeinarde
Auswahlam Max Planck Institut fr Kolloidund Grenzflachenforschung von Felix Gordeler
aus der Arbeitsgruppe von Prof. P. H. SeebeegdrAktivitdt gegen den Malar&rreger
plasmodium falciparununtersucht. Die Ergebnisse zeigen eine positive Korrelation ensc
Aktivitdt und Lipophilie der untersuchten Endoperoxide, mit einem annelierten Carbocyclus
als bestem Derivat. Wahrend die gefundenen {@&0te im mikromolaren Bereich liegen,
belegen sie doch die Wirksamkeit der synthetisierten Endoperoxide und deigéileg zu

moglichen weiteren Untersuchungen.



2. General Introduction

2.1 Basics of Visible Light Mediated Photoc hemistry

In the last two decadegjisible 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 methodvhich provides selectivity and versatility and yet is
operationally simple. Supported by the development a€iefft light sources with narrow
emission bands in the visible region, namely EBBps, in the 1990s, photochemistry is now
commonly found even in industrigtale processes. Controlled irradiation at a certain
wavelength with a defined power allows foeproducibility and combined with flow
chemistry, visible light photochemistry is a valuable tool for greener processes in industrial

synthess, as coveredh various reviews”’

For a long timewith some notable exceptidhphotochemistry relied on the use of Uight,
generated by highressure mercury lamps, posing a costly tyafazard.Some intriguing
transformations were achiev&d, but the applicability was low due to the incompatibility of
many functional groups with higdnergy U\light and the inconvenient reaction setup.

However, the use of visible lighgeneratedby efficient light source was not only an
operational improvement, but algmved the pathito completely new mechanisms and
therefore transformations. While Uight can directly excite organic moleculéisese usually

do notabsorb in the visible regipmmaking the use of catalysts mandatory. These colored
organic dye¥ and transition metal compleXéscan harvest photons from the visible
spectrum with a wavelength between 400 andr8@iCand then catalyze reactianscolorless
substratesvia different pathwaysCombinations with other talyst sysems are possible,

giving way to an entirely new playground for organic chentrsts.
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Schemet: Generic mechanisiior photocatalytic reactions.

Said pathwayare categorizeditheras single electrotransfe(SETY or energy transfe(ET)
mechanisms(Scheme4).!® The single electron transfer mechanisms are usually called
photoredox catgsis, which utilizes the ability of the excited catalyj§at]* to either take up

an electron from a given substrate and therefore act as ox{@uxidative Quenching)or

donate an electron to function as @lectron reductaniReductive Quenching)ro close the
catalytic cycle, the catalyst then has to take or respectively give an electron to retarn in it
ground state, as shown3themet.

The energy transfer pathway in contrary does not necessarily produce a charged species, but
brings the substrate molecul®) in an excited statgQ]*, which can triggere.qg.
intramolecular electron transfer between two functional groups within the substrate molecule,

generatingdi-)radicals'®*®

For the singleelectron pathway, thabove describerbutesaredifferentiated by choosindné
reaction conditions accordingly. To determine these condjtitnewledge about the
reduction and oxidation potenti#flsof all the components in the reactios required
including the catalyst iits ground and excited state. Only then, the following questions can
be answered
91 Does the potential of the catalyst match the potential of the subseatan a SET
betweerthem take place?
Does the reaction require a sacrificial electron donor, and if so, which one?
Is the desired product stable under the conditions, or wékittfurther because it can

also undergo a SET?



Analytical methods originally established ihet field of electrochemistry and physical
chemistry give access to the required nuneesy.cyclovoltammetry for thelucidationof
redox potentials.

The toolbox available for adjusting the reactioonditions holds a variety of catalysts,
coverng a broad range of potentiatseveral characteristics determine if a colored molecule
can become an effective photocatalyst: The molecule needs a high absorption coefficient,
which shows that of all the inogung photons, a large part is absorbed and pamer the
catalytic cycle Upon absorption, a potential catalyst is transferred to its excited state, with the
medanism differinggreatly between heterogene®land homogeneous catalysasdin the

latter group again betweenransition metal basednd solely organic cataly$tsit needs to
remain in the excited state for a sufficiently long time-dabed lifetime) without
unproductive relaxation to enable interaction with the substrate, as this requires a close
encounter of the two (distance under&)0All of these properties can be tuned,dmycalled
Adopi ngd i n het er og ehangingdigands in tositignanetal complexdsa | y s t
or substituents in organic dyes

Most commonly employed are transition metal catalysts, which are known for their superior
stability (Scheme5). Their properties are determined by the ligands attached. The costly
rutheniunt*?° (e.g.1, 2) andiridium?® (e.g.4, 5) basedcatalysts operataith an outer sphere
mechanism, where the radicals generated do not interacthegitimetal centre. Coppbased
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 reacti@an coordinate to the copper, and therefore give rise to an
inner sphere mechanisnithe details of copper photocatalysis are discussed in detail in a

recentreview by Reiseet al..?’
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Schemeéb: Transition metal photocatalysts.

Next to transition metal catalysts, organic dgtsd aviable alternativé Schemes). Despite
being less stable, they can be used in larger quantitie®thdnbased catalyst as they are

more often than nohexpensive and produced in large scalenolyistry.

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

rose bengal 7 methylene Fukuzumi's
blue 8 catalyst 9

Schemes: Organic dyes used as photocatalysts.

The broad range is further enhancedcbynpoundghat cannot be summarized under the two
groups of catalysts discussed above, such as the heterogeaeatsse modification of
titanium dioxidé®2° or rather exotic cases,e.g. sodium iodide in combination with

triphenylphosphineyhich has been used as a photocatalystigt al (Schemer).*°



20 mol% PPh;

(o) 1.5 eq. Nal Ph
O,Npht + OTMS hv456 nm - +CO,
Ph MeCN, r.t.,, 15 h (o)
10 1" 12

Schemer: Visible light mediated decarboxylative alkynation with iodide as catalyst.

Not onlytailored catalysts, but alsaificial electron doors tuned to specific demaridse.
less prone to side reactiorggod solubility or with a special redox potenfiahre available
(Scheme8). In terms of green chemistry, atom efficiency needs to be improvkd:

sacrificial electron donor should be of low molecular weightoverable and recyclable,

0O at al | | but al s
i owe
OH
Z (o)
=1 ”°J\S=<V/° )\NJ\ HN\
N
H G)o OH k

Hantzsch ester 13 ascorbate 14 DIPEA 15 DCBA 16

easilyaccessible orideally ot fAsacri fici al

o)

SchemeS: Assorted sacrificial electron donors used in photocatalysis

While a wide range of transformations can be performed using photocatalysis, its utilization
in industry washindered due to issues when upscaling 4stale reactionsTraditional
activation methods such as heating have been used fargapkriod oftime; hence the
knowledge on key points to solve in upscaling is there. Photochemistry however requires
additional thoughgiven to issues such as light penetration into vessels, which is dependent on
the concentration and on the amount of volumwed cooling when strong lights are used
Several methods exist to improve lightihge.g. lighting from the inside, or the use tow

technique®3°, which in fact combine well with photocatalytic reactions.

I
"

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

HO,C
artemisinic acid artemisinin
17 18

Schemed: Synthesis of artemisinin by Seebergenl®®

Even twephasg(liquid/liquid andliquid/gas)reactions came performed in flo’/, as shown
by the continuous flow synthesis of the antimalarial pharmaceutical artemiSirirom its

precursor artemisinic aciti7 by photochemical oxidation in presence of oxyg&cheme

9



9).38 This process allows for large scale synthesis of the drug, and as the precursor is extracted
from a plantthe chlorophyll contained in the extraction mixture can be used as photocatalyst,
making this a prime example of green chemigttgnce, this much desired treatment for the
malariadisease becomes available at a reasonable price to the people eved-worladir

countries.

10



2.2 Photochemical Decarboxylations

Decarboxylations are important reactions in nature andymtheticchemistry. In nature,
catalytic decarboxylation is a key reaction in most lifeforms, supplying enveadiie Krebs
cycle3® In chemistry, decarboxylatiorsre 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 availabitethe laboratorythe extrusion of Ce&from
carboxylic acids can be achieved by a number of ways, including h&agtegtrochemical
method4%4!, use ofvarious catalyst$, UV-irradiatiorf® and photoredox cataly$fs the later

being the focus of this tkesand therefore discussedmore detaiin the following.

Barton et al first described decarboxylations of active esters by thermal means and upon
addition of tribuylstannad&IBN as radicalsource(Schemel0).*>*¢ The radicals could be
addedeither to e.g. double bondsselenide®, or simply abstract hydrogen atomlith

further development by Bartons sessors, among them Samir Z. Zard, this style of
decarboxylation became widely used, even more so as the use of teBaseith radical

sources could be avoiddodly wusing an alternative f#Aradica
homolytic cleavage of the activeter*’ Thi s fAr adi c al sourceo is of

the use of th&l-O-esters developed by Barton viable even tdday.
HSn"Bu, | X
R TAIBN +N A+ R —=»
or hv, AT ¢
SSn"Buj;
Schemel 0: Decarboxylation of active esters as described by Battaif*®
An importantcontributionin the area of photochemical decarboxylations was made by the
group of Okadaet al, who used adifferent activation groupconstructed fromN-

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

completion of the reactiofBchemel 1).4°

11



o 0 0 °>_R BDMAP, hv

t
YR + N-OoH 2CC o N-O BusH » RH
HO iPrOH/H,0

19 O O 20 A
A BDMAP*
BDMAP 'BuSH or
BDMAP* hv solvent
. >—R .
BDMAP: NM62 +H
H,0
22 NH +CO,
regeneration of activation group
NMez 23 (o)

1,6-bis(dimethyl)aminopyrene

Schemel 1: Decarboxylation ofN-acyloxyphthalimides as described by Okatial*®

This decarboxylation generates free radicals, which can undergo various transformations,
intramolecular andntermolecular Schemel?2).
o) BDMAP
AN BusH (O . P

Schemel2: ApplicationofOk adads dedar boxyl ati on.

Even though new techniques were developed which avoidsthef activeesters altogether,
the decarboxylation diN-acyloxyphthalimides remains viable due ke tease of preparation

of the requiredN-O-esters and the compatibility with modern photoredox chemistry. In the
example shown belo{Bchemel3), Overmanet al use [Ru(bpyj?* as photocatalyst instead

of BDMAP, and use a combination of Hantzsch e$8and DIPEA1LS5 as sacrificial electron
donors to facilitate the key step in their synthesié)efiplyviolene31.%°

0
MeOOC 29
NPht THBSO H Cl
(1.5 eq) -

1 mol% [Ru(bpy)s]1(BF,);
1.5 eq Hantzsch ester -
2.2 eq 'Pr,NEt ; -CO,, -HNPht ~ Me Me
DCM, r.t., 2.5 h, hy

Schemel 3 Synthesis of plyviolene31 by Overmaret al*°
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For a long time, the use of activation groups was mandatory to achieve successful
decarboxylation under photoredox conditions, umtil2014 the group of MacMillaet al.
demonstrated theisible light mediatedohotocatalyticdecarboxylation ofplain carboxylic

acids without the workaround of active estef$ Employing highly oxidizing fluorinated
[Ir(dF(CR)ppy)(dtbbpy)]PFk catalyst, salts of carboxylic acids in activated positiang. (

Uto a heteroatom group, secondary or tertiary acids) were decarboxylated upon irradiation.
Among the tested baseshich wee used to deprotonate the acids, forming their reisjec
carboxylatesk,HPQy gave the begesults Echemel4).

