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Kurzzusammenfassung

In der synthetischen Chemie sind Schutz und selektive Entschiitzung von funktionellen
Gruppen duRerst wichtige Prozesse. Bei der Entschutzung wird die Schutzgruppe (engl. PG)
entfernt und die urspriingliche Reaktivitdt wiederhergestellt. Die lichtinduzierte
Entschiitzung, entweder durch direkte Absorption oder durch photokatalytische Methoden,
beinhaltet die elektronische Anregung des PG-FG-Paares und die anschlieBende Freisetzung
des Substrats. Diese Gruppen werden als photodegradierbare (oder “photoreleasable”)
Schutzgruppen (engl. PPG) bezeichnet.

In dieser Arbeit wurden 2-Cumaranone, insbesondere solche mit Harnstoff-, Carbamat- und
Thiolcarbamat-Substrukturen, wobei letztere in dieser Arbeit zum ersten Mal beschrieben
wurden, im Hinblick auf die Bandbreite der Substrate untersucht, die mit einem Cumaranon
geschutzt werden konnen, inklusive einer Studie der Lumineszenz und des
Entschutzungsprozesses fir das Konzept der chemolumineszenten Schutzgruppen (engl.
CLPG).

CLPG:
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Mittels *H- und *C-NMR wurde die Zersetzungsreaktion der Cumaranone im Detail

untersucht, um eine effiziente Freisetzung und die Natur der Nebenprodukte zu ermitteln.
Zusatzlich wurden Zeitintervall-Lumineszenzmessungen durchgefiihrt, um das Abklingen der
Chemolumineszenz sowie die Anderungen der Absorptions- und Fluoreszenzeigenschaften
der wéhrend der Entschiitzung gebildeten neuen Produkte zu verfolgen.

Der besondere Vorteil von CLPGs ist die In-situ-Kontrolle der Syntheseschritte, da die
deutlich sichtbare Chemolumineszenz die erfolgreiche und vollstdndige Spaltung der PG
nachweist. Darlber hinaus wére es im Hinblick auf bildgebende Verfahren, z.B. fir
medizinische Anwendungen, mdglich, eine Verbindung sowohl rdumlich als auch zeitlich

innerhalb eines biologischen Systems zu bestimmen.



Abstract

In synthetic chemistry, protection and selective deprotection of functional groups are highly
important tools. The protecting group (PG) is removed in the deprotection step and the
original reactivity is recovered. A light-induced removal, either by direct absorption or by
photocatalytic methods, involves the electronic excitation of the PG-FG couple and
subsequent cargo release. These groups are named photoremovable (or photoreleasable)
protecting groups (PPG).

In this work, 2-coumaranones, especially those with an urea-, carbamate- and thiolcarbamate-
substructure, with the latter being described for the first time in this work, were thoroughly
investigated in terms of the range of substrates that can be protected with a coumaranone
together with a detailed analysis of the luminescence and the deprotection process for the

concept of chemiluminescent protection groups (CLPG).

CLPG:
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Via H- and *C-NMR, the decomposition reaction of the coumaranones was investigated in

detail in order to determine an efficient release and byproducts. Additionally, time interval
luminescence measurements were performed tracing the decay of the chemiluminescence as
well as the changes of absorption and fluorescence properties of the new products formed
during the deprotection.

The main advantage of CLPGs is the in-situ control of synthesis steps, since the clearly
visible chemiluminescence verifies the successful and complete cleavage of the PG.
Furthermore, in terms of imaging techniques, e.g., for medical applications, it would allow

determination of a compound in space and time (“spatiotemporal”) within a cell or tissue.
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1. Introduction

1. Introduction

When dealing with polyfunctionalised substrates, the individual reactivity of similar
functional groups must be differentiated and selectively switched off and on so that unwanted
side reactions are prohibited. Especially the syntheses of rather complex target molecules
established the systematic introduction and cleavage of protecting groups (PG), accompanied
by the release of the protected molecule (Figure 1). There are multiple options for the

protection of every known functional group, that can be cleaved in various ways.

N

lReaction

/4
[ PG|

Protection

—

Deprotection

 G—

Figure 1: Simplified scheme for the concept and application of a protective group. One functional group is protected and
therefore inhibited for the subsequent reaction. Afterwards the protective group is removed again and the synthesis route is

complete.

Considering that PGs require additional steps in an often multi-step synthesis, the
requirements for the latter are high to ensure a simple and efficient introduction and removal.
Besides cost efficiency, stability and easy identification by spectroscopic methods, the
selectivity of the cleavage of a PG is a particularly important aspect. Depending on its lability
the usage of acids/bases, reductants/oxidants or enzymes has to result in a high yield of the
deprotected substrate. In addition to chemical methods, there are also physical methods such
as visible or UV light for photoremovable protecting groups (PPG) that enable the release of
PGs when they interact with electromagnetic radiation, which increases the possibilities for an

optimal synthesis route.
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2. State of knowledge

2.1 The chemistry of protection groups in organic synthesis

The term protecting group (PG) is defined as a substituent within a molecule that inhibits the
reactivity of a functional group to prevent an undesired side reaction at that specific site.
Standard requirements that must be met for a PG to be considered efficient are: 1) Selective
protection of a functional group with high yield; Il) High stability towards the intended
reactions and work-up procedures; I11) Selective removal with cheap, available and preferably
non-toxic reagents; 1\V) It must not generate a new stereogenic centre, but instead a derivative
that can be easily separated from its byproducts upon formation or cleavage. V) The PG
should not have many functional groups itself to avoid further possible side reactions.*=1 In
any multistep synthesis, the best options are those that do not involve the use of PGs because
of the minimum of two additional reaction steps (formation and cleavage). The chemistry of
PGs therefore represents an important discipline within organic chemistry and is still critically
discussed, improved and further developed until today.

2.2 History and development

With the use of increasingly complex structures and the increasing difficulty of targeted
synthesis of specially designed building blocks, pharmaceuticals and natural products, the use
and demand for PGs increased. A single PG can never completely fulfil all needed
requirements for the same functional group in different substrates. Therefore, there are a large
number of different PGs for a given functional group in order to generate several derivatives
that are stable under certain reaction conditions.

At the end of the 19" century a lot of literature was published discussing the synthesis of
carbohydrate derivatives with the discover of selective protection of hydroxy and 1,2-diol
groups. In particular, the work of Emil Fischer, who made enormous contributions to
carbohydrate and purine chemistry in the 19" and 20" centuries*®! and was awarded with the
Nobel prize in 1902, has shown that it was possible to produce mono-, di- or triacetonide
derivatives of various sugars using acetone (1)[®7 in a mildly acidic environment and to
selectively synthesise either diacetonide or monoacetonide of a particular carbohydrate.[®! In
addition to the already known acetylated sugars, the acetal derivatives were more easily
accessible and could in part be selectively protected and deprotected, which enabled, for

example, the synthesis of benzylated sugars.[®! This would lead to the targeted elaboration of



2. State of knowledge

the acetal/ketal protecting group, which is still preferably used to protect 1,2- or 1,3-diols of

carbohydrates (Scheme 1).11

HO OH
o) . H* 0><0
)k R, R, -H,0 >—<
1 R
1 2 3
j.J\
(0}
OH
OOH 1 Ho/\QW
o_ O
HO OH H,SO,4, RT ><
4 5

Scheme 1: Reactions for the synthesis of 1,3-dioxolanes, (Top) Illustration of the general protection of a i.e., 1,2-diol 2 using

acetone (1); (Bottom) Selected example of the protection of b-ribose (4) with acetone (1) in sulfuric acid by Kim et al.[*]

Another famous example is the synthesis of callistephine chloride (10), in which the sodium

salt of 4-(2-hydroxyacetyl)phenol (6) was selectively protected with acetic anhydride to give

the corresponding acetate 7 (Scheme 2).*2 The aliphatic hydroxyl group remained free and

was substituted with acetate-protected bromine glucoside 8 in the presence of silver

carbonate. Further reaction and deprotection steps gave the desired product 10.

Br

A _OA

o (63

(0]
Na @ = YOAC g
o o OAc OAc 0 o
Ac,0
o _"eP o o 8
H,O/Ether Ag,CO3, Benzene,
OH OH 35°C — reflux
6 7 9
10
Scheme 2: Synthesis of callistephin chloride (10).[*2
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The growing interest in the total synthesis of vitamins, steroids, antibiotics, or alkaloids is
related to the increasingly sophisticated and targeted use of protecting groups. In the period
from the 1940s to the 1970s, Robert B. Woodward (Nobel Prize winner 1965) established
several total syntheses of various natural productsi***! in which the introduction and
deprotection of PGs was implemented and optimised, with the production of the vitamin B>
(cobalamin) molecule in collaboration with Albrecht Eschenmoser as the culmination of his
research.[1617]

In 1965, Elias James Corey (Nobel Prize winner 1990) and Dieter Seebach investigated 1,3-
dithianes as potential PGs for carbonyl groups and also developed the concept of "Umpolung™
(Scheme 3).1%19 |n addition to the advantageous ability to convert aldehydes into potent
nucleophiles, S,S-acetals/ketals are for more resistant towards hydrolysis than their O,0-
counterparts?l and have a good stability to acidic and alkaline reaction conditions, which
makes them a viable option for protecting carbonyl groups to this day.[?%

()
Q SH12SH A n-BulLi A
—_—

st — 12, s__s S.&.S
R7”H —H0 x ©
R} H R
11 13 14

HS/\/SH ﬁs

(0]
16 S
_—
H-Y zeolite @ij
15 17

Scheme 3: (Top) Illustration of the Umpolung of an aldehyde 11, using propane-1,3-dithiol (12). The obtained 1,3-dithiane

13 can be deprotonated yielding the carbanion 14 and thus switching the polarity of the carbon atom[8l; (Bottom) Selected

example of the protection of 1-tetralone (15) with H-Y zeolite by Kumar et al.[?4

In addition to organic chemical research, the development of PGs also led to significant
breakthroughs in peptide synthesis, which played an increasingly important role in
biochemistry and medicine and opened the way to more efficient and selective synthesis
methods. Since amines are strongly nucleophilic and basic groups, great efforts were made to
develop PGs for this functional group, leading to a huge variety of options.!*?

A large number of amino-PGs are based on the backbone of carbamates, which can be easily
produced with the help of chloroformates or (pyro)carbonates. The driving force of
deprotection is based on the release of CO2, which is achieved by various options (Scheme
4).1
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18a) Boc 18b) Cbz 18c) Fmoc 18d) Alloc

Py
o
I

- COZ - COZ - C02 - COZ

TFA Pd/C, H, Piperidine NuH
_)Q _ _ — Nu/\/

19

20 R—NH, 21
23

Scheme 4: Illustration of the different deprotection options of carbamate protected amines (18).% a) Boc-PG (tert-
butyloxycarbonyl), cleaved by protonolysis; b) Cbz-PG (benzyloxycarbonyl), cleaved by hydrogenolysis; ¢) Fmoc-PG (9-
fluorenylmethoxycarbonyl), cleaved by p-elimination with piperidine; d) Alloc-PG (allyloxycarbonyl), cleaved by metal-

assisted nucleophilic substitution.?2 CO; is released in all reactions.

The large variety of carbamate alternatives allows a selective cleavage, so that the right PG is
available depending on the planned synthesis. Beginning in 1963[2%1, Robert Bruce Merrifield
(Nobel Prize winner 1984) took advantage of these PGs for amine groups and developed the
solid-phase peptide synthesis (SPPS). This method is based on successive reactions of amino
acids, preferably protected by carbamate PGs immobilised on a solid matrix, resulting in a
repetitive mechanism in which each coupling is followed by deprotection.[? This major
breakthrough revolutionised the automated synthesis of peptides and today plays a central
role in medical research and development, especially in the development of new peptide
drugs that can fulfil specific biological functions. Targeted modifications of the peptide

structure can improve properties such as stability, efficacy and selectivity.[?!
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2.3 Orthogonality of protection groups: Classification and lability

The entire repertoire of available protective groups is divided into orthogonal groups. The
orthogonality of PGs means that when using multiple PGs of a different type, each protecting
group can be cleaved individually and in any order by the different cleavage reagents without

attacking a PG of another orthogonal group (Figure 2).

of ll

Substrate Substrate Substrate

Figure 2: Concept of orthogonal PGs. A substrate with three different functional groups (X, Y and Z) is protected by
different PGs (blue, green and red). According to the principle of orthogonality, each PG can be selectively cleaved in a

specific order without removing any other PG. Modified according to [,

Overall, there are many orthogonal sets, which in turn can be divided into further subclasses.
In the following, these sets are briefly introduced, explained and the deprotection mechanism

is illustrated with classic examples.

2.3.1 Acid-labile PGsl*®!

In general, many PGs can be considered acid labile, depending on the applied acid and
conditions for the deprotection so that those with mild conditions are preferred and commonly
used in synthesis. The orthogonal set of acid labile PGs can be divided into two subclasses: a)
0,0-acetals and b) PGs that enable the formation of stable carbenium ions.

The first subclass of O,O-acetals are PGs, which are formed and cleaved in acidic
environments. Acyclic acetals are primarily used to protect hydroxy groups and are less stable
than cyclic acetals, which are preferred for carbonyl compounds as well as for 1,2- or 1,3-
diols, depending on which functional group needs to be shielded (Scheme 5). Deprotection is

initiated by protonation or Lewis acids and produces a resonance-stabilised oxonium ion that
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decomposes in the presence of water (or other nucleophiles) into two alcohols/a diol and a

carbonyl compound.

o OH
- HX — pa—
Ri R Ry R Ry Ry
3 24 25
- Hzo + HZO
o X
@
o [0 on <(O‘H
+ Y—
P Y R, R |- O OH
R1 R2
1 2 26

PGs for Hydroxy-qroups:

Q*\/ o Oy EjﬂoﬁH

27 (THP) 28 (MOM) 29 (MEM) 30 (BOM)
tetrahydropyranyl methoxymethyl methoxyethoxymethyl benzyloxymethyl

PGs for Diol-aroups:

n=1,2
/ \)n / \)n / \)n / \)I‘l
o_ 0O o_ 0O o_ 0O o_ 0O
31 32 33 34
isopropylidene cyclopentylidene cyclohexylidene benzylidene
PGs for Carbonyl-groups:
& L
o_ 0O
o.__O
R, R, R1 Ry
35 36
1,3-dioxane 1,3-dioxolane

Scheme 5: (Top) Hydrolysis mechanism of a diol protected as an acetal 3. An acidic environment initiates the
decomposition, generating the oxonium ion intermediate 25 and after the addition of water yielding acetone (1) and the diol

2; (Bottom) Examples of acid labile O,0-acetals for alcohols, carbonyl-groups and diols. Modified according to [23],

The second subclass represents PGs that are heterolytically cleaved at a C—O bond of an
ether, ester or urethane (e.g., Boc-PG) in an acidic environment, producing the deprotected
substrate and a stabilised tertiary alkyl or benzyl carbenium ion (Scheme 6, Top). These are
widely used for the protection of alcohols, thiols, amines and esters. Due to the wide range of

groups and their varying labilities, different acids can be used which, if several acid-labile

7
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PGs are present, can enable selective deprotection due to the required acid strength.
Furthermore, the specific substitution of benzylic PGs leads to an increased or decreased
stability of the obtained carbenium ion and thus has an influence on its lability (Scheme 6,
bottom).

@
o} + HX OH N
IS x’ O S o M
R” 0 - HX o
37 38 39 19
40 (t-Bu) 18a (Boc) 41 (Adoc)
tert-butyl tert-butyloxycarbonyl adamantyloxycarbonyl

OMe N02
18b (Cbz) 42 (MOZ) 43 (4-NO,-Z)
benzyloxycarbonyl para-methoxy- para-nitro-
benzyloxycarbonyl benzyloxycarbonyl

Scheme 6: (Top) Hydrolysis mechanism of a i.e., tert-butyl protected carboxylic acid 37. An acidic environment initiates the
decomposition, yielding the free acid 39 and the tert-butyl cation (19); (Bottom) Examples of acid labile PGs which are

mainly used for the protection of alcohols and amines that generate CO2 (except 40) and stable cations. Modified according
to (231,

2.3.2 Base-labile PGst*l

Similar to acid-labile PGs there are two subclasses for base-labile PGs consisting of a)
deprotection via direct basic hydrolysis or b) deprotection via base-induced B-elimination.
The mechanistic consideration for both subclasses differs due to the function of the base,
which acts either as a nucleophile or a deprotonating base. Carboxylic acids are preferably
protected as alkyl esters using alcohols. Vice versa many ester/amide derivatives of alcohols,
thiols and amines are easily synthesised which can be very finely tuned in terms of their
hydrolysis rate by adjusting the steric and electronic properties depending on the reaction
conditions (Scheme 7a). This allows selective cleavage of one base-labile PG, while others

remain intact due to the vastly different hydrolysis/reaction rates, with differences of up to
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1:100.000.1%81 Due to the low leaving group potential of amines and the therefore required
aggressive reaction conditions, the corresponding amides are rarely used for basic hydrolysis.
An exception are phthalimides, which have a much higher electrophilicity. Following the

Gabriel synthesis, the use of hydrazine enables the quick release of primary amines.

a) Basic Hydrolysis

@
)L R, BESLLEN ) —_— /U\Q + HO-R,

H \_/ 0
44 45 39A 46
47 (Ac) 49 (Piv) 50 (Bz)
acetyl trlfluoro -acetyl pivaloyl benzoyl

b) B-Elimination

+ = (@]
ﬁ‘/\{ /qj L W HX-R, o ]| g
"B R Ra

1 HO™ ~X
-[CO,]
X = NH (51a) 52 X=NH(23) Xx=cC(39)
X = O (51b) X =0 (46)
X = C (51c)
o)

L
o0 GO @r |5

18¢c (Fmoc) 54 (Fm)
9-fluorenylmethoxy 9-f|uoreny|methyl 2- (phenylsulfonyl)ethoxy
carbonyl carbonyl

Scheme 7: (Top, upper part) Basic hydrolysis of an ester 44. The saponification yields the free deprotonated acid 39A and
the alcohol 46; (Top, lower part) Examples of base-labile PGs, which can be hydrolysed; (Bottom, upper part) B-elimination
of a PG. If X represents a hetero atom the carboxyl group is part of the PG and removed via decarboxylation; (Bottom, lower
part) Examples of base-labile PGs that are cleaved via p-elimination. Modified according to [2°1,

The other base-labile PG set is not directly hydrolysed, but deprotonated and cleaved by B-
elimination (Scheme 7b). The abstraction of a proton is made possible by the fact that the
resulting carbanion benefits from the stabilising effects of the aromatic system or electron
accepting groups within the PGs, making it a viable option for amines, alcohols and, when
using the Fm-PG 54, carboxylic acidsf].
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2.3.3 Oxidation-labile PGs[*-2l

There is only a small number of oxidation-labile PGs and their use is therefore limited.
Alcohols and diols protected as electron-rich methoxy-substituted benzyl ethers are readily
oxidised by dichlorodicyanoquinone (DDQ, 57)?8 or cerium (IV) ammonium nitrate
(CAN) (Scheme 8). The rates of cleavage vary greatly depending on the ether used, which
can be exploited in syntheses. Another important class of oxidation labile-PGs are S,S-acetals,
which have a high stability towards hydrolysis and various nucleophiles. The oxidation of the

sulfur atoms facilitates cleavage and therefore allows a selective deprotection in the presence

of O,0-acetals.
0
NC cl
NC cl
n © H
{ OR 57 P
e @ OR —» Z>0R
MeO - H* ~
O@ MeO MeO
56 e cl 56-1 5611
NC cl &)
5 0 )
NC cl | NC cl
574 _
NC Cl | NC cl

O@ O@
5711 571
o) 0"')
+H,0 Z>0R
/ -H* MeO
MeO MeO
58 R-OH 56-1IV 56-Ill
46

Scheme 8: Illustration of the oxidation of a methoxy-substituted benzyl ether 56 with DDQ (57). After two SET processes
and the addition of water, the ether 56 is oxidised to the corresponding aldehyde 58, releasing the former protected alcohol
46. Modified according to 231,

2.3.4 Reduction-labile PGs[* 3l

This orthogonal set consists of a large number of PGs that can be removed by various
reductive conditions. Altogether, there are three groups of subclasses depending on the
reaction conditions, the reducing agent and the associated different cleavage mechanism: a)

deprotection by hydrogenolysis, b) by reduction with a dissolved metal and c) by reductive

10



2. State of knowledge

elimination. Deprotection by hydrogenolysis is a preferred method of choice because of the
mild conditions and high tolerance to many functional groups. The benzyl-PG used to protect
alcohols, carboxylic acids, amines and diols in the form of ethers, carbonates, esters,
carbamates and benzylidene acetals is easily cleaved in the presence of hydrogen and a

transition metal such as Pd (Scheme 9).

a) Deprotection via hydrogenolysis

Scheme 9: Illustration of the hydrogenolysis of a benzyl ether. The benzyl ether 59 coordinates to the surface of palladium
(59-1). Hydrogen is bound to the metal by oxidative addition. The alcohol 46 is split off by addition of a hydride to the
oxygen atom, which shifts electron density towards the aromatic moiety (59-11). After reductive elimination, toluene (20) is

released and the cycle repeats. Modified according to 2,

b) Deprotection with solvated electrons

) <i)
Na © Na
—> ) - - =
NH;
R,0 t-BuOH | R;0)) CH, o CH,
60-1 +H*  60-ll 60-I1 60111
R, = alkyl (60a) - -
R, = COR, (60b) l+ H*
R;-OH
R4 = alkyl (61)
R4 = COR, (39)
CH,
20

c) Deprotection via reductive elimination

AcO”
0 : %oy ¢ H
7 ) OH
C|>‘/\OJ\R _4n CIZn_~ /‘\)‘\ - = _ + &J\
oI, AcOH cl 0" 'R | -znCI(OAc) ¢ H 0° R
cl
62 62-1 63 39

Scheme 10: (Top) lllustration of the deprotection of the benzyl-PG using solvated electrons. With 2 mol of sodium the
reduction via SET-processes yields the released alcohol 61 or carboxylic acid 39 and toluene (20); (Bottom) Reductive
elimination of a trichloro ethyl protected carboxylic acid 62. Zinc is used as an electron donor, resulting in the decomposition

of 62-1 into the olefin 63 and the free acid 39. Modified according to [2.
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In addition, many small organic molecules can be used as a hydrogen source for catalytic
transfer hydrogenation.B% Depending on the substitution of the benzyl-PG the rate of
hydrogenolysis can be influenced. When a substrate is protected by a benzyl ether and the
previously mentioned oxidation-labile methoxy-substituted benzyl ether (Chapter 2.3.3),
Raney nickel enables selective cleavage of the former.® In a different manner the benzyl-PG
can also be cleaved using solvated electrons as reductive agents (Scheme 10). Dissolved
alkali metals in liquid ammonia with an additional proton source generate the diene radical
anion 60-1 which gives the corresponding alcohol 61 or carboxylic acid 39 and toluene (20)
after aqueous work-up. Due to the harsh reaction conditions, this method is rarely used, as
this type of reduction has a low tolerance towards various functional groups.

The last subclass consists of PGs with a 2-haloethyl scaffold and are cleaved by reductive
elimination with e.g., zinc in acetic acid or electrochemical processes (Scheme 10). The
mechanism involves a B-elimination and is therefore similar to that of the base-labile PGs
(Chapter 2.3.2). This principle can be applied to alcohols, protected as carbonates®? and

etherst®3, amines, protected as carbamatest®?, and carboxylic acids, protected as estersi4,

2.3.5 Cleavage of PGs by heavy metals or transition metal catalysist*—

In general, the use of metals as catalysts and electrophilic auxiliaries allows a specific and
targeted removal procedure for this orthogonal set. The aforementioned S,S-acetals (Chapter
2.3.3) can be readily hydrolysed with equimolar amounts of heavy metal salts of Ag(l),
Cu(l1), Hg(1l) and TI(I1) or other effective Lewis acids.

© ©
N cl CII/\/SHgCI K\/SHg—CI
HgCl, ® ® + Hy0 et o

S S <, S j_HgC| —— SRy —_— R, — = )J\

K 7 T - HCl \’<‘o\ H S R R
Ri Ry Ri Ry R4 1 - |l|

s” 9
64 64-1 64-Il 64-1ll —HaI 65

Scheme 11: Illustration of the deprotection of a 1,3-dithiane 64 with HgCl.. Modified according to [,

Because of the deprotection processes requiring harsh reaction conditions and the use of toxic
components, more environmentally friendly options are still being developed, among which
removal via light has been studied.®® The removal of PGs in general represents a less
invasive method and will be discussed in chapter 2.3.9.

PGs containing the allyl group can be cleaved by transition metal catalysis with Pd(0), Rh(l)

or Ir(l) under mild conditions, with remarkable tolerance to many functional groups. The allyl

12
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group of esters, carbamates, carbonates and phosphates is separated from the protected group
by a nucleophilic attack of the metal, resulting in a T-complex and a stabilised anionic species
(Scheme 12, Top). Allyl transfer is completed by the nucleophilic attack of mild agents such

as morpholine and C-H-acidic compounds.

Transition metal cleavage of allylic esters

/r\ A
o Pd(0)L, NuH +L
e PA(IL, S . Pd(INL, -Rco H) ———— Nu
R0~ T L N (her (B2 Tpgopy 2
O\H/R Nu
(o)
66 67-1 67- 39 22

Metal catalysed isomerisation and acidic hydrolysis of allylic ethers

RO RO RO__~
+ Rh(l AT .
RO\/\ _:()~ W/:\\ —_— ‘ - . \/:\
- Rh(l) H _ha) Rhl(lll) Rh() H
H
68 68-I 68-Ii 68-lll
+Rh(l) || - Rh())
R-OH) +CHOEt |RO +H0 ® +H*
R R TN
~ CHOE OH ~H,0 _H
69-I1l 69-Il 69-I

Scheme 12: (Top) Illustration of the deprotection of allyl-protected carboxylates with Pd(0). The oxidative addition leads to
the intermediate 67-1. Subsequent attack of a mild nucleophile gives the deprotected compound 39 and the allyl byproduct
22; (Bottom) Metal-catalysed isomerisation of an allyl-protected alcohol. Rh(l)-mediated isomerisation of the double bond

and acidic hydrolysis yield the deprotected alcohol 46. Modified according to 2.

Allyl ethers are cleaved by double bond isomerisation with Rh(l) or Pd/C to give the acid-
labile prop-1-enyl system (Scheme 12, Bottom, 69-1). Mild acidic hydrolysis yields the
deprotected alcohol and propionaldehyde. Stable allyl ethers can in turn be cleaved by
oxidation with osmium tetroxide and ozone or by isomerisation with strong, non-nucleophilic

bases such as potassium tert-butoxide.!%7]

2.3.6 Fluoride-labile PGsl!3!

The sixth orthogonal group consists of silicon-based PGs that are frequently used in organic
syntheses. The high affinity between silicon and fluorine is exploited for deprotection,
resulting in selective and efficient removal. While trialkylsilyl-protected alcohols are among

the most optimised and used PGs, the protection of amines, esters and 1,3-diols is rarely used

13
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because few PGs have been developed for these functional groups and many of the

corresponding derivatives are very labile (Scheme 13).

PGs for Hydroxy-aroups:

Ry, Ry, Ry = Me: TMS (70)

_O._.Ry R4, Ry, Rz = Et: TES (71)
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Rs R, = tBu, Ry, Rz = Me: TBDMS (73)
Ry = tBu, Ry, R3 = Ph: TBDPS (74)
R i R i i -
0NN 0 o0 TN R\O O/\/SI\
75 (TMSE) 76 (SEM) 77a (TMSEC)
trimethylsilylethyl trimethylsilylethoxymethyl trimethylsilylethylcarbonate
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disiloxane-1,3-diyl

Scheme 13: Examples of fluoride-labile PGs for alcohols, amines and 1,3-diols. Modified according to 31,

1) Direct cleavage
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Ill) Fragmentated cleavage of trimethylsilylethyl
carbonates (TMSEC), carbamates (TEOC) and esters
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F SO R “MessiF Ho” ~x-R2
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X = NH (83a) :;ﬁ\:f]]e X = NH (23) X = C (39)
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X = C (83c)

Scheme 14: (Top, 1) Direct cleavage of a trialkylsilyl protected alcohol 81; (Middle, 11) Fragmentated cleavage of a
trimethylsilyl ethoxy methyl ether (SEM); (Bottom, IllI) Fragmentated cleavage of a trimethylsilylethyl carbonates,
carbamates and esters. If X represents a hetero atom the carboxyl group is part of the PG and removed via decarboxylation.

The bond dissociation energies are given in the bold square in kJ/mol. Modified according to 231,

Removal of trialkylsilyethers is accomplished by direct cleavage initiated by the nucleophilic

attack of fluoride, shifting the electron density towards the oxygen atom, yielding the
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alcoholate which is subsequently protonated (Scheme 14, 1). The larger the substituents are
the higher the steric demand leading to lower reaction rates of deprotection. 3

Another strategy is fragmented cleavage, which is achieved by using 2-(trialkylsilyl)ethyl
substituents. This deprotection mechanism therefore proceeds in an analogous way to the
aforementioned B-elimination mentioned in the chapters 2.3.2 and 2.3.4. The nucleophilic
attack of the fluoride ion leads to successive fragmentation of ethers®¥, but also esterst041]
carbamatest*?l and carbonates*’l, producing the deprotected substrate, trialkylsilyl fluoride,

ethene, formaldehyde and, in the case of the latter two, carbon dioxide (Scheme 14, 1l and

11).

2.3.7 Enzyme-labile PGs!*

Deprotection by enzymes allows highly selective removal of various PGs under mild
conditions, by using a buffer system and a pH range of 5 to 9 at room temperature or low
heating up to 40 °C. In addition to water, organic solvents are also tolerated in many cases.

0]
i Royio 0 L. @ o
R, N /\@\ J\/Ph R)J\o):\/N(Mek Br
’ o
84 (PhAc), phenylacetyl 85 (AcOZ), 4-acetoxybenzyloxycarbonyl 86 (Cho), choline ester
X =0, NH; Cleaved by: Penicilin G Acylase Cleaved by: Butyrylcholine Esterase
Cleaved by: Penicilin G Acylase
: o 2 oo
. R ° O VN
RJ\O){_ ‘O)‘l.]\ R™ "0 (0]
87 48 (Ac) 88 (MEE), 2-(2-methoxyethoxy)ethyl
Cleaved by: Papain Cleaved by: Wheat Germ Lipase Cleaved by: Papain or Lipase M

Papain, Phosphate buffer pH: 6.6 91%

10 vol% acetone
o o 77% Penicillin G Acylase
H% cH Phosphate buffer pH: 7.0, rt
O__N P HN
o

O ~ ~N

All”

Pd(Ph;P),, PhSiH;, THF AII—CI) 0

89% 64% Wheat Germ Lipase

OAc Phosphate buffer pH: 6.5, 37 °C

Scheme 15: (Top) Examples of PGs that can be cleaved with the corresponding enzyme; (Bottom) Multifunctional
nucleopeptide protected by different PGs. Orthogonal deprotection is achieved by highly selective enzymes and

hydrogenolysis under mild conditions, resulting in good yields and avoiding undesired side reactions. Modified according to
1231,
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Although enzymes cleave PGs that could also be cleaved by other options, the high and
efficient regio- and chemoselectivity remains unsurpassable in many cases under the given
reaction conditions. Therefore, this method is especially preferred in the synthesis of
multifunctional substrates such as carbohydrates, peptides, nucleosides and other biologically
relevant compounds, due to the effective orthogonal deprotection of the PGs (Scheme 15).44

The targeted development of enzyme-labile PGs and the investigation of enzymatic
deprotection of already known PGs has increased the availability and possibilities for
orthogonal (de)protection, especially of amines, alcohols and carboxylic acids. It has thus
become an established and preferred method since the 20th century.

2.3.8 “Two-Stage” and “Safety Catch” PGs[?°]

In organic chemistry syntheses, some PGs must withstand a wide range of conditions before
actual deprotection takes place. In contrast, removal may occur too early due to high lability
to certain conditions. The "two-step” strategy circumvents this problem by using chemically
stable PGs that can be converted to a labile counterpart and can be easily removed by e.g., B-
elimination. The additional reaction step is associated with a higher effort, but can be used
with regard to an optimised orthogonal deprotection. The thioether 89-11 itself has a high
tolerance in acidic and basic environments, but oxidation of sulphur to the corresponding
sulfone 90-11 allows the PG to be removed (Scheme 16, 1).154"] Besides oxidation, there are
other options such as the use of Lewis acids, exhaustive alkylation of amines to obtain
electrophilic ammonium salts, substitution reactions with alkyl halides and the isomerisation
of robust allyl ethers to hydrolytically enol ethers (Chapter 2.3.5). Another common strategy
is the “Safety Catch”*”] method and involves the conversion of a stable PG into an activated
intermediate prior to cleavage. One example is the reduction of aromatic compounds, which is
accompanied by subsequent cleavage (Scheme 16, 11).*81 In case of the third example
(Scheme 16, I11), a stable PG is converted into a reactive species, which then performs an
intramolecular attack on an electrophilic centre and causes the cleavage of the PG. Starting
with the substitution of chlorine with o-phenylenediamine (OPD) the resulting derivative 97-
Il nucleophilically attacks the carbonyl carbon yielding the deprotected substrate 23 and 3,4-
dihydroquinoxalin-2(1H)-one (98-11).[°1 Hence, the reduction of nitro and azide substituents,
condensation reactions of carbonyl compounds with hydrazine or the substitution of a-halide

acetates with thiourea also became viable options for the "Safety Catch™ method.
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Scheme 16: Illustration of the principle of "Two-Stage" and "Safety Catch" PGs; I) The stable PG 89 is converted to the
labile derivative 90, which is cleaved by f-elimination; Il) The stable PG 93 is converted to the labile derivative 94, which is
cleaved by electron density shift; I1I) The stable PG 96 is converted to the labile derivative 97, which is cleaved by an

intramolecular substitution reaction. Modified according to 23,

2.3.9 Photolabile PGs[®-52

Summarising the previous orthogonal groups of PGs, the corresponding deprotection includes
acidic or basic hydrolysis, oxidative, reductive, electrophilic or nucleophilic auxiliaries, or the
use of enzymes, which offer an enormous range of viable options. However, besides all these
(bio-)chemical approaches, the use of light as a deprotecting agent is a special case that is not
yet fully exploited. These photolabile PGs (PPGs) are cleaved by irradiation of a substrate
alone, so that no further reagents are required, and have an intrinsic (chromatic) orthogonality
to a certain degree due to the different excitation wavelengths used for the corresponding

PPGs. In general, the basic scaffold of these PGs is based on a chromophore with unsaturated,
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aromatic systems including substituents such as carbonyl and/or nitro groups, which allow
n—7* transitions. Over the last 60 years, the application and diversity of PPGs has been
refined. Overall, there are three major subclasses: a) the nitrobenzyl (NB), b) the phenacyl

and c) the benzyl family (Scheme 17).
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Scheme 17: Overview of the most important PPG families: nitrobenzyl family (red box); benzyl family with various
derivatives (green box); phenacyl family (blue box) with its two subfamilies of compounds that prefer photoenolisation (cyan

box); and enones and other derivatives (light blue box).