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

Schemel4: Decarboxylation as described by MacMillenal.>!

Since its first description in literature, this technique basn applied as the key step in a
number of synthesé€$>3

However,this activeester freeapproachfails for unactivated primary carboxylic acids.g.
most fatty acids from natural sourcedn contrast, the decarboxylation of N-
hydroxyphthalimide esters is possildso with such substratesdin generalrequires less
oxidizing conditions and hence may be more suitable to sensitive subsiragdsvant ugto-
dateexample is depictenh Schemel5: Riuping et al employedradicals generateda visible

light photoredox decarboxylatiofrom 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

Schemel 5: Decarboxylation ofN-acyloxyphthalimides for the construction of amines by Ruginal>

In conclusion, visible light mediated decarboxylatrepresergan important technique in the
synthesis of complex molecules aad alternative to other activation medts, filling with

life the termfitraceless activation groggoined by D. WC. MacMillan>t

13



3. Smiles Rearrangement

3.1 Introduction

Thevisible light mediated decarboxylati@laborated on in the previous chapiters applied
by Reiseret al for a secalled Smilesearrangemern(Schemel6).>°

hv

O\

[Ir(lll)] [lr(lll)] X J
RN »\Q »\Q ET »\Q RN !
0 Ty 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

Schemel 6: Visible light mediated decarboxylation and consecutive rearranggrublishedby Reiseret al>®

The term is named after a rearrangement described by Samuel Smiles Shat@Busedd
describe reactions where a chain on an atansystem switches its starichend point, most
commonlyvia a bicyclic intermediate4(l, Schemel?). As the reation pathway involves an
ipso-cyclization, the redwmn is only feasible for certain chalengths Typically five or six
membered intermediates give the bestits, with longer chainseing disfavored and shorter
chains nearly impossibisper the Baldwin rules’ Driving force is the higher stabitof the
newly formed bond, anthe rearrangement is often triggered by reactr@hsasing volatile
groups such as GQcompareSchemel6) or SQ.>8 From the spirdntermediate ari,2 shift
(43) is competing with the ring opening, which can be differentiated from a possthie

cyclization(44) only in presence of other substituents
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bicyclic

spiro-intermediate Smiles product

X
X\/\Y /> Y\/\X
40 Y41 42
R R R

competing 1,2-shift

* /@ij *
R X

~
~

~
~
~
-~

possible ortho-cyclication

X
ook
R Y

Schemel7: Basic representation of a Smilesrrangement.

The Smiles rearrangemeifitas beet? and still i$° an interesting option for theonstruction of
sidechains of aromatic system&wen more so as visibléght mediated photocatalysis
presents a powerful and selective method to facilitate these reactions in highly functionalized
molecule$! Among a number ofontemporary exangs® 9623 onereported by Stephenson

et al % is shownin Schemel8, where the reaction is initiated by radical formatiavisible

light mediated photoredox catalysis.

o) o)
0\\11 F 0\\1/ F
S<o F hv s\o/\l./F
— —> OH
/ \ Br B ]\
ST S 46 48

Schemel8: Smiles rearrangement as key step in the synthesis of anlQRtagonist?

Following the previous work of the Reiser group on toigic (Schemel6) and drawing
inspiration from the literature, visible light mediated decarboxylation was applied as key step,
initiating a Snilesrearrangement, in the synthesis of bioactive compounds an& som

derivatives.
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3.2 Studies on Visible Light Mediated Smiles Rearrangement

3.2.1 Initial Sudies: Phenylethylamines, Tetrahydroisoquinolines and
Benzoazepeninones ¥

The results described inigtirst subbchapter are results of C. Faderls work, whiekrdbeen
published as his Ph.D theSisand whicharethe foundation for the following work dhe
author of this thesisThey are given within this thesis psesenta reasonably complete view
and proper introductionon the subject of the Smiles rearrangement triggered by

photocatalytic decarboxylation

Smiles rearrangement

Phenethylamines
B _ R1— A \(\l )n
o) p .~ NRPg
.Pg catalyst o ;9 R=H, CO,Alkyl
R1 N hv @ N 51
) THNPht 9 L
n R1 (o)
CO,NPht - €02 N y-Pe
49 B 50 ] R'— /‘J)
= A 52
1,2 Acylshift

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

Schemel9: Visible light mediated photocatalysis initiagj a Smiles rearrangement.

It was envisioned that the classes of biologically important phenylethyldhites,
tetrahyrodoisoquinolin€$(52, n = 1) or benzoazepinongS2, n = 2)could be accesseda a
Smilesrearrangement from readily available starting mated8lsnaking use of renewable
resources, i.e. benzoic and amino acids (Scheme 19).°% 63 680 A photochemical
decarboxylation of a primary carboxylic acid should trigger the rearrangement, therefore an
active ester.e. anN-acyloxyphthalimide, was used as starting maté4ig@). Furthermorethe
starting material was comprised froffmethoxybenzoate, which was linked balaninvia

an amide bond. On the amidérogen, a'butyl group was attached to ensure a correct
conformation, as this bulky group forces the starting materialardesiable conformation,
bringing in close proximity the aromatic systems of the phthalimide and the be(FZigate

1).

Parts of this chapter are reproduced from C. Faderl, S. Budde, G. Kachkovskyi, D. Rackl and D.Qrgiser,
Chem, 2018 19, 1219212206;Copyright 2018 American Chemical Society.
¥ The work presented in this subchapter is work performed by Chrigtaterl 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

Figurel: Model substrate for photochemical Smitearrangement

Under irradiation with a blue LED I(max = 455 nm) an iridium based photocatalyst

[Ir (dtbbpy)(ppy}]PFs was able to transform the model substr&®e yielding the desired
rearrangement produé&i4a in 41% vyield (Table 1 vide infrg. As a competing process, a
considerable amount of ester hydrolysis walsserved accounting for the complete
conversion ob3a 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 coandirtat the

phthalimideportion of the molecule, reducing its oxidation potertfial.

Common photocatalysts such[&si(bpy)]Cl.A BI2O or the dye perylene did not facilitate the
desired rearrangement, whilerther control experiments suggasthat the decarboxylation
reaction isindeeda photochemically mediated proceds: absence of the photocatalyst or

light or in presence of aino product formation was observéentries 911). 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 fphotocatalyst conditions (ent8). It can
therefae be concluded thateither an oxidative nor a reductive quenching cycle, but rather
energy transfer is operative in this transformatigither the catalyst can trigger the energy

transfer, or it takes place intramolecularly underd¢dviditions.
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Tablel: Screening of reaction conditiahs

0 tBlu

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}]PFs MeCN traces

2 [Ir(dtbbpy)(ppy}]|PFs MeCN/HO (10/1) 41

3 [Ir(dtbbpy)(ppy}]PFs MeCN/HO (40/1) 61

4 [Ir(dtbbpy)(ppy}]PFs MeCN/H0O (50/1) 48

5 [Ru(bpyk]Cl2 MeCN/HO (40/1) 0

6 Perylene MeCN/HO (40/1) 0

s [Ir(dtbbpy)(ppy}]PFes 40 °C 40

8° [Ir(dtbbpy)(ppy}]PFs 80 °C 17

o° [Ir(dtbbpy)(ppy}]PFs no degassing 0

10° [Ir(dtbbpy)(ppy)]PFe no light 0

11° - no catalyst 0

12 - UV /<0250 nm 58

anless otherwise specifie&3a (0.1 mmol), photocatalyst (fnol %), degassed solvent (@), ratio of mixed
solvent in v/v, room temp., 116 PYields were determined by4 NMR spectroscopy of the crude products with
4-nitrobenzaldehyde as internal stand&8hlvent: MeCN/HO (40/1).9Acetone/HO (20:1), room temp., 6.

With optimized conditions in hands, the reaction scope was eval(kgbt:2). An array of
di f f ephenylethylamine®4a-k was synthesized byiroduction of substituents on the
phenyl ring These substituents wet@erated well regardless of the positiopdra-, meta,
ortho-), but electron donating substituents gave higher yi@das). With respect to variations
on the alkyl chainp-substitutionwas feasibleas demonstrated with th&ynthesis ofb4j.
Changingwaterto alcohok (primary, secondargr tertiary)in the solvent mixture allowed the

isolation of thecorrespondingarbamate§4a-R3, 54b-R?3 and54f-Me.
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Table2: 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 - RPN R ]
‘Bu R? hv, r.t n
455 nm>» '-%- Rz
# n SM R? R2 R3 product outcome
53a | 4-OMe 543 61%
53b | 4-Cl 54b, 45%
1 1| 53c |4-Br H H 54¢ 49%
53d | 4-Me 54d, 45%
Sar 2.0 T st
-OMe , 43%
2 | 1| 53g |3-OMe H H 54g 33%
53h | 3-Cl 54h, 21%
3 1| 53i |3-Cl,40Me | H H 54i, 53%
Me
4 | 1| 53§ |4OMe Me | H O)VN 'Bu | 54, 53%
MeO
COMe 54aMe, 64%
5 1| 53a | 4-OMe H | CO'Pr 54a'Pr, 35%
CO,'Bu 54a'Bu, 37%
COEt 54b-Et, 70%
) COPr N tg 54b-Pr, 56%
6 | 1|53b|4cCl H | Conau R1©/\/ T )
CO'Bn 54b-Bn, 60%
7 1| 53f | 2-OMe H | CO:Me 54f-Me, 38%
8 1| 53k | 3,40Me H - o 554, 82%
NfBu
9 | 1| 53 [3,4,50Me | H - R 550, 75%
56a | 4-H 57a 43%
56b | 4-OMe 8 57b, 60%
10 | 2 56c¢ | 3, 40OMe H ) N 57¢ 58%
56d | 3,4,50Me 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%
112 | 2 |56g | 2,50Me | H - N No
t
OMeBu rearrangemem
MeO

0 .
12 | 1|53m | 2,50Me H H @\/\/N'fsu 54, 38%;
rearrangement
OMe

Reaction scaleSM (1 mmol), [Ir(dtbbpy)(ppy}]PFs (1 mol %), 10ml MeCN (degassedyyith up t013.5 equiv.
Alkyl OH or a mixture of MeCN/HO ratio 40/1room temp, hs (455nm), 16h. Isolated yields are given.
ancomplete conversion after 24 h.

A further increase of the electron density in the arene ringptbgduction of two $3k), or
even three53) methoxy groups led to the exclusive formation of dihydroisoquinolin6bees
and55b, the latter being established byrXy structure analysig his supports the proposed
mechanism, ashese products ee fromthe 1,2-acyl shiftin the spiroradicalntermediate
(compare Scheme 17, cmpd. 41) rather than an orthoyclization which occurs
regioselectively towards the sterically less hindesiéel if an unsymmetrical starting material
such asb3k is employed.Such a pathwayis not feasiblewhen bothortho-positions are
blocked(53)); in thiscasethe Smiles rearrangement is observgs#im), albeit in low yield
Substrateb6af, comprising analkyl chain in the amine elongated by one methylene unit
compared to 53, formed tetrahydrobenzazepinone87. No products arising from
rearrangement ot,2-acyl shift were detected, indicating that these substrates followed a
different mechanistic pathwawhich is likely a direct 7exo/endetrig ring closure. This
change in mechanism is supported byfthrenationof 58 from a substrate where babintho-
positions are blocked\No rearrangement, but only formal reduction is observed, while the
analogous reaction towards-phenylethylamine54l follows the spirocyclization route.
Notably, also electron deficient pyridine derivat®b@&f was successfully transformed 5@f,
while no such reaction was observed for the analogous derivative with a shorter chain

Both major product groups formed by the discussed decarboxylagophenylethylamines
and benzoazepinones, are core parta ofass of natural compousctalledcapsazepin€$
with antrinflammatory and amnociceptive effect$® Therefore, a formal synthesis of
capsazepinoidl was developedScheme20, vide infrd. Compounds7b and 54b, being
obtained from the photorearrangemenb@ and53b (Table2) could be readily converted to

thekey intermediate§9 and60, 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 M LioH” /©/\/
THF, MeOH ¢ 61
MW, 89% 60 HO

Scheme20: Formal synthesis of capsazepinéitlaccording to Sternesat al.”

The reduction potentiabf [Ir(dtbbpy)(ppy}]PFs photocatalyst Eiz (Ir'V™") = -0.96V vs
SCE)on its own is insufficiento enable an electron transfer to teacyloxyphthalimides
(e.g.E12 =-1.32V vs SCE for53a). Albeit the water required fauccessful transformation
has been demonstrated to lower the reduction potential of the phthalimides, a photoredox
mechanism remains unlikelg this caselnstead, an energy transfer mechanism seems more
plausible. This proposalis supported by the facthat the reaction proceeds under -UV
irradiation in absence of the catalyFablel, entry 12). Furthermore, Schigt al calculated
theanalytic energy gradients for the growsmit excited states B8, which showed that the;S
and T; state of the excited molecué? can undergo such a charge tran&fddpon energy
transker, N-O bond cleavagériggers the decarboxylatiofprming radical 63 and releasing a
neutral phthalimide moleculgscheme2l, vide infra. Depending on the length of the alkyl
chain, a 7endo/exetrig cyclizationleadsto productss7, or the key intermediatgs is formed
via spirocyclization Following the analysis put forward §huand® and TchabanenKkdfor
spiroradical intemediates, rearomatizatiari 65 could be accompanied either laydirectl,2-
acyl shift to theortho-position of the phenyl rinépbserved for electron rich substrafsk, 1),

or more likely, by ring cleavagdhe latter gives rise tearbamoylcation 66, which then
transformsto the different types of productdependingon the electronic nature of the aryl
ring (54, 54-alk, 55) and the solvent. In case of water trapping the carbamoy! canother
decarboxylation occurs spontaneously under the reactinditions, leading to productl.
When instead of water an alcohol reacts with the carbamoyl cai@table urethane is
formed (product®4-Alk).
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65 o
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B AIkOH
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(o) ¢ 54-Alk OAIk

N/ Bu R' = p,m-OMe; o
. t
1 p,m,m’-OMe ~Bu

—>_H+ R T > R N

57 55

Scheme1: Mechanistt proposal for Smiles rearrangement triggered by decarboxylation.

In summary, the photocatalyzed transformationvadryl-N-acyloxyphthalimidesn presence
of [Ir(dtbbpy)(ppy}]PFs may lead to three different types of produaspending on several
key strictural elements of the starting material -pbenylethylamines 54,
dihydroisoquinolinone$5 and tetrahydrobenzoazepinongég The preparation ofwo key
intermediates for the convergent synthesis of the bronchodilator capsazepihoid
distinguishing the eactivity of two w-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 phenylethytdan substance classccessible by the Smiles rearrangement
presentedibove(Table 2), exhibit remarkable biological activitAmong these substances, a
sub®t of molecules with a special substitution pattern stands out: Amphetamimels, have
gained widespread attention both as useful pharmaceutmalthe tregament of various
diseases (ADHD, morbid obesitgic) as well as illegal stimulating drug§% "® Members of
this substance class have in common a methyl substituarpasition to the amino group. In

principal, they should be accessiblg the Smiles rearrangement discussed hdi®aneme

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&2: Amphetamines possibly accessilla Smiles rearrangement.

However, the preparation of the required stgrtimaterialvia the previous routevas
unsuccssful (Scheme23). Neither does the addition dfert-butylamine71 to crotonate76
take place aseadily as to acrylat&2, nor is the coupling of the benzoyl chloridé to the
respective startingaterial sterically feasible.

Previous starting material synthesis o

o ©)j\0|
0 74
NH
2 o — HN/\/U\O/

o} o}
S ~ e =
71 72 /’\ 73 /‘\ 75
o)

Attempted synthesis

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

Scheme3: Attempted starting material synthesis.

The following work was performed by S. Budde as continuation of the work of C. Faderl presented in the
previous sukchapter.
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An analysis of the key requirements of the starting material determined so far showed the
necessityof an aromatic group, a sterically demanding substituent on the amine, and a
suitable chain length for the carboxylic a¢@mpareFigure1). Furthermore at least one of
the substituents on the amine should be electron withdrawiggBoc, Ts) so to prevent the
nitrogen from being oxiized under th@hotochemical conditions.€. act as electron donor,
comparable to the often used DIPEA). Switching the benzoyl part for a benzyl group and
exchanging theert-butyl group for a Bogrotection group seemed a reasonable start for the
investigation. This change would also open up #aetionfor introducingchirality in the key
substituat in a-positionto the amine, significantly improving the previcagproach(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

= 0 = 0
NH, O NaBH : Boc,0 :
©/\ NaBH, ©/\H/\)L0Et ﬁ»©/\lﬂ/\)j\0ﬂ ﬂ»
(S)-83a Boc (s)-84a

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

Scheme24: New starting material sghesis for accessing phenethylamines

Transferring the key componentf the mechanism suggested for the Smiles photoreaction
(Scheme21) on this newsubstratdScheme25) showedone possible hindrance for thenlies
rearrangement. Upon decarboxylation,ipso cyclization (87) would lead to a produ¢gs),

where both bonds of the spirocycle that do not derive from the aromatic system are alkyl
bonds, connecting to a GHR group, whereas with the previosgbstrate, one of the bonds
would connecto a carbonyl(Scheme21). For therearrangement to proceed, an opening of
the spirocycle88 is required, and the differentiation between the two bonds would be less

distinct with the starting material being derived from a benagher than a benzogroup.

24



J\/ hv4s5nm J\ ipso- ® NBoc
CO,NPht izati i i
N 2 Cat N . cyclization ring opening
Boc -NPht" Boc
86a 87 88
Boc Boc
N\ H20 N NHBoc
ORI eaRt
89 90 OH Z rac-67a
Scheme5: Proposed mechanism for the Smiles rearrangement leadingpteetamines.

Also in this reaction water plays a critical role, as it traps the carboc88oreleasing
formaldehyde instead of another molecule of carbon dioxide as in the mechanism tbethe o
substratelases(Scheme2l).

Both possibleroutes (Scheme24) for the synthesis of suitabletarting materials were
completed successfull6a), and to our delight, the Smiles rearrangement took place under
irradiation in presence of a [Ir] catalyst, scsimthesize Bogrotected racemifrac-67a) and
(S9-amphetaming((S)-67a) in mediocre to goodyields (Scheme26). Consecutively two
different substituents on the aromatic system were introd(&d1 c), where tle electron
deficient(67c) substrate gave significantly lower yield.

Amphetamines
1 mol% H
N

NJ\/COZNPhth [ir(dtbbpy)(PPY)1PFs /©/\|/ “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%

Scheme26: Synthesis ofmphetaminesia Smiles rearrangement.

In order to prove that the stereoinformation introduced by usimi@l starting materialss

conservedboth Boeamphetamines were subjected to chiral HPLC analifgisire2).
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Figure2: HPLC analysis of Boamphetamines.

In addition, more research towards the mechanism was performed by analyzing inaeaksity
lifetime-quenchingof mixtures of the catalyst and the substr&g.comparison with a\-
acyloxyphthalimideexhibiting 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 matéfidlsor this comparisonN-
hydroxyphthalimide ester of hippuric adfll) was chosen.

For the graphs below, the intensity at 560 nm (F) was divided by the intensity of the pure
catalyst solution (§ and plotted againsiyfencheincar, Which corresponds to the equivalents of
substrate espective to the catalyst. Similarly,
the lifetime of the pure catalysb)tand plotted against thequivalents osubstrateespective

to the catalyst.
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Lifetime Quenching

0,4 T T T T T T
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Equiv.Quencher

Intensity Quenching

FIF,

0,4 T T T T T T
0 5 10 15 20 25 30 35 40 45
Equiv.Quencher

Figure3: Fluorescence lifetime andtensityquenching of selected substrates.

As seen from the grapla®ove until addition of about 1 equis3b, the fluorescence intensity

and lifetime of the [Ir] catalyst increase slightly, indicating the formation of a catalyst
substrate complex, bubén dropdrasticallyupon addition of more quencher. Rk, 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
possble when theN-acyloxyphthalimide is in a favorable conformation due to the presence of

the bulky'Butyl group or the Boegroup, respectivelyHowever the quenching o53b did
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not follow a SterAvolmer type quenching, indicating that more than just patéway might

be operative.

Octyl-NPht 90 (E.2® = -1.25V vs SCE, irreversible peakjvas also investigatedas
completely neutrakeference 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 hypothesisnodlectron 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 pureaspartic acid was envisaged as an ideal starting material for the
Smiles rearrangement. Thiamino acid would be an affordable source with chiral
information leading tgphenyl alanir®2 and derivatives, depending on the substituents on the

aromaticring (Scheme2?7).

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

Scheme27: Smiles rearrangement leading to substitytieenylalanines.

A possible synthesifor the suitable starting materi&l3a called for the selective hydrolysis of
the g-ester of aspartic acid dimethyl es8 to the free acid®4 (Scheme28). While a first
guess would hehat this ester group is less activatlkdn thea-ester the experiment showed

thatthe desired ester is indeed preferentially hydredyn 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

Scheme28: Envisioned starting material synthesis.

Di-ester95is synthesized from aspartic acid tbnzylation and consecutive protection of the
amine with a sterically demanding Bgooup. These two stepgere attemptedonsecutively
and alsoin one pot as they both require similar basic conditions. However, while the
benzylation was successful, arther substitution with a Beprotection group on this amine
could not be achieved. Several differéatses were testednd even the reverse ordérst
Boc-protection with consecutive benzylatiowas attemptedall unsuccessfulPresumably
high stericcrowding prevented the double substitut@nthe amingwhere in comparison
with the singular methyl substituen84( Scheme23), the mehyl carboxylate requires
significantly more space.

Hence, the unprotected substrate was tested for possible photoreaction under the standard
conditions established in the previous chapter, budesired rearrangement product, buityo

a complex mixture was observed, from whictainly the free acid, stemming froraster

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

Summarizing the resultso far, a bulky substituens required to force the starting material

into the right conformation. Only when the phthalimide and the aromegidue where the
rearrangements to occurare in close proximity, a reactiogan take place.High steric
crowding at the amine may prevent a successful starting material synthesis from natural
amino acidscalling for different protection strategies.

Consecutively other methods were envisioned to incorporate aspartiutamicacid into a

rigid skeleton, borrowing from the Schollkopf synthemigl otherd®® 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 glutar®ic acid

provide a rigid structure, protect the amine from oxidation, protec-tterboxylic group of

the two diacids, and offer the possibility for introduction of an aromatic residue on the amine.
o

o CO,H
CO,H
<Ni(\/,C02NPht HONPht, DCC < COz H HN)\(‘/)n 2
|

cat. TsOH
n=1,2 -H,0

Figure4: Envisioned synthesis of suitable precursors incorporating aspartic or glutamic acid within an
oxazolidinone.