In addition to these categories, many other derivatives and analogues have been developed for
the protection of a specific functional group and for applications in biological research. The
first subclass of NB derivatives represents a preferred option in organic synthesis because of

the easy introduction and the various functional groups that can be released from them,
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including phenols, thiols, carbamates, carbonates carboxylic acids and phosphates. The NB
deprotection has been intensively studied and is illustrated in Scheme 18.13-%%1 |rradiation of
99a leads to the excited substrate 99a-1 which undergoes a 1,5-transfer of a benzylic
hydrogen atom to generate the crucial aci-nitro intermediate 99a-11. An irreversible
cyclisation and subsequent ring-opening gives compound 99a-1V, which decomposes to the

aldehyde 99a-V and releases the protected substrate 116.

1) Deprotection of NB
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Scheme 18: 1) Mechanism of NB deprotection; 11) Mechanism of NBE deprotection. Modified according to [,

The leaving group potential influences both the quantum yield and the reaction rate.
Therefore, unfavourable leaving groups such as amines and alcohols are released much
slower compared to, for example, phosphates. Another major problem is the resulting
nitrosobenzaldehyde 99a-V, which has a stronger absorption than the NB-PPG and thus
reduces the overall efficiency of deprotection.® In addition, secondary photoreactions of
99a-V lead to a variety of byproducts that can further inhibit the photoreaction and interact
with other substrates or biological systems.’®571 Optimisation strategies included
modification of the aromatic ring and substitution in the benzylic position, with the latter
intended for an efficient release of amino acids.[®® 1997 Hasan et al. published the 2-(2-
nitrophenyl)ethyl (NPE, 99b) PPG.*¥ In a similar fashion to its NB derivative the excited
species 99b-1 undergoes a 1,5-hydrogen transfer to generate the aci-nitro species 99b-11.

Subsequent decomposition yields the liberated substrate 116 and nitrostyrene 99b-111. When
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compared to NB PPG derivatives, the NPE group releases stable leaving groups faster and has
higher quantum yields.[5%-61I

The phenacyl family consists of various carbonyl-based PPGs, whose deprotection
mechanism may differ depending on the PPG backbone, leaving group, and reaction
conditions.[®?%] The phenacyl PPG contains the protected substrate in a-position, which can
be efficiently released upon photolysis. Sheehan and Wilson investigated benzoin derivatives
for the usage as potential PPGsl®¢71 which proved to be a viable option for the release of
various functional groups.[®®"% Several mechanisms involving either radical cyclisation or

intramolecular [2+2] Paterno-Biichi were proposed (Scheme 19).[71-74]

Benzoin-PPG

11741

Scheme 19: Photolysis of benzoin PPGs. The upper path shows a cyclisation via radical steps, while the lower path proceeds

via an intramolecular [2+2] Paterno-Biichi. Modified according to 54,

Givens et al. designed the p-hydroxyphenacyl (pHP) PPG whose deprotection mechanism
involves a photo-Favorskii rearrangementl’>7?1 shows no secondary photoreactions and
releases good leaving groups in high yields®®®2. The first subfamily of phenacyl PPGs
involves the release of potent leaving groups such as phosphatest®l sulfonates!®,
carboxylates(®-261 carbonates® and carbamates!®! via photoenolisation through y-hydrogen
abstraction. Depending on its overall structure, the enol can react in different ways. If
ketonisation occurs, the leaving group is either intramolecularly substituted or eliminated
(Scheme 20, 1).185868 Using the benzophenone derivative 125 Gudmundsdottir et al. enabled
the deprotection of alkoxides through intramolecular lactonisation (Scheme 20, 11).°% The
mechanism is initiated by photoenolisation which yields enol 126. After an intramolecular
[2+2] cycloaddition the tertiary alcohol 127 nucleophilically attacks the adjacent carbonyl
group to obtain lactone 128 and the released alkoxide in good yields. Structurally deviating
from the phenacyl scaffold but with a similar mechanism, Steinmetz et al. investigated the

photoenolisation of ketoamides with the leaving group attached to the a-carbon atom.[°%%
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Irradiation of compound 129 gives the zwitterionic species 130 which upon intramolecular

cyclisation releases the protected substrate (Scheme 20, II).
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Scheme 20: Removal of PPGs via photoenolisation of carbonyl groups. The light induced y-hydrogen abstraction either leads
to a re-ketonisation (1) or an intramolecular cyclisation (11). Modified according to 5,

As for the second subfamily of phenacyl PPGs, the basic structure of thiochromone S,S-
dioxide (105), (2-anthraquinonyl)methyl (AQ, 106) and coumarin PPGs (107) is still related
to that of the phenacyl scaffold, but also has its own features such as enones and an extended
conjugated system with additional electron acceptors (Scheme 21). Especially the coumarin-
PPG (107) as well as the quinoline-PPG (135), which represents its nitrogen containing
analogue, became particularly interesting for biological and medical research as they show
efficient release of phosphates, carboxylates and diols.[2%%1 The AQ-PPG (106) has been
established as a PG for the protection and release of alcohols®4, carboxylic acids!®>%],
ketones/aldehydes®  and  cyclic  adenosine  monophosphate  (cAMP).[®®l  The
photodeprotection mechanism has been thoroughly investigated. A solvent-dependent
reduction to the corresponding dihydroxy anthracene via the formation of a ketyl-radical and

subsequent release of the substrate with 2-methylanthraquinone (133) as the byproduct is
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proposed.[®l Kakiuchi et al. reported that UV-irradiation of thiochromone S,S-dioxide
protected substrates in deuterated solvents allows rapid and quantitative release of various
phosphates, amines, alcohols and carboxylic acids accompanied by the formation of the

tetracyclic byproduct 132 which shows a strong fluorescence at 440 nm with a quantum yield

of @ = (.85.[100-102]
o =

// \\

Thiochromone S,S-dioxide-PPG

105 132 116

AQ-PPG

(0]
O e 1 -
* solutlons *

(0]

Coumarine-PPG

Qumolme PPG

135

Scheme 21: Overview and reaction equations for the deprotection of the thiochromane S,S-dioxide- (105), AQ- (106) and
coumarin-PPG (107). Next to the coumarin-PPG (107) the corresponding nitrogen containing quinoline-PPG (135) is

illustrated. Modified according to [5%:99.100],

The last major family of PPGs are the benzyl-based compounds (Scheme 22, top). The
general mechanism involves the heterolytic cleavage of the benzylic C—X bond and is
strongly dependent on the choice of solvent. The first report on this type of PPG was
published in 1962 by Barltrop and Schofield, who studied the photolysis of benzyl-protected
glycine carbamate.'®®! This reaction was improved by Chamberlin using the 3,5-
dimethoxybenzyl derivative 108 as PPG for the protection and release of glycine, methionine,
phenylglycine, serine and e-Chz-lysine with yields from 42 to 85% (Scheme 22, bottom).!204]
This substitution effect was thoroughly investigated by Zimmermann et al.[!%! The expansion
of the aromatic system (114, 115, 136-138) and substitution at the benzyl position (110, 111)

have increased the availability of this PPG family.
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Aromatic Expansion
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Scheme 22: (Top) Benzyl-type PPGs. (Bottom) Selected example of the cleavage of amino acids from the 3,5-

dimethoxybenzyl PPG by Chamberlin.[*** Modified according to (50511,

Recently new trityl-based compounds with methoxy (e.g., 142) or dimethylamino (e.g., 144

and 145) substituents have been developed and optimised for the targeted protection and

effective release of carbonyl compounds!*%-1¢1 alcoholsi*%-11 and amines™? (Scheme 23).
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Scheme 23: (Top) Mechanism of photochemical deprotection of carbonyl compounds. (Bottom) Illustration of the removal

of dimethylaminotrityl (DMATT) protected alcohols and amines. The latter have to be protonated in order to be cleaved of the

PG. Modified according to [,
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Overall, it can be stated that PPGs represent a valuable addition to other orthogonal sets of
PGs. The chromophore-based structures possess their very own chromatic orthogonality and
enable a neutral (de-)protection protocol for efficient reactions, comparable to that of enzyme

and metal catalysis labile PGs.

2.4 Photophysical processes and luminescencel!31°]

The term luminescence is defined as the emission of light due to a preceding energy input
which causes electronic excitation that is not solely caused by high temperatures. This type of
radiation is therefore referred to as "cold light" and lies in the range from the near ultraviolet
through the visible to the infrared. The amount of energy of the emitted photon is equal to the

energy difference between two different energetic states (Equation 1):
h-v =AE (Eq. 1)

h = Planck’s constant [Js], v = frequency [sY], 4E = difference of energy [J].

In accordance with Stokes' rule, the wavelength of the emitted light tends to be greater or at
least equal to the wavelength of the exciting radiation. However, when a luminescent
substance absorbs extra energy from the vibrational energy of its structure due to thermal
effects, there can be an exception from this rule, leading to an anti-Stokes luminescence.

Electronic excitation can occur during the interaction of light with matter through the
absorption of a photon in the range from ultraviolet (UV) to visible (Vis) light, which is
termed photoluminescence. The subsequent emission of light proceeds via fluorescence or
phosphorescence. Shorter wavelengths such as X-rays can cause the ionisation of atoms,
while infrared light only causes molecular excitation in the form of rotational and vibronic

excitation (Table 1).

Table 1: Electromagnetic spectrum from y-rays to radio waves in nanometres including the technical use and corresponding

values in Hz, eV and kJ/mol.[113.116]

v-Rays X-Rays Ultraviolet _m!u Infrared Micro Waves | Radio Waves
efgg;?;; lonisation Electronic excitation \"gzgggnn/ EPR NMR
A [nm] 10-2-10+2 10-2-107 101-102 380 580 780 10%- 108 108-10° 109-10%
v [Hz] 310201018 31019108 31016 1012 810" 510 4-10M 310%- 10M 310M- 108 3108-10*
E [eV] 108-108 105-124 124 -12 3.26 214 1.59 12-1072 103-10% 10-8-10-10
E[ﬁ] 108-107 107-10¢ 104-10° 315 206 153 120-0.12 0.12-10* 10-4-10-%
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The absorption efficiency of a photon with the wavelength A can be described by the
Lambert-Beer law, which states that the process depends on the molar absorption coefficient
(1), the concentration of the sample ¢ and the absorption path length d (Equation 2):
0
A =logt=e(A)-c-1 (Eq. 2)
A
A()) = Absorbance, I /I, = Light intensity before/after absorption [W/m2], &(2) = molar absorption coefficient [Z/mol-cm],

¢ = concentration [mol/L], | = Thickness of sample [cm].

2.4.1 Jablonski diagram!t#116]

When an electron absorbs a defined amount of energy which corresponds to the energetic
difference between two states, it causes the excitation of the latter to a higher energy state
(Sn>0). According to Kasha’s rule this electron then undergoes non-radiative transitions, such
as vibrational relaxation (VR), and interactions with its environment and gradually returns to
the lowest vibrational state of the excited state. Consequently, an emitted photon always has a
lower frequency than the absorbed one, since emission occurs only after the molecule has
released a small amount of thermal energy to its environment. In addition to VR, the electron
can transition from the lowest vibrational state of an excited state to an isoenergetic
vibrational state of a subsequent, lower state (Sh—Sn-1) with the same multiplicity, which is
called internal conversion (IC). Alternatively, it can relax into a less excited vibrational state
within the ground state (So) by radiative transfer. This process occurs rapidly and is
permissible in terms of spin because the excited electron and the other electron in the ground
state have different spins, resulting in singlet multiplicity. In this scenario, the emission of a
photon is called fluorescence. Subsequently, the electron returns to the lowest vibrational state

of Sp via non-radiative transitions.

Table 2: Timescale of different photochemical processes.[**4!

Process Time Scale [s]
Absorption 10715
Vibrational Relaxation 10712-1071°
Internal Conversion 101 -107°
Intersystem Crossing 1071°-10°®
Fluorescence Lifetime 1071°-107
10°6-1
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Another classification of luminescence is . Similar to fluorescence, an
electron is excited to a higher excited singlet state. After relaxing to the lowest vibrational
state within the excited singlet state, the electron transitions to an isoenergetic vibrational
state within an excited triplet state (T1). This transition involves a spin change of the electron
(which is partially allowed due to spin-orbit coupling), which is called Intersystem Crossing
(I1SC). Subsequently, the electron relaxes into the lowest vibrational state of the excited triplet
state. Since the electron now assumes a lower energy state and must reverse its spin to return
to the singlet ground state (So), is of longer duration but also emits less
energy than fluorescence (see Table 2). The different luminescence processes are illustrated

and explained by a Jablonski-diagram shown in Figure 3.
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Figure 3: lllustration of a Jablonski-diagram. The absorption of a photon allows the excitation of an electron into an excited
state Sz or Si (green arrows). Through non-radiative transitions (red wavy arrows) the electron loses energy through
oscillations and reaches the vibrational ground state of an excited state. Other non-radiative and isoenergetic transitions
where the electron leaves the vibrational ground state of an excited state and enters a highly excited vibrational state of a
lower excited or ground state are the internal conversion (IC, pink) or inter system crossing (ISC, purple). In the latter case
the electron changes its spin and enters an excited triplet state. The transition from Si to So is called fluorescence (blue
arrows). The transition from Tz to So is called (orange arrows). The energy is released as photons. Modified

according to [114.116],
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2.4.2 Franck-Condon-Principle[t3-115]

The probability of an electronic transition can be explained with the Franck-Condon-
principle. According to the Born-Oppenheimer-approximation the movement of nuclei and
electrons can be distinguished from each other due to their size and mass. Thus, electrons

move faster than nuclei and electronic transitions do not change the geometry of the molecule.
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Figure 4: Diagram of the vertical transitions according to the Franck-Condon-principle with the potential energy of the
molecule E plotted against the internuclear distance r. The function is described with the Morse-potential. The most intensive
transition occurs from the vibrational ground state v = 0 of the electronic ground state to the vertical above existing excited
vibrational state v = 2 of the excited electronic state (Absorption, blue arrow). Same case exists for the emission (red arrow).

Other transitions can be observed but have a lesser intensity. Modified according to (1131141,

Each energetic state can be described with a potential energy curve (Morse-potential), which
is subdivided in different vibrational states, starting with the vibrational ground state 0 to 1, 2,
3 etc. (Figure 4). Each of the vibrational states is described with a wave function. Therefore,
the transition probability is equivalent to the integral overlap. The electronic transitions are
illustrated as a vertical line between two different energetic states (vertical transition). Often
the potential function of the excited state is, in comparison to the ground state, shifted towards
greater atom distances, since excited electronic states have a higher antibonding character.

By means of the Franck-Condon-principle the characteristics of an absorption- and
fluorescence spectrum can be explained. Different wavelengths can cause electronic
excitations into different vibrational states. Afterwards through non-radiative relaxations the
electron enters the vibrational ground state of an excited state. The emission of fluorescence is

therefore always independent of the stimulation wavelength and is lower in energy than the
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absorption. The energy difference between the absorption peak with the longest wavelength

and the emission peak with the shortest wavelength is called “Stokes-Shift” (Figure 5).

Absorption Emission
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>
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—
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Figure 5: Overlay of an absorption and fluorescence spectrum; the intensity is plotted against the wavelength. The
absorption and fluorescence lines are mirror-inverted due to the similar energy differences. The vibrational relaxations of the
excited electron cause a bathochromic shift of the fluorescence towards the absorption. The difference between the
absorption peak with the longest wavelength and the emission peak with the shortest wavelength gives the "Stokes shift".

Modified according to (124,

2.4.3 Types of luminescence!7]

Electronic excitation can occur in various ways and is consequently differentiated according
to the energy source (Figure 6). While electronic excitation is possible by photons in the UV
and visible range, as in the case of photoluminescence, it can also be achieved by ionising
radiation (X-rays, a-rays, B-rays, y-rays) or particles of radioactive isotopes (radioisotopes).
This type of luminescence is termed radioluminescence. Besides electromagnetic radiation
the appliance of an electric current passed through e.g., a doped semiconductor can induce an
electroluminescence (EL) by the recombination of the excited electron with a hole in the
valence band. A special case of electroluminescence is cathodoluminescence, in which a
high-energy electron beam (primary electrons) causes inelastic scattering within a
sample/crystal. The subsequent emission of secondary electrons and X-rays leads to the
excitation of valence electrons in the conduction band, again emitting a photon through
radiative recombination with a hole. In the case of mechanoluminescence!**®! light emission

results from a mechanical action such as rubbing, crushing and scratching (triboluminescence,
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TL)M9 fracturing (fractoluminescence)?%, application of pressure (piezoluminescence)*?!
or sound waves (sonoluminescence).[*??l Thermoluminescence differs from incandescence in
that the latter is caused only by a rise in temperature. When crystalline materials absorb
electromagnetic radiation, it is possible that the corresponding excited states remain trapped
within the lattice. A rise in temperature enables vibronic excitation in the crystal and thus the
interaction of phonons with the excited states, so that decay through the emission of photons

is enabled.

& Radioluminescence /&\
/ﬁ\ Electroluminescence Chemiluminescence

- Cathodoluminescence - Bioluminescence
- Electrochemiluminescence

Thermoluminescence

/é\ Mechanoluminescence A Photoluminescence

- Fractoluminescence - Fluorescence

- Sonoluminescence - Phosphorescence
- Piezoluminescence
- Triboluminescence

Figure 6: Overview of the different types of luminescence. Below some luminescence classes, subtypes are shown in lighter

colours.

Chemiluminescence (CL) is a generic term for emission of light as the result of a chemical
reaction. A subtype of CL is bioluminescence (BL) where a living organism produces light by
itself or with the additional help of a symbiont through chemical processes.
Electrochemiluminescence (ECL)™?%l on the other hand is based on the generation of reactive
species at the electrode surface. These species cause the formation of excited states via
electron transfer (ET) reactions which emit light. In the following chapters the phenomena of

CL and BL will be discussed and described in more detail.

2.5 Definition and evolution of bioluminescencel!?4

As already stated in the previous chapter BL is defined as a characteristic trait of a living
organism that can produce light itself or through the additional help of symbionts. This
luminescence is based on chemical processes and therefore categorised as a CL. The
phenomenon of BL has already been known to mankind for more than three and a half

millennia, which can be traced back to the first mentioning of “glow worms” and “fireflies” in
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ancient writings of Asian civilisations. Literature of Aristotle (384-322 B.C.) shows a further
understanding of cold light emitted from fungi. Later on, Pliny the Elder (A.D. 23-79) even
mentioned bioluminescent clams, jellyfishes and lantern fishes in his Historia
Naturalis.!?>126] During the end of the 19th century, the French pharmacologist Raphaél
Dubois (1849-1929) discovered that the luminescence of click beetles (pyrophorus) was
linked to the oxidation of a specific compound (defined by him as luciferin) which was

catalysed by an enzyme (defined by him as luciferase).l*?”
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Figure 7: lllustration of the estimated evolution of O2 enrichment within Earth’s atmosphere. Stage 1 (3.85 - 2.45 billion
years ago): Earliest known life forms emerge with almost no oxygen present. Oceans were mainly anoxic; Stage 2 (2.45 -
1.85 billion years ago): Oz is produced but absorbed by oceans and rocks; Stage 3 (1.85 - 0.85 billion years ago): Oz content
is static and oceans are mildly oxygenated; Stage 4 (0.85 - 0.54 billion years ago): O2 begins to accumulate in the
atmosphere, oceans remain mostly anoxic or euxinic; Stage 5 (0.54 billion years ago - present): Peak of oxygen concentration
in the atmosphere and subsequent decrease to 0.2 atm. Oceans are oxygenated as well. The curves indicate the upper (blue)

and lower (red) limits of the estimated range, respectively. Modified according to [*28],

Taking the entire fauna into account, bioluminescence is found in fungi, bacteria, insects,
centipedes, crustaceans and fish. The exact evolutionary origins of bioluminescence remain
uncertain. One hypothesis is based on the change of Earth's atmosphere. The prebiotic
atmosphere (second atmosphere of Earth) consisted mainly of nitrogen (N2), carbon dioxide
(CO3) and small amounts of hydrogen-based gases (e.g., Hz, NHs, CH4)[?°! before the Great
Oxygen Event (GOE)!®! occurred during the Paleoproterozoic era and transformed the
reducing atmosphere into a highly oxidising one (Figure 7).

The first signs of life appeared about 3.8 billion years ago.[*3!] These microorganisms adapted
to the anaerobic environment, giving rise to a variety of microbial ecosystems based on the

consumption of minerals and small molecules consisting of nitrogen, sulphur and hydrogen
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through various metabolic pathways, including anoxygenic photosynthesis.[**? Recent studies
suggest that at least 3 billion years ago, the first organisms emerged that developed oxygenic
photosynthesis during the Archaic era.[*31%51 Water thus became an essential energy resource
and was oxidised to molecular oxygen in this process. In the course of evolution
cyanobacteria became the predominant species responsible for the increased production of
molecular oxygen, leading to its accumulation in minerals, oceans and eventually in the

atmosphere, which culminated to the GOE (Figure 8).
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Figure 8: Timeline of the emergence of the first biological photosystems (PS) and cyanobacterial lineages. The respective

species are categorised according to their size (basal lineage, micro- and macrocyanobacteria). GOE = Great oxygen event;
NOE = Neoproterozoic oxidation event. It is assumed that early forms of water oxidation were performed by ancestral
homodomeric photosystems (Ancestral PS-1 and -11). Towards the late Archean era the heterodimeric photosystems PS-I and
PS-11 were inherited by the most recent common ancestor of cyanobacteria and shared by all extant oxygenic phototrophs.
The majority of cyanobacteria species formed after the GOE, while marine planktonic cyanobacteria evolved mainly after the
NOE. Modified according to [*33],

Since heterotrophic organisms that existed at that time were initially adapted to an
environment devoid of oxygen, the resulting enrichment of the latter caused evolutionary
pressure that led to the extinction of many organisms, but also the development of aerobic
metabolism and protective mechanisms against oxidation. One of these mechanisms for the
detoxification of oxygen was bioluminescence. This hypothesis gains support from the fact
that various organisms can produce light through different reactions, indicating that this
feature evolved independently multiple times.[*3! All of these reactions ultimately depend on
the presence of molecular oxygen and are catalysed by enzymes classified as luciferases.
Because of the increasing oxygen levels, especially during the Neoproterozoic oxidation

event (NOE), and the optimisation of methods and enzymes to counter oxygen, the
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luciferin/luciferase systems became obsolete for this specific purpose. Instead of being lost
through natural selection these biochemical reactions of various species living across Earth
evolved and were optimised for a wide array of defensive and offensive functions. The utility
includes: attracting mates or prey, communication, stunning, distracting or misdirecting
predators (e.g., via the autotomy of a luminescent body part), burglar alarm (making the

predator visible for its own predators), and camouflage.

2.6 Bioluminescent reactions24137]

Every chemical reaction of BL-systems involves the oxidation of luciferin which is catalysed
by luciferases. Due to the broad diversity of bioluminescent organisms, many different
luciferine/luciferase systems with varying reaction mechanisms exist. In general, the reaction

can be expressed in the following way (Scheme 24):

) Luciferin m [Luciferase-Luciferin & Luciferase-Luciferin(+0,)
(HEI)
*
1) Luciferase-Luciferin(+02)] —_— [Luciferase-OxyIuciferin] ——» Oxyluciferin
(HEI) (- c0: :trjciferase

Scheme 24: lllustration of the general reaction progress of BL processes. HEI = High energy intermediate. I) Luciferin is
bound to luciferase and subsequently oxidised with molecular oxygen, generating a HEI; Il) The HEI is unstable and
decomposes in a defined way (e.g., decarboxylation) and yields an oxyluciferin excited species. After the emission of a
photon and the separation of luciferase and oxyluciferin the reaction is complete.

The whole reaction takes place within the pocket of the enzyme. In order to enable the
emission of light the reaction mechanism involves the formation of a high energy
intermediate (HEI), which represents an unstable species that is capable of releasing enough
energy through the breakage of O—O bonds and the subsequent formation of stronger C-O
bonds, including the release of byproducts such as CO2. Thus, the decomposition leads to the
corresponding oxyluciferin product and the emission of a photon. Though the enzyme itself is
essential, the reaction mechanism can further depend on additional cofactors such as
adenosine triphosphate (ATP) and magnesium or calcium ions. The following chapter gives a
general overview of different bioluminescence systems depending on the structure of the HEI.
It should be noted that some systems have not been fully understood or elucidated to date,
which is why some of the following schemes illustrate reaction mechanisms that are still

under discussion.
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2.6.1 BL reactions involving a peroxo HEI
2.6.1.1 BL of bacterial*?41%"]

Bioluminescent bacteria are a versatile and widespread species and can live freely or in a
symbiotic relationship with marine and terrestrial organisms such as fish, squids and worms
as hosts. The bacteria gain nutrients and a space to colonise and the host gains a luminescence
that is used for different situations. Besides symbiosis, saprophytic and parasitic behaviour
are also possible.**8 Although there are many different bioluminescent bacterial species, they
all share the same biochemical reaction which involves a reduced flavin mononucleotide
(146, FMNH_2) and an aliphatic aldehyde (Scheme 25).

Bacterial luciferin
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Scheme 25: Mechanism of the bacterial BL. Reduced riboflavin mononucleotide (146) is oxidised with molecular oxygen
catalysed by luciferase. The obtained peroxide 146-1 reacts with an aldehyde 11, producing an acid compound 39 and flavin-
hydroxide 146-111 as the emitting species. Upon relaxation, a photon with a wavelength of 490 nm is emitted. Modified

according to [1241,

Luciferase catalyses the oxidation of both substrates, which first leads to the flavin-peroxide
146-1. The addition of the aldehyde 11 gives the peroxo-hemiacetal 146-11, which is the HEI
of this reaction, and decomposes to the corresponding fatty acid 39 and the flavin-hydroxide
146-111. The latter represents the emitter of this reaction**! and relaxes to its ground state
and emits a photon with a wavelength of 490 nm. The elimination of water yields flavin
mononucleotide (146-1V, FMN) and represents the final product. The fatty acid obtained in
this process was identified as myristic acid when the reaction is carried out in vivo, but
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aldehydes with a chain length of 6 to 18 carbon atoms also cause light emission in vitro. Even
though the mechanism shown in scheme 25 is generally accepted, different approaches
including SET processesi*4%14l and a dioxirane speciest**? are still discussed, whereby the
latter is considered inconsistent because of the many unstable intermediates.[*3%143

In addition to blue-green light emission, some bacterial strains have red- or blue-shifted
emissions. Due to the involvement of an additional protein, the emission of Photobacterium
fischeri Y-1 has a maximum at 540 nm (caused by the yellow fluorescent protein (YFP))i441,
while the emission of Photobacterium phospherum, fisheri and leiognathi is blue-shifted with
a maximum at 475 nm (caused by the blue fluorescent protein (BFP), later called lumazine
protein (LumP)).[451461 The biological relevance as well as the energy transfer mechanisms of

these different emission wavelengths remain unresolved.

2.6.1.2 BL of dinoflagellates(*2413]

Dinoflagellates are single-celled eukaryotes, that live mainly in marine and freshwater areas
and make up a large part of the phytoplankton. Their name literally means "whirling whip",
which is due to their appearance. Bioluminescent dinoflagellates are mainly found in the
oceans. The BL reaction occurs through the deformation of the cell membrane, triggered by
mechanical stimulation, e.g., by fast movements of fish, boats or breaking wavesi4’]
resulting in the emission of bright blue light with a wavelength maximum at 470-
475 nm.[1241481 Because of these observations and studies, it is assumed that the BL serves as
a mechanism to disrupt the feeding behaviour of predators™*®l or as a burglar alarm which
reveal the presence of the primary predator to secondary predators.[** Dinoflagellates can
become abundant due to excess nutrients (e.g., marine pollution), resulting in small or large
algal blooms and explaining the phenomenon of large areas of the oceans glowing green-blue
during wave cycles. Besides the bright BL, larger algal blooms can provide a useful food
source for higher organisms, but can also have fatal consequences. These harmful algal
blooms (HAB) or red tides (due to the discolouration of the sea surface)(*® can block
sunlight, leading to oxygen depletion, and depending on the type of algae, accumulate toxins
that can lead to mass mortality of marine life and birds, and can also be fatal to humans
through direct exposure or consumption of fish and seafood enriched with the toxins.[*5215]

The BL reaction of dinoflagellates is still to debate. In general, it involves an open-chained
tetrapyrrole 147 and resembles the structure of chlorophyll a (148).[*> The formation of the
HEI 147-1 is enabled through deprotonation at the a-position to the keto-function of the
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cyclopentapyrrolone moiety and the subsequent reaction of the corresponding anion with
oxygen. The exact structure of the HEI is still a hypothesis. Nakamura et al.[**®! discussed an
acyclic peroxide, but new theoretical calculations propose a dioxetanolate intermediate*%¢], as
shown in Scheme 26. In the case of the latter the subsequent cleavage of the O—O bond yields
an excited gem-diol(ate). that upon emission of a photon eliminates water and leads to the
final product 147-11a.

Dinoflagellate luciferin

Luciferase
B — e

0,
hv NaO,C O
147-1 -
A, =475 nm
147 (HEY) (Amax ) 147-la
Phun et al.
R, H R4
[2n+2n] » A\ |
Cycloreversion o=
HO o
147-lb
Wo
2
Chlorophyll a (148)

Scheme 26: (blue boxes) Mechanism of the dinoflagellate BL, the red square indicates the moiety of the molecule that is
oxidised; (black box) Structure of chlorophyll a (148). The luciferin is an open-chained tetrapyrrole 147 which is oxidised
with molecular oxygen catalysed by luciferase. The obtained dioxetanolate 147-1 may eliminate water, leading to the
formation of product 147-11al*%61 or undergoes a [2n+2x] cycloreversion which yields 147-11b.1571 The emitting species is

still controversial. The wavelength of the photon has a maximum at 475 nm. Modified according to [124137],

It is worth mentioning that in vitro experiments showed that the emission of the dinoflagellate
BL matches the fluorescence of the luciferin 147, while 147-11a is not fluorescent. Therefore,
an energy transfer between these two compounds has been proposed.[**® Instead of an excited
gem-diolate Phun et al.™>" propose a [2n+2n] cycloreversion which gives an oxopropenyl-
pyrrole carboxylic acid 147-11b in its excited state and also represents the final product after

the emission of a photon.
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2.6.1.3 BL of Latia neritoides*2+137.15

The species Latia neritoides is a freshwater limpet endemic to the North Island of New
Zealand and belongs to the phylum of molluscs. It is the only known terrestrial gastropod that
can produce light. When disturbed or attacked by predators it releases a luminous green
mucus, which indicates a defensive purpose of the BL.[¢"]

Overall, the BL of this species has only been marginally studied and is therefore not
completely understood. The reaction involves the luciferine (E)-2-methyl-4-(2,6,6-
trimethylcyclohex-1-en-1-yl)but-1-en-1-yl formate (149) and a glycoprotein luciferase. A
second protein (purple protein) is present as well but not directly required for the emission of
the BL and fluorescence red instead of green. Shimomura (Nobel Prize winner 2008)
mentions the possibility that the purple protein could act as an activator or enhancer.[*6l
Though the reaction produces light, both the luciferin and its oxidised form 149-111 do not
show fluorescence in the visible range.[**? The light emitter itself remains unknown, but it is
assumed that a flavin-like chromophore is bound to the luciferase, as its fluorescence is

similar to the emission of the luciferin-luciferase system.[161-164]

Latia luciferin (Molluscs)

Luciferase o
O~ H (hydrolysis) 09 Luciferase o
hig —
0 ;, 0,
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HCO,H

1491l
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o J HCO,H
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Luciferase-FI

(Amax = 536 nm)

149-111*
*
Luciferase-Fl 0
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Scheme 27: Mechanism of the Latia BL. (black box) Hydrolysis and subsequent oxidation of latia luciferin 149 with
molecular oxygen catalysed by luciferase; (green box) Assumed energy transfer of 149-111* to a chromophore bound to

luciferase and emission of a photon with a wavelength of 536 nm. Modified according to [162164],

The proposed mechanism by Ohmiya et al.[621%4 jnvolves the hydrolysis of the ester yielding
formic acid and alkoxide 149-1 (Scheme 27). Similar to the BL mechanism of dinoflagellates
(see Chapter 2.6.1.2, 147-1), the subsequent oxidation yields the HEI in form of a
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dioxetanolate 149-11. The decomposition yields a second equivalent of formic acid and the
excited ketone compound 149-111* which transfers its energy to a luciferase bound

chromophore and emits a photon (Amax = 536 nm).

2.6.1.4 BL of Diplocardia longal?4137:16%]

In general, many luminescent earthworms across the Earth are known to mankind, with the
BL of Diplocardia longa (and Friderica heliota, Chapter 2.6.2.2) being one of most
extensively studied. This earthworm species is native to the region of southern Georgia, USA,
and grows up to 60 cm long and 1 cm wide. The luminescence of D. longa is localised in
large cells in the coelomic fluid, which can be excreted from the body orifices when the worm
is disturbed or stimulated. A bioluminescent mucus is formed only after cell lysisi*®! while
the body of the worm itself does not luminesce. In general, the purpose of earthworm BL

remains uncertain but a defensive mechanism!*”! and the attraction of mates['® have been

suggested.
Diplocardia longa luciferin (Earthworm)
OH
(0] H -
)\/U\ H,0, )\/ﬁ\ o Luciferase
— > Unknown Products

H/\/&O N /\)\OH i
H

150 150-1 hv
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Scheme 28: Mechanism of the BL of D. longa. The luciferin 150 generates a geminal hydroperoxyl alcohol 150-1, which is
used for a subsequent reaction catalysed by luciferase The structure of the corresponding oxyluciferin as well as the emitting

species remain unknown. Modified according to [237:165],

The luciferin of this reaction is N-isovaleryl-3-amino-propanal (150, Scheme 28).1¢°! In
contrast to the previous BL reactions, this oxidation uses hydrogen peroxide instead of
molecular oxygen. Although it has been shown that the reaction itself occurs without oxygen
in the atmosphere, it is required during cell lysis. When worms expel the coelomic fluid in an
oxygen-free atmosphere, no emission was observed. It is therefore assumed that when the
cells are ruptured, an oxidase enzyme is released that generates hydrogen peroxide from
oxygen.[*” The latter is used for the subsequent BL reaction, suggesting that the luciferase is
a peroxidase enzyme that oxidises the aldehyde to the corresponding acid. However, the
emitting species has not yet been clarified. Overall, the luciferin 150 (or derivatives of it) has

been found in 13 different earthworm species with varying emission maxima ranging from
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500-570 nm.27L1721 |_yciferase also shows high substrate selectivity, leading to the hypothesis

of a uniform BL mechanism for many earthworm species.