A possible syntheticoute (Figure 4) calls for a condensation reaction afatura) a-amino

acids with formaldehyde in presence of an acid catalyst such as toluenesulfonic acid.
Employing a Deaibtark apparatus under reflux catnehs removes the watend in general
results in good yielddn case of sensitive starting materials, an inverse 3ark apparatus,
allowing the use of Chloroform or DCM as refluxing solvent may be ukkvever,
oxazolidinones only become stable whthe amine issubstitutedwith another electron

withdrawing group, such as a toluenesulfonateich need to be introduced beforeh&hd

Based on the oxazolidinondsrmed fromaspartic and glutamic acid, a photochemically
initiated decarboxyl#gon may give rise to interand intramolecular radical additions or

rearrangements.

First, starting fom aspartic aci®6, a derivative suitable for decarboxylation and possible
subsequenintramolecular cyclization(99) was synthesized §cheme29). Compound99
proved to be very polar and hardly dissolving in the solvent mixture acetorntater 40:1

determined to be the best conditions for such decarboxylations.

(o)
TsCl, @g;o H,CO \@Z ,/o HONPht ,,0
Asp(OH)2 Base NH O cat TsOH :0 DCC :0
HO Dean Stark
% OH N
o 97

O

Scheme29: Synthesis of a tosyl protected oxazolidin@®dhased on aspartic aceb as precursor for
photochemical decarboxylation.
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However, adding DMSO increased the solubility, and allowed for some tesbrsacdi new
compoundwas isolablewhich could not entirely be purified from residues of the phthalimide
byproduct. However, mass spectroscopy andNAMR allowed for the identification of
product 101, which is a cyclic sdibnamide(Scheme30). This product derives from the
starting material byortho-cyclization initiated by decarboxylatior§100), which hal been
observed for a different class of substrates in the previously discussed Smiles rearrangement
(Table 2). It can be hypothesized, ah due to the rigidity of the oxazolidinone, gso-
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 sparkenhterest as it is found as part of widely used-stroidal antinflammatory

drugs (NSAID).248 Apart fran being NSAIDs, these compounds were also shown to inhibit

the growth of certain cancer typ&s.

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)

Scheme30: Synthesis of cyclic stbnamidevia visible light mediated decarboxylation.

Starting from this compound, the core structure of several pharmaceutically used cyclic
sulfonamides is accessib(@02-104, Scheme31). A possiblesynthetic route includes an
oxidation in the first steA), e.g.via photochemical oxygenatiéf followed by opening of

the oxazolidinongB), e.g. using zinc bromide in combination with triethylsileffe 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

Scheme31: Some pharmaceutically relevant cyclic sulfonamialed a possible synthesis of their core structure
from compoundLOL
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The oxidation is essentjahs the carbonyl involved in the ketaol tautomerisms 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
accessiblevia traditional chemistry, involving a FidelCrafts 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 contast possibleintermolecular reaction®f oxazolidinones derived from aspartic and
glutamic a&ids were investigated, in part as collaboration of Simon Budde with Christian
Eichinger(Scheme32). This researcfks part of the thesis of Christian Eichinger and discussed

in depthibidem?®®

OR
NH, oFNPg |(:;;alyst Ar& OFNPg
— CO,NPht J > Ar
Hozc/k(ﬁ;,coz"' — > M R = Ac, SiMe3 M
(0] (0] (o)
n=1,2 Pg =Ts, Boc ¢
n=2
pipecolic acid OMe
N OH signal molecule in plants Ar N
H 3 Pd 5 107
108 pipecolic acid

derivatives

Scheme32: Intermolecular reactions induced by photochemical decarboxylation of suitably protected natural
amino acids developed by C. Eichinger.

The synthesis developgave access to pipecolic acid derivatité3. Pipecolic acidlO8is a
signal molecule in plants, which plays an important role in defensive activity of @ants
when being attded by pestS®°! Its synthesis has sparked interest, as it might find some

application in agriculture or atructurally rigidpart of peptide$?®3
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3.4 The Hydantoin Group as Alternative to Oxazolidinone Protecting
Group

Focus of this work remained on thatramolecular reactions of natural amino acid
derivatives;in particular, an alternative to Smilege reactions and to aromatic residues as
part of the core skeleton in general was researched. An intramolecular cyclization to a suitable
residue of a substiént 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 nitragetaining
heterocycle would be formeds oxazolidinonegproved to be adequafgotection groups,
able to conserve the stereochemical information from the starting matesimhilar cyclic
protection group fora-amino acids should be usebBepending on the ring size, either
piperidine or azepane rings would be accessible, which represent core strattorasy
biologically activecompoundgFigure5).%+%

H H H

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

Figure5: Envisionedintramolecular cyclization of glutamic acid derivatives

Three cyclic protection groups fom-amino acids were comparad respect of ease of
synthesis, stability and possibfanctionalization (Figure 6). While 1,3oxazolidin4-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 kelated

carboxy anhydrides have found use in transformatioasarhino 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

Figure6: Possible cyclic protection groups faramino acids.
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Alternatively, hydantoins, which represent area derived structure, can be formed fram

amino acids by the use of potassium cyafaute A, Figure7).°® The two nitrogens vary in
basicity and can be functionalized separately, or the diacylamine is already introduced with a
substituent by using orgaruyanate¥ instead otyanatesalt.

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? o R Z
amino acid
R?2=PhorBz

Figure7 Synthesiof substituted hydantoins.

While the hydantoirformation proceeds well in both routes, the third substituent of the di
acylatednitrogen is key to the stability of the protection gr8Gf$ 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 nitrogenhydantoingroup
decomposeand is cleaved

Therefoe, routeB, introducing an aryl or benzyl grouwas chosen. The first of which leads

to the most stable hydantoin, but in consequence is most difficult to remthe end, while

the benzyl group is stable in the following steps but requires differeshtless harsh
conditions to remove.

For this thesis, two different alkyl substituents as targets for the envisioned synthesis were
chosenapropargyl and a dimethylallyl group, the first of which would avoid the formation of

a new stereocenter altogether, the latter only cseate newstere@enter. This would be the
probe for possible stereoinduction by the chiral information brought h@osynthesis by
employing optically pure glutamic acid. As it is suspected tHalkier 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 phenydr benzyl group were considered: The phenyl substituent
forces the hydantoin to take a very flat configuration @ueonjugation of spcenters (both

nitrogens exhibit high pcharacter) while the benzyl gnap allows for more flexibility,
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which might hae an impact on stereoinductiois an energy transfer mechanism was not
feasible in this cas@nd the oxidative route described by Glomsl. ! did not result in any
conversionthe weltknown reductive quenching cycle fRu(bpy}]Cl> was employed with
DIPEA 15 as sacrificial electrordonor (Scheme33). Commonly employed conditions
analogous to reports from Overma al>® were adapted, and gave a mixture of two
compounds in excellent yieldScheme33). While the two compounds were inseparable by
column chromatography, they were successfully identified byNRBIR techniques.The
regioisomer which was formed in higher yields was found tohbeptoduct of a -@xo-dig
cyclization (1 1 Q 4 & 0),bwile the minor regioisomer was derived from aerdadig
cyclization (1 1 0,aldld )b Both cyclizations ardeasiblein accordance to the Baldwin
rules’, yet the formation of the sevenembered compound was not expecteddeur in the
observed amounthedifference between phenyl and benzyl substituted hydantoin was found
to be rather smalls the overall yield was in the same range, and the rategafisomers

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%

Scheme33: Intramolecular cyclization of glutamic acid derived hydantoin involving a propargyl residue.

The starting material containing a dimethylaltgbiduell11l 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 undecootlitions(Scheme34).

(0] (o]

2.5 mol% fac-lr(ppy)3= Ph—N»\N OH + Ph—N>\\N Z
MeCN/H,0 (40:1)

o /_/>7 hv4ss nms I-t., No, 18 h o 12 o 13

- o _ |

thN\”)\/\n/o\N f
o o 2
111 o 2 mol% [Ru(bpy)3]CI2> Ph—N»\N

2 equiv. DIPEA,
MeCN, hv4s5 nm» o 114
r.t.,, N, 18 h

Scheme34: Intramolecular cyclization of glutamic acid derived hydantoin involving a dimethylallyl residue.
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In this case, n@-membered product was observed, but still a mixture of two compounds was
isolaied. For the oxidative reactiomompound112 incorporating a hydroxyl group was
formed as expected, but apparently this hydroxyl group is eliminated comparably easily, so
that unsaturated product13 derived from such reaction is alsdservedin considerable
amounts Elimination may proceed during column chromatography, as the product ratio was
observed to changdlso, in case of the ractive pathway two cyclization productse
formed, one being identified as the same unsaturated comddids in the oxidative
pathway, and one being the expected saturated compbidhdA possible mechanism,

explaining the formation of each compound, is shbetow (Scheme3b).

/_>; hv’
o, ,N
% HNPht TP

Ph—N

A

B

Q”Q*
117
H* proton abstraction
+H+

Scheme35: 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 pathwagompareSchemet), but bothlead to the samiatermediatel17 upon

initial cyclization.From there, pathwa# depicts the regeneration of the catalyst by oxidation

of the cyclized radical (oxidative pathwawhereupon the resulting carbocatibh8 may be
trapped by wate¢112), which can be eliminated in thellowing, or the carbocation $&s a
proton directly, both of which leading to the unsaturated prabiL@&t

In contrast, pathwap calls for the regeneration of the catalyst by reduction of the cyclized
radical (reductive pathway). The resulting anidi® may be trapped by a proton, giving the
saturated producfild Alternatively, the unsaturated produti3 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 mis¢ 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 hydroxgbmpound by acid catalyzed elimination, while for the reductive

reaction ehydrogenation may lead to solely the saturated compound.
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3.5 Conclusion

The decarboxylation of carboxylic acidsyeof 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 anghnic or transition metal
catalysts. This allowsof a simple reaction setup and smoothes the way to three different
mechanisms, which depend on the conditions the reaction is performed under: Energy
transfer, oxidativer reductivepathway(Schemed).

All three pathways were employed as key step in the synthesis of potentially biologically
active substances or their key skeletdnitiating a decarboxylation of primar\N-
acyloxyphthalimdes.

Suitably substituteth-amino acids were decarboxylated, resulting in a Smiles rearrangement
leading to amphetamirgerivativeScheme36).

hv4s5 nm NH
NJ\/C02NPht Catalyst 2
=
R

amphetamine derivatives

Scheme36: Synthesis of amphetamine derivatives Smiles rearrangement induced\igible lightmediated
decarboxylation

Consecutivelythe naturalb- andg-amino acidsaspartic and glutamic acidere investigated

as possiblestarting material for intramolecular cyclizations. Working with thesacdts
required suitable protection strategies for @dhamino 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 usedif the construction of piperidines and also azepanes from glutamic acid
derivativeg(Scheme37).

R2
o ’7 hv4s5 nm (3\\ ) 0»\
y_N catalyst R2N N 2" R + RZN)//O
RN
\n)\/\cozNPht & d
(0] 109, 111 110, 112, 113, 114

Schemed7: Synthesis of piperidines and azepanes from hydantoin protected glutamic acid.

Thereby it was shown that visible light mediated decarboxylatiad-acyloxyphthalimides

today is a viable method applicable in the synthefspgharmacophores.
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3.6 Experimental Section

3.6.1 General Information

Solvents and chemicals

All commercially available compounds were used as receiethydrous solvents were
prepared by established laboratory procedures. Bttgthte, hexanes (40/60) and DCM were
distilled prior to use in chromatograpHr(dtbbpy)(ppy}]PFes was prepared as described in
the literature’?

Light source in photoreactions

As light source in batch process CREE XLamp-KP515 LED ( = 4507 465nm) were
used.

NMR -spectroscopy

1H-NMR spectra were recorded on BRUKER Avance 300 (300 MHz), BRUKER Avance llI
400 @A Nanob ayspectiomhedets. 1RMHIR )spectra were recorded on BRUKER
Avance 300 (75 MHz) and BRUKER Avance |11
The spectra were recorded in CRGhless otherwise noted. The Chemical shiftsfoNMR

were reported asl, parts permillion, relative to the signal of CHglat 7.26ppm. The
Chemical shifts for*C NMR were reported ad, parts per million, relative to the center line
signal of the CDGltriplet at 77.0 ppm.

Mass spectroscopy

Mass spectra were recorded at Central Atiel/ Laboratory of the University of Regensburg

on a Varian MAT 311A, Finnigan MAT 95, Thermoquest Finnigan TSQ 7000 or Agilent
Technologies 6540 UHD AccuraMass QTOF LC/MS.

Chromatography

For the column purification silica gel (Merck, Geduran ®0630.200mm particle size) and
flash silica gel 60 (Merck, 0.040.063 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 KMnQ.

FT-IR spectroscopy

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

Melting points were measured with a Buichi SM® 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"BusNBF4 as supporting electrolyte. The electrochemical cell consisted of a glassy
carbon working electrode, a platinum wire as counterelectrode and a silver wire as reference
electrale. The solvent was degassed bysparging 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 measwd using an Anton Paar MCP500 Polarimeter at 589 nm in the
specified solvent.

Chiral HPLC was carried out on a Varian 92@ with Chiralpak ASH, Phenomenex Lux
Cellulosel or2 as chiral stationary phase (as specified), using mixturésepitane and

'PrOH as eluent.

Fluorescence intensity was measured with a Horiba Scientific FluoroMax4
Spectrofluorometer.

Fluorescence lifetimewas measured with a Horiba DeltaPro Fluorescence Lifetime System
equipped with a 378m Deltadiode DEB7O.
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3.6.2 Fluorescence Quenching

For the graphs below, the intensity at 380 (F) was divided by the intensity of the pure
catalyst solution (5 and plotted againstienchetncar, Which corresponds to the equivalents of
53br espective to the catalyst. Similarly, t he
lifetime of the pure catalystoftand plotted against the equivalents58b respective to the
catalyst. As seen from thgraphs (Figure 3), until addition of about 1 equivs3b, the
fluorescence intensity and lifetime of the [Ir] catalyst increase slightly, indicating the
formation of a catalyssubstrate 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 more9l. It can be concludedhat a successful interaction between the catalyst
and the suftrate is only possible when thid-acyloxyphthalimide is in a favorable
conformation due to the presence of the buiBuytyl group. Furthermore, the quenching of
53b did not follow a Sterr/olmer type quenching, indicating that more than just one

pathwaymight be operative.
Table3: Datafor substraté3h.

Intensity F 1705770, 1782416,7 1856883,3 1862493,3 1873110, 1895170,0
fAFSGAY 4,5846 4,8976 5,0649 5,0366 5,1683 51712
ch? 0,849 0,958 0,999 1,025 1,202 0,999
Vtotal [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
Nn1b [mmol] 0,0000000  0,0000240 0,0000480 0,0000720  0,0001200 0,0001801
N1o/Ncat 0,00 0,20 0,40 0,59 0,98 1,45
FlFo 1,0000 1,0449 1,0886 1,0919 1,0981 1,1110
oK 1,0000 1,0683 1,1048 1,0986 1,1273 1,1279
Intensity F 1904283,3  1819480,0 1592940,  1320006,7 995600,00 820910,0
fAFSGOAY 5,1123 5,0565 4,3125 3,4935 2,5213 2,0638
ch? 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] 0,0001279 0,0001350 0,0001501 0,0001801 0,0001801 0,0001801
N1b [mmol] 0,0003001 0,0006002 0,0012005 0,0024009 0,0048037 0,0072056
N1b/Ncat 2,35 4,44 8,00 13,33 26,68 40,02
FIFo 1,1164 1,0667 0,9339 0,7738 0,5837 0,4813
K 1,1151 1,1029 0,9406 0,7620 0,5500 0,4502
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Table4: Datafor N-(Octanoyloxy)phthalimid@0.

Intensity F 1966603,3 1975056,7 1962646,7 1882810,0 1869390,0
[ ATSGAY 5,0820 5,1253 5,0915 4,8762 4,7654
ch? 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
Niq [Mmol] 0,0000000 0,0001207 0,0006035 0,0024141 0,0060353
Nig/Necat 0,00 1,00 4,90 18,28 40,22
F/ko 1,0000 1,0043 0,9980 0,9574 0,9506
_ 1,0000 1,0085 1,0019 0,9595 0,9377

Octyl-NPht @0, -1.25V vs SCE, irreversible peakvas chosen as a reference compound. If
photoelectron transfer from the photocatalyst would occur, it would be expected that
fluorescence quenching would be observéieOctyl-NPht, which was not the case.

Table5: Datafor hippuric acid derivativ®1l.

Intensity F 1903946,7 1961056,7 1918750, 1799730,0 1647613,3
[ ATSGAY 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
Ncat [MMol] 0,000120Q 0,0001206 0,0001230 0,000132Q 0,0001501
Niq [Mmol] 0,000000Q 0,0001213 0,0006064 0,0024254 0,0060635
N1g/Ncat 0,00 1,01 4,93 18,37 40,41
FlFo 1,0000 1,0300 1,0078 0,9453 0,8654
K 1,0000 1,0016 0,9741 0,8983 0,8006

The N-hydroxyphthalimide ester of hippuric aqi@l) tested, because it closely resembles the
successful starting material3b, except that its amine isot 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 liwéh the observed experimental results.
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3.6.3 Synthesis of Starting Materials for the Amphetamine Synthesis

Substrates83a-c were synthesized by oot addition of benzyl amines to ethyl crotonate
(Scheme88, stepla) or reductive amination of benzaldehyde with etl8#3-aminobutanoate

(steplb) and successive Bgumrotection(stepll ) in a onepot procedurggiving 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

Scheme38: Synthesis procedure for the synthesis of amphetamine precursors.

Following thesaponificationof 84a-c to the corresponding aci@ba-c (steplll ), the desired
N-acyloxyphthalimdes 86ac were obtained by esterification witN-hydroxyphthalimide
(steplV).

Ethyl 3-(benzylert-butoxycarbonyl)amino)butanoate (z)-84a

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

Compound(+)-84a was prepared by stirring benzyl amiB8a (2 mL, 18mmol, lequiv)
with ethyl crotonaté&’6, (2.3mL, 18 mmol, 1equiv.) for 3 days without additional solvent at
ambient temperature. Afterwards, the reaction mixture was diluted witmLODHF/H>O

(1/1) and NaHC® was added (7.5, 90mmol, 5equiv.). Upon cooling to 0C, BocO
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(4.53g, 22mmol, 1.2equiv.) was added as solution in 8. THF. The reaction mixture was
stirred for 24h at ambient temperature, then THF was evaporated under reduced pressure and
the remaining aqueous phase extracted with EtOAc (B¥25 The organic phase was
washed with 1M HCI and brine, dried over JS&x, filtered and the solvent was removed
under reduced pressure, yielding 5¢0¢€lear viscous oil, which was used in the next step

without further purification.

3-(benzyltert-butoxycarbonyl)amino)butanoic acid  (+)-85a

J I
©/\N OH
Boc

Compound (+)-85a was prepared from estdr)-84a (5.00g, 15.6mmol, lequiv.) and
potassium hydroxide (1d, 20mmol, 1.26equiv.), which was dissolved in 1L H.O and
slowly added to a solution of the ester iI60mL EtOH. After 3h vigorous stirringthe
mixture was acidified and extracted with 3xB& EtOAc. The organic phases were dried
with MgSO4 and the solvent evaporated under reduced pressure, yieldggf ¥i8cousoil,
which was used in the next step without further purification.

1,3-dioxoisoindolin-2-yl 3-(benzylert-butoxycarbonyl)amino)butanoate ¢)-86a

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

Compound (+)-86a was prepared from aciqt)-85a (7.8g, 26.5mmol, lequiv.), N-
hydroxyphthalimide (5.9, 27.8mmol, 1.05%equiv), and DCC (4.%, 27.8mmol,
1.05equiv) by stirring in 100mL dry DCM over night After reaction completion, the
mixture was cooled to 0 °C and precipitated DCU was filtered off. Colchmomatography
(hexaneEtOAc = 41 to 1:1) and recrystallization from EtOH gave 64.%14mmol, 31%

over three steps) offwhite solid.

Rt (hexaneE£tOAc = 21) = 0.23.

m.p.=107108°C.

IR (neat): 2978, 1825, 1785, 1736, 1684, 1464, 1435, 1341, 1252 1222, 1162, 1133, 1114,
693 cmt.
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'H NMR (400 MHz, CDC}): 117.82 (dd, J = 5.5, 3.1 Hz, 2H), 7.73 (dd, J = 5.5, 3.1 Hz, 2H),
7.317 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, CDC#): U 167.7, 161.9 (2 C), 154.9 (2 C), 1392 (), 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 (ESHEIC) m/z calculated for £H27N20s [M+Na*]: 461.1683, found 461.1685.

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

©/\N OEt
Boc

(S)-84awas prepared by stirring benzaldehy@g, (1.26mL, 12.4mmol, 1.05equiv.) with
ethyl (§-3-aminobutanoate8@, 1.8g, 11.8mmol, 1equiv.) for 24h in 30mL ethanol. Upon

.

cooling to 0°C, NaBH; (450mg, 11.8mmol, lequiv.)) was added slowly in portions. When
gas evolution stoped, the cooling bath was removed and the reaction stirred for amother 2
Excess NaBhwas quenched by dropwise addition of water, and the Ethanol was removed
under reduced pressuréhe remains were dissolved in DCM (@), and the solution
washed with water (2x1@L) and brine (1x10nL). The organic phase was dried with
MgSQy and filtered. NE# (1.8mL, 13mmol, 1.1lequiv) was added, then Bgo (2.84g,
13mmol, 1.1equiv) inportions. Upon stirring for 16 at ambient temperature, the reaction
mixture was washed with 1MClg) (2x15mL), saturated NaHC£q) (1x15mL) solution

and brine (1x1@nL). The organic phase was dried with MgS@ltered and the solvent
removed undereduced pressure. Purification by column chromatography (heka®ds

5:1, R = 0.55) yielded 2.54 (7.9mmol, 67%) clear viscous oil.

3-(benzyltert-butoxycarbonyl)amino)butanoic acid (9)-85a
o)

©/\N OH
Boc

(S)-85a was prepared from estdS)-84a (2.23g, 6.95mmol, lequiv) and potassium

!

hydroxide (460mg, 8.2mmol, 1.2equiv.), which was dissolved in 1®L H-O and slowly
added to a solution of the esterS@ mL EtOH. After 3h vigorous stirringthe mixture was

acidified and extracted with 3x26L EtOAc. The organic phases were dried with Mg&ad
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the solvent evaporated under reduced pres3ire product was obtained as 1@df clear

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

AN

N o

©/\Boc o

Compound (S)-86a was prepared from acidS)-85a (1.87g, 6.4mmol, lequiv), N-
hydroxyphthalimide (1.28§, 7.7mmol, 1.2equiv.), and DCC (1.6, 7.7mmol, 1.2equiv.) by
stirring in 50mL dry DCM over night After reaction completion, the mixture was cooled to
0 °C and precipitated DCU was filtered off. Column chromatography (hex&zt@esc = 3:1

to 1:1) andrecrystallization from EtOH gave an offwhite solid (1¢;33.95mmol, 39%over

three steps). Analytical data was identical wéhb-86a.