2.6.1.5 BL of fungil*#*137]

Recent studies have summarised a collection of 109 luminescent fungal species on Earth,
classified into four distinct evolutionary lineages.[*”®! Independent of species the greenish
emission maxima range from 520-530 nm*"4l which suggests that they all share a common
BL reaction mechanism.!*"®] Depending on the species the emission of light can occur in
different or multiple regions of the fungus e.g., the mycelia, fruit bodies or rhizomorphs so
that the luminescence appears to have different purposes.[*’8! 3-Hydroxyhispidine (153) is the

luciferin responsible for the observed green bioluminescence (Scheme 29).[77.178]

Fungal luciferin

HO OH
CoA, ATP, 2x Malonyl-CoA 02 NAD(P)H, H*
/ - AMP, PP;, 3 CoA, 2x CO, — NAD(P H20
o [Hispidin Synthase] [Hydroxylase]
HO

Kaskova et al.

15 HO  OH
H,O
— Pyruciv acid ; [Luciferase]
[Caffeylpyruvate _co
Hydrolase] \ O 2
HO OH hv
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Scheme 29: (light green box) Mechanism of the fungal BL;(dark green box) Proposed HEI intermediate 153-1 by Kaskova et
al.l? Overall four different enzymes are involved which enable a recycling process. After formation of lactone 152 and

hydroxylation, the oxidation of luciferin 153 yields the oxyluciferin 153-11 and a photon. Modified according to [173180],

Most bioluminescent fungi have a common synthetic pathway involving four different
enzymes that use caffeic acid (151) as a precursor. Formation of hispidine (152) followed by
hydroxylation yields the luciferin, which is oxidised with molecular oxygen. After
decarboxylation of the HEI, the exact structure of which is not yet clear, the corresponding
oxyluciferin 153-11 is obtained, which can be degraded back to 151 by caffeylpyruvate

hydrolase.[!7%18% An endoperoxide 153-1 was recently proposed as the crucial HEI.[7]
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2.6.2 BL reactions involving a dioxetanone HEI
2.6.2.1 BL of fireflies!*24137]

The most classic example for a BL in literature and other media is that of fireflies. It is also
the best studied in terms of its reaction mechanism, the biosynthesis of luciferin and the study
of the structures and sequences of luciferases.

Though termed fireflies (Lampyridae), they belong to the order of beetles (Coleoptera)
instead to that of flies (Diptera). In addition to Lampyridae, the families of Phengodidae,
Elateridae, Rhagophthalmidae and Sinopyrophoridae (recently recognised)*81121 together
contain over 2000 bioluminescent species.'® The emission of light is used for
communication and the attraction of prey or mates, including the known phenomena of large
groups flashing together in unison. It is assumed that all beetle species share the same
luciferin and the same reaction mechanism for their BL.!84 Studies showed that the emission
wavelength was not dependent on additional proteins or the luciferin but the structural
differences of the luciferases.l*®181 A famous example is the railroad worm Phrixothrix
hirtus, which is capable of green/yellow BL along its body and red BL localised on its head

using the same luciferin.!8"]

Firefly D-luciferin (Beetles)
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Scheme 30: Mechanism of the firefly BL. Luciferase requires ATP and Mg?* as cofactors. After deprotonation and
subsequent oxidation with molecular oxygen at the a-position of the luciferin adenylate, dioxetanone 154-1V is obtained. Its

decarboxylation yields the oxyluciferin 154-V and a photon. Modified according to 124,

The firefly luciferin comprises a 6-hydroxybenzothiazole moiety connected with a 4-carboxy-
4,5-thiazole ring (Scheme 30, 154). The quantum yield of this reaction amounts to 41%.18l
In this biochemical process, luciferase requires ATP and Mg?* as cofactors for the

transformation of firefly luciferin to the corresponding oxyluciferin 154-V. The first step
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involves the consumption of ATP for the formation of luciferyl adenylate 154-1 and
pyrophosphate. The a-carbon of the resulting ester group in the intermediate is then
deprotonated. Subsequently the carbanion 154-11 reacts with molecular oxygen, leading to the
peroxide anion 154-111, which substitutes the AMP rest of the ester and yields the firefly
dioxetanone 154-1V as the HEI. The latter was proven by the work of Shimomura et al. in
1977.1381 However, the exact formation of the 1,2-dioxetanone remains unresolved. One
hypothesis suggests that a basic side chain (supposedly a histidine residue His245) within the
enzyme cavity deprotonates the luciferin to obtain the carbanion 154-11. The oxidation then
proceeds via SET-processes, involving a superoxide (O,).11%% Alternatively, the dioxygen
molecule itself abstracts a hydrogen atom from the anionic intermediate, resulting in a
hydroperoxide radical (HO2), which then recombines with the formed radical intermediate to
give the HE|.[21]

2.6.2.2 BL of Friderica heliota*®"]

First discovered in 1990, the bioluminescent earthworm Friderica heliota inhabits the soil of
the Siberian forests. In comparison to D. longa (Chapter 2.6.1.4) F. heliota is very small in
size (15-20 mm) with its body being semi-transparent. Additionally, the BL is located within
the epidermal cellst'®? instead of expelled coelomic fluid, showing a blue emission (Amax =
478 nm).11%]

Frederica heliota luciferin (Earthworm)

OH O OH O
» . N">""COoOoH Luciferase N >"COOH
Modified tyrosine H 2+ Modified tyrosine H
— ATP, Mg“*, O, \ J
(CompX) | - ] ] (CompX)
o y—aminobutyric acid | GABA
(GABA) 07
(0] HN (6] -Co, (e} HN o
HO o) /M
\H)LH/\/\)Y HO%N o
0 OH hy o H
Oxalat v “Oxalate.
xalate .
Lysine _ Oxalate Decarboxylated
()*'max =478 nm) Iysine
155 155-1

Scheme 31: Mechanism of the BL of F. heliota. Luciferase requires ATP and Mg?* as cofactors. Similar to the BL of
fireflies, luciferin 155 is oxidised, producing a dioxetanone. Subsequent decarboxylation gives the oxyluciferin 155-1 and the

emission of blue light. Modified according to [1%4],

The reaction mechanism as well as the structure of luciferin 155 were elucidated by
Yampolsky et al.l*% The proposed mechanism is similar to that of the firefly (Chapter 2.6.2.1)

and involves the formation of a luciferin adenylate on the lysine side chain (Scheme 31).[%4

40



2. State of knowledge

Oxidation at the a-carbon with oxygen yields a dioxetanone as HEI, which decarboxylates to
give 155-1. It is assumed that the CompX part is responsible for the photon emission.[651%
Recent theoretical calculations suggest that the oxidation of the penta-anionic derivative of
155 (with the three carboxylic acids, a-carbon of lysine and phenol-OH deprotonated) is
initiated by SET processes.[*%]

2.6.2.3 BL of cypridinid and coelenterazine systems!124:37]

Cypridinid luciferin 156 is found in numerous species belonging to the family of ostracods
(Cypridinidae). One of the best known and studied species is Vargula hilgendorfi (formerly
known as Cypridina hilgendorfil!®®) which is native to the southern coast of Japan. Since
firefly species occur in Japan as well, its inhabitants termed it “umi-hotaru”, which literally
means “sea-firefly”. It generally grows to only 3 mm in length and prefers shallow waters for
its nocturnal foraging. Predators are repelled or intimidated by the secretion of a luminous
fluid, allowing V. hilgendorfi to escape. Similar to fireflies, males of the species Photeros

annecohenae are known to produce pulses of light in order to attract females.[**"]
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Scheme 32: (Top) Mechanism of BL with cypridinid luciferin; (Bottom) Mechanism of BL with coelenterazine luciferin.
Both mechanisms involve luciferins with an imidazopyrazinone scaffold and a 1,2-dioxetanone as HEI. Coelenterazine BL

additionally requires Ca?* as cofactor. Modified according to (1241,
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Coelenterazine luciferin 157 on the other hand is found in numerous marine species such as
jellyfishes, sea pens and anemones (Coelenterata), crustaceans and squids. Due to its ability to
guench reactive oxygen species, it is also an important compound of the diet for non-
luminescent marine life. Similar to bacteria (Chapter 2.6.1.1) some species such as Renilla
reniformis (soft coral) and Aequorea victoria (jellyfish) possess a photoprotein as well as a
red-shifting green fluorescent protein (GFP).[*%8! Light emission peaks in vivo at 509 nm due
to an energy transfer from the excited oxyluciferin to the GFP and turns blue in the absence of
the latter.[***] Hence the photoproteins themselves are termed blue fluorescent proteins (BFP).
Cypridinide and coelenterazine luciferin both share an imidazopyrazinone core structure,
differing only in their amino acid side chains (Scheme 32). In both cases, these systems
generate a 1,2-dioxetanone as HEI*%-291 resylting in the emission of blue (or green) light
with good quantum yields.[2°22%%1 The BL of cypridinids requires only luciferin, luciferase and
oxygen[?l whereas the BL of Coelenterates involves photoproteins (e.g., aequorin?®t!l and
obelint?%ly that require calcium ions to convert to luciferases and activate the reaction of

coelenterazine with dioxygen leading to the HEI (Scheme 33).
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Scheme 33: BL mechanism of A. victoria. without GFP. Apoaequorin binds the peroxo-luciferin to form the aequorin
protein. Ca2* acts as cofactor and activates the enzymatic function of aequorin, leading to the decarboxylation of the luciferin

and the emission of blue light. Modified according to 164,
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2.7 Definition and history of chemiluminescencel!*>*3]

CL is defined as an emission of electromagnetic radiation originating from atoms or
molecules, which achieve an excited electronic state through an exergonic chemical reaction.
The emitted radiation ranges from the ultraviolet (UV) over the visible to the infrared (IR)
region. When compared photochemical and CL reactions are complementary to each other. In
a photochemical reaction, a photon is absorbed to excite a reagent, while in a CL reaction, the
reagent enters an excited state through an exergonic thermal process leading to photon
emission. Therefore, spontaneous exergonic reactions can release enough energy to produce

electronically excited species that can decay by emitting a photon.

Energy

\ 4

Reaction Coordinate

Figure 9: Energy profile diagram of a CL-reaction. The blue line represents the hyper surface of the electronic ground state
(So) and red line that of the first excited state (Si). The dashed blue and red arrows show the possible reaction paths. E

starting material, P* excited product, P product, TS transition state. Modified according to [115],

Figure 9 shows the energy profile diagrams of a CL reaction. Every point along the reaction
coordinate represents a certain arrangement of the nuclei from the reagent E to the product P.
During a CL reaction, the energy-rich reagent enters the excited state Si, potentially resulting
in light emission. Consequently, thermodynamically highly unstable reagents, relative to their
corresponding products (P), are particularly favoured for the phenomena of
chemiluminescence.[26]

The first scientifically documented chemiluminescence was accidentally discovered in 1669
by the German alchemist Heinrich Hennig Brand.[?%! By boiling urine, Brand first caused the
sodium ammonium hydrogen phosphate dissolved in the urine to form polymeric sodium

metaphosphate, which was then reduced by carbon-based charred products, producing carbon
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monoxide, sodium biphosphate and elemental phosphorus in the form of a gas, the latter
solidifying into white waxy phosphorus.*'52%71 The yellowish-green light is produced by the
oxidation of the white phosphorus by molecular atmospheric oxygen and partly by water due
to atmospheric humidity, creating the short-lived HPO molecules and the (PO)>*-excimer,
both of which emit visible light.2%1 In 1877, the Polish chemist Radziszewski discovered the
first artificial organic chemiluminescence with lophine, which reacts with oxygen in an
alkaline solution.?®! Subsequently, interest in chemiluminescence reactions and their
applications grew, from the Trautz-Schorigin reaction?!%2!l to the synthesis and
characterisation of lucigenin'?l and luminol™! (still used in modern forensics, etc.) to the
chemiluminescence of peroxyoxalatesi?*4 (a reaction used for glow sticks), singlet
oxygenl?®l 1 2-dioxetanes!?'®218l and the recent CL system of 2-coumaranonestl. It is
important to emphasise the interdisciplinary nature of the phenomenon of CL (and BL).
Current research and applications span the fields of biology, chemistry and medicine, which

underlines its versatility and benefits to humanity.

2.7.1 Quantum yield, intensity and efficiency of CL-processes!t5:137220]

Efficient CL emission requires specific conditions to be met. The energy needed for electronic
excitation must come from a chemical reaction. According to the Planck-Einstein formula
(Equation 3):

E=hvorE=% (Eq. 3)

E = energy [J], h = Planck-constant [Js], v = frequency [Hz], ¢ = speed of light constant [m/s], 1 = wavelength [m].

the enthalpy change of the reaction must fall within the 168 to 294 kJ/mol range to produce
visible light emission. In 1964, Chandross and Sonntag proposed that this energy release must

occur rapidly in a confined volume, all in a single reaction step.[?24

bcL = PrPEsPF (Eg. 4.1)

bcL = PrOesPErDF (Eg. 4.2)

dcL = quantum yield of chemiluminescence reactions, ¢r = chemical yield of molecules that are not excited, ¢es = yield of
primarily electronically excited molecules, ¢er = energy-transfer-yield of primarily electronically excited molecules to the

fluorophore, ¢r = fluorescence quantum yield of the emitting species.
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When the vital reaction involves multiple bonds, a concerted mechanism becomes
indispensable. To evaluate the effectiveness of a CL reaction, the quantum vyield can be
calculated, representing a ratio between zero (0%, indicating no light emission) and 1.0
(100%). For direct CL equation 4.1 and for indirect (sensitised) CL, equation 4.2 is
applicable. In situations where the quantum yield of a CL reaction falls short, introducing a
suitable fluorophore to the reaction mixture becomes a viable strategy. The energy from the
excited species gets transferred to the fluorophore, allowing the observation of distinctive

fluorescence as an indirect or sensitised CL emission.

2.7.2 Chemiexcitation: CIEEL and CTIL mechanism!3"]

In analogy to BL systems, most of the CL reactions involve oxidation processes which
generate cyclic peroxides as HEI. In total, three mechanisms are considered for
chemiexcitation: 1) Uncatalysed thermal decomposition; 1) catalysed decomposition of cyclic
peroxides involving ET and Il1) catalysed intramolecular decomposition of cyclic peroxides
with electron-rich substituents. Since the uncatalysed pathways mainly lead to triplet excited
states, which results in a low emission rate and cannot explain the observed quantum yields in
BL processes, two catalysed chemical excitation mechanisms have been established that
provide a more comprehensive explanation for the efficiency of these reactions.

The first mechanism is known as "chemically initiated electron exchange luminescence"
(CIEEL).?22241 This is a bimolecular decomposition process supported by several
experimental results showing that the addition, amount and structure of aromatic
hydrocarbons correlates with a higher decomposition rate of a cyclic peroxide.[??®! In the
following, the mechanism with 1,2-dimethyldioxetanone (158) and 9,14-dimethyl-9,14-
dihydro-dibenzo[a,c]phenazine (DMAC) as activator is presented according to Schuster's
experiment (Scheme 34).2261 The CIEEL mechanism begins with the formation of a charge
transfer complex 158-CT between a 1,2-dioxetanone and the activator (ACT). ET from the
activator to the O—0O-c* orbital initiates the dissociation of the peroxide bond, which leads to
the formation of a radical carboxylate anion 158-RA and a radical activator cation.
Calculations have shown that ET is favoured by stretching the O—O bond. Subsequently, the
C—C bond is cleaved and the radical carboxylate anion decomposes into a radical carbonyl
anion 1-RA and a neutral species (in this case CO2). The radical anion 1-RA and radical

activator cation remain in close proximity in a solvent cage, giving rise to a neutral carbonyl
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species 1 and the activator in its first excited singlet state by electron back transfer (EBT). In

the final phase, this excited activator species returns to its ground state by emitting a photon.
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Scheme 34: CIEEL mechanism of 158 with DCAM as activator (ACT). Step I: CT complex formation of 158-CT; Step II:
ET occurs, triggering the dissociation of the peroxide bond; Step Ill: Cleavage of the C-C bond, yielding carbonyl radical
anion 1-RA, an ACT radical cation and COz; Step IV: EBT gives the neutral carbonyl species 1 and leads to singlet
excitation of the ACT; Step V: light emission and relaxation of the ACT to its ground state. Modified according to [226],

However, the existence and efficiency of intermolecular EBT in the CIEEL mechanism is still
controversial. The solvent-cage theory was analysed via solvent viscosity dependency and led
to the conclusion of an intermolecular mechanism.[27-22%1 |n a study by Baader et al. the
peroxyoxalate system, which can only occur intermolecularly (Chapter 2.7.3.1), and

dioxetane systems (Chapter 2.7.3.3) were compared to each other.
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Scheme 35: Decomposition of phenoxy-substituted 1,2-dioxetanes via the CIEEL mechanism. After deprotection, the
obtained phenolate 159 initiates the cleavage of the O—O bond, which then undergoes an intra- (path 1) or intermolecular
(path 2) catalysed dissociation. EBT yields the excited species 159-111* which emits a photon. Modified according to 137,
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Using apolar solvent mixtures from pure toluene to 90 % DPM (viscosity increase by a factor
of 4.6), the CL quantum yields of two different dioxetane systems was raised by a factor of
2.2 and 2.6, respectively, while that of the peroxyoxalate was enhanced by a factor of 9.4.
This minor increase for the dioxetane-systems has been used to argue for an intramolecular
mechanism.[23% Scheme 35 illustrates both possible mechanisms with 1,2-dioxetanes that are

activated by phenolates.
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Scheme 36: Charge transfer-induced luminescence mechanism (CTIL) for the catalysed decomposition of a 1,2-dioxetanone
160 with an electron rich group (D) presented in black. The chemical induced electron exchange (CIEEL) mechanism is

presented in red. Modified according to [231],

Because of this controversy, Wilson et al. proposed another mechanism!?322%31  called charge
transfer induced luminescence (CTIL).[?*%2%4 In contrast to the CIEEL mechanism no
complete electron transfer occurs and decomposition of the O—O bond is achieved by a partial
charge-transfer from the activator to the peroxide, which yields the products 161 and 65
without the formation of radical ion pairs (Scheme 36). In this model, the activator is part of
the dioxetane species 160 and must be an ionisable electron-rich group. Charge transfer (CT)
and charge back transfer (CBT) occur gradually and in a concerted way with simultaneous
cleavage of the O-O and C-C bonds. The CTIL mechanism is supported by theoretical
simulations on firefly2352361 and sea-firefly!®*"1 dioxetanones. However, computational and
experimental data, including the BL of coelenterazine and cypridinid, suggest that neutral
rather than anionic dioxetanones are involved in the chemiexcitation step and that the

chemiexcitation profiles of the neutral dioxetanones are more favourable.[238-2411
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2.7.3 Types of chemiluminescent reactions

Although CL and BL reactions have been extensively studied and researched, there is still a
need for new and efficient CL systems for analytical and practical applications. Even minor
changes to potentially efficient CL systems can lead to a significant reduction in the intensity
of light emission or even render them non-functional. Therefore, compounds such as luminol
continue to be used in current scientific fields as they are still the best options. In the
following chapters, four viable CL systems, namely the peroxyoxylate reaction, luminol, 1,2-
dioxetanes and 2-coumaranones (Scheme 37), are briefly discussed in terms of their synthesis,

CL mechanism and benefits to society.

CO,
162 hv 163
(0]
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Scheme 37: General overview of the best-known CL-systems. These include the peroxyoxalate reaction (red), luminol

(blue), 1,2-dioexetanes (green) and 2-coumaranones (cyan). Flr = fluorescent compound.
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2.7.3.1 Peroxyoxalate-C|_[115242:243]

The peroxyoxalate reaction represents a sensitised CL and is well known because of its usage
for glow sticks. These devices are a helpful and cheap source of light especially in emergency
situations. It was also established as a viable tool for bioimaging and therapeutics.?** The
reaction was first described by Chandros in 1963.2%41 When oxalyl chloride, oxalic
anhydrides or oxalate derivatives are combined with hydrogen peroxide it gives a HEI.
However, the reaction itself does not produce light by itself and hence requires the addition of
a fluorescent dye. This allows the emission all visible colours. Research by Rauhut et al. and
the Cyanamid Company focused on the synthesis of various oxalic acid derivatives in order to
optimise the quantum yields.[?5-2471 He established a correlation between the substitution of
the phenols and the CL quantum vyield, as well as a correlation between substitution and
emission lifetime. The best results were achieved with oxalate derivatives containing aryl
rests with electron withdrawing groups (Scheme 38, top). Nowadays, mainly bis-(2,4,6-
trichlorophenyl)oxalate (TCPO, 169), bis(2,4-dinitrophenyl)oxalate (DNPO, 170) and
bis[2,4,5-trichloro-6-(pentyl-oxycarbonyl)phenyl]oxalate (CPPO, 171) are used. By
optimising the reaction conditions oxalic anhydridest?* as well as oxalate ester?®! and

amidel®*®! systems can reach quantum yields between 15% and 35%.
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Scheme 38: (Top) lllustration of TCPO (169), DNPO (170) and CCPO (171); (Bottom) Formation of 1,2-dioxetanedione
(165). Hydrogen peroxide (H202) acts as a nucleophile and reacts with an oxalic acid derivative 172, generating the
corresponding oxalic peracid 173. Ring-closure leads to the formation of 1,2-dioxetanone 174. Elimination of HX gives the
HEI 165. Modified according to 242,

The mechanistic details of this CL reaction were investigated (Scheme 39) with a major focus
on the determination of the HEI. Via infrared spectroscopy (IR) the quantitative
decomposition of ester groups was detected within 4 minutes after the addition of H.O>. The

CL itself, however, remained visible for much longer. It could also be delayed by adding the
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fluorescent agent later. These results lead to the proposition of dioxetanedione (165) as a
metastable intermediate.’?1 MSP®! and NMR[P12%2 (including ab initio calculations)
investigations of the peroxyoxalate-CL added new important details and led to formulation of
a reaction mechanism (Scheme 38, bottom), but there has been no clear evidence for the

assumed HEL.

hv 0-0
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Scheme 39: Chemiexcitation of the peroxyoxalate CL. Step I: charge transfer complex formation of 165-CT; Step Il: ET (or
partial CT) occurs, triggering the dissociation of the peroxide bond; Step I11: Concerted C-C bond cleavage of 165-RA-1 and
loss of COg; Step IV: an EBT (or CBT) gives a singlet excited ACT species and the release of a second equivalent of CO;

Step V: light emission and relaxation of the ACT to its ground state. Modified according to 1242,

Experimental(?3254 and theoretical®® data confirm, that the decomposition mechanism of
cyclic peroxides involves ET or CT. Lower quantum yields correlate with higher steric
hindrance within the CT-complexes, showing that the additional planarity of the sp-
hybridised carbonyl groups facilitates the interaction between ACT and HEI during CT-
complex formation. In 2021, 52 years after its first postulation by Rauhut et al., a kinetic
study by Baader et al. proofed that dioxetanedione (165) represents the HEI of the

peroxyoxalate reaction. 256l

2.7.3.2 Luminol*®1

As one of the most prominent CL compounds, luminol (166) was first mentioned by the
German chemist Schmitz in 1902.1571 The first important observation was made in 1928 by

Albrecht!?'3] who found that blood enhanced the CL of luminol in an alkaline solution of
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hydroperoxide. This was later confirmed by another experiment with luminol in the presence
of haematin?®! and quickly established luminol as an important tool for detecting blood at
crime scenes in the late 1940s.125%26% Fyrther publications discussed the optimisation of the
CL of luminol and its derivatives?61262] a5 well as its use for the detection of proteins and ions
in cellular assays.[?532%41 _Luminol needs to be oxidised, preferably in the presence of a catalyst
such as a transition metal, to trigger CL, but the exact mechanism is not yet clear. There are
several routes for the oxidation of luminol, depending on the reaction conditions used. In
aprotic solvents such as DMSQO, a strong base can generate the luminol dianion 166-1, which
subsequently reacts with molecular oxygen.[?®>2%1 |n aqueous solutions, the proposed
mechanisms involve a series of oxidation and deprotonation steps that result in reactions with
hydrogen peroxide or superoxide radicals.?67268 The generally accepted mechanism involves
the formation of an endoperoxide 166-11 (Scheme 40). Due to the neighbouring aniline
moiety, a CIEEL chemiexcitation has been proposed involving ET processes from the former
to the o*-orbital of the O-O bond.?%°1 Overall, similarities with fungal BL can be seen
(chapter 2.6.1.5).

NH, O
NH Base
| —_—
NH
(0]
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@ *
NH O NH, 0°
Z OH Z>0
|
,IfO U0
o)
o@
167-1I* 166-I11
hv hv

Scheme 40: Proposed mechanism for the oxidation and CL of luminol 166 In an alkaline solution the dianion 166-1 is
generated, which in the presence of a catalyst (e.g., iron) is oxidised to the corresponding endoperoxide 166-11. Upon release
of nitrogen the cyclic peroxide 166-111 is obtained. Both structures 167-1* and 167-11* are considered for light emission

depending on the solvent. Modified according to (1371,

Once endoperoxide 166-11 is formed, ring opening occurs with relatively low thermal energy,

producing the cyclic peroxide 166-111 by splitting off nitrogen gas and subsequently entering
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the excited state. The exact structure of the HEI is still controversial, as both the endoperoxide
166-11 and the cyclic peroxide 166-111 are potential intermediates that could produce excited
states upon decomposition. In luminol experiments by White et al. the occurrence of different
emission maxima in water (424 nm) and in DMSO (485 nm) was discovered, which was
attributed to the formation of two different excited structures (167-1* and 167-11%).27% |t is
assumed that the long wavelength band in aprotic solvents is due to photo tautomerism, in
which an intramolecular proton transfer from the amino group to the neighbouring carboxyl
group takes place in the excited state, which is inhibited in protic solvents by intermolecular
hydrogen bonds to the carboxylate group.?™

2.7.3.3 1,2-Dioxetanes!t37243]

As an important and unstable intermediate, 1,2-dioxetanes play a central role in numerous CL
reactions. The stability and properties of these cyclic systems can vary greatly depending on

the substituents.
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Scheme 41: (Top) lllustration of 1,2-dioxetanes from various publications, EWG electron withdrawing group; (Bottom)
Enzymatic triggering of AMPPD (177) and AMPGD (178) forming the phenolate (180), which upon decomposition releases
light and yields ester (181). Modified according to [11%],
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The formation of an emitting state of the carbonyl product during thermal decomposition
involves the breaking the O—O bond as the initial and rate-determining step.?>-2741 For the
unsubstituted 1,2-dioxetane, both experimental and theoretical investigations have determined
the activation energy required for the initial ring opening to be approximately 23.0 and
23.5 kcal mol™, respectively.l?”s! Apart from the considerable energy barrier for O—O bond
cleavage, thermal decompositions of 1,2-dioxetanes usually exhibit low quantum
yields.[?’62"71 Taking into account the influence of effective spin-orbit coupling (SOC)
according to the El-Sayed’s rule?’®2"®] and the phenomenon of “entropic trapping"[?"®,
excited triplet states are more populated than excited singlet states, which explains the poor
emission efficiency.

Though Kopecky and Mumford achieved the first successful thermal synthesis of trimethyl-
1,2-dioxetane (175)280281 the preferred method became the [2+2] cycloaddition of electron
rich olefins with singlet oxygen. Applying this photooxygenation method Wieringa et al.
published the synthesis of bis-adamantylideneoxetane (176), the first dioxetane completely
stable at room temperature (Scheme 41).12%2 This important discovery enabled various
syntheses and modifications of spiroadamantyl-substituted dioxetanes that had the stability
required for applications in analytical fields such as immunoassays and enzyme activity
studies. The first studies on the enzymatic or chemical activation of 1,2-dioxetanes with
adamantine groups such as AMPPD (177) and AMPGD (178) were carried out by Schaap?®!
and Bronstein[?®27l and further research was done in particular by Shabat's group.[28-2¢%]
During deprotection, a phenolate is formed, which represents the HEI and initiates the
cleavage of the weak O—O bond and leads to the decomposition of the dioxetane. The
electronically excited carbonyl species obtained emits light either by direct CL or by

transferring its energy to a fluorophore. A CIEEL mechanism is assumed for these reactions.

2.7.3.4 2-Coumaranones!3’]

2-Coumaranones represent the youngest CL system. The initial research of their
chemiluminescence began the late 1970s when Lofthouse et al. investigated the luminescence
properties of 3-alkoxycarbamoy! substituted 2-coumaranones.?'°l Later, Matuszczak et al.
continued the research, expanding the scope of substitution patterns for these compounds and
also establishing enzyme activity studies with horse radish peroxidase (HRP).[286-289] |n 2019
Krieg et al. published the first synthesis of urea-coumaranones and discussed their
luminescence properties (Scheme 42).[2%]
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Scheme 42: Structures of benzofuran-2(3H)-one (182), 5-chloro-coumaranone with a carbamate-sidechain (183) published

by Lofthouse et al.[?*], and 5-fluoro-coumaranone with a urea sidechain (184) described by Krieg et al.[2%0

In the last decade, Schramm et al. have elucidated the mechanism for the decomposition of 2-

coumaranones (Scheme 43).[291-2%]
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Scheme 43: Overall CL mechanism of 2-coumaranones by Schramm et al. The red arrow indicates the dark reaction

pathway. Modified according to [2°4,

First, the coumaranone 185 is deprotonated at the acidic a-carbon of the lactone moiety. This
produces a mesomerically stabilised anion (185-1a and 185-1b) that reacts either with triplet
oxygen via SET processes or with singlet oxygen via a [2+2] cycloaddition to give a 1,2-
dioxetanone 185-V as HEI. Similar to BL reactions, the latter undergoes a chemiexcitation

step in which it decomposes to CO and an N-acetylsalicylamide compound 185-VI*, which
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is singlet excited. After the emission of light, the emitter relaxes back to its ground state.
According to the literature, if the substructure contains a carbamate group, the phenolate
performs a nucleophilic attack on the carbonyl carbon, producing the corresponding alkoxide
and the cyclised product 186. This process has not been studied for coumaranones with a urea
substructure. In addition, the peroxide anion can take an alternative pathway via a dark
reaction as a side reaction. This pathway involves a nucleophilic attack on the amide carbonyl
carbon leading to the formation of a spirodioxazolidinone 185-VII. Subsequently after
eliminating the sidechain of R1, compound 185-V1I11 decarboxylates and forms the transition
state 185-1X that ultimately leads to the same end product 186.
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Scheme 44: Mechanism of the Tscherniak-Einhorn reaction forming the 2-coumaranone 185, starting from an amide
compound 187, GAM (188) and a phenol compound (191).

Through optimisations a one-pot Tscherniak-Einhorn reaction became the method of choice
for the synthesis of 2-coumaranone derivatives, using an amide compound 187, glyoxylic acid
monohydrate (GAM, 188) and TFA or acetic acid containing 10% sulfuric acid as solvent and
catalyst (Scheme 44).12%02%1 After a defined amount of time a para-substituted phenol
compound 191 is added to give the desired coumaranone 185 in good yields. In the first step,
condensation takes place between the amide 187 and GAM (188), forming compound 189.
Acid catalysis eliminates a second equivalent of water to give the iminium ion 190-11. The
cationic species is nucleophilically attacked by the phenolic compound 192, resulting in the

orthoamidoalkylated compound 192. In a final step, ring closure leads to the desired product.
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3. Task and motivation

Though the chemistry of protecting and releasing defined functional groups within a substrate
has already been optimised and fine-tuned over the past decades, an analytical measurement
is always required and desirable to trace the efficiency of those processes. Especially a quick
and easily detectable deprotection of a functional group is desirable for planning ahead for
further syntheses. Considering the aforementioned PPGs, that can also be designed as
orthogonal protective groups, the substrate is released via the usage of light either by direct
absorption or by photocatalytic methods in order to release the protected molecule. The
reverse principle is the release of a protected molecule accompanied by the emission of light,
i.e., chemiluminescent protecting groups (CLPG, Figure 10).

lReaction

=

Protection

—

Deprotection
+CL

Y C—

Figure 10: Simplified scheme for the concept and application of a CLPG. One functional group is protected and therefore
inhibited for the subsequent reaction. Afterwards the PG is removed again and shows a fluorescence via CL, indicating that

the PG was successfully removed.

In general, chemiluminescent systems or compounds, such as oxalate diesters,
adamantanedioxetanes, luminol and coumaranones, can be regarded a PG, considering the
requirement of a high energy intermediate (HEI), which decomposes and may release smaller
molecules. Thus, the emission of light can be interpreted as a signal indicating the successful
cleavage of the CLPG. Coumaranones represent a versatile class of potent chemiluminescent
compounds, due to their basic scaffold, which allows many variations. The CL mechanism
shows also similar characteristics when compared to BL reactions, which involve a 1,2-
dioxetanone as well. With the addition of a non-nucleophilic base (e.g., DBU), it can react

with molecular oxygen and generates a dioxetanone as the crucial HEI. After CO: is
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eliminated, an excited species is obtained, which emits a photon. Finally, a ring enlargement

occurs and the protected molecule (“payload”) is released again.
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Scheme 45: Illustration of the decomposition of a coumaranone in a basic environment. The HEI 185-V of the coumaranone
CL reaction is similar to the HEI of the firefly BL 154-1V.

Considering the demands for good and effective PGs, additional ones for the concept of
CLPGs must be considered: 1) a bright chemiluminescence in the visible range that ends with
the completion of deprotection, and Il) the CLPG itself should not exhibit any interfering
absorption or fluorescence properties until the start of deprotection. In this present work,
therefore, the synthesis of the protected substrates as well as the additional requirements
imposed by the CLPGs are examined in detail, discussed and checked for their validity. Thus,

the range, efficiency and limitation of coumaranones as potential CLPGs is demonstrated.
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4. Results and discussion

4.1 Protection and deprotection of amines

Based on the latest results published in 20191%°%1 the protection of amines by coumaranones
was further investigated to gain a better understanding of this new topic. Proteinogenic amino

acids were chosen as the starting material for an application-based option (Scheme 46).
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Scheme 46: Overview of 20 proteinogenic amino acids, sorted according to the properties of their side chain. Selenocysteine
is excluded.

Overall, two new series of urea-coumaranones were designed (Scheme 47). For the first one,
the amino acids were additionally protected as methyl esters, in order to circumvent possible
side reactions during the planned synthesis route. The other series was directly converted to
the urea derivatives. If the synthesis of coumaranones proofed to be successful in both cases,
the major differences between these two compound classes could be analysed.

HNJ< A
e
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Scheme 47: Basic scaffold of the first and second series of coumaranones with a urea substructure.
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4.1.1 General protection protocol of amines

For the protection of amines with coumaranones, a two-step procedure was used (Scheme 48).
First, amine 23 is converted to the corresponding urea derivative 216 by addition of potassium
cyanate. Then a one-pot Tscherniak-Einhorn reaction is carried out to give the desired urea-

coumaranone 215.

0 One-Pot Urea-Formation
HN/Z(N’R Tscherniak-Einhorn j\ with KOCN
R, N-Ri | > N R > HN-Ry
(0] H
(e}
215 216 23

Scheme 48: Retrosynthesis of the protection of amines.

4.1.1.1 Syntheses of amino acid methyl esters

The first series of urea-coumaranones includes the methyl ester derivatives of proteinogenic
amino acids and the dipeptides aspartame (219) and glycylglycine (220). The esterification

was performed according to the synthesis instructions by Molinaro et al.?%!1 (Scheme 49).
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Aspartame (219) Glycylglycine (220)

Scheme 49: (Top) lllustration of the synthesis of amino acid methyl ester hydrochlorides; (Bottom) Structure of
aspartame (219) and glycylglycine (220).

Since the esterification of amino acids has been optimised over the last decades and the
obtained yields are often quantitative these compounds will not be mentioned within the
experimental section. The substrates used for this reaction are summarised in Table 3. Of all
proteinogenic amino acids (excluding selenocysteine) the products of the esterification of
glutamine and asparagine showed two new signals in the area of 3.60 — 3.70 ppm with an

integral of three protons. This led to the assumption that the amide group was also converted
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to a methyl ester. Purification via column chromatography as well as a test reaction to obtain
the corresponding urea compound, proved that instead of glutamine and asparagine methyl
ester the dimethy| esters of aspartic and glutamic acid were obtained.

Table 3: Proteinogenic amino acids and dipeptides used for the methyl esterification according to the adapted synthesis

protocol of Molinaro et al. Every methyl ester was obtained in a quantitative yield. The compound names highlighted in bold

represent dipeptides.

Entry Methy!| ester of Entry Methy! ester of
221 Glycin 231 Histidine
222 Alanine 232 Phenylalanine
223 Valine 233 Proline
224 Isoleucine 234 Tryptophan
225 Leucine 235 Tyrosine
226 Methionine 236 Serine
227 Aspartic acid 237 Arginine
228 Glutamic acid 238 Lysine
229 Theronine 239 Glycylglycine
230 Cysteine 240 Aspartame

4.1.1.2 Syntheses of ureido carboxylic acids and methyl esters

The preparation of the urea compounds, which are the starting material for the Tscherniak-
Einhorn reaction, was done in two different ways depending on the substrate. For the amino
acid methyl ester hydrochlorides, the synthesis protocol of I. Nicolas et al.[?*’ was followed

with minor adaptations (Scheme 50).

0
KOCN (1.02 eq.) R o~
RW)J\O/ >

DNH-CIO H,0 (1 ml per 1 mmol hydrochloride)
’ ft, 1d 3

218 241

Scheme 50: Illustration of the synthesis of ureido carboxylic acid methyl esters.

Instead of stirring the solution for one hour the duration was extended to 1 day, which led to
better yields in many cases. Additionally, the amount of water was changed from 170 eq. to
1 ml per 1 mmol of amino acid methyl ester hydrochloride. The starting material was always
highly soluble in small amounts of water, which then sometimes enabled the precipitation of
the urea products. In opposite to that other urea compounds had a high solubility in water,
which was counteracted by removing excessive water at reduced pressure or saturating the
aqueous phase with salt before extraction. The yields are summarised in Table 4. All urea
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derivates of the amino acid methyl esters were successfully prepared except in the case of
cysteine, arginine and lysine. Though *H-NMR spectra of the latter two revealed that the urea
product was formed, a lot of starting material remained and the urea product could not be
extracted efficiently. Basic work up of the aqueous phase as well as different purification
methods did not result in a better yield and the product itself had a poor solubility in organic
solvents. Therefore, no further attempts were made to obtain the coumaranones of these
amino acids. The achieved yields varied among the respective amino acids from 95% for the
histidine urea 252 to the lowest yield with 13% for the proline urea 254.

Table 4: Proteinogenic amino acids and dipeptides used for the synthesis of ureido carboxylic acid methyl esters according

to the adapted synthesis protocol of 1. Nicolas et al.[?1 Cysteine could not be converted to the corresponding urea compound.

Lysine and Arginine formed the desired products but it was not possible to obtain it in a good yield and high purity.

Entry Urea of Yield [%] | Entry Urea of Yield [%0]
242 Glycine-OMe 69 252 Histidine-OMe 95
243 Alanine-OMe 91 253 Phenylalanine-OMe 71
244 Valine-OMe 71 254 Proline-OMe 17
245 Isoleucine-OMe 84 255 Tryptophan-OMe 87
246 Leucine-OMe 90 256 Tyrosine-OMe 48
247 Methionine-OMe 92 257 Serine-OMe 36
248 Aspartic acid-(OMe); 72 258 Arginine-OMe n.a.
249 Glutamic acid-(OMe); 46 259 Lysine-OMe n.a.
250 Theronine-OMe 56 260 Glycylglycine-OMe 21
251 Cysteine-OMe 0 261 Aspartame-OMe 70

For the second series of urea-coumaranones the carboxylic acid of the amino acids was not
protected and the synthesis protocol of A. N. Kravchenko et al.[?82%1 was followed with

minor adaptations (Scheme 51).

O
R Q 1. KOCN (1.02 eq.), H,0, reflux, 30 min. R OH
OH >
- HN NH,
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PABA (263) 8-Amino Valeric Acid (264)

Scheme 51: (Top) lllustration of the synthesis of ureido carboxylic acids; (Bottom) Structure of PABA (263) and §-amino
valeric acid (264).
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Instead of adding KOCN in portions to a refluxing solution of the amino acid in water, it was
already added to the suspension of the amino acid in water prior to the reaction. The reaction
mixture was always refluxed for 30 instead of 20 minutes regardless if the substrate was an
amino acid or a dipeptide. Besides proteinogenic amino acids, PABA (263) and 3-amino
valeric acid (264) were also used for this reaction in order to increase the amount of possible
urea substrates for the subsequent synthesis of the coumaranones.

While the many amino acids did all precipitate after the acidification it was not possible to
obtain any urea derivative in the case of acidic (aspartic (271) and glutamic acid (272)),
alkaline amino acids (lysine (282), arginine (281), histidine (275)) or dipeptides
(aspartame (286), glycylglycine (285)) with this method. The products showed high solubility
in water and could not be extracted or obtained in a good yield and high purity, regardless of
the work up procedures. In the case of the polar amino acids, the synthesis protocol could be
optimised by using EtOH instead of water as solvent and refluxing the solution for 4 hours,
which led to better yields. The urea derivatives of tyrosine (279), glutamine (283) and
asparagine (284) could be verified via NMR or HR-MS. However, it was only possible to
obtain a few milligrams of product. In table 5 the yields of the ureido carboxylic acids are
summarised and compared to the ones of the ureido carboxylic acids methyl esters.

Table 5: Proteinogenic and non-proteinogenic amino acids and dipeptides used for the synthesis of ureido carboxylic acids
according to the adapted synthesis protocol of A. N. Kravchenko et al.[?%2%] The yield percentage in brackets represents the
yield of the ureido carboxylic acid methyl ester derivative. The urea derivatives of tyrosine, glutamine and asparagine could

be verified but the yield remained very low. The methyl ester of PABA and &-amino valeric acid have not been synthesised.

Entry Urea of Yield [%] | Entry Urea of Yield [%0]
265 Glycine 28 (69) 277 Proline 8 (17)
266 Alanine 50 (91) 278 Tryptophan 84 (87)
267 Valine 62 (71) 279 Tyrosine n.a. (48)
268 Isoleucine 85 (84) 280 Serine 79 (36)
269 Leucine 76 (90) 281 Arginine 0 (n.a.)
270 Methionine 86 (92) 282 Lysine 0(n.a)
271 Aspartic acid 0(72) 283 Glutamine n.a. (0)
272 Glutamic acid 0 (46) 284 Asparagine n.a. (0)
273 Theronine 49 (56) 285 Glycylglycine 0(21)
274 Cysteine 45 (0) 286 Aspartame n.a. (70)
275 Histidine 0 (95) 287 PABA 82
276 Phenylalanine 85 (71) 288 3-Amino valeric acid 72

In total, 14 amino acids could be converted to the corresponding urea compounds, while it
was possible to obtain 15 proteinogenic amino acids and two dipeptides as ureido carboxylic
acid methyl esters. As it can be seen in table 5 many yields strongly deviate from the ones of
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4. Results and discussion

the methyl esters derivatives. In most cases the yield of the ureido carboxylic acid is lower
than that of the methyl ester derivative. The largest reduction in yield, excluding reactions
with no vyield at all, is for glycine (265) and alanine (266), with a difference of 41%. In
contrast to this the ureido carboxylic acid derivatives of phenylalanine (276) and serine (280)
could be obtained in a higher yield with a positive difference of 14% and 43% respectively.

4.1.1.3 Tscherniak-Einhorn reaction with urea compounds

The coumaranones with a urea substructure were synthesised according to an adapted
synthesis protocol of R. Krieg et al.l?®" Instead of stirring the solution at room temperature for
longer time periods, the reaction had to be refluxed in order to be successful (Scheme 52).
This also shortened the reacton time to 4-8 hours, while longer reflux times led to a reduction
in yield and caused the almost complete hydrolysis of the ester group. Trifluoroacetic acid
was not removed under reduced pressure, but the solution was poured on an excess amount of
ice water and the crude product was filtrated and dried. If no products precipitated, they were
extracted with EtOAc or DCM. Every compound was purified via column chromatography
using mixtures of DCM/MeOH, additionally with one percent of acetic acid in the case of the

ureido carboxylic acid derivatives, as eluent.

OH
1. HO)YOH (1.0 eq.), TFA, rt, 30 min.
o)
o)
o 188 HN//<
R4 )J\ R N’R1
‘H NH, R, 2 OH
2. \©\ (1.2 eq.), reflux, 4 h o
OH
216 R, = (CH,),Cl (289) 215
R, = Cl (290)

Scheme 52: Illustration of the synthesis of coumaranones with a urea substructure according to the adapted synthesis

protocol of R. Krieg et al.12%0

In general para-chloro phenol (290) was the preferred phenol compound for the first series of
coumaranones with ureido carboxylic acid methyl ester sidechains, but para-chloroethyl
phenol (289) was mainly used as phenol compound for the second series of coumaranones
with an ureido carboxylic acid sidechain (Scheme 53). The original intention with the latter
was to enable substitution reactions on the benzofuran backbone with silica nanoparticles.

This project however was not further investigated as all reactions failed.
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Scheme 53: Basic scaffold of the first and second series of coumaranones with a urea substructure. Series 1 was synthesised
with ureido carboxylic acid methyl esters and para-chloro phenol to give the coumaranone derivative 291 and series 2 with
ureido carboxylic acids and mainly para-chloroethyl phenol but also para-chloro phenol to yield the coumaranone
derivatives 292a and 292b.

Table 6 summarises the yields of all coumaranones with a urea sidechain. Overall, it was
possible to obtain 23 different derivatives, whereby the yield of the coumaranones with an
ureido carboxylic acid sidechain (with the exception of leucine and aspartic and glutamic
acid) is always higher compared to the methyl esters. According to literature the substitution
of the phenol compound can have a major influence on the yield, especially regarding the
comparison of para-fluoro/chloro/bromo derivatives. Since para-chloro phenol (290) as well
as para-chloroethyl phenol (289) were used for the coumaranone syntheses of both the ureido
carboxylic acid and methyl ester derivatives of alanine, it can be stated that in this case the
yield is also influenced by the different phenol compounds. Additionally, it could be proven
that in general the carboxylic acid group of the urea compound is tolerated during the
Tscherniak-Einhorn reaction and shows a positive effect on the synthesis, considering the low
yields in most cases given by the reactions with protected carboxylic acids. None of the
alkaline amino acids as well as tryptophan, proline, cysteine, glutamine, asparagine and
glycylglycine could be protected by coumaranones. The synthesis of the precursors of the
former were already problematic. With regard to tryptophan (and also the alkaline amino
acids), the synthesis of coumaranones could be hindered because of the additional
aliphatic/aromatic amine or guanidine groups, which cause undesirable side reactions due to
their nucleophilic potential. In the work of R. Krieg et al.?®” it was possible to synthesise a
pyrrolidine-coumaranone derivative, suggesting that the unsuccessful synthesis of proline-
coumaranones could be a result of steric hindrance of the additional carboxylic acid bound to
the cyclic system. The synthesis of the tyrosine-coumaranone was successful and could be
verified via NMR, but it was not possible to obtain this compound in a good yield and high
purity despite multiple optimisation and purification attempts. However, it proves that the
para substituted phenol rest of this amino acid does not enable a competitive reaction during

the one-pot synthesis.
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Table 6: Urea derivatives of proteinogenic and non-proteinogenic amino acids and dipeptides used for the synthesis of
coumaranones according to the adapted synthesis protocol of R. Krieg et al.12%0] e yield percentage in brackets represents

the yield of the coumaranones with ureido carboxylic acid sidechains. Para-chloroethyl phenol (289) and para-chloro phenol
(290) were both used for the synthesis of the unprotected alanine (bold, italics) coumaranone 296a and 296b respectively.

For the synthesis of the unprotected phenylalanine (bold) coumaranone 314 only para-chloro phenol (290) was used as

precursor.
Entry Coumaranone of | Yield [%0] Entry Coumaranone of Yield [%0]
293 (294) Glycine 6 (23) 315 Proline 0
295 (296a/b) Alanine 12 (38/23) 316 Tryptophan 0
297 (298) Valine 24 (35) 317 Tyrosine n.a.
299 (300) Isoleucine 27 (46) 318 (319) Serine 0(5)
301 (302) Leucine 24 (16) 320 Arginine -
303 (304) Methionine 38 (22) 321 Lysine -
305 (306) Aspartic acid 8 (0) 322 Glutamine -
307 (308) Glutamic acid 16 (0) 323 Asparagine -
309 (310) Theronine 19 (30) 324 Glycylglycine 0
311 Cysteine - 325 (326) Aspartame 23 ()
312 Histidine 0 327 PABA (39)
313 (314) Phenylalanine 23 (73) 328 d-Amino valeric acid (13)

4.1.2 Investigations of urea-coumaranones via NMRE]

Of the 23 available urea-coumaranones the following six were chosen for further

investigations, with 3 derivatives of series | and Il respectively (Scheme 54).

Esters (Series 1)

S/
0o 0o
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Scheme 54: Overview of the urea-coumaranones whose decomposition reaction in an alkaline solution with oxygen were

investigated via proton NMR. (Top) Urea-coumaranones of series I; (Bottom) Urea-coumaranones of series I1.
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The different sidechains of the proteinogenic amino acids as well as the aromatic scaffold (in
the case of 327) and varying positions of the functional groups of the non-proteinogenic ones
could show to which degree the oxidation process is influenced by these different sidechains.
Especially the comparison between 313 and 314 might show if the protection of the
carboxylic acid leads to different results, while the hydroxy-group of 309 may act as a
nucleophilic group when in an alkaline solution.

In order to follow the progress of the reaction and to determine the time required for the
complete decomposition of the coumaranone-PG compound, proton NMR spectra were
measured at regular intervals during the reaction. The following protocol was used for all
coumaranones discussed in this Thesis: 20 mg of the substrate was dissolved in 0.7 ml of
DMSO-ds and 2 equivalents of DBU were added. As soon as the addition was finished and
the solution was homogenised, a proton NMR spectrum was immediately measured. Between

each measurement, the solution was saturated with oxygen.
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Figure 11: NMR measurements of the decomposition of urea-coumaranones 313 and 314 with associated reaction equations.
The image above shows the entire NMR spectra during the reaction; below is a section of a selected area where significant
changes occur. (Left) phenylalanine-coumaranone (313); (Right); phenylalanine-ester-coumaranone (314). Blue boxes =
change in signal intensity and occurrence of new signals; red boxes = reduction/disappearance of signals; green boxes =

appearance of new signals.
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The first measurements were done with compounds 313 and 314. During the whole
experiment only a weak flash of light could be observed after the addition of DBU. When
comparing both urea-coumaranones, a significant change could already be seen after the
addition of DBU. Both NH protons in the chemical shift range of 8 to 10 ppm have vanished.
Throughout the entire experiment a visible alteration in the region of the aromatic protons
(6.5 to 7.5 ppm) can be seen. However, the most important change occurs at 5.25 ppm,
representing the a-acidic proton of the benzofuranone moiety, which was expected to exhibit
a doublet but instead appears as a doublet of doublets. Coalescence experiments confirmed
the presence of rotamers for both substrates. According to literature, DBU a-deprotonates in
order to obtain the anionic species which reacts with oxygen. By the end of the reaction, the
corresponding carbon atom undergoes oxidation to form a carbonyl group. While this signal
completely disappears after 30 minutes for compound 314, the ester derivative 313 is
significantly slower oxidised. Since both experiments still show the presence of rotamers and
no proton or carbon signals from phenylalanine (220) are detected, it was assumed that the
amino acid remained bound to the initial coumaranone. Therefore, additional decomposition
experiments in a larger scale were carried out to determine the precise structure of the
unknown compounds formed under the basic conditions. The obtained products were
extracted, multiple times washed with water to remove excess DBU, and characterised via
2D-NMR for a complete structure elucidation (see Experimental section for details). The
spectra of time-interval measurements were compared to those of the products obtained after
extraction, since the aqueous work-up may induce side reactions. The 3C-spectrum of the
decomposition experiment of 313, revealed that all nineteen carbon atoms were still present,
with most peaks splitting into two signals, again indicating the presence of rotamers.
Furthermore, the analysis of 2D-NMR spectra showed a new and unique signal of a
quaternary carbon atom with a chemical shift of 81.8 ppm. This suggests that instead of
undergoing decomposition (including CO> loss), a rearrangement occurred. Subsequent 2D-
NMR and ESI experiments confirmed the hydantoin structure of compound 329 as the
primary product, providing evidence of o-carbon oxidation. The formation of a five-
membered ring must result from a nucleophilic attack of the urea moiety on the lactone
carbonyl-carbon atom.

The decomposition experiment of 314 gave different results. No products could be extracted
from the alkaline solution and the 3C-NMR of the crude product (excluding the signals of
DBU) showed that many NMR peaks were split into two signals, again indicating the

existence of rotamers. However, no quaternary carbon was found in the 80-100 ppm range,
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4. Results and discussion

suggesting that, unlike in the case of 313, the main product is not a hydantoin. Due to the
contamination with DBU and other byproducts, the analysis of the 2D-spectra only allowed
the elucidation of fragment 330A. After protonation of the aqueous phase with two
equivalents of hydrochloric acid, a product (compound 331) could be extracted, whose
structure was fully resolved and represents the unprotected acid hydantoin derivative of 329.
Because of the pH dependency it is assumed that 314 generates an open-chained carboxylate

derivative as the primary product in an alkaline environment (Scheme 55).
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Scheme 55: Assumed structure of an open-chained oxidation product 330A of the urea-coumaranone 314 in an alkaline

solution. Protonation yields the confirmed hydantoin 331.

The decomposition experiment of urea-coumaranones 303 (Figure 12) and 328 (Figure 13)
provided further insight and showed similar results with the corresponding hydantoin
derivatives 332 and 334 as the main products of oxidation and without clearly visible CL.
Although not structurally similar, it again shows that the decomposition of the methyl ester

derivative takes more time than that of the unprotected acid.
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Figure 12: NMR measurements of the decomposition of urea-coumaranone 303 with associated reaction equation. The
image on the left shows the entire NMR spectra during the reaction; on the right is a section of a selected area where
significant changes occur. Blue boxes = change in signal intensity and occurrence of new signals; red boxes =

reduction/disappearance of signals.
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The decomposition experiment of 303 can be compared with those of 313 and 314. The
signals of the NH protons in the range of 8.5 to 10.5 ppm disappear after the addition of DBU,
and the signals in the aromatic range of 6.0 to 7.5 ppm show changes over time. In addition, a
new singlet is seen next to the ester signal at 3.66 ppm, possibly representing another ester
group and thus indicating the formation of a second structurally similar byproduct. Without
extraction or purification, *H-, *C- and 2D-spectra were recorded, allowing complete
structural elucidation of hydantoin 332A and oxoacetylphenolate 333A (ratio 1.2:1) and
verifying the hypothetical oxoacetylphenolate of 314, which can also be assumed for urea-
coumaranone 313. After aqueous work-up however, only the hydantoin derivative was

obtained.
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Figure 13: NMR measurements of the decomposition of urea-coumaranone 328 with associated reaction equation. The
image on the left shows the entire NMR spectra during the reaction; on the right is a section of a selected area where
significant changes occur. Blue boxes = change in signal intensity and occurrence of new signals; red boxes =

reduction/disappearance of signals.

The same results were obtained in the decomposition experiment of urea-coumaranone 328,
which also shows an equilibrium between the hydantoin 334A and the oxoacetyl phenolate
335A in the ratio 1:1.1. Since the hydantoin form could not be detected in the experiment
with urea-coumaranone 314, this shows that the longer alkyl chain of 328 influences the
equilibrium. Due to the different ratios favouring either the hydantoin or the open chain
products, both NMR spectra of 303 and 328 were measured again after two days to determine
a further shift in equilibrium. The ratio remained the same for the experiment of 303, while
that of 328 showed a slight shift towards the oxoacetyl anion 335A, resulting in a new ratio of
1:1.3.
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Although no complete structure elucidation was possible for hydantoin 336A and the open-
chain derivative 337A, both could be determined as main products of the oxidation of
threonine-coumaranone 309 (Figure 14). In addition to these two compounds, other signals
are visible that indicate the presence of further byproducts. However, when worked up in
aqueous solution, all signals of 336A and 337A disappeared and a new main product was

obtained whose exact structure could not be resolved.
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Figure 14: NMR measurements of the decomposition of urea-coumaranone 309 with associated reaction equation. The
image on the left shows the entire NMR spectra during the reaction; on the right is a section of a selected area where
significant changes occur. Blue boxes = change in signal intensity and occurrence of new signals; red boxes =

reduction/disappearance of signals.

2D NMR showed 11 carbon signals. Coumaranone 309 has a total of 14 carbon atoms,
suggesting that two carbon atoms are missing, considering that the CH3s group of the original
methyl ester group was hydrolysed. In addition to a 4-chlorophenolate fragment that is still
present and clearly visible, a urea component can also be suspected based on the significant
13C signal at 154.9 ppm, which is a typical shift for the carbonyl group. *H-NMR and HMBC
show that the CH3 group of the threonine side chain at 1.75 ppm has a cross peak with a
quaternary carbon atom at 131.3 ppm and a CH group with a chemical shift of 106.8 ppm.
The COSY spectrum also verifies the direct vicinity of the strongly deshielded CH fragment
with the CH3 group. These results indicate the formation of an olefin under water loss, which
would give a Michael-system. Therefore, hydantoin 338 can be proposed as the major product
obtained after aqueous work-up of the decomposition experiment of urea-coumaranone 309.
However, due to several failed purification attempts to obtain better spectra and the missing

13C signals, hydantoin 338 could not be fully elucidated.
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Figure 15: NMR measurements of the decomposition of urea-coumaranone 327 with associated reaction equation. The
image on the left shows the entire NMR spectra during the reaction; on the right is a section of a selected area where
significant changes occur. Blue boxes = change in signal intensity and occurrence of new signals; red boxes =

reduction/disappearance of signals.

Though the oxidation of coumaranone-protected PABA 327 has the same equilibrium as the
above derivatives, the acidic work-up of this experiment yielded the urea derivative of PABA
(287) as the major product and completely deprotected PABA (263) as the minor product
(Figure 15).
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Figure 16: Comparison of the *H NMR spectra of the decomposition experiment of urea-coumaranone 327 before and after
work-up with those of ureido-PABA (287) and PABA (263). All spectra were recorded in DMSO-des. The blue boxes encircle

the significant signals of PABA, while the red ones encircle those of the corresponding urea derivative.
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The direct comparison of the H-NMR spectra of the two obtained products with the
corresponding decomposition experiment before and after the work-up procedure verify that
the addition of water and HCI is necessary for the release of the substrates. The *H-, 3C- and
2D-NMR spectra of the alkaline solution with DBU only show the signals of the hydantoin
339A and the open-chain derivative 340A (Figure 16). While it could be argued that traces of
PABA are visible in the *H-NMR of the decomposition experiment before the aqueous work-
up, the corresponding COSY does not show any cross peaks between the specific signals at
6.53 ppm and 7.62 ppm.

According to literature, hydantoins are mainly hydrolysed in an alkaline solution, requiring
high temperatures and long reaction times. Apart from that there are also examples which can
be cleaved in acidic media, but still require harsh reaction conditions.% In general, the
decomposition experiments of coumaranone protected proteinogenic amino acids yield the
corresponding hydantoins after aqueous work-up with or without minor protonation. Hence
the PABA hydantoin derivative (339) appears to enable further decomposition in lightly
acidic aqueous media, due to the aromatic sidechain of the imide protected nitrogen allowing
the stabilisation of charges. A proposed mechanism for the further decomposition to obtain
PABA urea (287) is illustrated in Scheme 56.
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Scheme 56: Proposed mechanism for the decomposition of hydantoin 339. The hydrolysis yields either 2-(5-chloro-2-
hydroxyphenyl)-2-oxoacetic acid (341) or 5-chlorobenzofuran-2,3-dione (342) and PABA urea 287.

The *H-NMR after aqueous work-up shows a product ratio of 11:1 for the PABA urea (287).
Since the urea-coumaranones investigated so far (with the exception of the threonine
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derivative 309) always give the hydantoin product after aqueous work-up, the mechanism
starts from the derivative 339. Due to the aromatic amine, which can additionally shift
electron density to the neighbouring carbonyl groups, an acid-catalysed equilibrium between
339 and 340 can be assumed. After protonation of the amide carbonyl group, an
intramolecular nucleophilic attack of the phenol group can be considered (340-1), although
intermolecular hydrolysis with water is also possible. After decomposition of the
benzofuranone derivative 340-11, the mesomerically stabilised anion of PABA urea (287A) is
formed and subsequently protonated. The two suspected byproducts 341 or 342 could not be
detected in the NMR spectra, which could be explained by the water solubility of 2-(3-
chlorophenyl)-2-oxoacetic acid (341) and the hydrolysis susceptibility of 5-chlorobenzofuran-
2,3-dione (342). With regard to the formation of completely deprotected PABA (263), a
complete hydrolysis of hydantoin 339 can be assumed. Due to the low yield, the equilibrium
seems to be mainly on the side of the open-chain derivative 340, which is not a suitable
substrate for the release of PABA.

4.1.3 CL of urea-coumaranonest3%

For the characterisation of the photophysical properties of the previously investigated urea-
coumaranones and their reaction products emission and excitation experiments were
conducted. The following protocol was used for all coumaranones discussed in this Thesis:
Each compound was initially measured at a concentration of ¢ = 102 mol/l in acetonitrile.
50 equivalents of DBU were added to 1 ml of the coumaranone stock solution in a cuvette.
After rapid and thorough mixing, the luminescence was then continuously monitored by
several scans. The cuvette itself was not sealed during all measurements to prevent oxygen
depletion.

The first experiments and comparisons were done with the phenylalanine coumaranone
derivatives 313 and 314. Figure 17 displays the emission and excitation spectra of 313. The
CL emission peaks at 436 nm, but diminishes rapidly within the first two scans and fades
away after the twelfth measurement (Figure 17a). This is in agreement with the results by
Krieg et al.?® who described the CL of urea-coumaranones as brief yet intense when
compared to carbamate-coumaranone derivatives. Following the CL experiment, subsequent
emission scans revealed the presence of an absorbing species that fluoresces at a maximum
wavelength of 435 nm. This photoluminescence can be attributed to the oxoacetyl phenolate
343A. Hence, a second CL experiment was carried out, during which the sample is also
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4. Results and discussion

excited with a wavelength of 370 nm. Initially, CL decreases, but after 50 scans,
photoluminescence gradually begins to increase over time. The emission also shows a slight
red-shift with a peak at 436 nm (Figure 17b). In the third spectroscopic experiment, multiple
excitation scans were performed to monitor changes in the absorption of the previously
observed fluorescent species. Over the course of 100 scans, an absorbing species with a
maximum at 402 nm became evident. This species gradually diminished, giving way to a new

species with a maximum at 396 nm (Figure 17¢).
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Figure 17: Emission and excitation spectra of 313 in acetonitrile (every scan took 45 s) with associated reaction equation: (a)
emission scans of CL (i.e., without external excitation, Slit: 10), the arrow indicates the decrease in the CL; (b) emission
scans during CL reaction (external excitation Aex = 370 nm, Slit: 1.0). The first scan was performed after addition of DBU.
The left red arrow indicates the decrease in CL after 40 scans. Starting from the 50t scan, the right green arrow indicates the
increase in photoluminescence; (c) excitation scans during CL reaction (Aem = 430 nm, Slit: 1.0). The first scan was
performed after addition of DBU. The left red arrow indicates the decrease in an absorbing species after 40 scans. Starting

from the 50th scan, the right green arrow indicates the increase in absorption of a new species.

The same three spectroscopic experiments were performed for compound 314 (Figure 18).
While the quick decrease of the CL (Amax = 436 nm) is comparable to that of 313 (Figure 18a)
the results of the emission and excitation experiments exhibit significant differences. Both,
the absorbing and emitting species initially displayed an increase, followed by a minor

decrease within 100 scans, eventually reaching equilibrium. The emission maximum remains

at 435/436 nm (Figure 18b), while the absorption maximum shifts from 381 nm to 376 nm
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(Figure 18c). These experiments demonstrate the remarkable fluorescence properties of 330A,

which is rapidly generated and even overlaps its own CL.
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Figure 18: Emission and excitation spectra of 314 in acetonitrile (every scan took 45 s) with associated reaction equation: (a)
emission scans of CL (i.e., without external excitation, Slit: 10), the arrow indicates the decrease in the CL; (b) emission
scans during CL reaction (external excitation Aex = 370 nm, Slit: 1.0). The first scan was performed after addition of DBU.
The left green arrow indicates the initial CL (scan 1) and the increase in photoluminescence after 40 scans. Starting from the
50th scan, the right red arrow indicates the small decrease in photoluminescence; (c) excitation scans during CL reaction (Aem
= 430 nm, Slit: 1.0). The first scan was performed after addition of DBU. The left green arrow indicates the increase in an

absorbing species after 40 scans. Starting from the 50™, scan the right red arrow indicates a minor decrease in absorption.

The first CL scan of methionine-coumaranone 303 shows a high intensity at 423 nm, but
strongly decreases thereafter and a red shift towards 440 nm occurs (Figure 19a). The CL was
visible to the human eye for a few seconds with a strong flash of light, which is consistent
with the luminescence measurements, although the CL was detectable with the instrument for
more than 30 minutes. Due to the established equilibrium of oxidised urea-coumaranones,
which could be determined by the NMR experiments and the results of luminescence spectra
of the phenylalanine-coumaranones 313 and 314 only one emission and excitation scan was
performed to investigate the photophysical properties of the open-chain derivative 333A.
After the CL was finished the sample exhibited an absorption maximum at 380 nm (Figure
19c¢), which resulted in a potent photoluminescence at 440 nm (Figure 19b). When compared
to the phenylalanine methyl ester coumaranone 313 it can be seen the photoluminescence is

much stronger in regard to the photons counted per second and the smaller slit of the scanner.
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Figure 20: Emission and excitation spectra of 328 in acetonitrile (every scan took 45 s) with associated reaction equation: (a)

emission scans of CL (i.e., without external excitation, Slit: 10), the arrow indicates the decrease in the CL; (b) emission scan
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Of all six urea-coumaranones that were chosen for these experiments the coumaranone
protected d-aminovaleric acid 328 had the weakest CL (Figure 20a). The first scan already
shows a very low CL intensity with a maximum at 433 nm, which quickly reaches zero after a
few measurements. In accordance with the previous results subsequent emission and
excitation scans revealed the photoluminescence of 333A with a maximum at 445 nm (Figure
20b) with a corresponding absorption at 395 nm (Figure 20c).

While additional byproducts were detected in the NMR experiment of 309, the luminescence
spectra did not show any new absorbing/fluorescent species besides 337A. The CL again
remains very weak and decays rapidly with a maximum at 430 nm (Figure 21a).
Subsequently, an emission and excitation scan showed photoluminescence with a maximum

at 455 nm (Figure 21b) and an absorption maximum at 395 nm (Figure 21c).
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Figure 21: Emission and excitation spectra of 309 in acetonitrile (every scan took 45 s) with associated reaction equation: (a)
emission scans of CL (i.e., without external excitation, Slit: 10), the arrow indicates the decrease in the CL; (b) emission scan
of 309 after CL was finished (external excitation Aex = 395 nm, Slit: 0.8); (c) excitation scan of 309 after CL was finished
(Aem = 450 nm, Slit: 0.8).

In the case of the urea-coumaranone 327 the CL intensity (Amax = 440 nm) decreases in more
steady manner when compared to the other derivatives, but remains overall weak and cannot
be detected anymore after 20 scans (Figure 22a). The photophysical properties of 340A do not
deviate from the other corresponding derivatives as it has an absorption maximum at 390 nm

(Figure 22c¢) and shows a fluorescence peak at 450 nm (Figure 22b).
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Figure 22: Emission and excitation spectra of 327 in acetonitrile (every scan took 45 s) with associated reaction equation: (a)
emission scans of CL (i.e., without external excitation, Slit: 10), the arrow indicates the decrease in the CL; (b) emission scan
of 327 after CL was finished (external excitation Aex = 390 nm, Slit: 3); (c) excitation scan of 327 after CL was finished
(Aem = 445 nm, Slit: 3).