Opticalrotation(DCM) £ = =31.7 (c= 1.0, 589nm)

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

UL
/©/\N OEt
Boc
MeO

84b was prepared by stirring-fhethoxybenzylamine (1L, 11.5mmol, lequiv.) with

ethyl crotonate (1.46hL, 27mmol, 1equiv) for 4d without additional solvent ambient
temperature. Afterwards, the reaction mixture was diluted witmB@CM and NEt was
added (2.3nL, 17mmol, 1.5equiv.). Upon cooling to 0C, BoeO (3.27g, 15mmol,
1.3equiv.) was added in portions. The reaction mixture was stirred fdr &6ambient
temperature, then washed with 1M gl (2x20mL), saturated NaHC#£q) (1x15mL)
solution and brine (1x16L). The organic phase was dried with MgS@®ltered and the
solvent removed under reduced pressure. Purification by column chromatograph
(hexaneE£tOAc=5:1, R = 0.50) yielded 3.19 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 est&db (2.23g, 6.95mmol, lequiv) and potassium hydroxide
(460mg, 8.2mmol, 1.2equiv.) which was dissolved in &L H>O and slowly added to a

solution of the ester in 100L EtOH. After 3h vigorous stirringthe mixture was acidified
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and extracted with 3x2®mL EtOAc. The organic phases were dried with Mg3@d the
solvent evaporated under reduced pressline product was obtained as 8.¢€lear 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 acid85h (3.6g, 1lmmol, lequiv), N-
hydroxyphthalimide (2.4, 11.6mmol, 1.05equiv), and DCC (1.9, 11.6mmol,
1.05equiv) by stirring in 100mL dry DCM over night After reaction completion, the
mixture was cooled to TC and precipitated DCU was filtered off. Colurdnromatography
(hexanes:EtOAc = 4 to 2:1) gave a clear viscous oil (3.84 7.76mol, 51% over three
steps).

Rt (hexaneE£tOAc = 21) = 0.26.

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

'H NMR (400 MHz, CDC%): 117.86 (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, CDC#): U 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 (ESIEIC): m/z calculated for ggH2sN2O7 [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-eéhlorobenzylamine (1.61L, 9.2mmol, 1equiv.) with ethyl
crotonate (1.181L, 9.2 mmol, lequiv.) for 3d without additional solvent at ambient
temperature. Afterwards, the reaction mixture was diluted with 30 mL DCM anglvixist
added (1.9nL, 13.5mmol, 1.5equiv.). Upon cooling to 0 °C, Be® (2.8g, 12.9mmaol,
1.4equiv.) was added in portions. Theaction mixture was stirred for 16 h at ambient
temperature, then washed with HClag) (2x10mL), saturated NaHC£q (1x10mL)
solution and brine (1x1ML). The organic phase was dried with MgS@ltered and the
solvent removed under reduced pressuiPurification by column chromatography
(hexane€£tOAc=5:1, R = 0.5) yielded 2.5%3 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

Compound85c was prepared from est&4c (2.39g, 7.31mmol, lequiv) and potassium
hydroxide (620mg, 11mmol, 1.5equiv.) which was dissolved in 1@L H-O and slowly
added to a solution of the ester in 100 EtOH. After3 h vigorous stirringthe mixture was
acidified and extracted with 3x2BL EtOAc. The organic phases were dried with Mg&ad
the solvent evaporated under reduced pressune product was obtained as 2d@@lear

viscous oil, which was used in the netapswithout further purification.

1,3-dioxoisoindolin-2-yl 3-((tert-butoxycarbonyl)(4-chlorobenzyl)amino)butanoate86¢c

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

Compound 86¢c was prepared from acid85c (1.9g, 5.8mmol, 1lequiv), N-
hydroxyphthalimide (1.09, 6.1mmol, 1.05%quiv), and DCC (1.9%, 9.4mmol,
1.05equiv.) by stirring in 100mL dry DCM over night After reaction completion, the

mixture was cooled to C and precipitated DCU was filtered off. Column chromatography
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(hexaneEtOAc = 41 to 1:1) and ecrystallization from EtOH gave of viscous oil (160
3.4mmol, 46% over three steps).

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

'H NMR (300 MHz, CDC}): 117.89 (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, CDC%): 1 167.7, 1618, 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 (ESFEIC) m/z calculated for £&H2sCIN2Os [M+H*]: 473.1479 found 473.1480.
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3.6.4 Synthesis of Boc-amphetamines
General proceduré&P1

A Schlenk tube with a magnetic stir bar was charged wiMkaayloxyphthalimide 1 (Inmol,
lequiv.) and the photocatalyst [Ir(dtbbpy)(pgdPFs (L0pmol, 1mol%) in 10ml
acetonitrile/water (40/1, v/v) mixture (OM concentration). The solution waggassed using
three freezgoumpthaw cycles and closed with a Teflespaled inlet for a glass rod, through
which irradiation with a 4585m high power LED took place. The photochemical reaction was
stirred at room temperature and monitored by TLC analgéier 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 M HCI (3 x). Thewater phase was basified with KOH and
extracted with dichloromethane (3 x). The side product phthalimide (hek#dés = 21; R

= 0.51) could be isolated in > 95% yield.

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

©/\’/NHBOC

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

Analytical data match to the reported d&fa.

(S)-tert-butyl (1-phenylpropan-2-yl)carbamate (S)y67a

: A~ NHBoc

Compound (S)-85a was prepared from (5)-86a (429.2mg, 0.98mmol) and
[Ir(dtbbpy)(ppy}]PFs (9.2mg, 10.1umol, 1.1mol%) following GP1 Yields 119.8ng
(0.509mmol, 52%) white solid.

Rt (hexane£tOAc = 191) = 0.17.

Optical rotation (DCM) & = 12.7 (c= 1.0, DCM, 589nm). Enantioselectivity was
determined via HPLC in comparison withc-67a (Chiralpak ASH, 4.6x250mm, 10um,
"HeptanePrOH 991, r.t, 14.01min.), ee > 99:1.
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1H and 13C NMR gectra were identical withrac-67a and in accordance with the

literaturel®®

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

/@/\rNHBoc
MeO

Compound67b was prepared fron86b (478.3mg, 1.02mmol) and [Ir(dtbbpy)(ppy]PFs
(9.5mg, 10.4umol, 1mol%) following GP1. Yield 121.5mg (0.45mmol, 45%), white solid.

Rt (hexane€£tOAc=191)=0.15

m.p.: 78.579.5°C.

IR (neat):3361, 2972, 2923, 1682, 15119154, 1367, 1248, 1165, 1089, 1029, 890'cm

'H NMR (400 MHz, CDC$): 4 7.08 (d, J = 8.5 Hz, 2 H) ,
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 = 6.7 Hz, 3H).

6 .

€

13C NMR (101 MHz, CDCY):4 158. 3, 155.4, 130.6(2 C), 130

42.2,28.6(3 C), 20.3.
HRMS (ESFEIC): m/z calculated for GH22NO2 [M+H*]: 266.1751, found 266.1750.

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

/@/\rNHBoc
Cl

Compound68c was prepared fron86¢c (435mg, 0.993mmol) and [Ir(dtbbpy)(ppy]PFs
(9.2mg, 10.1umol, 1.0mol%) following GP1. Yield 80mg (0.30mmol, 30%), beige solid.

Rt (hexanes:EtOAe& 19:1) =0.17.

m.p.: 88-89 °C.

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

IH NMR (400 MHz, CDC}): 11 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, CDC#): 1 155.27, 136.9, 132.2, 130.9(2 C), 128.5(2 ®.47 47.5,
42.5,28.5(3 C), 20.2.

HRMS (ESFEIC): m/z calculated for GH20CINONa[M+Na']: 292.1075, found 292.1074.
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3.6.5 Synthesis of Hydantoins

Suitable starting material for Photoreactivhwas synthesized in four steps. In step

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 stedl under basic conditions, using either mesigdiapropargylic alcohol or

dimethylallyl bromide as coupling partn@chemes9).

NH,

s

MeO,C CO,Me

II Ph—N
)/)\/\COZMe

o

1 Ph—N
)/)\/\C02Me

IV Ph—N
)])\/\COZH

v Ph—N
)])\/\cozNPht

1) PhNCO

2) HCI, reflux

LG” R, K,CO;4

DMF, AT

KOH

MeOH, H,0

DCC, HONPht

DCM

Photoreaction

o
;/4
I

Ph—N
CO,Me

0

0

MR
h—N

co,Me

0

Ph—N
)])\/\cozl-l

o

MR
Ph—N
)/)\/\COZNPht

o)

Schemed9: Schematic representation of the synthesis of hydantoin derivatives for photochemical

decarboxylation.

Subsequently the methyl ester was cleaved under basic conditiondl(stepd the resulting

acid transformed to the desirBacyloxyphthalimide without purification (stéy).
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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 flowing the literature procedu®e by dissolving
dimethylglutamate hydrochloride ¢/ 33.2mmol, lequiv.) in 100mL MeCN, followed by
addition of NE$ (5 mL, 36.5mmol, 1.1equiv.). Upon vigorous stirrinfpr 15min., the white
precipitate was filtrated off and washed with 80 MeCN. Tle colourless liquid was
collected and phenyl isocyanate (&%, 34.8mmol, 1.05equiv.) was added slowly over the
course of three minutes. The now yellowish solution was stirred at room temperature for 3
and therthe solvent was removed under reducesspureNext, the residue was dissolved in
100mL MeOH, then 75nL 6M HCI were added and the mixture refluxed foh.1The
majority of the MeOH component of the solution was evaporated under reduced pressure and
the remaining agueous solution extracted @0mL EtOAc). Upon drying over MgS{he
solution was filtrated, evaporated under reduced pressure and the residue recrystallized from
EtOH to gve the produc(6.39g, 24.2mmol, 73%)as white crystailhe compound.
IR (neat): 3267, 3056, 2951, 1699, 1648, 1593, 1495, 1442, 1313, 1230, 1172, 89%1752
'H NMR (400 MHz, CDC}): U 71. 748 (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)(& 7.0 Hz, 2H), 2.31ddd,J = 14.1, 7.2,
5.2 Hz, 1H), 2.20 2.11 (m, 1H).
13C NMR (101 MHz,CDCY: 4 177.9, 173.2, 172.3, 156. 1,
126.3 126.1, 56.3, 52.1, 29.5, 27.0
HRMS (ESFEIC): m/z calculated for GH1sN2O4 [M+H]: 263.1026 found263.1026.

Analytical data match the reported d#ta.