Besides these urea-coumaranones more derivatives were investigated in regards of their CL
and the absorption and fluorescence properties of the expected products (Figure 19). The
corresponding spectra of 295, 296b, 297 and 301 can be found in Chapter 7.
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Scheme 57: Illustration of urea-coumaranones, whose CL properties were also investigated.

The results from every luminescence experiment are summarised in Table 7. Overall, it can
be stated that the sidechain of the amino acid moieties does not greatly influence the

photophysical properties. It is noteworthy however that the CL of derivative 297 and 303
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could be detected for over 30 minutes, though its intensity was very low and not visible for
the human eye.
Table 7: Summary of the photophysical properties of urea-coumaranones. The first 6 entries represent the previously

discussed derivatives. The absorption and fluorescence maxima refer to the oxidised byproducts of the respective

coumaranone.

Entry | CL Amax [nm] CL Intensity/Duration Absorption Amax [nm] | Fluorescence Amax [NM]
303 440 Visible — weak / < 30 min. 380 440
309 430 Very weak / 3 min. 395 455
313 436 Shortly visible / 14 min. 396 436
314 436 Weak / 4 min. 381 435/436
327 440 Weak / 7 min. 390 450
328 433 Very weak / > 1 min. 395 445
295 430 Weak / 12 min. 385 445
296b 430 Very weak /45 sec. 381 442
297 432 Weak /< 30 min. 384 437
301 438 Very weak / 3 min. 385 435

4.1.4 Conclusions on the chemistry of urea-coumaranonest®

Considering the results of the NMR and luminescence experiments, it is apparent from the
excitation spectra that all urea-coumaranones generate a potent fluorescent species after the
oxidation with molecular oxygen in an alkaline solution. The emission maxima do not greatly
differ from each other with the largest difference being 20 nm between derivative 301 and
309. Regarding the luminescence-experiment of 313, the initial stages of the excitation
experiments show no photoluminescence, with steady and gradual increase after 36 minutes.
This suggests the occurrence of a slow equilibrium between 329A and the open-chained
oxoacetyl phenolate species 338A, with a shift towards the latter after approximately
30 minutes. Additionally, the hydantoin form could not be detected in the experiment with
urea-coumaranone 314, while in the case of 328 and 327 both tautomers could be seen. This
suggests that the deprotonated carboxylic acid has an influence on the equilibrium but is
dependent on the distance from the hydantoin ring. A proposed mechanism and comparison
for the formation of the fluorescent oxoacetyl phenolate of methylesters and unprotected acids
is illustrated in Scheme 58. Through tautomerisation, the phenolate directs electron density
towards the urea moiety's carbonyl oxygen, causing ring opening (329A-1). Subsequent
deprotonation (329A-11) and rearomatisation result in the generation of an oxoacetyl

phenolate 343A, which is responsible for the observed fluorescence.
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343A : 329A-1I 3 330A : 331A-

Scheme 58: Proposal for the equilibrium between hydantoin and fluorescent species. Illustrated with compound 313 (left)
and 314 (right). The rate of the tautomerisation processes differs due to the ester/free carboxylic acid. The fluorescent form is
highlighted by a dashed box.

In stark contrast, compound 314 gives the carboxylate 331A in an alkaline environment and
triggers ring expansion via a nucleophilic attack. This leads to a redistribution of electron
density towards the carbonyl group of the urea moiety (331A-1). Subsequent deprotonation of
the alcohol (331A-11) leads to the formation of the oxoacetylphenolate (330A). Therefore, the
formation of the fluorescent species occurs at an accelerated rate due to the induced ring
expansion by the carboxylate (resulting in a five- to six-membered ring). This mechanism can
in general be assumed for all urea-coumaranones. Potential nucleophilic groups such as
carboxylates can shift the equilibrium towards the fluorescent form (Scheme 58, dashed
boxes), while alkoxides (in the case of 309) cause the formation of new products besides the
expected hydantoin and the open-chain derivative. Also, the CL itself remains faint and barely
visible because of the preferred hydantoin formation, which circumvents decarboxylation and
subsequent light emission. In view of the decomposition mechanism a nucleophilic attack of
the urea moiety on 1,2-dioxetanone can be considered, which yields 5-hydroperoxy hydantoin

345 and eventually leads to the corresponding 5-hydroxy hydantoin 346 (Scheme 59).
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Scheme 59: Proposal for the general mechanism of urea-coumaranones.

In summary urea-coumaranones do not fulfil the requirements of CLPGs but instead can be
described as fluorescent protection groups (FPGs) as the fluorescent properties of the

products in an alkaline environment are more potent than the CL. According to literature,

however, there is still the option of cleaving the hydantoin PG either enzymatically or

chemically with refluxing solutions of NaOH or acids and thus releasing the amino acid.[
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4.2 Protection and deprotection of alcohols

Carbamate coumaranones were the first substrates investigated by Lofthouse?*® and
Matuszczak[?8-28% with regard to their CL properties. Therefore, there is already a wide range
of literature known compounds, including natural and pharmacologically relevant alcohols
that have been used for the synthesis of coumaranones. However, as research has mainly
focused on the CL and the oxidation mechanism, the release efficiency of the protected
alcohols has not been thoroughly investigated. For these reasons, the following chapter
discusses a selected range of vitamins, steroids and other pharmaceutically relevant
compounds chosen for protection with coumaranones and the corresponding release from the
CLPG.

4.2.1 General protection protocol of alcohols

Similar to the protection of amines, a two-step procedure was used for the synthesis of
coumaranones with a carbamate side chain (Scheme 60). The alcohol 46 is converted to the
corresponding carbamate derivative 349. Subsequently, a one-pot Tscherniak-Einhorn

reaction is again carried out to obtain the carbamate coumaranone 350.

o One-Pot
HN/Z< _R, [Tscherniak-Einhorn 0 Carbamate-Formation
Ry O™ H NJLO,R1 i > HO-R;
2
o)
(6]
350 349 46

Scheme 60: Retrosynthesis of the protection of alcohols.

4.2.1.1 Syntheses of carbamates

The synthesis of the carbamate substrates was performed according to an adapted synthesis
protocol of R. Graf et al.®%?l using chlorosulfonyl isocyanate (CSI) in DCM (Scheme 61). The
vitamins L-ascorbic acid (351), retinol (352) and o-(x)-tocopherol (353), the steroids
cholesterol (354), ergosterol (355) and testosterone (356) and the pharmacological relevant

substrates L-menthol (357), paracetamol (358) and eugenol (359) were investigated.
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Scheme 61: (Top) General synthesis of carbamates; (Bottom) Substrates used for synthesis of carbamates.

Besides the synthesis of the carbamates of L-menthol and paracetamol, which were already
known to literature and could be easily reproduced, most reactions were successful, with the
exception of those with L-ascorbic acid, ergosterol and retinol. Because of the multiple
hydroxy groups present in the ascorbic acid molecule, a mixture of products was expected.
Instead, no formation of any possible carbamate was detected. To obtain retinol (352), the
commercially available retinyl acetate (360) needed to be saponified first, which was done via
two different routes: 1) NaOH in EtOH under ambient conditions Il) Na;COz in dry MeOH
under inert conditions and the exclusion of light®%! (Scheme 62). Method | gave a mixture
containing the product but also considerable amounts of impurities, which are caused by
oxidation of retinol under the chosen conditions, due to its high sensitivity towards oxygen
and UV-A/UV-B irradiation. Conducting the reaction with method Il resulted in a high yield
of retinol, which was immediately used for the subsequent reaction without further
purification. The reaction was additionally carried out under inert conditions in a flask
wrapped in aluminium foil, but was unsuccessful. Considering the structural similarities and
the identical position of the hydroxy group, it remains unclear why the carbamate formation

of ergosterol could not be realised, while that of cholesterol was possible.
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Scheme 62: Synthesis of retinol (352) by saponification of retinyl acetate (360). Method 1) NaOH in EtOH at room
temperature was unsuccessful; Method I1) K2COs in MeOH under inert conditions and exclusion of light led to the successful
cleavage of the ester.

The vyields of the syntheses are summarised in Table 8. a-Tocopherol has the highest yield
with 91%. Every other reaction resulted in yields above 80% with the exception of the

carbamate of testosterone 366 and paracetamol 368.

Table 8: Vitamins, steroids and pharmacophores with hydroxy groups used for the synthesis of carbamates according to the

adapted synthesis protocol of R. Graf et al.[3%

Entry Carbamate of Yield [%] | Entry Carbamate of Yield [%0]
361 Ascorbic acid 0 365 Eugenol 82
362 Retinol 0 366 Testosterone 64
363 a-Tocopherol 91 367 L-Menthol 88
364 Cholesterol 83 368 Paracetamol 72

4.2.1.2 Tscherniak-Einhorn reaction with carbamates

2-Coumaranones bearing a carbamate substructure were synthesised according to the

procedure of Schramm.?°®! with minor adaptations (Scheme 63).

OH
1. Ho)ﬁ(OH (1.0 eq.), TFA, rt, 5 min. o
)
) 188 HN/(O/R
r. L Cl

"0~ "NH, Cl o

2. \©\ (12eq.),1t,3d o

OH
349 290 369

Scheme 63: Illustration of the synthesis of coumaranones with a carbamate substructure according to the adapted synthesis

protocol of S. Schramm.[2%%]
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Similar to the reaction with urea substrates, the synthesis is carried out in a one-pot reaction.
The preferred acid was TFA, since using acetic acid/sulfuric acid (9:1) as well as formic acid
resulted in very low yields. The stirring time of the carbamate and the glyoxylic acid in TFA
was reduced to 5 minutes and after the addition of the phenol compound the reaction was
stirred at room temperature for three days. Refluxing the solution was also possible, but
resulted in an increased yield of byproducts. The results of these syntheses are summarised in
Table 9.

Table 9: Carbamate derivatives used for the synthesis of coumaranones according to the adapted synthesis protocol of S.
Schramm[®] and the corresponding yields.

Entry Coumaranone of Yield [%0]
370 Paracetamol 13
371 L-Menthol 25
372 Testosterone 54
373 a-Tocopherol 43
374 Cholesterol 0
375 Eugenol 0

The best yields were obtained with the 2-coumaranones of testosterone 372 and a-tocopherol
373 with 54% and 43% respectively. When comparing the reactions of the steroid carbamates
372 and 374, the position of the carbamate moiety within the sterane structure appears to
influence the outcome of the reaction (Scheme 64). While the testosterone coumaranone 372
could be successfully synthesised the reaction with the cholesteryl carbamate 364 failed.
Also, of the two carbamate derivatives of the aromatic pharmacophores 365 (paracetamol)

and 368 (eugenol), only the reaction of the latter gave the desired coumaranone 370.

s 3

Cholesterol (364) Testosterone (366)

Scheme 64: (Top) General structure of the sterane-scaffold including the numeration of the carbon atoms; (Bottom) Structure
of the carbamates of cholesterol (364) and testosterone (366). Only the coumaranone synthesis with testosterone carbamate
366 as precursor was successful.
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Considering the yields of the literature known 5-fluorocoumaranones of paracetamol (36%)
and L-menthol (36%) the use of 4-chlorophenol led to different results. The highest possible
yield for the 5-chlorocoumaranone derivative of L-menthol is 25%, while that of paracetamol
amounted to 13% and was accompanied by an uncondensed phenol byproduct with a yield of
11% (Scheme 65). The formation of uncondensed acid and ester compounds is already
mentioned in previous publications.

o
H GAM (188) H /©/ z
fo) N\ﬂ/ p-Chlorophenol (290) HN/[< @/N HNJ\O
A /O 0 TFA, rt, 3d “ ° o>]/ T oo °
H2N o) , L, o
(¢] o O

368 370 376
13% 1%
(after column chromatography)

Scheme 65: Synthesis of coumaranone 370 and the uncondensed byproduct 376 via the Tscherniak-Einhorn reaction.

Due to the usage of methanol during column chromatography, the former carboxylic acid of
byproduct 376 must have undergone esterfication. This compound could also be analysed and

verified by X-ray crystal structure determination (Scheme 66).

Scheme 66: Crystal structure of the uncondensed product 376.

4.2.2 Investigations of carbamate-coumaranones via NMR[EI

The decomposition of all four synthesised carbamate coumaranones was investigated
(Scheme 67). Special attention was paid to the possible differences between the oxidation of
coumaranones with aromatic and aliphatic carbamate side chains, since different results were
already observed with urea coumaranones. In addition, testosterone and a-tocopherol are

large molecules that can influence the deprotonation/oxidation rate and thus the CL
properties.

86



4. Results and discussion

370

cl HNJ(O/O/N
Ty

371

373

Cl

Scheme 67: Overview of the carbamate-coumaranones whose decomposition reaction in an alkaline solution with oxygen

were investigated via proton NMR.

The first experiment was performed with coumaranone-protected paracetamol 370. While the

previously discussed urea-coumaranone derivatives did not release the corresponding amino

acids, paracetamol 358A was effectively separated from coumaranone 370, accompanied by a

brief but intense chemiluminescence (CL), as shown in Figure 23. Within one minute, the

bright blue emission rapidly decreased and became imperceptible to the human eye. In the

NMR experiment, an increase of the aromatic signals of paracetamol 358A at 6.60 and

7.29 ppm was observed immediately after the addition of DBU. The CH3z group of the acetyl

moiety at 2.01 ppm shifts slightly towards 1.97 ppm. Overall, the complete cleavage of the

CLPG was observed within less than 5 minutes.
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Figure 23: NMR measurements of the decomposition experiments with the paracetamol-coumaranone (370) with associated

reaction equation. (Top, left) Complete NMR-spectrum. (Top,
10 ppm. Blue boxes = change in signal intensity and occurrence

right) Enlarged extract of the aromatic area from 4.5 —

of new signals. (Bottom) Decay of the CL of coumaranone

370. 10 mg of 370 were dissolved in MeCN and a few drops of DBU were added. Within 50 seconds, the intensity of the

initially strong and bright emission decreases and is no longer vis

ible thereafter.

An important observation was the appearance of new signals in the aromatic region (other

than those of paracetamol) during the decomposition process. Despite the appearance of

several new aromatic signals from various byproducts, no compounds other than 358A were

identifiable in the 2D-NMR spectra after the decomposition experiment was completed.
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Figure 24: NMR measurements of the CL-decomposition experiment with the L-menthol-coumaranone (371) with associated

reaction equation. The reaction in the blue brackets was performed after the decomposition experiment. (Top, left) Complete

NMR-spectrum. (Top, right) Enlarged extract of the area from 0.0 — 4.6 ppm. Blue boxes = change in signal intensity and

occurrence of new signals; red boxes = reduction/disappearance of signals; green boxes = appearance/shift of new signals.

(Bottom) Photos of the CL of 371 during saturation with oxygen.
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The oxidation of L-menthol coumaranone 371 showed differences compared to 370. Due to
the longer decomposition process, a more intense and longer lasting CL was observed
accordingly as soon as the sample was saturated with oxygen in the NMR tube, as shown in
Figure 24. After 20 minutes, the CL remained weak and finally faded a few minutes later,
which is consistent with the NMR results. While after one minute the proton signals of the
CH group in oa-position at 5.30 ppm and of the NH proton at 8.25 ppm had already
disappeared, the aromatic region (6.0 — 7.5 ppm) and the range of 0.4 — 1.2 ppm still showed
visible changes. This indicates a stepwise progression of the entire oxidation process. The
signal of the CH group next to the oxygen atom in the menthol molecule (4.34 ppm) showed a
slight shift to higher ppm values after the oxidation process, which did not correspond to the
signal of free L-menthol. Without purification, 2D-NMR spectra were recorded, which
allowed the structural elucidation of the decarboxylated compound 377A, which is also the
species responsible for CL of coumaranones described in the literature. To cleave the PG, the
substrate was again decarboxylated with KOH in boiling ethanol to give L-menthol (357) and

5-chlorosalicylamide (378).
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Figure 25: NMR measurements of the CL-decomposition experiment with the testosterone-coumaranone (372) with
associated reaction equation. (Top, left) Complete NMR-spectrum. (Top, right) Enlarged extract of the area from 4.4 —
7.7 ppm. Blue boxes = change in signal intensity and occurrence of new signals. (Bottom) Decay of the CL of coumaranone
372. 10 mg of 372 were dissolved in MeCN and a few drops of DBU were added. The blue CL lasted for 60 seconds.
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4. Results and discussion

Addition of DBU to testosterone coumaranone 372 results in a blue and visible CL that
remains bright for 30 seconds and then decays rapidly within another 30 seconds (Figure 25).
'H-NMR spectra show the shift of signals in the range of 4.4 — 5.7 ppm and 6.7 — 7.7 ppm
after the addition of DBU was completed, but no further changes can be observed thereafter.
While the CH group in a-position to the lactone moiety of the coumaranone-PG (5.43 ppm,
doublet) vanishes, a new signal appears at 4.88 ppm with a triplet multiplicity. The same
observation can be made with the CH signal of testosterone (4.41 ppm, triplet), which is
adjacent to the carbamate unit. After one minute, the signal separates into two triplet signals
at 4.38 and 4.47 ppm, respectively. Since no further changes could be seen within one hour,
2D spectra were recorded. Apart from the mentioned signal shift of the CH groups, the
comparison of the obtained HMBC and COSY spectra with those of the starting material
shows the same cross peaks and thus confirms that coumaranone 372 is still intact.
Considering the results of carbamate-coumaranones 370 and 371 and the brief but bright CL
of 372 it can be assumed that a small amount underwent decarboxylation and generated
compound 379A. Since both DBU and coumaranone 372 are large molecules with high steric
demands, it was attempted to decarboxylate the carbamate sidechain of the coumaranone-PG
in order to release testosterone. Using the same experimental procedure as for the
decarboxylation of 377A, three equivalents of KOH were added to coumaranone 372 and
refluxed in ethanol for 4 hours, but the reaction did not occur.

Similar results were obtained from the NMR-measurements of coumaranone 373 (Figure 26).
The CL remained overall weak but was visible over a time period of 5 minutes. After the

addition of DBU a shift of signals can be seen in the area from 5.3 to 7.5 ppm.
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4. Results and discussion

3 Min.

Figure 26: NMR measurements of the CL-decomposition experiment with the a-tocopherol-coumaranone (373) with
associated reaction equation. (Top, left) Complete NMR-spectrum. (Top, right) Enlarged extract of the area from 5.1 —
7.7 ppm. Blue boxes = change in signal intensity and occurrence of new signals. (Bottom) Decay of the CL of coumaranone
373. 5 mg of 373 were dissolved in MeCN and a few drops of DBU were added. The blue CL lasted for 5 minutes.

Also in this case, the sample was saturated with oxygen for one hour but did not show any
further changes, so that again 2D spectra were recorded. Although no cross peaks can be seen
between the protons of the methyl-substituted chromane system and the carbamate carbon
atom due to the larger distances (> 4J), HMBC confirms the complete coumaranone scaffold.
Due to the aromatic ring, which can stabilise a negative charge, and the visible CL, which
implies a partial decarboxylation of 373, it is possible that a small amount of anionic o-

tocopherol (353A) was released, as in the case of paracetamol derivative 370.

4.2.3 CL of carbamate-coumaranonest3%

The characterisation of the photophysical properties of the carbamate coumaranones followed
the same experimental procedure as for the urea coumaranones, with the coumaranone 370
being dissolved in DMF instead of MeCN and the stock solution of 373 having to be further
diluted to a concentration of ¢ = 10~ mol/I due to poor solubility.

Since the NMR experiments of 370 clearly showed the release of paracetamol, other
photophysical properties were expected. The CL of 370 is clearly visible to the human eye
and very intense, but disappears within one minute, which is confirmed by the initial emission
scans showing a maximum at 406 nm after one scan. After that, no further emission can be
detected (Figure 27a). Several emission scans with an excitation wavelength of 495 nm
showed increasing and strong photoluminescence with a maximum at 558 nm. However,
while the CL decreased after one scan, the formation of the fluorescent species takes much
longer and reaches equilibrium only after 19 minutes (Figure 27b). In agreement with these
results, the excitation scans (Figure 27c, Aem = 555 nm) show a very strong absorption at
449 nm, shifting slightly towards 452 nm after the first scan. During the decay of the first

absorbing species, a new slight increase in absorption is observed after the second scan with a
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4. Results and discussion

maximum at 505 nm. Since several aromatic byproducts were seen in the NMR experiments

of 370, it remains unknown which one causes the observed absorption and fluorescence.
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Figure 27: Emission and excitation spectra of 370 in DMF (every scan took 45 s): (a) emission scans of CL (i.e., without
external excitation, Slit: 5.0), the arrow indicates the decrease in the CL; (b) emission scans during CL reaction (external
excitation Aex = 495 nm, Slit: 1.5). The first scan was performed after addition of DBU. The arrow indicates the increase in a
fluorescent species within 25 scans; (c) excitation scans during CL reaction (Aem = 555 nm, Slit: 1.5). The first scan was
performed after addition of DBU. The left green arrow indicates the decrease in an absorbing species after 20 scans. Starting

from the 22nd scan, the right orange/red arrow indicates a minor increase in absorption at higher wavelengths.

The CL of 371 is initially very strong and bright and persists for about 21 minutes before
fading (Figure 28a). After the 8th scan, the maximum shifts from 426 nm to 440 nm. Based
on previous NMR experiments, it is known that compound 377 is formed during the CL
reaction in an alkaline solution. Therefore, only one emission and excitation scan were
performed to investigate the photophysical properties of this product. After completion of the
CL reaction, a broad photoluminescence with a maximum at 463 nm could be detected
(Figure 28b, Aex = 420 nm). An excitation scan with Aem = 470 nm showed the corresponding
absorption maximum at 415 nm (Figure 28c).
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Figure 28: Emission and excitation spectra of 371 in acetonitrile (every scan took 45 s): (a) emission scans of CL (i.e.,
without external excitation, Slit: 0.1), the arrow indicates the decrease in the CL; (b) emission scan of 371 after CL was
finished (external excitation Aex = 420 nm, Slit: 0.5); (c) excitation scan of 371 after CL was finished (Aem = 470 nm, Slit:
1.0).

Both carbamate coumaranones 372 and 373 showed a short and visible blue CL when
oxidised in alkaline solution with DBU, suggesting that a defined amount of these compounds
was decarboxylated. However, NMR experiments showed in both cases that the starting
material remained as the main product after the reaction and no clear signs of byproducts
could be detected.

The luminescence experiments of 372 are presented in Figure 29. The CL of 372 could be
perceived with the human eye for one minute, but was detectable with the detector of the
spectrometer for 4 minutes with a maximum at 462 nm (Figure 29a). Since the coumaranone
remains intact but shows slight signals shift in certain areas of the *H-NMR one emission and
excitation scan were performed after CL was finished. The emission scan shows a
photoluminescence with a maximum at 483 nm (Figure 29b, Aex = 420 nm), while a broad
absorption from 350 to 450 nm with a maximum at 420 nm could be detected during the
corresponding excitation scan with Aem = 480 nm (Figure 29c). Due to an instrument error a
straight line appears at 410 nm. Since both maxima could be compared with the results of the
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decarboxylated menthol-coumaranone 377A, the proposed decomposition product of
testosterone-coumaranone 379A can be assumed to be the fluorophore. The structure itself

however, could not be detected in NMR and thus remains a hypothesis.
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Figure 29: Emission and excitation spectra of 372 in acetonitrile (every scan took 45 s): (a) emission scans of CL (i.e.,
without external excitation, Slit: 1.0), the arrow indicates the decrease in the CL; (b) emission scan of 372 after CL was
finished (external excitation Aex = 420 nm, Slit: 0.4); (c) excitation scan of 372 after CL was finished (Aem = 480 nm, Slit:
0.4).

Within 7 scans (5 minutes), the CL of 373 (Amax = 436 nm) completely decays, which is
consistent with the period when the CL is also visible (Figure 30a). The emission scan
revealed a fluorescent species with a maximum at 416 nm (Figure 30b, Aex = 360 nm). The
subsequent excitation scan with Aem = 425 nm showed a corresponding absorption at 359 nm
(Figure 30c). Since coumaranones themselves do not exhibit fluorescent properties and absorb
mainly light in the UV-B range, the alkaline solution seems to alter the photophysical
properties of 373. While CL indicates an oxidation process, most of the starting material is
unaffected by the reaction. Therefore, the products obtained after oxidation can be considered

as a potential fluorophore, but remain unknown.

94



4. Results and discussion

30000

25000 -
o Cl
'g 20000
3 H
& N O
E 15000 -| \n/
O
2 © o
5 100004 0
o
° 373
5000 -
0 . T
400 450 500
Wavelength (nm)
T T T T T T T
b) 25000 ——EmScan (360 nm) C) 25000 ExScan (425 nm)
" 20000 2 20000 |
= o
el [=
=4 Q
3 3
© 15000 - 15000 -
* ¢
[ o
[ Q
o 0
£ 10000 T 10000
= 3
3 §
[&]
5000 4 5000 4
Y T T T T T Y T T T T T
380 400 420 440 460 480 500 280 300 320 340 360 380 400
Wavelength (nm) Wavelength (nm)

Figure 30: Emission and excitation spectra of 373 in acetonitrile (every scan took 45 s): (a) emission scans of CL (i.e.,
without external excitation, Slit: 1.0), the arrow indicates the decrease in the CL; (b) emission scan of 373 after CL was
finished (external excitation Aex = 360 nm, Slit: 0.5); (c) excitation scan of 373 after CL was finished (Aem = 425 nm, Slit:
0.5).

The results of the luminescence experiments are summarised in table 10. All carbamate-
coumaranones are able to show a clearly visible CL, with that of the L-menthol derivative 372
having the longest duration. With the exception of the paracetamol coumaranone (370), which
was measured in DMF and therefore cannot be compared with the other results, the emission
wavelength of the CL of 372 differs by 22 to 26 nm compared to the respective maxima of
371 and 373. Besides the similar absorption and fluorescence maxima of 377A (which is
derived from 371) and the oxidised product of 372, the unknown fluorescence product of 373

shows clear differences to the other measurements.

Table 10: Summary of the photophysical properties of urea-coumaranones. The absorption and fluorescence maxima refer to

the unknown oxidised products of the respective coumaranone.

Entry | CL Amax [nm] CL Intensity/Duration Absorption Amax [Nm] | Fluorescence Amax [NM]
370 406 Bright / 1 min. 449 558
371 426/440 Very Bright / 21 min. 415 463
372 462 Bright/ 1 - 4 min. 420 483
373 436 Weak but visible / 5 min. 359 416
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4.2.4 Conclusions on the chemistry of carbamate-coumaranonest®!

The deprotection of aromatic and aliphatic alcohols shows large differences compared to the
results of urea-coumaranones. NMR and luminescence studies on carbamat-coumaranones
show that the CLPG concept is strongly dependent on the properties and size of the
nucleofuge (Scheme 68). While the phenolate of paracetamol (358A) is quickly released in
the CL reaction of 370 with DBU, the L-menthol coumaranone (371) also shows a strong CL
but is not cleaved from the PG unless additional decarboxylation with KOH is performed.

Therefore, coumaranones that protect aliphatic alcohols can be considered as a "two-step™ PG.
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Scheme 68: Proposal for the general mechanism of carbamate-coumaranones. Structure 186 could not be verified by NMR.

Deprotection of a-tocopherol (353) and testosterone (358) was unsuccessful, although CL was
observed for a short period when DBU was added to the respective coumaranones. This
indicates that both substrates are oxidised, but most of the starting material does not interact
with the base, which can be justified by the steric requirements of DBU and the
corresponding coumaranones 372 and 373. The steric requirements of the latter appear to be
of greater importance, as decarboxylation/oxidation of 372 with KOH in boiling ethanol did
not result in the release of testosterone. Despite the different results in the oxidation reactions,
each carbamate-coumaranone had a clearly visible CL. In the case of derivatives 370 and 371,
the duration correlates with the progress of the oxidation process. The nucleofuges themselves
also play an important role, as paracetamol was released, while L-menthol remains bound to
the decarboxylated benzoylcarbamate 377A. This suggests that the phenolate formed during
decarboxylation requires stabilised leaving groups for subsequent ring formation, making it a
selective nucleophilic group for the concept of CLPGs. Therefore, coumaranones are a viable
choice for the protection of aromatic alcohols, which, however, must not have too high steric

demands.
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4.3 Protection and deprotection of thiols

The biological and medical importance of molecules containing a thiol group can be
demonstrated by various examples. For example, the proteinogenic amino acid cysteine (209)
is easily oxidised and forms disulfide bridges with other cysteine residues, which are
responsible for stabilising the protein structure. Both thiols and cysteine are also components
of numerous cofactors that are essential for many bio-synthetic processes. In the case of the
tripeptide glutathione, the cysteine residue exhibits strong antioxidant properties and protects
cellular components from reactive oxygen species. The main medical applications are the use
of thiols to treat metal poisoning through chelation therapy and hypertension through the
prescription of ACE inhibitors. Therefore, to further increase the range of possible substrates,
which can be bonded to a coumaranone, the synthesis of simple thiol carbamates was
investigated for the first time.

4.3.1 General protection protocol of thiols

Since the protection of thiols with coumaranone PGs has not yet been explored, the same
synthesis strategy was used as in the case of alcohols. The thiols were first converted to the
corresponding thiolcarbamate derivative 382, and then a one-pot Tscherniak-Einhorn reaction

was carried out to give the coumaranone-protected thiol 383 (Scheme 69).

o One-Pot Thiolcarbamate-
HNJ< R Tscherniak-Einhorn 0 Formation
R, sRi | D> g Rt D HS Ry
2
(0]
(0]
383 382 381

Scheme 69: Retrosynthesis of the protection of thiols.

4.3.1.1 Syntheses of thiolcarbamates

Analogous to the synthesis of carbamates the adapted synthesis protocol of R. Graf et al®%2,
was followed. However only aromatic thiols could be converted to the thiolcarbamates with
this method. In the case of aliphatic thiols, the synthesis protocol of B. Loev and F.
Kormendy™*4 was adapted and used instead (Scheme 70). This procedure was developed for

the synthesis of carbamates with primary, secondary and tertiary alcohols as starting material.
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The nucleophilic substrate is stirred with either sodium or potassium cyanate, trifluoroacetic

acid in benzene or DCM as solvent. The latter was used because of its lower toxicity.
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Scheme 70: (Top) llustration of the synthesis of thiolcarbamates. method 1) is according to the adapted synthesis protocol of
R. Graff®d and method Il) according to B. Loev and F. Kormendy[®. (Bottom) Substrates used for synthesis of

thiolcarbamates.

It was possible to synthesise two aromatic and four aliphatic thiolcarbamates with the
respective synthesis options. The yields are summarised in Table 11. Every aromatic
thiolcarbamate could be obtained with a yield above 50%, with p-bromothiophenol having the
highest one. In the case of the aliphatic thiols the length of the carbon chain correlates with a
better yield of the product, while the lower yield of tert-butylthiol (389) can be explained with

its steric demands.

Table 11: Obtained aromatic and aliphatic thiolcarbamates according to procedure | and I1.

Entry | Method Thiolcarbamate of Yield [%0]
390 | p-Bromothiophenol 83
391 | Naphthalene-2-thiol 67
392 I Ethanethiol 35
393 I Butanthiol 55
394 I Octanethiol 69
395 1 tert-Butylthiol 41

Further investigations were done in order to see if different functional groups are tolerated

during these reactions. Thus, similar to the results with amino acids, mercapto acids (396 —
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398), acetylcysteine (399) and captopril (400) were used for both reactions to obtain the
corresponding thiolcarbamates (Scheme 71). However, all experiments remained
unsuccessful, which indicates that carboxylic acids and amide group, regardless of the length
of the carbon chain, are not tolerated in these reactions. Esterification of these substrates via
multiple synthesis routes gave poor yields, so that no further attempts were performed,
considering that the intended simple coumaranone synthesis, representing a PG, becomes a

less favourable and reasonable choice.

O SH

0 o}
OH
HS/\)J\OH HOM HS/\(\%)kOH

O

3-Mercaptopropanoic acid  2-Mercaptosuccinic acid  11-Mercaptoundecane acid
(396) (397) (398)

OH
Acetylcysteine (399) Captopril 400)

Scheme 71: Illustration of the mercapto acids, which could not be converted to the corresponding thiolcarbamates.

4.3.1.2 Tscherniak-Einhorn reaction with thiolcarbamates

Since 2-coumaranones with a thiolcarbamate substructure represent a new compound class,
until now unknown to literature, the optimal reaction parameters were thoroughly investigated

with the synthesis protocol of Schramm et al.[?*®! as a basis (Scheme 71).

OH
1. HO/H(OH (1.0 eq.), TFA, rt, 5 min.
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Scheme 72: lllustration of the synthesis of coumaranones with a thiolcarbamate substructure according to the adapted

synthesis protocol of S. Schramm et al.[295]

Again, the best acid for this reaction was TFA, while a mixture of acetic acid/sulfuric acid
(9:1) or formic acid gave lower or no yields. In many cases the reaction time, after the

addition of the phenol compound, could be reduced to one day. Refluxing the reaction also
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worked but was not as efficient and if stirred for longer time periods, an accumulation of
byproducts was observed. Experiments with different para-substituted phenol compounds
showed that the use of para-fluorophenol (401) gave the best results, which is why it was

used for all syntheses.

Table 12: Thiolcarbamate derivatives used for the synthesis of coumaranones according to the adapted synthesis protocol of

[295]

S. Schramm et al. and the corresponding yields.

Entry Coumaranone of Yield [%0]
403 p-Bromothiophenol 20
404 Naphthalene-2-thiol 12
405 Ethanethiol
406 Butanthiol
407 Octanethiol 17
408 tert-Butylthiol 0

NMR examination of the crude products revealed that, similar to the synthesis of some
carbamate coumaranones, a small amount of an uncondensed byproduct was produced.
However, after column chromatography, the yield of each coumaranone was greatly reduced,
suggesting that the compound might decompose during the process. Therefore, different
work-up and purification procedures and, for certain substrates, longer reaction times should
be investigated to optimise the yield. Apart from the failed synthesis with the thiol carbamate
of tert-butylthiol (395), all other coumaranones could be synthesised, with derivative 403
having the highest yield of 20% (Table 12).
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4.3.2 Investigations of thiolcarbamate-coumaranones via NMR

Of the five synthesised thiocarbamate-coumaranones, the p-bromothiophenol 403 and
octanethiol derivative 407 were chosen for NMR investigations (Scheme 73). While the
release of the first is easily detectable due to its significant aromatic signals (similar to
paracetamol), the second is best extracted after the oxidation process, as the H-signals of

DBU overlay those of octanethiol (and all other aliphatic thiols as well).

o o)
- @/Br -4
F ° F s
O 0) 6
o o
403 407

Scheme 73: Overview of the thiolcarbamate-coumaranones whose decomposition reaction in an alkaline solution with

oxygen were investigated via proton NMR.

The decomposition of thiolcarbamate-coumaranone 403 is shown in Figure 31. After the
addition of DBU, the signals of the a-CH group at 5.54 ppm and the NH group at 9.67 ppm
disappear and changes occur in the aromatic range from 6.0 to 7.8 ppm. In this case, the
reaction leads to a CL with green instead of blue light, indicating a red-shift compared to the
previously discussed coumaranones. The initially blue and then green emission fades after
more than 10 minutes. Within the same period, the two signals of p-bromothiophenol (384A)
show a clearly visible increase at 7.47 and 7.59 ppm. After 30 minutes, no further change in
the signals is observed and the complete deprotection of 384 could be verified. The exact

structure of the byproduct however, could not be elucidated.
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Figure 31: NMR measurements of the CL-decomposition experiment with the p-bromothiophenol-coumaranone (403) with
associated reaction equation. (Top, left) Complete NMR-spectrum. (Top, right) Enlarged extract of the area from 4.4 —
8.0 ppm. Blue boxes = change in signal intensity and occurrence of new signals; red boxes = reduction/disappearance of

signals. (Bottom) Photos of the CL of 403 during saturation with oxygen.

The results of the NMR investigations of 407 also prove the successful deprotection of
octanthiol (388A) (Figure 32). While again the signals of the a-CH- and NH-group disappear
after the addition of DBU, the preferential formation of a specific aromatic byproduct in the

range of 7.0 to 7.5 ppm is observed after 5 minutes.
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Figure 32: NMR measurements of the CL-decomposition experiment with the octanethiol-coumaranone (407) with
associated reaction equation. (Top, left) Complete NMR-spectrum. (Top, right) Enlarged extract of the area from 4.5 —
9.5 ppm. Blue boxes = change in signal intensity and occurrence of new signals; red boxes = reduction/disappearance of
signals. (Bottom) Photos of the CL of 407 during saturation with oxygen.
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The CL of 407 differs from that of 403 by its much longer duration of 30 minutes and its light
blue colour. After the CL has completely decayed, no change is visible in the *H-NMR either.
Subsequent 2D spectra allowed the identification of completely deprotected octanethiol
(388A) and compound 409A as the primary aromatic byproduct of the decomposition. In
summary, the complete removal of CLPG could be demonstrated in both experiments.

4.3.3 CL of thiolcarbamate-coumaranones

Luminescence experiments were conducted with all five thiolcarbamate-coumaranones. As
the results of the NMR experiments indicate that the corresponding thiol is always cleaved
from the coumaranone CLPG, a clearly visible CL as well as similar decomposition patterns
were expected.

The luminescence spectra of 403 are presented in Figure 33. The first scan of the CL has an
emission maximum at 435 nm which then shifts towards 455 nm and shows a major intensity
loss after the 10" scan (Figure 33a). This is all in agreement with the observations from the
NMR experiment. When the sample was excited at 410 nm afterwards a fluorescent species
could be detected with an emission maximum at 468 nm (Figure 33b). The excitation scan
(Figure 33c, Aem = 465 nm) shows a strong absorption with Amax = 411 nm. Similar results
were obtained from the luminescence spectra of 404 (Figure 34). The CL has an emission
maximum between 450 to 455 nm and appears overall weaker to the visible eye but also in
regard to the lower counts per second values (Figure 34a). This suggests that a larger aromatic
system, which also increases the ability to stabilise negative charges, is released more quickly,
reducing the overall CL, as the emitting species decays very fast in solution. The fluorescent
species of this reaction exhibits similar properties to that of 403. The emission maximum is
detected at 467 nm (Figure 34b, Aem = 415 nm), while the corresponding excitation scan

reveals an absorption with a maximum at 409 nm (Figure 34c).
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Figure 33: Emission and excitation spectra of 403 in acetonitrile (every scan took 45 s): (a) emission scans of CL (i.e.,
without external excitation, Slit: 0.4), the arrow indicates the decrease in the CL; (b) emission scan of 403 after CL was
finished (external excitation Aex = 410 nm, Slit: 0.7); (c) excitation scan of 403 after CL was finished (Aem = 465 nm, Slit:
0.7).
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Figure 34: Emission and excitation spectra of 404 in acetonitrile (every scan took 45 s): (a) emission scans of CL (i.e.,
without external excitation, Slit: 0.2), the arrow indicates the decrease in the CL; (b) emission scan of 404 after CL was
finished (external excitation Aex = 415 nm, Slit: 1.0); (c) excitation scan of 403 after CL was finished (Aem = 470 nm, Slit:
1.0).
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Direct comparison of the three protected aliphatic thiol derivatives 405 to 407 shows that the
duration of CL decreases as the alkyl side chain becomes longer. While the CL of 405 was
detectable for 36 scans/27 minutes (Figure 35a), that of 406 already has a much shorter
duration with 7 scans/5 minutes (Figure 36a) and the CL of 407 fades after 5 scans/4 minutes
(Figure 37a). The duration of the latter differs greatly from that of the NMR experiment.
Therefore, an additional large-scale experiment was conducted, which confirmed the
shortened duration of about 4 minutes (Figure 37, bottom). This difference could thus be
explained by the generally insufficient oxygen concentration in the NMR sample solution.
Apart from these discrepancies, the CL maxima of all three compounds are in the range of
443 to 446 nm. Furthermore, the emission and excitation scans of all three derivatives after
CL decay show that the fluorescent byproducts have similar photophysical properties. The
emission of 406 and 407 show emission maxima at 450 (Figure 36b) and 452 nm (Figure 37b)
respectively, with the excitation scans revealing a corresponding absorption at 415 (Figure
36¢) and 407 nm (Figure 37c). After oxidation of 405, the scans show a fluorescent species
emitting at 443 nm (Figure 35b) and absorbing at 387 nm (Figure 35c), which could mean

that a different byproduct is formed in this reaction due to the lower absorption maximum.
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Figure 35: Emission and excitation spectra of 405 in acetonitrile (every scan took 45 s): (a) emission scans of CL (i.e.,
without external excitation, Slit: 0.8), the arrow indicates the decrease in the CL; (b) emission scan of 405 after CL was
finished (external excitation Aex = 380 nm, Slit: 1.3); (c) excitation scan of 405 after CL was finished (Aem = 445 nm, Slit:
1.2).
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2 Min. 5 Min. 7 Min.

Figure 37: (Top) Emission and excitation spectra of 407 in acetonitrile (every scan took 45 s): (a) emission scans of CL (i.e.,
without external excitation, Slit: 0.2), the arrow indicates the decrease in the CL; (b) emission scan of 407 after CL was
finished (external excitation Aex = 405 nm, Slit: 0.5); (c) excitation scan of 407 after CL was finished (Aem = 450 nm, Slit:
0.5). (Bottom) Photos of the CL of coumaranone 407 in a round-bottom flask. 50 mg were dissolved in 10 ml MeCN and
2 equivalents of DBU were added. The solution was colourless before the addition of DBU. The light blue CL is clearly
visible in an illuminated room. After 5 minutes, the solution turns pink due to the decreasing blue CL and the solution slowly
becoming orange. After 7 minutes, only the latter colour remains, while the CL is no longer visible.

The results of the luminescence experiments are summarised in Table 13. Each derivative
shows a strong and bright CL between 443 and 455 nm with varying duration depending on
either the length of the alkyl side chain or the complexity of the conjugated aromatic system.
The generated fluorescent species show similar photophysical properties, with that of 405
showing the greatest variation, considering the absorption and fluorescence maxima at

387 nm and 443 nm respectively.

Table 13: Summary of the photophysical properties of thiolcarbamate-coumaranones. The absorption and fluorescence
maxima refer to the oxidised byproducts of the respective coumaranone.

Entry | CL Amax [nm] CL Intensity/Duration Absorption Amax [nm] | Fluorescence Amax [nM]
403 435/453 Bright / 5 min. 411 468
404 450 — 455 Bright / 4 min. 409 467
405 443 Very Bright / 30 min. 387 443
406 444 Very Bright / 5 min. 415 450
407 446 Very Bright / 4 min. 407 452
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4.3.4 Conclusions on the chemistry of thiolcarbamate-coumaranones

While the carbamate-coumaranones already showed positive results and allowed the release
of aromatic but not aliphatic alcohols, the deprotection of both classes of thiols was
successfully demonstrated. The first studies were conducted with the protection and
deprotection of simple thiols, all of which were suitable examples of the concept of CLPGs.
Comparing the results of the NMR studies, aromatic thiols are released much faster than
aliphatic ones, which is similar to the deprotection of alcohols, although aliphatic ones only
decarboxylate and are still bound to the PG. This means that a longer deprotection time
correlates with a longer CL duration, since after decarboxylation the emitting species is
obtained. The faster the phenolate attacks the carbonyl group, the shorter the CL as the
concentration of the emitter quickly decreases. The degradation of all investigated
thiolcarbamate-coumaranones also appears to be comparable to each other, as the
photophysical properties of the detected fluorescent species do not show major differences,

with the exception of absorption maximum of the fluorescent species of 405.
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Scheme 74: Proposal for the general mechanism of thiolcarbamate-coumaranones.

Overall, the thiolcarbamate-coumaranones represent a promising and potent class with a
bright blue/greenish CL and, according to these studies, allow efficient and fast release of the
protected thiols. In addition, further insights were gained into the relationship between the
duration and emission maximum of the CL and the size and charge stabilisation properties of

the potential nucleofuge (Scheme 74).
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4.4 Decomposition with HRP and urease

In addition to oxidation of coumaranones in alkaline solution with DBU or other strong non-
nucleophilic bases, Matuszczak has shown that enzymatically triggered CL can be achieved
with HRP.? Therefore, a selection of coumaranones from all three different types was
chosen for the study of decomposition and associated CL with HRP in order to compare the
results with those of oxidations with DBU (Scheme 75).
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Scheme 75: Overview of the coumaranones whose decomposition reaction and CL with HRP was investigated. Since p-

aminobenzoic acid (263) acts as an inhibitor for HRP its coumaranone derivative has not been used for these experiments.

HRP is the peroxidase of horseradish and catalyses the reduction of various peroxides (but
mainly hydrogen peroxide) to produce water and an oxidised species. This process is enabled
through a haem-group with a Fe(lll) centre.’%! In terms of substrate selectivity, several
compounds have been described as viable options for oxidation with HRP, which has been
exploited to produce visible colour changes, fluorescent species and CL with luminol.E%!
Besides these remarkable advantages, HRP became an overall useful enzyme for
immunoassays due to its high stability, lower cost than other potential options and high
conversion rate within a short time.[307:308]

The procedure by Matuszczak[?®! has been modified to a synthesis protocol for large-scale
experiments (see experimental section for details). The coumaranone was dissolved in a
mixture of MeCN/water (1:1), a sodium phosphate buffer (pH = 7.8, 1 M) and an EDTA
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solution (10t M). Subsequently, a HRP solution and H,O were added. In control reactions,
the enzyme and H>O. were omitted. None of the reactions showed a clearly visible CL,
however, the progress of the reaction was evident from the fact that the clear solution turned
red/brown. Although TLC indicated that the reaction was generally complete after one or two
days, the reaction was always stirred for three days to ensure complete oxidation of the
coumaranone. The reaction was then worked up without any purification methods and
analysed by NMR. The results of all enzyme-catalysed reactions are in agreement with those
of the reactions with DBU (Scheme 76).
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Scheme 76: Reaction equations of the coumaranones which were oxidised with HRP. After aqueous workup of the HRP
catalysed reaction of 407 the H-spectrum verified the release of 388 but was also contaminated with starting material and

other byproducts.

In the case of the urea-coumaranones 313 and 314 and the carbamate-coumaranone 371, the

hydtantoins 329 and 331 and the decarboxylated species 377 were obtained, while the

110



4. Results and discussion

oxidation of the testosterone derivative 372 was again unsuccessful. The reactions with the
paracetamol (370) and the thiol carbamate derivative 403 led to the quantitative release of the
corresponding aromatic substrates, while the H-spectrum of the reaction with 407 still
showed the presence of starting material and other byproducts after three days.

Besides HRP, further experiments were carried out with urease (Scheme 77). The
literature[?®22%1 mentions that the decomposition of carbamate-coumaranones with urease was
investigated, but no exact procedures or results regarding decomposition and CL were
reported. Therefore, a standard protocol similar to the one used with HRP was applied. Here,
a modified sodium phosphate buffer (pH = 7.0, 0.75 M) and no EDTA solution were used.
Urease was dissolved in 5 ml of the diluted buffer solution (pH = 7.0, 0.02 M) to give a
concentration of 200 units/ml. The coumaranone was dissolved in a mixture of MeCN/water

(1:1) and stirred for three days after addition of all stock solutions.
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Scheme 77: (Top) Proposed reaction equation the decomposition of coumaranones with urease. (Bottom) Overview of

substrates which were used for the urease experiments.

However, each reaction was unsuccessful as only starting material was reisolated after stirring
for three days. Therefore, it could not be proven in this work that urease can cleave urea-,
carbamate- or thiolcarbamate-coumaranones under the above-mentioned conditions or

generally induces CL.
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4.4.1 CL with HRP

Luminescence experiments with HRP were performed according to a modified protocol of
Matuszczak[?®!, The reaction was triggered by injecting subsequently the coumaranone stock
solution (0.5 ml, 10° M in MeCN) and H20 (0.5 ml, 10 M) to the mixture consisting of
phosphate buffer I (0.5ml, pH = 7.8, 1 M), EDTA (0.5 ml, 10°M), and HRP working
solution (0.5 ml, 49.5 units/ml in 102 M phosphate buffer). HRP and/or H.O, were omitted
from control measurements. As already shown with DBU, urea coumaranones and the
paracetamol-derivative (370) do not show a long-lasting CL, which in the case of the former
is also barely visible. Therefore, only a small selection of coumaranones was chosen whose

CL is bright and has a duration that allows it to be followed over several scans (Scheme78).
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Scheme 78: Overview of substrates which were used for the HRP triggered luminescence experiments.

Before each measurement, an emission and excitation scan were performed for the mixture of
phosphate buffer, EDTA and HRP solution, which showed no significant absorption or
fluorescence. According to the literature, the photophysical properties of HRP are strongly
dependent on the oxidation state of its haem group, temperature and pH. HRP emits a weak
fluorescence®® with a maximum at 338 nm when excited at Aex = 297 nm at pH = 3.0, which
is caused by a tryptophan residue.®*% A decrease in pH or an increase in temperature leads to
higher fluorescence intensities as the protein starts to denature and thus reduces the quenching
effect of the neighbouring haem group. The latter shows a strong Soret-peak at 403 nm and a
second maximum at 500 nm with additional smaller absorption peaks at 540 and 638 nm.%!
The absorbance values vary when the Fe-centre of the haem group is oxidised, but show no
major differences to the spectrum of the native enzyme.[3%:310311 These results from the

literature were taken into account for each luminescence experiment.
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The HRP-induced CL of 371 is much weaker compared to the DBU experiment, which
showed an intense CL that lasted for 21 minutes (Figure 28a and 38a). The first scan reaches
only 1400 counts per second with a maximum at 439 nm. After a sharp decrease after the
second scan, the CL decreases more evenly and is barely detectable after 20 scans. The
emission and excitation scan revealed a photoluminescence with a maximum at 437 nm
(Figure 38b, Aex = 360 nm) with a corresponding absorption maximum at 356 nm (Figure 38c,
Aem = 445 nm), which can be attributed to phenolate 377A. The shoulder at 320 nm is caused

by the Raman-band of water.

o B
1600 . . . " , T . HN4, '
cl o
1 1 o
(0]

©

B 37

o

o

L]

[

g \HRP‘ H,0,
2

c

=

o -
o :

i i
Cl -
N~ O
H
(0 =)
Wavelength (nm) =
T T T 80000 T T T
b C) ExScan (445 nm)

20000 —— EmScan (360 nm) 70000 4
= " 60000 -
n )

15000 - J °
B § 50000 4 p
o o
8 3
« 5 400004 1
T 10000 B a
Q @0
2 £ 30000 4
s 3

=] Q | 4
[SJ—— ] 20000
10000 B
0 T T T T T T T T 7 0 T T T
380 400 420 440 460 480 500 520 540 560 580 300 350 400

Wavelength (nm) Wavelength (nm)

Figure 38: Emission and excitation spectra of 371 with HRP in water/acetonitrile (every scan took 45 s): (a) emission scans
of CL (i.e., without external excitation, Slit: 4.0), the arrow indicates the decrease in the CL; (b) emission scan of 371 after
CL was finished (external excitation Aex = 360 nm, Slit: 0.7); (c) excitation scan of 371 after CL was finished (Aem = 445 nm,
slit: 0.7).

Figure 39 presents the luminescence spectra of the decomposition of 403 with HRP. The CL
has a maximum at 464 nm and remains overall very weak but decreases in small intervals and
reaches 0 counts per second after 20 scans (Figure 39a). After CL was finished excitation of
the sample at 360 nm revealed a fluorescent species with an emission maximum at 428 nm
(Figure 39b). Excluding the Raman-band of water the excitation scan (Figure 39c,

Aem = 445 nm) shows an absorption maximum with Amax = 341 nm.
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Figure 39: Emission and excitation spectra of 403 with HRP in water/acetonitrile (every scan took 45 s): (a) emission scans
of CL (i.e., without external excitation, Slit: 10), the arrow indicates the decrease in the CL; (b) emission scan of 403 after
CL was finished (external excitation Aex = 340 nm, Slit: 1.0); (c) excitation scan of 403 after CL was finished (Aem = 430 nm,
slit: 1.5).

While the DBU-initiated CL of the aliphatic thiol derivatives 405 and 407 was detectable for
27 minutes (Figure 35a) and 4 minutes (Figure 37a), respectively, the HRP-induced CL is
much weaker in both cases and fades within a few scans. In the case of 407, the CL is barely
detectable overall. The subsequent emission and excitation scans of both derivatives show
similar results with respect to the photophysical properties of the fluorescent byproducts. In
both cases, the emission maxima are detected at 424 nm for 405 (Figure 40b, Aex = 310 nm)
and 426 nm for 407 (Figure 41b, Aex = 310 nm). The excitation scans of 405 and 407 with
Aem = 420 nm show a correspondingly strong absorption at 308 nm (Figure 40c) and a sharper
but weaker absorption at 307 nm (Figure 41c). This also indicates that HRP has a similar
effect to DBU with regard to the oxidation and decomposition process of coumaranones, as
the photophysical properties of the fluorescent byproducts were also comparable in the case of

the DBU experiments.
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Figure 40: Emission and excitation spectra of 405 with HRP in water/acetonitrile (every scan took 45 s): (a) emission scans
of CL (i.e., without external excitation, Slit: 10), the arrow indicates the decrease in the CL; (b) emission scan of 405 after
CL was finished (external excitation Aex = 310 nm, Slit: 1.0); (c) excitation scan of 405 after CL was finished (Aem = 420 nm,
Slit: 0.9).
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Figure 41: Emission and excitation spectra of 407 with HRP in water/acetonitrile (every scan took 45 s): (a) emission scans
of CL (i.e., without external excitation, Slit: 10), the arrow indicates the decrease in the CL; (b) emission scan of 407 after

CL was finished (external excitation Aex = 310 nm, Slit: 1.0); (c) excitation scan of 407 after CL was finished (Aem = 420 nm,
Slit: 1.0).
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Table 14 compares the results of the luminescence experiments with HRP and DBU. Apart
from the different solvents and concentrations of the stock solutions, it can be stated that HRP
is not suitable for triggering clearly visible CL, as even substrates with a bright and long-
lasting CL (when initiated by DBU) were hardly detectable. Although the photophysical
properties of the fluorescent species produced are not directly comparable due to the different
solvents, they further demonstrate the similarities between oxidation with DBU and HRP,
particularly in the case of the oxidation of 405 and 407 which, similar to the DBU
experiments, show comparable absorbance and emission values for their fluorescent

byproducts.

Table 14: Summary of the results of the HRP-induced CL reactions of selected coumaranones. The absorption and
fluorescence maxima refer to the oxidised byproducts of the respective coumaranone. The DBU experiments were recorded
in MeCN with stock solutions having a concentration of 102 mol/l; HRP experiments in a mixture of water and MeCN with

stock solutions having a concentration of 10-3 mol/I

Entry | Trigger via CL Mmax [nm] | Absorption Amax [nm] | Fluorescence Amax [nm]
371 DBU 426/440 415 463
371 HRP 439 356 437
403 DBU 435/453 411 468
403 HRP 464 341 428
405 DBU 443 387 443
405 HRP 469 308 424
407 DBU 446 407 452
407 HRP 440 307 426

116



4. Results and discussion

4.5 Theoretical calculations on the photophysical properties of 409A

Compound 409A could be unambiguously detected after the decomposition of coumaranone
407 as the terminal product of the CL mechanism. [2°2-2%] This compound could thus
represent the fluorescent species of this reaction. The fluorescent species produced after the
oxidation of other thiolcarbamate- and carbamate-coumaranones gave different results.
Despite Schramm's?®® findings that this compound does not represent an emitter, additional
theoretical calculations were performed by M.Sc. Robert Herzhoff for two different
derivatives in their protonated and deprotonated states to obtain comparable values (Scheme
79).

0 0
F NH T NG © nHo N©
oo oo oo oo

409 409A 411 411A

Scheme 79: Benzoxazinedione derivatives in their protonated and deprotonated states, which were used for theoretical
calculations.

The applied calculation method first starts with a geometry optimisation in the ground state in
order to obtain a suitable input structure for the subsequently performed geometry
optimisation in the excited state. To obtain Eex(rex), @ one-point calculation was performed in
the excited state with the equilibrium geometry of the excited state and the equilibrium
solution. For Egs(rex), a one-point calculation was performed in the ground state with the
equilibrium geometry of the excited state and the equilibrium solution of the excited state.
This procedure takes into account that the light emission is so fast that the molecules
themselves and the surrounding solvation molecules do not have time to geometrically adapt
to the different electronic state, which is consistent with the Franck-Condon principle. All
calculations were performed using Gaussian 1602 and the B3LYPE*®! functional together
with the 6-31+G(d,p) basis set.*' Input structures were sketched using Avogadro.B®! The
PCM (polarisable continuum model) method was used for the solvents.3®! For each substrate,
the absorption (So—=S1) and emission (S1—So) including the oscillator strength in acetonitrile,
DMF, DMSO and water were calculated. Table 15 summarises the results of the calculation
for all four compounds. Interestingly, both the So—S1 and S1—So transitions are forbidden for
the two deprotonated species 409A and 411A, since the oscillator strength is equal to 0, so
that both species can be excluded as potential emitters. On the other hand, the absorption and

emission processes of 409 and 411 are allowed but have a low probability.
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Table 15: Obtained values of the theoretical calculations of the absorption, emission and oscillator strength of 409, 409A,
410 and 410A in acetonitrile, DMF, DMSO and water. The values in bold indicate that the absorption and emission processes
are allowed. The absorption and emission values are compared to the obtained maxima after the CL reaction of 407.

entry [ sowene | A ) | | e e
MeCN 286.205895 / 4.33193 345.533871/3.58814 0.0578/0.1494
409 DMF 286.941808 / 4.32082 345.21926 / 3.59141 0.0577 / 0.1496
DMSO | 286.864794 /4.32198 345.675488 / 3.58667 0.0577 / 0.1507
Water 286.196646 / 4.33207 346.701091 / 3.57606 0.0577 /0.1525
MeCN 267.317498 / 4.63802 399.66343 / 3.10217 0.0000 / 0.0001
A09A DMF 269.350101 / 4.60302 402.087227 / 3.08347 0.0000 / 0.0001
DMSO | 268.405467 / 4.61922 399.417509 / 3.10408 0.0000 / 0.0001
Water 265.388036 / 4.67174 400.716189 / 3.09402 0.0000 / 0.0001
MeCN 294.477502 / 4.21025 366.186688 / 3.38451 0.0425/0.1186
A1 DMF 295.813149/4.19124 365.570165 / 3.39148 0.0425/0.1188
DMSO | 295.617775/4.19401 366.323014 / 3.38451 0.0425/0.1197
Water 294.318118 / 4.21253 368.101249 / 3.36816 0.0425/0.1213
MeCN 266.928445 | 4.64478 399.673737 / 3.10209 0.0000 / 0.0001
ALIA DMF 268.895032 /4.61081 397.272498 / 3.12084 0.0000 / 0.0001
DMSO | 267.964006 / 4.62683 397.096906 / 3.12222 0.0000 / 0.0001
Water 265.014771/ 4.67832 398.113158 / 3.11425 0.0000 / 0.0001
Entry Solvent | Absorption Amax [nNm] | Fluorescence Amax [NmM]
407 MeCN 407 452

Direct comparison of the theoretical absorption and emission values of 409 and 411 with the
experimental data after decomposition of the thiolcarbamate-coumaranones 407 show no
agreement. Additional calculations were performed for the oscillator strength of the
absorption for the first 10 excited states (Table 16). It is noteworthy that the oscillator
strength of the So—Ss transition of 409 represents the most probable process ranging between
0.411 and 0.415 while the So—S4 transition of 411 has even higher values with 0.697 — 0.705.
This suggests that the substitution of the halide has a major influence on the overall
photophysical properties. In contrast, the GS—S, and Sz transitions are most likely for the
two deprotonated species 409A and 411A, but have significantly lower values for the
oscillator strength. However, this suggests that the deprotonated species can also be excited
and can therefore be regarded as potential emitters. These further findings on the
photophysical properties of all four compounds indicate, that the protonated compounds are
capable of effective absorption and fluorescence, while it is also possible to excite the
deprotonated species to higher excited states > S;. The emission from a higher excited state
however is not reasonable as the GS—S; absorption of all four compounds is already in the

UV range. Moreover, it can be assumed that the concentration of the protonated species can
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only be very low due to the generally low pKs-values of phthalimides and the fact that the
decomposition takes place in an alkaline environment with either 2 or 50 equivalents of DBU.
Thus, it would be possible that species 409A and 411A can react further via several pathways
(nucleophilic attack, redox reactions), producing different fluorescent species via several
pathways depending on the potential nucleofuge, or that several fragmentation reactions take
place and are responsible for the formation of different fluorescent species. Thus, it could be
additionally confirmed by the theoretical calculations that benzoxazinediones can be excluded
as possible fluorescent species.

Table 16: Obtained values of the theoretical calculations for the oscillator strength of the absorption for the first ten excited

states of 409, 409A, 410 and 410A in acetonitrile, DMF, DMSO and water. The values in bold indicate the most probable
transitions of 409 and 410 (GS—Sx).

409 409A
Eg‘f;id DMF MeCN | DMSO | Water DMF MeCN | DMSO | Water
S: 0.0577 | 00578 | 00577 | 0.0577 0 0 0 0
S5 0.0001 | 00001 | 00001 | 00001 | 00745 | 00756 | 00749 | 0.0759
Ss 0.0814 | 00805 | 00815 | 00809 | 00688 | 00692 | 00689 | 0.0698
S 0.0769 | 00719 | 00774 | 00742 | 00004 | 00004 | 0.0004 | 0.0004
Ss 0 0 0 0 0 0 0 0
Ss 0.1468 | 01515 | 01473 | 01521 | 00003 | 0.005 | 0.0003 0.022
S; 04132 | 04148 | 04118 | 04105 | 00158 | 00194 | 00176 | 0.0004
Se 0 0 0 0 0.0042 | 00019 | 00031 | 0.0011
So 0.0004 | 00004 | 0.0004 | 0.0004 0 0 0 0
S 0.1547 | 0.1546 | 01552 | 0.1559 | 0.0001 | 0.0001 | 0.0001 | 0.0001
411 411A
E;f;id DMF MeCN | DMSO | Water DMF MeCN | DMSO | Water
Si 0.0425 | 00425 | 00425 | 0.0425 0 0 0 0
S5 0.0001 | 00001 | 00001 | 00001 | 00604 | 0.0605 | 0.0603 | 0.0603
Ss 0.0258 | 00255 | 00259 | 00259 | 00564 | 00572 | 0.0567 0.058
S 0.7046 | 06982 | 07036 | 06971 | 00003 | 00003 | 0.0003 | 0.0004
Ss 0.0002 | 00051 | 00002 | 00045 | 00003 | 0.0003 | 0.0003 | 0.0003
Ss 0.0027 | 00002 | 00027 | 00002 | 00041 | 00057 | 00045 | 0.0077
S; 0.096 01062 | 00974 | 0.1072 0 0 0 0.0098
Se 0 0 0 0 00131 | 00118 | 0.0127 0
So 0 0 0 0 0 0 0 0
S 0.0253 | 0.0233 0.025 00232 | 00002 | 00002 | 00002 | 0.0002
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5. Summary and outlook

The original intention of this Thesis was the investigation of 2-coumaranones for the release
of biologically relevant compounds in order to optimise therapies that require drugs which
cause significant side effects. Hence, the 2-coumaranone was to be bound to nanoparticles to
enable efficient transport through body tissue. In addition, the light of the CL reaction could
have been used by means of damaging the growth of malignant cells (for example in the case
of cancer). In this work, the concept of CLPGs with 2-coumaranones as a potential PG for the
protection and deprotection of amines (especially proteinogenic amino acids), alcohols
(including pharmaceutically relevant compounds) and simple aromatic and aliphatic thiols,

whose coumaranone derivatives were synthesised for the first time, was investigated (Scheme

80).
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Scheme 80: (Top) Standard synthesis procedure for the protection of amines, alcohols and thiols with coumaranones.

(Bottom) Overview of selected compounds for each substrate class with the respective yields.
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For substrate protection a two-step process has been established. First, the respective amine,
alcohol and thiol was converted to the corresponding urea-, carbamate- or thiolcarbamate
derivative using potassium cyanate or CSI as electrophilic agent. Subsequently, a one-pot
Tscherniak-Einhorn reaction was carried out to give the desired coumaranone. A total of 32
coumaranones were synthesised unknown to the literature. In order to trace the duration and
efficiency of the release of the protected substrates, the decomposition of the CLPG was
triggered by DBU and analysed via NMR (Figure 42a). The duration of CL (Figure 42b) as
well as fluorescent species after the oxidation have been investigated via emission and
excitation spectra (Figure 42c and d).
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Figure 42: Selected examples of a time-dependent NMR (a), CL (b), emission (c) and excitation (d) spectrum. The spectra
belong to the measurements of the CLPG protected L-menthol (371).

Overall, the results show that the CLPG concept strongly depends on the charge stabilisation
of the potential nucleofuge and the heteroatom attached to the amide side chain of the
benzofuranone. None of the urea-coumaranones released the corresponding amino acids due
to the low leaving group potential. The very weak and flash-like CL can be explained by the
preference of a nucleophilic attack of the urea moiety on the critical 1,2-dioxetanone
intermediate 345 (Scheme 81, I). This leads to the formation of a hydantoin 413A or an open-
chain carboxylate species 414A, with both structures having a certain equilibrium depending

on the derivative (Scheme 81, I1). Luminescence experiments additionally indicated that the
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analysed urea-coumaranones generated a similar fluorescent species due to the comparable
absorption and emission values. This is assumed to be caused by the open-chain derivative
(Scheme 81, blue dashed box). Amino acid esters show a time-delayed photoluminescence
compared to their unprotected counterparts, which reveal fluorescence immediately after the
addition of DBU. Thus, the protection of the carboxylic acid, but also the side chain of the
amino acids, clearly influences the equilibrium for the formation of the fluorescent species.
However, when acidifying, the equilibrium was always completely shifted towards the
hydantoin structure 413 which could also be extracted being stable at room temperature. A
different result was obtained after hydrolysis of the oxidised urea-coumaranone derivative
327. Instead of the expected hydantoin, the urea-protected PABA compound (287) was
obtained as the main product and completely deprotected PABA (263) as a byproduct
(Scheme 81, I11). In view of the fact that the amine group is directly bound to an aromatic
ring, this seems to allow further decomposition in slightly acidic aqueous media, which is due

to better stabilisation of the charges.
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Scheme 81: 1) Proposal for the general mechanism of urea-coumaranones. The assumed nucleophilic attack of the urea-
group on the dioxetanone moiety is highlighted in a red dashed box. Il) General decomposition of coumaranone-protected
amino acids and esters. Compound 414A (blue dashed box) represents the assumed fluorescent species, which could be
detected after the oxidation process of the coumaranone. 111) Decomposition of coumaranone-protected PABA (327). Similar
to the other investigated urea-coumaranones the hydantoin 339A and open-chain derivative 340A could be determined in an
alkaline solution. After acidic workup urea-protected PABA (287) and fully deprotected PABA (263) were obtained.
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Based on these results, urea-coumaranones can be considered as fluorescent protecting groups
(FPGs) instead of CLPGs. The proposed reaction mechanism does not lead to the release of
the amino acids and the identified products show a strong and visible photoluminescence in
the alkaline solution. While aromatic alcohols and thiols are released quickly, which is also
accompanied by a shorter CL duration due to the rapid decomposition, aliphatic derivatives

are completely cleaved from the PG only in the case of thiols (Scheme 82).
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Scheme 82: Coumaranone oxidation by oxygen in an alkaline solution with DBU. (Upper Half) While the release of
aromatic alcohols and thiols was successful, larger molecules such as protected a-tocopherol (373) could not be cleaved from
its CLPG. (Bottom Half) Aliphatic thiols (in e.g., 388) are quantitively released from the 2-coumaranone PG while the
deprotection L-menthol yielded compound 377 instead. Similar to 373 the CLPG-protected testosterone (372) remained intact
and could not be deprotected efficiently.

As shown with the coumaranone-protected L-menthol 371, only the decarboxylated derivative
377 could be obtained, which is also the emitting species of the CL reaction of coumaranones.
Therefore, the long and bright CL of this specific derivative can be explained by the
accumulation of this fluorophore. Performing an additional decarboxylation of 377 with KOH
allowed the complete removal of the PG in a two-step process, which, however, takes place
under very harsh conditions. Although a briefly visible CL was observed after the addition of
DBU to the testosterone (372) and a-tocopherol (373) coumaranones, suggesting that a
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decarboxylation reaction must have occurred, the NMR spectra showed that much of the
starting material was not oxidised and deprotection was unsuccessful. This could be explained
by the steric requirements of the coumaranones themselves. The size of DBU seems to be of
less importance considering that decarboxylation/oxidation of 372 with KOH in boiling
ethanol also failed to release testosterone. In addition to the different results between the
release of alcohols and thiols, each coumaranone derivative had a clearly visible CL, whose
duration correlated with the progress of the reaction.