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

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

carbonate(2.36g, 17.1mmol, 3equiv.) in a round bottom flask equipped with a reflux

condenser irb0O mL DMF and stirring the resulting mixture at 80 for 5h. Subsequently,
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100mL H.O were added and the mixture extracted with 3 xnBOcooled EtOAc. The
organic phases were combined and wdshigh brine (3 x 20nL). Upon drying with MgS®@
and filtration the solvent was evaporated under reduced pressure. The crude product was
purified by column chromatography (hexanes:EtOAL:3) to give the product as colourless
solid (2.9mmol, 0.87g, 51%)

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

IR (neat): 3250, 2983, 1812, 1732, 1444, 1354, 1262, 1154, 1095, 991, 8287850

'H NMR (400 MHz, CDC}): i 7.501 7.34 (m, 5H), 4.64 (ddl = 17.9, 2.6 Hz, 1H), 4.40 (dd,
J=6.1, 3.5 Hz, 1H), 3.95 (dd,= 17.9, 2.5 Hz, 1H), 3.68 (s, 3H), 2.62.25 (m, 5H).

13C NMR (101 MHz, CDC#¥): t1172.8, 171.0, 155.2, 131.8292, 128.5, 126.1, 76.6, 74.0
57.9,52.1, 31.1, 28.3, 24.0

HRMS (ESIEIC): m/z calculated for @H17N204 [M+H™]: 301.118, found3011186.

1,3-dioxoisoindolin-2-yl (9)-3-(2,5-dioxo-1-phenyl-3-(prop-2-yn-1-yl)imidazolidin -4-
yl)propanoate 109

0§—N/—: Q

NM O\'}b
Oy~ %
Compoundl09was synthesized fror82in two steps. First, the methyl ester of compo&id
(790.2mg, 2.6mmol) was hydrolyzed by stirring with KOH180mg, 3.2mmol, 1.2equiv)
in a MeOH/HO mixture(20 mL, 2/1) Upon completiorthe aqueous mixtuneas acidified to
pH ~3 using 1M HCI and subsequentxtracted with 3 x20 mL EtOAc. The organic
fractions were combinednd dried over MgS©9and 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 waslissolved in20 mL DCM and N-hydroxyphthalimide(524mg, 3.2mmol,
1.2equiv) and DCC 665mg, 3.2mmol, 1.2equiv) were added. The solution was stirred
over night, cooled to 0C, and the white precipitat@gonsisting mainly DCUYyemoved by
filtration. Upon extraction (2 x 0.5M HCI, 1 x brine) the solution was dired over MgB0
the solvent removed under reduced pressure. Column chromatography (hexanes:EtQAc =
yielded the product as colourlesslid (1.72g, 3.98mmol, 666 over two steps
Rt (hexanes:EtOAc =:1) =0.4.
IR (neat): 382, 3142, 3056, 2928, 1673, 1437, 1310, 1254, 1203, 1107, 1013, 9681912
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'H NMR (300 MHz,CDCls): U 7.901 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,= 6.5, 3.7 Hz, 1H), 4.08 (dd,= 18.0, 2.5 Hz,
1H), 3.01i 2.79 (m, 2H), 2.62 2.50 (m, 1H), 2.49 2.34 (m, 2H).

13C NMR (75 MHz, CDC}): 11170.6, 168.6, 161.7, 155.0, 134.9, 131.3, 12928.8 128.4,
126.0, 124.1, 76,54.3, 57.8, 31.3, 25.6, 23.8

HRMS (ESFEIC): m/z calculated for €H1eN30s [M+H™]: 432.1190 found432.1193

(S)-6-methylene2-phenyltetrahydroimidazo[1,5-a]pyridine-1,3(2H,5H)dione 110a 6
and
(S)-2-phenyl-5,8,9,9atetrahydro -1H-imidazo[1,5a]azepinel,3(2H)dione 110a 6 0

O™y O™y

110a’ 110a"

Compound109a (301mg, 0.7mmol, lequiv.), [Ir(dtbbpy)ppyPFs (6.4mg, 0.07mmol,

1 mol%) and DIPEA (80 pL, 0.75 mmol, 105equiv.) were dissolved in#L MeCN and set
under nitrogen atmosphere by application of 3 x frggrapthaw technique in a Schlenk
tube. The Schlenk tube waksed with a Teflossealed inlet for a glass rod, through which
irradiation with a 45%m high power LED took placeThe solution wa subsequently
irradiated for 2.5 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 = ®l1l1tl) and theinseparable
productmixture wasobtained as colourless crystétatiol 1 Ota JA0aH= 1:2.4 123.6mg,
0.51mmol, 73%. Further attempts to separate the two regioisomers by crystallization were
unsuccessful.

'H NMR (400 MHz,CDCl): i 71. 7432 (m, 16H), 5.89 5.77 (m, 1H), 5.72 (dddd), =

9.7, 4.3, 2.3, 1.1 Hz, 1H), 5.00 @& 1.6 Hz, 2H), 4.93 (q) = 1.6 Hz, 2H), 4.71 4.57 (m,

3H), 4.36i 4.25 (m, 1H), 4.06 (ddl = 12.0, 4.1 Hz, 2H), 3.71 (di,= 17.6, 2.3 Hz, 1H), 3.60

(dg, J = 14.4, 1.6 Hz, 2H), 2.61 (df,= 14.0, 2.8 Hz, 2H), 2.46 2.15 (m, 9H), 1.68 1.55

(m, 3H).

13C NMR (101 MHz,CDC¥: 4 172. 0, 171.4, 155.1, 153. 3,
128.1, 128.0, 127,d.260, 1260, 112.2, 61.5, 56.8, 45.30.9, 31.3, 29.6, 28.9, 24.1

HRMS (ESFEIC): m/z calculated for GH1sN202 [M+H™]: 243.1128 found243.1128

Same molecular formular and mass fod Oaadil 1 0.a 6 6
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(S)-2-benzyt6-methylenetetrahydroimidazo[1,5a]pyridine-1,3(2H,5Hyd i one 110b 6
and
(S)-2-benzyt5,8,9,9atetrahydro-1H-imidazo[1,5a]azepinel,3(2HYd i one 110b &0

AT . QX0

110b’ 110b"
Compound109b (334mg, 0.5 mmol, lequiv.), [Ir(dtbbpy)ppyPFs (7.5mg, 0.8 mmol,
1mol%) and DIPEA (20 pL, 0.86 mmol, 115equiv.) weredissolved in 4nL MeCN and set
under nitrogen atmosphere by application of 3 x frggmapthaw technique in a Schlenk
tube. The Schlenk tube waksed with a Teflossealed inlet for a glass rod, through which
irradiation with a 45%m high power LED tookplace The solution was subsequently
irradiated for 2.5 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 chromatographilexanes:EtOAc = 5:1 to 1:1) and the produdaied
as colourless crystals (rattol Otb1d0b®d=1:1.9 1339 mg, 0.2 mmol, 70%).
IH NMR (400 MHz,CDChL): U 7 . 3 8= 7(8d3d6d1,5 Hz, 6H), 7.347.27 (m, 8H), 5.72
(dd,J =5.1, 2.6 Hz, 1H), 5.68 5.60 (m, 1H), 4.93 (d) = 1.8 Hz, 2H), 4.86 (d) = 1.8 Hz,
2H), 4.66 (s, 2H), 4.64 (s, 4H), 4.58.50 (m, 3H), 4.11 (dd] = 5.8, 4.1 Hz, 1H), 3.88 (dd,
= 12.0, 3.9 Hz, 2H), 3.61 (df,= 17.8, 2.2 Hz, 1H), 3.50 (dd,= 14.5, 1.7 Hz, 2H), 2.57
2.48 (m, 2H), 2.27 (tddl = 13.8, 7.7, 2.9 Hz, 5H), 2.181.94 (m, 3H), 1.47 1.34 (m, 2H).
13C NMR (101 MHz,CDC}): 4 172.8, 172.3, 156.1, 154. 3,
128.6, 128.6, 127.9, 127.0, 11261.7, 57.145.1, 42.6, 42,440.9, 31.3, 29.4, 28.7, 24.0
HRMS (ESIEIC): m/z calculated for €H17N202 [M+H™]: 257.1285, found 257.1289

Same molecular formuldor 1 1 Oamdil 1 0.b 6 6
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Methyl (S)-3-(3-(3-methylbut-2-en-1-yl)-2,5-dioxo-1-phenylimidazolidin-4-yl)propanoate
S3

o
>N 0—

Q/NM

(o]

o

Compound S3 was synthesized by suspendinggl (1.5g, 5.7mmol, lequiv),
3,3-dimethylallyl bromide (95% purity, 1.48nL, 12.2mmol, 2.1equiv) and potassium
carbonate(2.3g, 17.1mmol, 3equiv.) in a round bottom flask equipped with a reflux
condenser in 5L DMF and stirring the resulting mixture at 80 for 5h. Subsequently,
100mL H.O were added and the mixture extracted witk 30mL cooled EtOAc. The
organic phases were combined and washed with brine (3n.20Upon drying with MgS®@
and filtration the solvent was evaporated under reduced pressure. The crude product was
purified by column chromatography (hexanes:EtOAc,=iglding the desired compound as
colourless solid (1.9, 3.05mmol, 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, 75em™.
'H NMR (300 MHz, CDC#): G 71. 7432 (m, 5H), 5.2% 5.16 (m, 1H), 4.34 (ddf] = 15.4,
6.2, 1.1 Hz, 1H), 4.16 (dd,= 6.3, 3.1 Hz, 1H), 3.75 (dd,= 15.3, 8.4 Hz, 1H), 3.68 (s, 3H),
2.44 (tdJ= 7.5, 1.4 Hz, 2H), 2.402.29 (m, 1H), 2.24 2.11 (m, 1H), 1.83 1.69 (m, 6H)
13C NMR (75 MHz, CDC}): a 172. 7, 171. 4, 155. 2, 131. 6,
126.1, 119.857.6, 52.0, 43.7, 28.0, 24.0
HRMS (ESFHEIC): m/z calculated for @H22N2O4 [M+H]: 3311658 found331.1654

1,3-dioxoisoindolin-2-yl (9)-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
Compoundl1llwas synthesized fror83 in two steps. First, the methyl ester of compo88d

(850mg, 2.57mmol, lequiv.) was hydrolyzed bystirring with KOH @52mg, 2.7mmol,

1.05equiv) in a MeOH/RO mixture (2/1, 20mL). Upon completion the aqueous mixture
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was acidified to pH ~3 using 1M HCI and subsequently extracted witbl03md. EtOAc. The

organic fractions were combined and dried roMgSQ; 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 20 mL DCM andN-hydroxyphthalimide 445.3mg, 2.73mmol,
1.05equiv) and DCC 608.2mg, 2.95mmol, 1.15equiv) were added. The solution was
stirred over night, cooled to @, and the white precipitate removed by filtration. Upon
extraction (2 x 0.5M HC 1 x brine) the solution was dired over Mg&énd the solvent
removed under reduced pressure. Column chromatography (hexanes:EtOAc = ) yielded the
product as colourless sol{@46mg, 1.62mmol, 63%.

Rt (hexanes:EtOAc 3:1) =0.15

IR (neat): 3059, 2978, 1689, 1419, 1319, 1249, 1183, 1106, 958n794

'H NMR (400 MHz,CDCl): 4 7 . 8J9%=5.6,8.d4 Hz, 2H), 7.80 (dd,= 5.5, 3.1 Hz, 2H),

7.497 7.33 (m, 5H), 5.24 (tdd] = 6.6, 2.9, 1.4 Hz, 1H), 4.394.30 (m, 1H), 4.22 (dd] =

7.2, 3.4 Hz, 1H), 3.85 (dd,= 15.3, 8.1 Hz, 1H), 2.94 2.82 (m, 2H), 2.51 (dddd} = 14.5,

8.6, 7.4, 3.4 Hz, 1H), 2.302.20 (m, 1H), 1.76 (1) = 1.5 Hz, 6H).