Besides DBU, the enzymatically triggered degradation of coumaranones with HRP and urease
was also investigated. While the reactions with urease were all unsuccessful, the products
obtained after the reactions with HRP are in agreement with the degradation reactions with
DBU. However, the CL intensity is drastically reduced and could not be observed even for
substrates with very bright emissions. Instead, the reaction progress could be traced by the
colour change of the solution. Based on the luminescence spectra, HRP could be a useful tool
for fluorescence immunoassays, especially with regard to coumaranone-protected amino
acids. Since a benzoxazinedione derivative is the generally expected end product after the
release of the protected substrate and could also be elucidated in the reaction of
thiolcarbamate-coumaranone 407, it was assumed to be the fluorescent species of this reaction
(Scheme 83).12%4
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Scheme 83: (Top) Decomposition of coumaranone 407 with oxygen and DBU. The release of 388A and the byproduct of the
benzoxazinedione 409A could be verified by NMR as (Bottom) Benzoxazinedione derivatives in their protonated and
deprotonated states, which were used for theoretical calculations.

Although Schramm[?®®! already ruled out the possibility that this compound was a potential
emitter, additional theoretical calculations on the photophysical properties of this compound
were carried out by M.Sc. Robert Herzhoff. The values obtained showed that
benzoxazinedione (Scheme 83, in e.g. 409 and 411) should be protonated in order to exhibit

efficient fluorescence. Furthermore, the calculated wavelengths of the absorption and
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emission maxima for the GS—S; and S;—GS transitions do not match those of the
fluorescent species detected after the oxidation of thiolcarbamate-coumaranone 407.
Therefore, either a further decomposition of 409A or different fragmentation reactions occur
that deviate from the general mechanism in the literature and thus could explain the formation

of different fluorescent species.

HRP )
HNJ{)(,R 2)%, Y o,
R, B & — R, o
(o]
o 00
X = NH (215)
X =0 (350)
X =8 (383) X = NH
CLPG Dark Path ~
Rq
OYNH
HN_ O,
Ry -0
00
345
o
HN)kN/R1
Ra
R,
fo) (0]
“OH
o
L=l
346
H Dispropor- | _
: tionation 02
E [¢] (e) NH,
: o If X = O then N R Y
: ) L HN™ N Os_N.
HES NH R, = aromatic R, R R,
2
H ¥ R
: A 5 on © 2 o
: o "o RX™ 2 o ©
: © °
186 417 348 34741 347-11

Scheme 84: Mechanistic comparison of urea-, carbamate- and thiolcarbamate-coumaranones.

In summary, 2-coumaranones represent a potential substance group as CLPGs for phenolic
compounds and aromatic as well as aliphatic thiols, since both requirements, namely 1) a
bright CL in the visible range ending with the completion of deprotection and 1) no
interfering absorption or fluorescence properties until the start of deprotection, are fulfilled
(Scheme 84). The PG itself can be cleaved in alkaline solutions with non-nucleophilic bases,
but also enzymatically with HRP, although in the latter case the CL is not very intense or not
visible at all. In addition, the phenolate formed during decarboxylation requires stabilised
leaving groups that must not have too high steric requirements, which makes it a selective
nucleophilic group. With regard to urea-coumaranones the suggested equilibrium between the
hydantoin 347-1 and open-chain structure 347-11 was determined. The latter presumably

125



5. Summary and outlook

enables a strong and visible photoluminescence, which can also be delayed in time with
certain structural features of the substrate. We have termed this remarkable property FPG,
which could be a potential tool for the visualisation of biologically relevant amine compounds

and imaging for medical applications.

126



,, One sometimes finds what one is not looking for.”

Sir Alexander Fleming, 1881 - 1955.
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6.1 General experimental requirements

6.1.1 Analysing methods
Nuclear magnetic resonance (NMR) spectroscopy

!H- and ¥C-NMR spectra were recorded at 300, 500 or 600 MHz and 75, 125 or 150 MHz
respectively. The measurements were performed on a Bruker Avance I1+ 600, Bruker Avance
[11 500, Bruker Avance Ill 499 and on a Bruker Avance Il 300. The chemical shifts ¢ are
reported in ppm downfield of the internal standard of TMS [¢ (*H-NMR) = 0.00 ppm, § (*3C-
NMR) = 0.00 ppm].

CDCl3 [6 (*H-NMR) = 7.24 ppm, 6 (**C-NMR) = 77.2 ppm], DMSO-ds [ (*H-NMR) =
2.50 ppm, § (*C-NMR) = 39.5 ppm] and MeOD-ds [6 (*H-NMR) = 3.31 ppm, 6 (*}C-NMR)
= 49.0 ppm] were used as solvents. H,H couplings are represented with J (italic) and given in
Hz, while H,C interactions in the HMBC spectrum are described with J (not italic). The fine
structure is designated using the following abbreviations: s (singlet), d (doublet), t (triplet), q
(quartet), quin (quintet), sxt (sextet), br (broad), v (pseudo) and m (multiplet).

The spectra were evaluated using MestReNova. The atom numbering illustrated in the figures
does not correspond to the rules of IUPAC. Besides the one-dimensional *H-NMR and 3C-
APT-experiments, 2D-spectra (H,C-HMBC, H,C-HSQC, H,H-COSY, H,H-NOESY) were
additionally measured for a suitable structure determination. All relevant data for each
compound is summarised in a clear spread sheet. COSY and NOESY interactions of each

molecule are represented by respective arrows.
Luminescence spectroscopy

The chemiluminescence spectra were measured using a FLS980 Photoluminescence
Spectrometer (Edinburgh Instruments) with a photomultiplier tube-detector and a xenon
lamp. Quartz cells with a diameter of 1 cm were used for the measurements. Every stock
solution was prepared with a concentration of 102 mol/l in acetonitrile or DMF.

For enzyme experiments with horse radish peroxidase the following stock solutions were

prepared:28°

Phosphate buffer I (pH 7.8, 1 M): 6.8 g KH2PO4 were dissolved in water, 8 M NaOH was
added until pH 7.8, solution was filled up 50 ml.
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Phosphate buffer 11 (pH 7.8, 10 M): dilution of 0.05 ml phosphate buffer | and water to a
final volume of 50 ml.

EDTA solution (pH 7.0, 102 M): 18.6 mg of EDTA disodium salt dihydrate were dissolved
in water, 1 M NaOH was added until pH 7.0, solution was filled up 50 ml.

HRP solution (1100 units/mg): 2.27 mg of horseradish peroxidase were dissolved in 50 ml of
phosphate buffer Il with a final concentration of 0.045 mg/ml => 49.9 units/ml.

H202-solution (10 M): 5.2 ul of a 30% (w/v) H202-solution were diluted with water with a
final volume of 50 ml.

Decomposition was triggered by injecting subsequently the benzofuranone stock solution
(0.5ml, 103 M) and H202 (0.5 ml, 10° M) to the mixture consisting of phosphate buffer |
(0.5ml, 1 M), EDTA (0.5 ml, 10° M) and the HRP working solution (0.5 ml, 0.045 mg/ml,

49.5 units/ml). For control measurements HRP and H2O were omitted.
Melting points

Melting points of solid compounds were determined with a MP50 Melting Point System
(Mettler Toledo). The given temperatures refer to the moment, where the sample begins to

melt.
Infrared-spectroscopy (IR)

Infrared-spectra were measured using a Nicolet 380 FT-IR, a Nicolet iS20 FTIR (Thermo
Fischer Scientific) and a UATR Two Instrument (Perkin Elmer). The wave numbers are
categorised from 4000 to 800 cm™. The signals are listed with the following abbreviations: w

(weak), m (medium), s (strong), vs (very strong) and br (broad).
Mass spectrometry and high-resolution mass spectrometry (HR-MS)

High resolution mass spectra were measured with a MAT 900 S (Finnigan) and with a LTQ
Orbitrap XL (Thermo Fischer Scientific) via electron spray ionisation (ESI).

X-Ray structure analysis

Crystal structure analyses were performed on a Nonius KappaCCD-Circle diffractometer. The
structure was resolved using SHELXS-97 and SHELXL-97.
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Column chromatography

Flash chromatography was performed on silica gel (Macherey-Nagel Kieselgel 60 A, particle
size 0.035-0.070 mm). The silica gel was equilibrated with the corresponding mixture of
different solvents and concentrated with compressed air. The diameter and height of the glass
tube were adjusted for the actual load. The rates of the solvents are represented in volume

fractions.
Thin layer chromatography (TLC)

Analytical thin layer chromatography (TLC) was performed on Macherey-Nagel
ALUGRAM® Xtra SIL G/UV2s, plates. Different solvent mixtures with varying ratios were
used to determine the Rs-values. The mixtures itself are represented in volume fractions. The

separated substances were visualised via irradiation with a UV-lamp (254 nm and 366 nm).
Chemicals and solvents

The applied reagents and solvents were purchased from commercial sources (Alfa Aesar,
Fischer Scientific, Carbolution, Arcos Organics and TCI). The degree of purity of the
compounds amounted to at least 95% and were used without any further treatment. DCM was
refluxed over calcium hydride and THF over sodium and benzophenone, as an indicator,

under argon atmosphere and freshly distilled prior to use.
Removal of solvents

Large amounts of solvents were constrained under reduced pressure with a rotary evaporator
(Heidolph, VWR) and a water bath temperature of 40 °C. Solvent residues were removed in an

oil pump vacuum.
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6.2 General procedures
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Synthesis_of ureido _carboxylic_acid _methyl esters (GP-1): The synthesis protocol of I.

Nicolas et al.’®1 was followed with minor adaptations. The amino acid methyl ester
hydrochloride (1.00 eqg.) was dissolved in water (1 ml per 1 mmol amino acid methyl ester
hydrochloride) and KOCN (1.02 eq.) was added. The solution was stirred for one day at room
temperature. If the product precipitated it was filtered off, washed with water and dried in
vacuum over night over P2Os in a desiccator. If no precipitation occurred the solution was
extracted three times with EtOAc (1.5 times the volume of the aqueous phase). In the case of
very polar substrates, the aqueous phase was additionally saturated with sodium chloride. The
combined organic phases were dried over Na2SOg, filtered off and the solvent was removed at

reduced pressure.
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NH, 2. HCl,q4(conc.), pH = 1 \ﬂ/
o)
217 262

Synthesis of ureido carboxylic acids (GP-11a): The synthesis protocol of A. N. Kravchenko et

al.[?*! was followed with minor adaptations. The amino acid (1.00 eq.) and KOCN (1.02 eq.)
were suspended in H2O (5-6 ml per 1 g amino acid) and refluxed for 30 minutes. The reaction
solution was acidified with HCI (conc.) to pH 1 and the resulting precipitate was filtered off,

washed with H2O and dried overnight in vacuo over P2Os in a desiccator.

Special procedure for polar amino acids (GP-I1b): To a solution of amino acid (1.00 eq.) in
EtOH (50 mL per 1 g amino acid), KOCN (1.02 eq.) was added. The solution was refluxed for

4 h. Afterwards, the reaction mixture was cooled down and the solvent was removed under

reduced pressure. The product was washed with cold MeOH and dried in vacuum over P20s.
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o, 0
1. o=c=N" “cI (1.1 eq.), DCM, rt, 1d O
R-YH > R. )J\
2. H,0, 80 °C, 15 min. Y~ "NH,
46: Y=0 349:Y=0
381:Y=S 382:Y=S

Synthesis of (thiol)carbamates (GP-111): The synthesis protocol of R. Grafl*%l was followed

with minor adaptations. CSI (1.1 eq.) was added dropwise at room temperature to a solution
of the corresponding alcohol/thiol (1.0 eg.) dissolved in DCM (7.6 ml per 1 mmol of the
alcohol/thiol). The solution must not be allowed to reach 40 °C during the addition.
Afterwards the solution is stirred at room temperature for 24 h. The solvent is removed at
reduced pressure and ice is added to the residue (5 g per 1 mmol of the alcohol/thiol). The
reaction mixture is stirred intensively at room temperature until the ice has completely
melted. Hereafter the aqueous suspension/solution is heated to 80 °C for 15 minutes and then
again cooled down to room temperature. The resulting precipitate is filtered off, washed with

water and finally dried overnight in vacuo over P,Os in a desiccator.

1. KNCO (2.0 eq.), DCM

0
R-SH > R
2. TFA (2.0 eq.), rt, 1d \SJ\NHz

381 382

Synthesis of alkyl thiolcarbamates (GP-1V): The synthesis protocol of B. Loev and M. F.

Kormendy®®*4 was followed with minor adaptations. The corresponding alcohol/thiol (1.0 eq.)
and KOCN (2.0 eq.) are suspended in DCM (1.8 mL per 1 mmol of the thiol) and stirred at
room temperature. Subsequently trifluoroacetic acid (2.0 eq.) was added dropwise. The
suspension was stirred overnight at room temperature. The reaction is then guenched with
water (at least 4.0 eg.). The organic phase is separated and dried over Na>SOs, filtered off,
and the solvent is removed at reduced pressure. If necessary, the aqueous phase was extracted
2-3 times with DCM or EtOAc (1.5 times the volume of the aqueous phase). The combined
organic phases were washed with brine (the same volume of the solution), dried over MgSOQOa,

filtered off and the solvent was removed at reduced pressure.
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OH
1. Ho)}(o"' (1.0 eq.), TFA, rt, 30 min.
o]
o]
i R 188 _ HN/«N/R1
HNTONTT TR, Ry i
2. \©\ (1.2 eq.), reflux, 4 h o
OH
R, = CI (289)
216 Rz = (CH;);Cl (290) 215

Synthesis of 2-coumaranones with urea-substructures (GP-V): The synthesis protocol of R.

Krieg et al.[? was followed with minor adaptations. Glyoxylic acid monohydrate (1.00 eq.)
and the respective urea compound (1.00 eq.) were dissolved in trifluoroacetic acid (1.6 mL
per 1 mmol urea compound). After 30 minutes the phenol compound (1.20 eq.) was added,
and the solution was refluxed for 4 h. After cooling down to room temperature, the reaction
was poured into a beaker with ice water (at least 4 times the volume of the reaction mixture)
and the precipitated solid was filtered off, washed with water and dried overnight in vacuo
over P.Os in a desiccator. If no precipitation occurred the solution was extracted three times
with EtOAc or DCM (1.5 times the volume of the aqueous phase). The combined organic
phases were dried over NaxSOs, filtered off and the solvent was removed at reduced pressure.
The raw product was purified by column chromatography on silica gel with (CH2Cl2/MeOH),
(CH2Cl2/MeOH + 1% AcOH) or (Toluene/MeOH + 1% AcOH).

OH

1. HO)\WOH (1.0 eq.), TFA, rt, 5 min.
o o]
o -4
1 s 188 - R v-Ry
HN™ Y R, 2 o
2. \©\ (1.2eq.), 1t, 3d o
OH
349:Y=0 R, = Cl (290) 369:Y=0,R,=Cl
382:Y=8S R, =F (401) 402:Y=S,R,=F

Synthesis of 2-coumaranones with (thiol)carbamate-substructures (GP-VI1): The synthesis

protocol of S. Schramm!?®! was followed with minor adaptations. Glyoxylic acid
monohydrate (1.00 eq.) and the respective (thiol)carbamate compound (1.00 eq.) were
dissolved in trifluoroacetic acid (1.6 mL per 1 mmol (thiol)carbamate compound). After
5 minutes the phenol compound (1.20 eq.) was added, and the solution was stirred at room
temperature for 1-3 days. After that the reaction was poured into a beaker with ice water (at
least 4 times the volume of the reaction mixture) and the precipitated solid was filtered off,
washed with water and dried overnight in vacuo over P2Os in a desiccator. If no precipitation
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occurred the solution was extracted three times with EtOAc or DCM (1.5 times the volume of
the aqueous phase). The combined organic phases were dried over Na SOg, filtered off and
the solvent was removed at reduced pressure. The raw product was purified by column
chromatography on silica gel with (CH2Cl2/MeOH), (CH2Cl./MeOH + 1% AcOH),
(Toluene/MeOH), (Toluene /MeOH + 1% AcOH) or (c-Hex/Toluene 1:1 + 1% AcOH).

Decomposition experiments (small scale + large scale) (GP-VII): To follow the rate of

decomposition, the coumaranone (1.00 eq.) was dissolved in DMSO-ds (0.7 ml) in an NMR
tube and DBU (2.00 eq.) was added. At the beginning of the addition, a small flash or a long-
lasting emission of blue/blue-greenish light was seen and the colour of the solution changed
slowly with time. A *H-NMR was recorded before the addition of DBU. Then, after addition
of the base, a *H-NMR spectrum was measured again at specific time intervals. Between
measurements, the sample was saturated with oxygen. The reaction was continued until

complete oxidation.

At the same time the coumaranone (1.00 eq.) was dissolved in MeCN (20 ml per 1 mmol of
coumaranone) and DBU (2.00 eq.) was added. At the begin of the addition a small flash or a
long-lasting emission of blue/blue-greenish light could be seen and the colour of the solution
slowly changes over the time. After 4 hours the solvent was removed under reduced pressure
and 10 ml of water were added to the crude product. The aqueous phase was extracted three
times with EtOAc (15 ml per extraction) and the combined organic layers were washed four
times with water and subsequently dried over Na>SOs. Finally, the solvent was removed

under reduced pressure and the obtained product was analysed via NMR-spectroscopy.

Decomposition experiments with horse radish peroxidase (HRP) (GP-VIII): The

coumaranone (1.00eq.) was dissolved in MeCN/water (1:1, 0.25 ml per mg substrate).
Subsequently phosphate buffer solution 1 (10.0 eq., 1 M) and EDTA solution (1.0 eq., 10 M)
were added. The reaction was initiated with the simultaneous addition of HRP solution
(2 units per mg substrate) and H20> (1.0 eq.). The colour of the solution slowly changed over
the time. After 3 days most of the solvent was removed under reduced pressure and the
aqueous phase was extracted three times with EtOAc (15 ml per extraction) and the combined

organic layers were washed three times with water and subsequently dried over Na;SOa.
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Finally, the solvent was removed under reduced pressure and the obtained product was

analysed via NMR-spectroscopy.

For large scale enzyme experiments with horse radish peroxidase the following stock

solutions were prepared:[2

Phosphate buffer I (pH 7.8, 1 M): 6.8 g KH2PO4 were dissolved in water, 8 M NaOH was
added until pH 7.8, solution was filled up 50 ml.

Phosphate buffer 11 (pH 7.8, 103 M): dilution of 0.05 ml phosphate buffer | and water to a
final volume of 50 ml.

EDTA solution (pH 7.0, 10 M): 1.86 g of EDTA disodium salt dihydrate were dissolved in
water, 1 M NaOH was added until pH 7.0, solution was filled up 50 ml.

HRP solution (1100 units/mg): 2.27 mg of horseradish peroxidase were dissolved in 50 ml of
phosphate buffer Il with a final concentration of 0.045 mg/ml => 49.9 units/ml.
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6.3 Experimental section

6.3.1 Synthesis of urea derivatives

6.3.1.1 Ureido carboxylic acid methyl esters
6.3.1.1.1 Synthesis of methyl 2-ureidoacetate (242)

o] KOCN Ho{
Cl H3N - \n/ o]
O H,O, rt, 1d
O
125.55 g/mol 132.12 g/mol
5.00¢g 3.64 ¢
221 69% 242

Prepared according to GP-I using glycine methyl ester hydrochloride 221 (5.00 g, 39.8 mmol,
1.00 eg.) and KOCN (3.30 g, 40.7 mmol, 1.02 eq.) in 40 ml of water. Urea 242 was obtained

as a colourless solid in a yield of 69%.

0
H .
1
. HZN%N\)“J\O/Z
Yield: 3.64 g (27.6 mmol, 69%). 5
Appearance: Colourless solid. v, COSsY

Table 17: 1D and 2D-NMR data of methyl 2-ureidoacetate (242) in DMSO-ds, at 298 K and 400 MHz for 'H and
100 MHz for 13C.

No. o1 [ppm], J in [Hz] dc [ppm], mult. HMBC (*J)
3.74 (2H, d, J = 6.0 Hz) 41.3, CH; C1—H2(4), NH(J), NHa(4))
3.61 (3H, s) 51.5, CH3 -
- 158.7, Cq C3—H1(3J), NH()
- 171.1, C, C4—HI1(3), H2(3)
NH 6.45 (1H, t, J = 5.6 Hz) -
NH. 5.76 (2H, 5) -
IR: v [em™] = 3458 (w), 3364 (w), 2962 (w), 1774 (w), 1734 (s), 1678 (m), 1653 (s), 1624 (w),

1603 (s), 1543 (s), 1439 (s), 1417 (w), 1390 (s), 1282 (w), 1232 (s), 1180 (m), 1126 (w),
1090 (w), 1070 (w), 1030 (w), 987 (w), 968 (w), 935 (W), 908 (w), 901 (w), 887 (w), 870 (W),
850 (w), 818 (w), 812 (w).

MP: 197 °C.
HR-MS (ESD): Theor.[M+H]*: 133.06076, found: 133.06081.

Theor.[M+Na]*: 155.04271, found: 155.04270.
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6.3.1.1.2 Synthesis of (S)-methyl 2-ureidopropanoate (243)

o) 0]
o. @ KOCN H
H2N HoN N P
Cl N0 H,0, rt, 1d hig ;JJ\O
= O =
C4H1oCINO, CsH1oN,05
138.58 g/mol 146.14 g/mol
3.93¢g 3759
222 91% 243

Prepared according to GP-l1 using L-alanine methyl ester hydrochloride 222 (3.93 g,
28.4 mmol, 1.00 eq.) and KOCN (2.35 g, 28.9 mmol, 1.02 eq.) in 28 ml of water. Urea 243

was obtained as a colourless solid in a yield of 90%.
H .
H,N 4 N_2 _3
Yield: 3.75 g (25.7 mmol, 90%). TOf T80
..1
Appearance: Colourless solid. .+ COSY

Table 18: 1D and 2D-NMR data of (S)-methyl 2-ureidopropanoate (243) in DMSO-ds, at 298 K and 500 MHz for 'H
and 125 MHz for 13C.

No. on [ppm], J in [Hz] dc [ppm], mult. HMBC (*J)
1 1.22 (3H,d, J=7.3 Hz) 18.0, CH3 C1—H2(4), NH(3)
2 4.13 (1H, yquin, J = 7.3 Hz) 48.0,CH C2—H1(2), H3(4), NH(2J), NH(4)
3 3.62 (3H, s) 51.6, CH3 -
4 - 158.0, Cq C4—H1(3), NH(2)
5 - 174.2, Cq C5—H1(3J), H2(¥), H3(3J), NH(3J)
NH 6.33 (1H,d, J=7.7 H2) - -
NH: 5.56 (2H, s) - -
IR: v [cm™] = 3463 (m), 3342 (m), 3311 (m), 3214 (w), 3088 (w), 2990 (w), 2958 (W), 2324 (W),

2162 (W), 2099 (w), 1981 (w), 1720 (s), 1652 (s), 1584 (s), 1556 (s), 1459 (m), 1434 (m),
1376 (s), 1319 (m), 1275 (s), 1194 (s), 1176 (s), 1101 (m), 1063 (s), 1026 (m), 970 (m),
915 (m), 845 (w).

MP: 89 °C.
HR-MS (ESI): Theor.[M+H]": 147.07641, found: 147.07643.

Theor.[M+Na]*: 169.05836, found: 169.05839.
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6.3.1.1.3 Synthesis of (S)-methyl 3-methyl-2-ureidobutanoate (244)

c.e KOCN Hi
HsN HoN N
Cl 3 y O/ 2 \n/ S O/
z H,0, rt, 1d o z
P PN
CgH14CINO, C;H44N504
167.63 g/mol 174.20 g/mol
7.30g 542¢
223 1% 244

Prepared according to GP-1 using L-valine methyl ester hydrochloride 223 (7.30g,
43.6 mmol, 1.00 eq.) and KOCN (3.60 g, 44.4 mmol, 1.02 eq.) in 44 ml of water. 244 was
obtained as a colourless solid in a yield of 71%. . 0
N6 N5 L4
OYsTo
A
2737
Appearance: Colourless solid. “ + COSY

Yield: 5.42 g (31.1 mmol, 71%).

Table 19: 1D and 2D-NMR data of (S)-methyl 3-methyl-2-ureidobutanoate (244) in DMSO-ds, at 298 K and 500 MHz
for 'H and 125 MHz for 3C.

No. o1 [ppm], J in [Hz] dc [ppm], mult. HMBC (*J)
1 0.84 (3H, d, J = 6.8 Hz) 17.9, CHs C1—H3(4), H5(%)
2 0.86 (3H, d, J = 6.8 Hz) 19.0, CHs C2—H3(%), H5(3))
3 1.96 (1H, ydq, J = 13.7, 6.6 Hz) 30.4, CH C3—H1(%), H2(4), H5(%)
4 3.62 (3H, s) 51.5, CHs; -
5 4.04 (1H, dd, J = 8.8, 5.5 Hz) 57.6, CH C5—HI1(3J), H2(3J), H3(4), NH(4J), NH(*))
6 - 158.4, Cq C6—H5(%), NH()
7 - 173.2,Cq C7—H3(%), H4(J), H5(%)
NH 6.31 (1H, d, J = 8.8 Hz) - -
NH. 5.61 (2H, s) - -
IR: v [em™] = 3465 (w), 3367 (w), 3287 (w), 3093 (w), 3035 (w), 2971 (m), 2885 (w), 2115 (w),

1943 (w), 1720 (s), 1677 (s), 1650 (s), 1624 (m), 1596 (s), 1554 (s), 1464 (m), 1453 (m),
1435 (s), 1393 (m), 1376 (m), 1364 (m), 1337 (m), 1311 (m), 1267 (m), 1208 (s), 1162 (s),
1135 (m), 1122 (m), 1067 (w), 1047 (w), 993 (m), 964 (w), 924 (w), 903 (w), 867 (w), 846 (w).

MP: 105 °C.
HR-MS (ESD): Theor.[M+H]*: 175.1077188, found: 175.10789.

Theor.[M+Na]*: 197.0896635, found: 197.08985.
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6.3.1.1.4 Synthesis of (2S,3S)-methyl 3-methyl-2-ureidopentanoate (245)

© @ H
Cl H3N/,‘ -~ KOCN H2N N//, -
6] \[( )
H,O, rt, 1d
@)

C,H46CINO, CgH46N204
181.66 g/mol 188.22 g/mol
424 ¢g 3.71¢g
224 84% 245

Prepared according to GP-l using L-isoleucine methyl ester hydrochloride 224 (4.24 g,
23.3 mmol, 1.00 eq.) and KOCN (1.93 g, 25.8 mmol, 1.02 eq.) in 23 ml of water. 245 was

obtained as a colourless solid in a yield of 84%. o)

H

Yield: 3.71 g (19.7 mmol, 84%).

Appearance: Colourless solid. "+ COSY

Table 20: 1D and 2D-NMR data of (2S,3S)-methyl 3-methyl-2-ureidopentanoate (245) in DMSO-ds, at 298 K and
500 MHz for *H and 125 MHz for *3C.

No. on [ppm], J in [Hz] dc [ppm], mult. HMBC (*J)
1 0.85 (3H, m) 11.3, CHs C1—-H2(4), H3(4), H4(%)
2 0.83 (3H, m) 15.5, CH; C2—H3(%), H4(2), H6(%)
3 136 (1H, dédlgj](z“h’g)w 474D 24.7,CH; C3H1(2), H2(3), H4(X), H6(%))
4 1.70 (1H, ddg, J = 13.5, 9.0, 6.7 Hz) 37.1, CH C4—H1(%), H2(3), H3(%J), H6(3J), NH(3J)
5 3.62 (3H, s) 51.4, CHs -
6 4.10 (1H, dd, J = 8.8, 5.7 Hz) 56.6, CH C6—H2(3J), H3(3), H4(2J), H5(4J), NH(), NH2(4)
7 - 158.2, Cq C7—H6(%), NH(3)
8 - 173.2, Cq C8—H4(%), H5(3)), H6(%J), NH(3))
NH 6.29 (1H, d, J = 8.8 Hz) - -
NH; 5.58 (2H, s) - -
IR: v [em?] = 3676 (w), 3460 (m), 3362 (M), 3267 (W), 3215 (w), 3085 (w), 2988 (m), 2971 (s),
2960 (s), 2933 (m), 2902 (m), 2885 (m), 2361 (W), 2114 (w), 1919 (w), 1722 (s), 1679 (m),
1651 (s), 1621 (m), 1591 (s), 1564 (s), 1462 (m), 1437 (s), 1407 (m), 1385 (m), 1366 (s),
1339 (s), 1308 (m), 1281 (m), 1259 (s), 1200 (s), 1170 (s), 1140 (m), 1104 (m), 1076 (s),
1066 (s), 1057 (s), 1028 (m), 993 (m), 845 (w).
MP: 101 °C.

HR-MS (ESD): Theor.[M+H]*: 189.12336, found: 189.12345.

Theor.[M+Na]*: 211.10531, found: 211.10531.
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6.3.1.1.5 Synthesis of (S)-methyl 4-methyl-2-ureidopentanoate (225)

o o ©
Cl H3N o~ KOCN H,
; D e
Y H,O, rt, 1d
C7H16CINO,
181.66 g/mol
5.00 g
225 90%

4 O
N\H/N\E)J\O/

T

CgH16N203

188.22 g/mol

466 g
246

Prepared according to GP-l1 using L-leucine methyl ester hydrochloride 225 (5.00 g,
27.5 mmol, 1.00 eq.) and KOCN (2.30 g, 28.1 mmol, 1.02 eq.) in 28 ml of water. 246 was
obtained as a colourless solid in a yield of 90%.

Yield: 4.66 g (24.8 mmol, 90%).

Appearance: Colourless solid.

s O
H -
NN o

0] "433/?
LRV R
oy

.0 COSY

Table 21: 1D and 2D-NMR data of (S)-methyl 4-methyl-2-ureidopentanoate (246) in DMSO-ds, at 298 K and 500 MHz

for *H and 125 MHz for 13C.

No. on [ppm], J in [Hz] dc [ppm], mult. HMBC (*J)
1 0.86 (3H, d, J = 6.6 Hz) 21.5, CHs C1—-H2(3J), H3(X), H4(%)
2 0.89 (3H, d, J = 6.7 Hz) 22.7, CHs C2—H1(%), H3(X), H4(%))
3 1.62 (1H, sep, J = 6.7 Hz) 24.3, CH C3—H1(%), H2(3), H4(X), H5(3))
4 1.43 (2H, m) 40.8, CH, C4—H13J), H2(3J), H3(4), H5(X), NH()
5 4.10 (1H, yq, J = 8.0 Hz) 50.8, CH C5—H3(%J), H4(2J), H6(*J), NH(J), NH(*J)
6 3.61 (3H, s) 51.6, CHs -
7 - 158.2, Cq C7—H5(3), NH()
8 - 174.3, Cq C8—HA4(%), H5(3), H6(3J), NH(%))
NH 6.30 (1H, d, J = 8.3 Hz) - -
NH; 5.56 (2H, s) - R
IR: v [em™] = 3676 (w), 3451 (w), 3306 (m), 3214 (w), 2964 (m), 2910 (m), 2873 (m), 2112 (w),
1981 (w), 1739 (s), 1732 (s), 1662 (s), 1607 (m), 1549 (s), 1471 (m), 1435 (m), 1371 (s),
1305 (w), 1271 (m), 1239 (s), 1226 (s), 1168 (s), 1123 (m), 1079 (m), 1066 (m), 1057 (m),
1028 (m), 1005 (m), 984 (m), 955 (W), 924 (w), 901 (W), 857 (w), 827 (w).
MP: 80 °C.
HR-MS (ESI): Theor.[M+H]*: 189.12336, found: 189.12353.

Theor.[M+Na]*: 211.10513, found: 211.10532.
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6.3.1.1.6 Synthesis of (S)-methyl 4-(methylthio)-2-ureidobutanoate (247)

o)
H
o) KOCN HzNT N%o/
™ H,0, rt, 1d o _\

S S
199.70 g/mol 206.26 g/mol
7.00g 6.64 g
226 92% 247

Prepared according to GP-I using L-methionine methyl ester hydrochloride 226 (7.00 g,
35.1 mmol, 1.00 eq.) and KOCN (2.91 g, 35.8 mmol, 1.02 eq.) in 35 ml of water. 247 was

obtained as a colourless solid in a yield of 92%. H'QOL
H2N 6 _N 4 /5
_ hig P 770
Yield: 6.64 g (32.2 mmol, 92%). 0 3‘_}2
S 4
Appearance: Colourless solid. CosyY

Table 22: 1D and 2D-NMR data of (S)-methyl 4-(methylthio)-2-ureidobutanoate (247) in DMSO-ds, at 298 K and
500 MHz for *H and 125 MHz for 3C.

No. on [ppm], J in [Hz] dc [ppm], mult. HMBC (*J)
1 2.04 (3H, s) 14.6, CH3 C1—-H2(%)
2 2.46 (2H,td, J=7.9,“J=1.8 Hz) 29.4, CH;, C2—H13), H3(X), H4(%)
3 1.80 (1H, m); 1.90 (1H, m) 31.5, CH;, C3—H2(4), H4(4), NHE)
4 4.24 (1H,td, J=8.4, 4.9 Hz) 51.4,CH C4—H2(3J), H3(2J), NH(J), NHo(*)
5 3.63 (3H, 5) 51.7, CHs -
6 158.1, Cq C6—H4(3J), NH(3)
7 - 173.4,Cq C7—H3(%), H4(3), H5(3J), NH(3))
NH 6.40 (1H, d, J = 8.2 Hz) -
NH, 5.58 (2H, s)
IR: v [em™] = 3676 (w), 3434 (w), 3288 (m), 3222 (w), 2972 (w), 2921 (w), 2050 (w), 1772 (w),

1731 (s), 1654 (s), 1592 (m), 1545 (s), 1433 (m), 1378 (m), 1297 (m), 1279 (m), 1220 (s),
1209 (s), 1175 (s), 1155 (s), 1066 (m), 1036 (m), 990 (m), 960 (w), 900 (w), 915 (m), 854 (w),
845 (m).