13C NMR (101 MHz,CDC¥:4 171.2, 168.7, 161.8, 155. 2,
128.2, 126.0, 124,117.6, 57.4, 39.2, 25.8, 25.24.2, 18.1

HRMS (ESFEIC): m/z calculated for &H23NsOsNa[M+Na']: 484.1479found484.1485.

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

QW QW
A * N4
N N
OH
112 113

o o

Compound111 (180.0mg, 0.4mmol, lequiv.),fac[Ir] (6.7 mg, 0.0Immol, 2.5mol%) and
H>O (90uL, 5mmol, 125 equiv.) were dissolved in L MeCN and set under nitrogen
atmosphere by application of 3 x fregaempthaw technique in a Schlenk tube. The Schlenk
tube wasclosed with a Teflorsealed inlet for a glass rod, through which irradiation with a
455nm highpower LED took placeThe solution was subsequently irradiatedZ@ih 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,CDCl): G 71. 7538 (m, 5H), 4.65 (s, OH), 4.19 (d#i= 7.0, 3.3 Hz,

1H), 3.81 (dtJ = 15.4, 8.1 Hz, 1H), 3.39 (d,= 10.9 Hz, 1H), 3.13 (dl = 14.3, 7.2 Hz, 1H),

2.54 (hJ = 10.4, 9.5 Hz, 2H), 2.39 (dtd,= 15.2, 7.7, 3.2 Hz, 1H), 2.15 (dij= 14.5, 7.1 Hz,

1H), 1.92 (dJ=12.3 Hz, 1H), 1.76 1.56(m, 2H), 1.51 (9J = 7.4 Hz, 2H), 1.34 (q] = 12.1

Hz, 1H), 1.221 1.07 (m, 1H), 0.97 (d] = 6.4 Hz, 6H).

13C NMR (101 MHz, CDCH: i 176 . 1, 171. 6, 155. 2, 131. 7,
39.3, 36.4, 33.8, 27.9, 26.0, 25.6, 25.0, 24.1, 22.3, 22.

LRMS for 112 (APCI-EIC): m/z calculated for @H2iN>Oz [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 (183.1mg, 0.4mmol, 1 equiv.), [Ir(dtbbpy)pp¥PFs (4.4mg, 4.8umol,
1.2mol%) and DIPEA (73pL, 0.42mmol, 1.05%equiv.) weredissolved in GnL MeCN and
set under nitrogen atmosphere by application of 3 x frpargthaw technique in a Schlenk
tube. The Schlenk tube waksed with a Teflossealed inlet for a glass rod, through which
irradiation with a 45%m high power LED took placeThe solution s subsequently
irradiated for 1.5 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:EtOAG.Eto 1:1) and the product obtained
as colourless crysta(85 mg, yield not calculated)
Rt (hexanes:EtOAc = 3:1) = 0.4.
IH NMR (300 MHz,CDCl): i 71. 781 (m, 6H), 4.87 (p] = 1.5 Hz, OH), 4.79 (p) = 0.9
Hz, 1H), 4.30 (tddJ = 12.6, 4.4, 1.8 Hz, 1H), 3.90 (ddilz 16.1, 11.9, 4.2 Hz, 1H), 2.74 (dd,
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J=13.2, 11.5 Hz, OH), 2.60 (dd= 13.2, 11.1 Hz, 1H), 2.422.29 (m, 1H), 2.19 2.02 (m,

2H), 1.78 (tJ = 1.1 Hz, 2H), 1.59 1.43 (m, 2H), 1.35 1.22 (m, 1H), 0.96 (dd] = 6.8, 1.4

Hz, 4H).

13C NMR (75 MHz, CDC):i 17 2. 0, 171. 8, 153. 6, 145. 2, 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 (ESFEIC): m/z calculated for @Hi1dN>O» [M+H™]: 271.1447 found

271.1445

HRMS for 114 (ESFEIC): m/z calculated for @H21N>O. [M+H]: 273.1598 found

273.1597
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3.6.6 Spectra

N-Acyloxyphthalimides for amphetamine synthesis

(o)
J\/u\ /N
N (0]
Boc o)

rac-86a

PY R N
88 £% N
$¢ 99 e
Y4 AN

Signals broadened due tq
rotamers

- J/‘ _—

—1.42
—1.25

7 vl T by
29 o o @ o 2 o S
g§s 3 g % g 3 88
T T T T T T T T T T T T T T T T T T T T T 1
10.5 10.0 9.5 9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0
f1 (ppm)
8 & R8THRY3 oo & © o ©
N < T B DN <+ N Qo N n <
g8k A58RRRNY SRER g8 & & 4
[ NSNS ~ \/ | | |
|
I I
T T T T T T T T T T T T T T T T T T T T T T T T T T T T
250 240 230 220 210 200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 10 20

f1 (ppm)

63



9T'T
Lt V
6T —

we"
867~
IE~_

Signals broadened due tq

rotamers

—

Ly
e\
YTy -7
ser/

€9 —

€89~
s8'9-"

0TL~
1w

9L
9L
L
8LL
S8'L
98'L
98'L
8L

MeO

S

Fsoe

HVS.m

E66'C

6'T

e

6'0

e

Tzet

F98'T
FE8'T

10.0 9.5

10.5

6v'8T —

£5'8C—

€96 —
5905 "
1655 —

9T 4L

9£LL
pE08 "

66'€TT —

POVl —
69'8CT

86'8CT V
9T TET
98'PET —

98'85T —
88'T9T —

€8'£9T
68'£9T v

210 200 190 180 170 160 150 140 130 120 110 100
f1 (ppm)

220

64



LT
wNAH%

wvA\\
mvéw\
1817

Th—
v/
19% —

€CL
oNNH%
8T Lt

1€/
8L

08’2
182
JA A
88/
68°L
06'2

/
= /
)
>
o
@

C

e /
©

2 \
o)

 —

o o»n

© o

T £

|y

o 8 /
n 2 /

~

(o)

,N: \S
(o]

J I
N (0]
Boc

86¢c

Cl

HCE

Fe0's

0T
6°0

s §%

o N

85 80 75 70 65 60 55 50 45 40 35 3.0 25 20 1.5 1.0 05 00 -0
f1 (ppm)

9.0

10.5 10.0 9.5

E€P'8T —

9b'8C¢ —

¥6'6v =
w@om\
85 —

L0°LL

(TLL

-1(

180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10
f1 (ppm)

190

220 210 200

65



Bocamphetamines
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4. Visible Light Mediated Oxidative Ring Expansion of
Cyclopropanes 4

4.1 The Endoperoxide Moiety

Oxygen is by mass the most abundant el ement
half-metals in their corresponding oxiddés.such oxides it is almost exclusively found in its
oxidation staté 1 | . Furthermore oxygen constitutes ap
as diatomic molecule Dtaking on the oxidation state'® Life on earth, save some desga
organisms, is governed by this oxidizing atmosphere and revolvesdameaving and
forming carboroxygen bonds, changing the oxy@eroxidation state from O toll or vice
versain the proces$® In thei | stateit is only rarely encountered in isolable molecules, and
mostly found in reactive intermediates. These highly reactive molecules are of particular
interest for chemistry ansbmehave found widespread attentiemenin popular science. The
simplest peroxide, ¥D> (120, has various applications,g. as disinfectant, bleach, and as
part of rocket fuel, all due to its highly oxidizing effét4

H\O,O\H R\O,O\R

120 R = Aryl, Alkyl

Figure8: 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 reactivitia electronic and sterieffects 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, ascaridol{, Figure9). It was purifiedin 1908 from goosefoet

0il'% and synthesized in 1944 by Karl Ziegler and Giinther Schi@hdk.pure form it was

found to explode only when heated above A30and was used as pharmaceutical for its

anthelmintic propertie¥’

&)

121

Figure9: Ascaridole.

d Parts of this chapter aneproduced oradapted with permission from the Royal Society of Chemistry from
Budde, S.; Goerdeler, F.; FloR3, J.; Kreitmeier, P.; Hicks, E. F.; Moscovitz, O.; Seeberger, P. H.; Davies, H. M. L.;
Reiser, O.Yisiblelight mediated oxidative ring expansion of anellatedlopropanes to fused endoperoxides
with antimalarial activity Org. Chem. Fron202Q 7, 17891795.
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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, suchtlas compoundirtesunat€l122?), display astounding
selectivity in a pharceutical context, delivering their oxidative power only to certain sites
in thebody (Figure10). Thiscombination of selectivity and reactivity makes artesu(i28)

the most effective treatmerfior Malaria, a disease caused Byasmodiumparasites and

transferred byAnophelesmosquite, affecting approknately 200 million humans every
108

year.
(0]
)l\/\r(oe
(0]
\) o
122

Figurel0: Artesunate.

Cyclic peroxides suchsartesunatenave beeithetarget of synthetic research for decades, but
their synthesidrom scratch ichallenging While using natural precursors israry effective
approach for the largscale synthesis of artesunté® the achievable variety oedvatives

is restricted to a certain degree by the structural diversity of the natural preétftsors.
Synthetically, a number of methods are available to introdys¥axide bridge as it is found
in artesunate, and a few reviews on the topic are avafd3fé.Often comparably harsh
conditions,e.g. highly reactive reagents or UNght, 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 betweethree carbons are bent to 60° from

the 109.5° in a straifree tetraedet** This distortion stores about 27 kcal/mol of energy,
making cyclopropane ringpening or ring expansion an energetically favorable process.
Cyclopropanes undergo rapiing-opening when a radical centre is generateatposition to

the threemembered rindg!® 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 reactiorradical or norradical i but also information on the
rate constant of the reaction in question can be obtained, due to the kncaonsigat of the

ring opening of cyclopropylmethyl radical. Adding to their attractiveness as synthetic
precursors is the relative easeltéit synthesis, as numerous routes, including chiral ones, are
available®911%11° which lays the foundation for a broad application. Cyclopropane is a latent
diradical, making it a welpaired reaction partner for the oxygen molecule and one of the
favorite precursors for peroxigmntaining molecules.

For exampe, Wimalasenaet al converted aminocyclopropand23 to the corresponding
cyclic peroxidesl24in up to quantitativgyields (Scheme40).1?° This stratgy was based on

the oneelectron oxidation of the amine moiety adjacent to the cyclopropane, leading to a
radicaltcation, triggering the opening of the cyclopropane.-lig¥it or a traditional radical

starter, in this case benzoylperoxide, could initiagerdaction.

Schemet0: Ring expansion of aminocyclopropanes demonstratédinyalasenat al?°.

A related and widely studied class of molecules, vinylcycloprop&ré$ can also act as
precursor for the formation of cyclic peroxides. This strategy wsaesl by Kataokat al for
the synthesis of complex benzothiazine derivati¥@8, comprising a spiralioxolane as
shown below(Scheme41).!?* The derivatives were then further examined potentially
interesting pharmaceutical applications. The opening of the cyclopr¢paBeis triggered
by the addition of a radical to the double bond. Said radical was genérasétd from
diphenyldiselenide or diphenylsulfidgia homolysis of the respective compound by

irradiation of visible light.

Schemetl: Synthesis of a peroxide from a vinylcyclopropaffe.

Starting from cyclopropanes, but treading a completely different yaath hydroperoxide
compound is also possible. Rodriguezal described a strategy which does not rely on the
generation of a radical adjacent to the cyclopropyl moiety, but the cyplape (127)

scaffold is opened directlyScheme4?2). This introducesa hydroperoxide and a bromide
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