MP: 77 °C.
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6.3.1.1.7 Synthesis of (S)-dimethyl 2-ureidosuccinate (248)

ClHN._ o KOCN H2N\H/N Ao
- _— -
\’&O H,0, rt, 1d o \’&O
O\ O\
197.62 g/mol 204.18 g/mol
3.22¢ 2404¢g
227 72% 248

Prepared according to GP-1 using L-aspartic acid dimethyl ester hydrochloride 227 (3.22 g,
16.3 mmol, 1.00 eq.) and KOCN (1.35 g, 16.6 mmol, 1.02 eq.) in 16 ml of water. 248 was

obtained as a colourless solid in a yield of 72%. H.::)OK
H,N.5_N_2 4
. hil ST 70
Yield: 2.40 g (11.8 mmol, 72%). 0 " \sfo
0L,
Appearance: Colourless solid. . . Cosy

Table 23: 1D and 2D-NMR data of (S)-dimethyl 2-ureidosuccinate (248) in DMSO-ds, at 298 K and 500 MHz for H
and 125 MHz for 13C.

No. o1 [ppm], J in [Hz] dc [ppm], mult. HMBC (*J)
1 2.75 (2H, m) 36.7, CH, C1—H2(4), H3(4), NHA)
2 4.51 (1H, ydt, J=8.5,5.8 Hz) 49.0, CH C2—H1(4), H4(4), NH(), NHo(4)
3 3.61 (3H, 9) 51.6, CHs -
4 3.62 (3H, s) 52.1, CHs -
5 - 157.9, Cq C5—H2(3J), NH(4)
6 - 171.0, Cq C6—H1(2), H2(3J), H3(%))
7 - 172.2, Cq C7—H13J), H2(4), H4(%)), NHE)
NH 6.42 (1H, d, J = 8.5 Hz) - -
NH; 5.73 (2H, s) - -
IR: v [em?] = 3672 (w), 3463 (m), 3361 (w), 3304 (W), 2959 (w), 2933 (w), 1956 (w), 1730 (s),

1721 (s), 1683 (m), 1651 (s), 1607 (m), 1582 (m), 1537 (s), 1439 (m), 1427 (m), 1402 (m),
1374 (m), 1327 (w), 1290 (w), 1214 (s), 1174 (s), 1162 (s), 1110 (w), 1061 (m), 1022 (w),
997 (m), 966 (w), 956 (w), 881 (w), 853 (m).

MP: 106 °C.
HR-MS (ESD): Theor.[M+H]*: 205.08189, found: 205.08216.

Theor.[M+Na]*: 227.06384, found: 227.06398.
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6.3.1.1.8 Synthesis of (S)-dimethyl 2-ureidopentanedioate (249)

CIHN. - KOCN HZNTN Ao

'j/\ H,0, rt, 1d o 'j/\

o7 >0~ 0”0~
C7H14C|NO4 C8H14N205
211.64 g/mol 218.21 g/mol

763 g 3409

228 46% 249

Prepared according to GP-I using L-glutamic acid dimethyl ester hydrochloride 228 (7.63 g,
36.1 mmol, 1.00 eq.) and KOCN (2.98 g, 36.8 mmol, 1.02 eq.) in 36 ml of water. 249 was

obtained as a colourless solid in a yield of 43%. e
HN6 N4 5
- 2 \ﬂ/_ 8 0
Yield: 3.40 g (15.6 mmol, 43%). 0 113
0703
Appearance: Colourless solid. .+ cosy

Table 24: 1D and 2D-NMR data of (S)-dimethyl 2-ureidopentanedioate (249) in DMSO-ds, at 298 K and 500 MHz for
'H and 125 MHz for 13C.

No. on [ppm] (J in Hz) dc [ppm], mult. HMBC (*J)
1 e ((11'; ‘i'jtt‘fj Z 11‘;% f;% e HHZZ)) 27.0, CH; C1—H2(2), HA(), NH(3))
2 2.35 (2H, m) 29.6, CH, C2—H1(2), H3(*4), H4())
3 3.59 (3H, s) 51.4, CH; -
4 4.15 (1H, td, J = 8.5, 5.4 Hz) 51.6, CH C4—H1(2), H2(3), H5(%J), NH(2J), NH2(%)
5 3.62 (3H, s) 51.8, CH; -
6 - 158.2, Cq C6—H4(3J), NH(3)
7 - 172.7, Cq C7—H1(3J), H2(4), H3(%))
8 - 173.3, Cq C8—H1(%J), H4(4), H5(3), NH(E))
NH 6.39 (1H, d, J = 8.2 Hz) - -
NH, 5.61 (2H, s) - -
IR: v [em] = 3407 (m), 3315 (m), 3272 (w), 3229 (m), 2957 (w), 2095 (w), 1999 (w), 1872 (w),
1833 (w), 1737 (m), 1717 (s), 1688 (s), 1646 (m), 1620 (s), 1539 (s), 1456 (m), 1434 (s),
1393 (m), 1383 (m), 1329 (m), 1299 (m), 1287 (m), 1247 (s), 1199 (s), 1179 (s), 1150 (s),
1104 (m), 1066 (m), 1019 (s), 984 (M), 950 (w), 892 (w), 857 (w).
MP: 90 °C.

HR-MS (ESI): Theor.[M+H]*: 219.09754, found: 219.09787.

Theor.[M+Na]*: 241.07949, found: 241.07961.
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6.3.1.1.9 Synthesis of (2S,3R)-methyl 3-hydroxy-2-ureidobutanoate (250)

) )

SN KON HN_ N
I , /
ClHj . O/ 2 \H/ . O/

) H,0, rt, 1d o) )

“OH "“OH
C5H1,CINO; CsH12No0O4
169.61 g/mol 176.17 g/mol

7.32¢g 4269
229 56% 250

Prepared according to GP-l1 using L-threonine methyl ester hydrochloride 229 (7.32 g,
43.2 mmol, 1.00 eq.) and KOCN (3.57 g, 44.0 mmol, 1.02 eq.) in 43 ml of water. 250 was

obtained as a colourless solid in a yield of 56%.

Yield: 4.26 g (24.2 mmol, 56%).

Appearance: Colourless solid. “.. COSY

Table 25: 1D and 2D-NMR data of (2S,3R)-methyl 3-hydroxy-2-ureidobutanoate (250) in DMSO-ds, at 298 K and
499 MHz for *H and 125 MHz for 3C.

No. on [ppm] (J in Hz) dc [ppm], mult. HMBC (*J)
1 1.06 (3H, d, J = 6.3 Hz) 20.4, CHs C1—H4(%), oH)
2 3.62 (3H, s) 51.6, CHs -
3 4.08 (1H, m) 58.1, CH C3—H1(3J), NH(3J), NH,(*J), OH(%J)
4 4.09 (1H, m) 66.5, CH C4—H1(2), H3(3J), NH(3J), OH(%)
5 - 158.7, Cq C5—H3(%), NH(%)
6 - 172.5, Cq C6—H3(¥), H4(%J), H2(%))

NH 6.13 (1H, d, J = 8.7 Hz) - -

NH; 5.76 (2H, s) - -

OH 5.00 (1H, d, J = 4.6 Hz) - -

IR: v [em™] = 3488 (br), 3453 (br), 3332 (br), 3079 (w), 2981 (w), 2955 (w), 2923 (w), 2360 (s),

2341 (s), 1730 (s), 1719 (s), 1682 (w), 1652 (vs), 1590 (s), 1559 (vs), 1507 (w), 1437 (m),
1370 (m), 1343 (w), 1326 (w), 1288 (m), 1249 (m), 1218 (s), 1176 (s), 1134 (w), 1111 (m),
1089 (m), 1054 (w), 1026 (w), 997 (m), 959 (w), 905 (w), 870 (w), 860 (w), 826 (w).

MP: 145 °C.
HR-MS (ESD): Theor.[M+H]*: 177.08698, found: 177.08712.

Theor.[M+Na]*: 199.06892, found: 199.06897.
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6.3.1.1.10 Synthesis of (S)-methyl 3-hydroxy-2-ureidopropanoate (257)

°.8 1 KOCN H\)(i
Cl H3N HoN N
o7 Moty o7
:\ Hzo, rt, 1d o) :\
OH OH
155.58 g/mol 162.14 g/mol
1.00 ¢ 0.37g¢
236 36% 257

Prepared according to GP-l1 using L-serine methyl ester hydrochloride 236 (1.00 g,
6.43 mmol, 1.00 eq.) and KOCN (0.53 g, 6.56 mmol, 1.02 eq.) in 7 ml of water. 257 was

obtained as a colourless solid in a yield of 35%.

. 0
HoN 4 H%O/1
Yield: 0.37 g (2.28 mmol, 35%). DR
0 '3
., OH
Appearance: Colourless solid. L. COSY

Table 26: 1D and 2D-NMR data of (S)-methyl 3-hydroxy-2-ureidopropanoate (258) in DMSO-ds, at 298 K and
400 MHz for *H and 100 MHz for *3C.

No. on [ppm], J in [Hz] dc [ppm], mult. HMBC (*J)
1 3.62 (3H, s) 51.7, CHs -
2 4.19 (1H, m) 54.8, CH C2—H3(4), OH(3J), NH(%), NH2(4)
3 3.54 (1H, m); 3.71 (1H, m) 62.1, CH; C3—H2(4), OH(¥), NH(3)
4 - 158.2, Cq C4—H2(3J), NH(3)
5 - 172.3,Cq C5—H1(%), H2(¥)

OH 5.09 (1H,t, J =5.3 Hz) - -

NH 6.30 (1H, d, J=8.5 Hz) - -

NH, 5.74 (2H, s) - -

IR: v [em™] = 3445 (w), 3202 (br), 3013 (w), 2957 (w), 2051 (w), 1731 (m), 1716 (m), 1648 (m),

1553 (m), 1402 (s), 1223 (w), 1169 (w), 1048 (vs), 973 (m), 872 (w), 804 (w).
MP: Decomposition above 200 °C.
HR-MS (ESD): Theor.[M+H]*: 163.07133, found: 163.07146.

Theor.[M+Na]*: 185.05327, found: 185.05352.
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6.3.1.1.11 Synthesis of (S)-methyl 3-phenyl-2-ureidopropanoate (253)

o o ©

Cl HsN

O/

©

C410H414CINO,
215.68 g/mol
9.00g
232

KOCN

H,0, rt, 1d

71%

H,

e
NTN\E)kO/

0] \@
C11H14N203
222.24 g/mol

6.55g
253

Prepared according to GP-1 using L-phenylalanine methyl ester hydrochloride 232 (9.00 g,
41.7 mmol, 1.00 eq.) and KOCN (3.45 g, 42.6 mmol, 1.02 eq.) in 42 ml of water. 253 was

obtained as a light beige coloured solid in a yield of 71%.

Yield:

6.55 g (29.5 mmol, 71%).

Appearance: Light beige coloured solid.

< 0
g

HN8 N3 L 2
90

0 " I A5
:cc.5l
cosy

Table 27: 1D and 2D-NMR data of (S)-methyl 3-phenyl-2-ureidopropanoate (253) in DMSO-ds, at 298 K and

500 MHz for 'H and 125 MHz for 13C.

No. on [ppm], J in [Hz] dc [ppm], mult. HMBC (*J)
1 = ((11':| ‘3‘(’1 113377 28 HHZZ)) 37.6, CH; C1—H3(3), H6(), NH()
2 3.59 (3H, s) 51.7, CHs -
3 438 (1H, ytd, J=8.1, 5.5 Hz) 53.9, CH C3—H1(4), NH(#), NH(*)
4 7.22 (1H. m) 126.5, CHarom C4—H6(%))
5 7.29 (2H, m) 128.3, 2XCHarom C5—H5(3))
6 7.17 (2H, m) 129.1, 2XCHarom C6—H4(%J), H6(%))
7 - 137.2,Cq C7—H1(%J), H3(3J), H5(3)
8 - 158.0, Cq Cc8—H3(%J), NH®¥)
9 - 173.1, Cq C9—H1(3), H2(3J), H3(3J), NH(3))
NH 6.33 (1H, d, J = 8.2 Hz) - -
NH. 5.65 (2H, s) - -
IR: v [em] = 3676 (w), 3482 (w), 3359 (m), 3280 (w), 2988 (m), 2902 (m), 2286 (W), 2051 (W),
1981 (w), 1741 (s), 1673 (m), 1642 (s), 1607 (s), 1569 (s), 1489 (m), 1459 (m), 1432 (s),
1382 (s), 1357 (m), 1346 (m), 1279 (s), 1232 (m), 1217 (m), 1194 (s), 1175 (s), 1075 (s),
1057 (s), 1029 (s), 1010 (m), 988 (m), 930 (m), 870 (w), 817 (w).
MP: 100 °C.
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6.3.1.1.12 Synthesis of (S)-methyl 1-carbamoylpyrrolidine-2-carboxylate (254)

0]
0]
i e L
o~ N
H,O, rt, 1d
ONH,CIO 20,1 Dk
O
CgH12CINO, C;H45N504
165.62 g/mol 172.18 g/mol
8.67¢g 1.55¢
233 17% 254

Prepared according to GP-1 using L-proline methyl ester hydrochloride 233 (8.67 g,
52.3 mmol, 1.00 eq.) and KOCN (4.33 g, 53.4 mmol, 1.02 eq.) in 52 ml of water. 254 was

obtained as a colourless solid in a yield of 17%. g O .
fend
. . N_ 6
Yield: 1.55 g (9.00 mmol, 17%). 3 7]/NH2
0
. ..o COSsY
Appearance: Colourless solid. s« NOESY

Table 28: 1D and 2D-NMR data of (S)-methyl 1-carbamoylpyrrolidine-2-carboxylate (254) in DMSO-ds, at 298 K and
500 MHz for *H and 125 MHz for *3C.

No. on [ppm], J in [Hz] dc [ppm], mult. HMBC (*J)
1 1.87 (2H, m) 24.2, CH, C1—H2(A), H3(3J), H5(%))
1.79 (1H, m); 2.11 (1H, ydq, J = , s .
12.2,8.4 Hz, 1H) 29.4, CH, C2—H1(4), H3(3J), H5(*))
3.26 (1H, ydt, J = 9.5, 7.2 Hz); 2 3 3
3 3.33 (1H, m) 46.0, CH; C3—H1(3J), H2(3J), H5(%))
4 3.59 (3H, s) 51.6, CH3 -
5 4.21(1H,dd, J=8.8,3.5Hz) 58.3, CH C5—H1(3), H2(3J), H3(*))
6 - 157.0, Cq4 C6—H3(%J), H5(3J), NH(¥)
7 - 173.6, Cq C7—H2(%), H4(3)), H5(%)
NH 5.86 (2H, s) - -
IR: v [cm™] = 3418 (w), 3360 (w), 3287 (w), 3201 (w), 3134 (w), 2985 (W), 2958 (w), 2891 (w),
1733 (s), 1660 (s), 1609 (vs), 1447 (s), 1435 (vs), 1372 (m), 1355 (m), 1325 (w), 1293 (m),
1273 (m), 1248 (w), 1220 (m), 1197 (s), 1169 (s), 1146 (m), 1117 (m), 1082 (m), 1032 (w),
1016 (w), 997 (w), 978 (w), 927 (w), 910 (w), 876 (w), 861 (w), 836 (w).
MP: 140 °C.

HR-MS (ESD): Theor.[M+H]*: 173.09206, found: 173.09223.

Theor.[M+Na]*: 195.07401, found: 195.07422.
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6.3.1.1.13 Synthesis of (S)-methyl 3-(1H-indol-3-yl)-2-ureidopropanoate (255)

0] 0]

© o
H3N
Cl HaN o~ \)J\O/
z KOCN
= =
NH H20 rt, 1d
C12H15CIN2O, C13H15N303
254.71 g/mol 261.28 g/mol
20049 1.79 ¢
234 87% 255

Prepared according to GP-l1 using L-tryptophan methyl ester hydrochloride 234 (2.00 g,
7.85 mmol, 1.00 eq.) and KOCN (0.65 g, 8.01 mmol, 1.02 eq.) in 8 ml of water. 255 was

obtained as a light beige coloured solid in a yield of 87%.

Yield: 1.79 g (6.85 mmol, 87%).

Appearance: Light beige coloured solid.

IR: v [em™] = 3676 (W), 3484 (w), 3357 (w), 3280 (w), 3103 (w), 2988 (m), 2973 (m), 2901 (m),
2051 (w), 1981 (w), 1742 (s), 1673 (w), 1641 (m), 1607 (m), 1570 (s), 1489 (w), 1457 (m),
1431 (s), 1394 (m), 1381 (s), 1356 (m), 1345 (m), 1278 (s), 1232 (m), 1217 (m), 1193 (s),
1174 (m), 1075 (s), 1067 (s), 1057 (s), 1029 (s), 1010 (m), 989 (m), 929 (w), 880 (w), 870 (w),
817 (w).

MP: 170 °C.

HR-MS (ESI): Theor.[M+Na]*: 284.10056, found: 284.10080.
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NH
10 11)
: 5
7 8.
.. COSY
s NOESY

Table 29: 1D and 2D-NMR data of (S)-methyl 3-(1H-indol-3-yl)-2-ureidopropanoate (255) in DMSO-ds, at 298 K and
500 MHz for *H and 125 MHz for 3C.

No. ox [ppm], Jin [Hz] dc [ppm], mult. HMBC (*J)
1 30 ((11':| ‘3‘; 3z 11‘22 w HHZZ)) 27.9, CH, C1—H3(2J), HICI), NHE)
2 3.57 (3H, 5) 51.6, CHs -
3 4.44 (1H, m) 53.3, CH C3—H1(3), H2(4), HI(4J), NH(Z), NHz(%))
C4—H1(4), H3(3J), HB(3J), H7(%J), HI(),
4 i 109.3, C Q) (N&amm((sj)) (*3), H9(2)
5 7.34 (1H, d, J = 8.0 Hz) 111.4, CHarom C5—H6(%), H7(%)
6 7.46 (1H, d, J = 7.9 Hz) 118.1, CHarom C6—H8(%J)
7 6.99 (1H, m) 118.4, CHarom C7—H5(%)
8 7.06 (1H, m) 121.0, CHarom C8—H6(%), H7(2)
9 7.11 (1H, d, J = 2.3 Hz) 123.7, CHarom C9—H1(3J), NHarom(%J)
C10—H1(3J), H5(3J), H6(X), H7(3J), HO(J),
10 - 127.2, Cq ) |S1H)m (§J)) (), HI()
11 - 136.1, Cq C11—H6(3J), HI(J), H8(3J), NHarom(2)
12 - 158.0, C, C12—H3(3), NH(2)
13 - 173.4, Cq C13—H1(3), H2(3J), H3(3J), NH(3))
NH 6.24 (1H, d, J = 8.0 Hz) - -
NH, 5.65 (2H, s) - -
NHarom 10.89 (1H, s) - -
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6.3.1.1.14 Synthesis of (S)-methyl 3-(4-hydroxyphenyl)-2-ureidopropanoate (256)

O @)

@ ® H
CIH3N HoN N
N0 KOCN N \:)J\O/
\@\ H,O, t, 1d ° =
OH OH
C10H14CINO3 C11H14N204
231.68 g/mol 238.24 g/mol
6.399 3.18¢g
235 48% 256

Prepared according to GP-l1 using L-tyrosine methyl ester hydrochloride 235 (6.39 g,
27.6 mmol, 1.00 eq.) and KOCN (2.28 g, 28.1 mmol, 1.02 eq.) in 28 ml of water. 256 was

obtained as a colourless solid in a yield of 49%. g o
HQN%N‘%O/Z
ol135 8.4
Yield: 3.18 g (13.4 mmol, 49%). &\@@
Appearance: Colourless solid. T

Table 30: 1D and 2D-NMR data of (S)-methyl 3-(4-hydroxyphenyl)-2-ureidopropanoate (256) in DMSO-ds, at 298 K
and 500 MHz for *H and 125 MHz for 3C.

No. on [ppm], J in [Hz] dc [ppm], mult. HMBC (*J)
1 2 ((11':| ‘3‘(’1 3z 113;88 Jad HHZZ)) 36.9, CH, C1—H3(3), H6(), NH(%)
2 3.58 (3H, s) 51.6, CHs -
3 4.30 (1H,td, J=7.9,5.6 Hz) 54.1, CH C3—H1(3), H2(4J), H6(4J), NH(2J), NHo(4)
4 6.67 (2H, d, J = 8.5 Hz) 115.1, 2XCHarom C4—H4(3)), H6(%), OH(%J)
5 - 127.0, Cq C5—H1(¥), H3(%), H4(})
6 6.94 (2H, d, J = 8.5 Hz) 130.1, 2XCHarom C6—H1(3J), H4(%), H6(%)
7 - 156.0, Cq C7—HA4(%J), H6(3J), OH(¥)
8 - 158.0, Cq C8—H3(%J), NH(%)
9 - 173.2,Cq C9—H1(%), H2(3J), H3(%)
NH 6.20 (1H, d, J = 8.2 Hz) - -
NH. 5.86 (2H, s) - -
OH 9.23 (1H, s) - -
IR: v [em™] = 3489 (w), 3376 (w), 3317 (w), 3089 (w), 2817 (w), 1732 (s), 1648 (s), 1610 (w),
1597 (w), 1556 (m), 1515 (m), 1446 (m), 1381 (w), 1331 (w), 1293 (m), 1252 (s), 1206 (w),
1178 (w), 1141 (w), 1101 (w), 1043 (w), 1008 (m), 964 (w), 923 (w), 891 (w), 863 (w),
834 (m), 826 (m).
MP: 138 °C.
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6.3.1.1.15 Synthesis of methyl 2-(2-ureidoacetamido)acetate (260)

(0] (0] (0]
H KOCN H
O ® N\)J\ o . )L N\)J\ -
cl H3N/\ff © H,0, rt, 1d HoN N/\ff ©
(0] 0]
C5H11C|N203 CGH11N3O4
182.61 g/mol 189.17 g/mol
1.83g 0404
239 21% 260

Prepared according to GP-I using glycylglycine methyl ester hydrochloride 239 (1.83 g,
10.0 mmol, 1.00 eq.) and KOCN (0.83 g, 10.2 mmol, 1.02 eg.) in 10 ml of water. 260 was
obtained as a colourless solid in a yield of 21%. )OJ\ H.. 0
HN "4 Héﬁ(i('“%o”

Yield: 0.40 g (2.11 mmol, 21%).

Appearance: Colourless solid. ... COsY

Table 31: 1D and 2D-NMR data of methyl 2-(2-ureidoacetamido)acetate (260) in DMSO-ds, at 298 K and 500 MHz
for 'H and 125 MHz for 3C.

No. on [ppm], J in [Hz] dc [ppm], mult. HMBC (*J)
1 3.85(2H, d, J =5.9 Hz) 40.5, CH> C1—NHamice(%J)
2 3.65 (2H, d, J=5.7 Hz) 42.6, CH; C2—NH(2), NH(*4J)
3 3.63 (3H, s) 51.7, CHs -
4 - 158.6, Cq C4—H2(%), NH(%)
5 - 170.3, Cq C5—H1(2), H3(%)
6 - 170.7, Cq C6—NHamige(%J)
NH 6.23 (1H, t, J = 5.3 Hz) - -

NH 5.67 (2H, s) - -

NHamide 8.24 (1H,t,J = 5.7 Hz) - ]
IR: v [cm™] = 3676 (w), 3467 (W), 3274 (w), 2988 (w), 2901 (w), 2360 (w), 1736 (m), 1701 (w),

1648 (vs), 1560 (m), 1437 (w), 1414 (w), 1369 (m), 1294 (w), 1266 (w), 1207 (s), 1175 (m),
1066 (m), 1038 (m), 1005 (w), 976 (m), 888 (w).

MP: 150 °C.
HR-MS (ESD): Theor.[M+H]*: 190.08223, found: 190.08238.

Theor.[M+Na]*: 212.06417, found: 212.06409.
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6.3.1.1.16 Synthesis of (S)-methyl 3-(1H-imidazol-4-yl)-2-ureidopropanoate (252)

(0] (0]
© ® H
ClI H3N : o~ KOCN HZN\H/N\.)J\O/
z _— =
N H,0, rt, 1d o SN
) )
NH, Clo NH
C7H43CIoN30, CgH12N403
242.10 g/mol 212.21 g/mol
1.00g 0.86 g
231 >95% 252

Prepared according to GP-l using L-histidine methyl ester dihydrochloride 231 (1.00 g,
4.13 mmol, 1.00 eq.) and KOCN (0.34 g, 4.21 mmol, 1.02 eg.) in 5 ml of water. 252 was

obtained as a colourless solid in a quantitative yield.

Yield: 0.86 g (4.05 mmol, >95%).

Appearance: Colourless solid.

IR: » [em™] = 3676 (w), 3389 (W), 3323 (), 3149 (w), 2988 (m), 2901 (m), 2360 (w), 1728 (s),
1654 (s), 1620 (w), 1551 (s), 1497 (w), 1441 (w), 1394 (w), 1361 (w), 1337 (w), 1312 (w),
1283 (w), 1255 (w), 1241 (m), 1183 (w), 1163 (w), 1066 (m), 1053 (s), 954 (w), 901 (w),
869 (), 811 (m).

MP: 160 °C.
HR-MS (ESD): Theor.[M+H]*: 213.09821, found: 213.09823.

Theor.[M+Na]*: 235.08016, found: 235.08033.
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Table 32: 1D and 2D-NMR data of (S)-methyl 3-(1H-imidazol-4-yl)-2-ureidopropanoate (252) in DMSO-ds, at 298 K

and 500 MHz for 1H and 125 MHz for 13C.

No. o1 [ppm], J in [Hz] dc [ppm], mult. HMBC (XJ)
1 23%% ((11HH %‘3 ‘3 - 1122 %% HHZZ)) 27.1, CH; C1—H2(3), HA(J), NH(3)
2 4.47 (1H, td, J = 8.5, 5.3 Hz) 51.8, CH C2—HI1(3), H4(“J), NH(¥), NH(4J)
3 3.63 (3H, s) 52.0, CHs -
4 7.38 (1H, 9) 116.9, CHarom C4—HI1(3), H6(}J)
5 - 129.5, Cq C5—HI1(3), H2(}J), H4(X), H6(%))
6 8.94 (1H, d, J= 1.3 Hz) 133.6, CHarom C6—H4(%)
7 - 158.0, Cq C7—H2(%J), NH(2J)
8 - 172.3, Cq C8—H1(3), H2(2J), H3(3J), NH(%)
NH 6.71 (1H, d, J=8.1 Hz) - -
NH 5.75 (2H, s) - -
Note: The signal of carbon atom C6 is not visible in the ¥C-NMR and was

determined via the correlations within the HSQC and HMBC spectra.
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6.3.1.1.17 Synthesis of (S)-methyl 4-(((S)-1-methoxy-1-oxo-3-phenylpropan-2-yl)amino)-

4-ox0-3-ureidobutanoate (261)

@) @)

~o o) ~o o)

H KOCN H
e ® N N
cl H3N \)ko/ HN \:)ko/

\J

: H,0, rt, 1d
(0] HZN/&O (0] \@
C15H21CIN,O5 C16H21N306
344.79 g/mol 351.35 g/mol
0.82¢g 0.59¢
240 70% 261

Prepared according to GP-l1 using aspartame methyl ester hydrochloride 240 (0.82 g,
2.40 mmol, 1.00 eq.) and KOCN (0.20 g, 2.42 mmol, 1.02 eq.) in 4 ml of water. 261 was

obtained as a colourless solid in a quantitative yield.
Yield: 0.59 g (1.69 mmol, 70%).

Appearance: Colourless solid.

IR: v [em™] = 3414 (w), 3374 (w), 3339 (w), 3284 (w), 3219 (w), 3027 (W), 2950 (w), 2359 (W),
2342 (w), 1749 (s), 1740 (s), 1731 (s), 1652 (vs), 1622 (w), 1549 (m), 1530 (m), 1496 (w),
1456 (w), 1439 (w), 1424 (w), 1396 (w), 1376 (w), 1366 (w), 1349 (w), 1310 (w), 1288 (w),
1268 (w), 1217 (w), 1203 (w), 1175 (w), 1159 (m), 1128 (w), 1078 (w), 1037 (w), 1030 (w),
1011 (w), 995 (w), 984 (w), 945 (w), 903 (w), 889 (w), 855 (w), 822 (w).

MP: 150 °C
HR-MS (ESD): Theor.[M+H]*: 352.15031, found: 352.15054.

Theor.[M+Na]*: 374.13225, found: 374.13223.
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... COSY
»w # NOESY

Table 33: 1D and 2D-NMR data of (S)-methyl 4-(((S)-1-methoxy-1-0xo0-3-phenylpropan-2-yl)amino)-4-oxo-3-
ureidobutanoate (261) in DMSO-ds, at 298 K and 500 MHz for 'H and 125 MHz for 13C.

No. o1 [ppm], J in [Hz] dc [ppm], mult. HMBC (*J)
1 L e ) = 1as ey 1) 36.6, CH; C1—H6(2J), H8(43), HICI), NHarice(%))
2 260 (1H%'§'§’ 812'1’;‘)7 56 1) 36.9, CH, C2H3(2J), NHE))
3 4.47 (1H, m) 49.6, CH C3—H2(3), NH(A), NHz(4)
4 3.57 (3H, 5) 51.4, CHa -
5 3.58 (3H, 5) 51.9, CHs -
6 4.47 (1H, m) 53.6, CH C6—H1(J), NHamige(2)
7 7.21 (1H, m) 126.6, CHarom C7—H8(2), HO())
8 7.28 (2H, m) 128.3, 2XCHarom C8—HS8(J)
9 7.20 (2H, m) 129.1, 2XCHarom CO—HI(), H7(), HO())
10 - 137.0, C, C10—H1(2J), H6(J), H8(%)
11 - 158.1, Cq C11-H3(J), NH()
12 - 170.7, Cq C12—H2(3), H3(J), H4(J)
13 - 171.3, Cq C13—H2(J), H3(3), NH(3J), NHamige(2)
14 - 171.6, Cq C14—H1(J), H5(J), H6(2J)
NH 6.30 (1H, d, J = 8.6 Hz) - i
NH; 5.72 (2H, 5) - i
NHamice 8.26 (1H, d, = 7.7 Hz) - }
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6.3.1.2 Ureido carboxylic acids
6.3.1.2.1 Synthesis of 2-ureidoacetic acid (265)

(0]
o] KOCN H
N L . = HZNTN\)kOH
OH EtOH, 80 °C, 4 h 5
C,H5NO, C3HgN,O4
75.07 g/mol 118.09 g/mol
5.00¢g 223 g
207 28% 265

Prepared according to GP-11b using glycine 207 (5.00 g, 66.6 mmol, 1.00 eq.) and KOCN
(5.51 g, 67.9 mmol, 1.02 eq.) in 250 ml of EtOH. 265 was obtained as a colourless solid in a
yield of 28%.

H
H,N_ 2 N 3
Yield: 2.23 g (18.9 mmol, 28%). N %OH

Appearance: Colourless solid.

Table 34: 1D and 2D-NMR data of 2-ureidoacetic acid (265) in DMSO-ds, at 298 K and 500 MHz for *H and 125 MHz
for 13C.

No. on [ppm], J in [Hz] dc [ppm], mult. HMBC (*J)
3.24 (2H,d, J=4.1Hz) 30.6, CH. -
- 158.4, Cq C2—HI1(*)
not detectable not detectable
NH 5.71 (1H, br)
NH; 5.44 (2H, s)
Note: With the exception of D.O it was not possible to completely dissolve the

product in any deuterated solvent. Since the spectrum with D>O showed no
visible product signals, the spectrum with DMSO-ds as solvent was used for

analysis. The solubility and signal intensity of the product were very low.

IR: v [cm™] = 3478 (w), 3273 (w), 3168 (w), 2930 (W), 2857 (W), 2364 (W), 2342 (w), 1652 (s),
1634 (s), 1617 (m), 1577 (m), 1538 (s), 1458 (w), 1412 (vs), 1358 (w), 1278 (m), 1236 (w),
1170 (w), 1137 (w), 1089 (m), 1019 (m), 994 (w), 967 (w), 936 (w), 916 (w), 895 (w), 875 (w),
855 (w), 844 (w), 824 (w), 814 (w).

MP: 240 °C.

HR-MS (ESD): Theor.[M+H]*: 117.03056, found: 117.03092.
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6.3.1.2.2 Synthesis of (S)-2-ureidopropanoic acid (266)

o) KOCN Ho ©
_ H,N_ _N
sz\)k \ = 2 g \.)kOH

<" SOH  H,0, 100 °C, 30 Min. I

C3H7N02 C4H8N203

89.09 g/mol 132.12 g/mol
5.009 367g
193 50% 266

Prepared according to GP-1la using L-alanine 193 (5.00 g, 56.1 mmol, 1.00 eg.) and KOCN
(4.64 g, 57.2 mmol, 1.02 eq.) in 25 ml of water. 266 was obtained as a colourless solid in a

yield of 50%. o
H -
H,N_3 N%J\OH
Yield: 3.67 g (27.8 mmol, 50%). D
"
Appearance: Colourless solid. ... COSsY

Table 35: 1D and 2D-NMR data of (S)-2-ureidopropanoic acid (266) in DMSO-ds, at 298 K and 500 MHz for H and
125 MHz for 13C.

No. o1 [ppm], J in [Hz] dc [ppm], mult. HMBC (*J)
1.22 (3H, d, J = 7.2 Hz). 18.4, CHs C1—H2(¥), NHC))
4.05 (1H, quin, J = 7.3 Hz) 48.0, CH C2—H1(3J), NH(2)
- 158.2, C, C3—H2(3), NH()
- 175.3, Cq C4—H1(3), H2(2J), NHEJ)
NH 6.24 (1H, d, J = 7.7 Hz) - -
NH. 5.59 (2H, s) - -
COOH 12.48 (1H, s) - -
IR: v [cm] = 3455 (m), 3310 (m), 2360 (w), 1922 (br), 1681 (m), 1631 (m), 1573 (vs), 1408 (m),

1379 (w), 1302 (s), 1186 (s), 1120 (w), 1066 (m), 1008 (s), 934 (w), 846 (m).
MP: 192 °C.
HR-MS (ESD): Theor.[M+H]*: 133.06076, found: 133.06075.

Theor.[M+Na]*: 155.04271, found: 155.04272.
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6.3.1.2.3 Synthesis of (S)-3-methyl-2-ureidobutanoic acid (267)

O KOCN H O
- H,oN N
sz\)k . = e \.)kOH
Y OH H,0, 100 °C, 30 Min. 5 :
= PN
PN
CsH141NO; CgH12N203
117.15 g/mol 160.17 g/mol
3.009 2.54 g
194 62% 267

Prepared according to GP-lla using L-valine 194 (3.00 g, 25.6 mmol, 1.00 eq.) and KOCN
(2.12 g, 26.1 mmol, 1.02 eq.) in 18 ml of water. 267 was obtained as a colourless solid in a
yield of 62%. .

e
H,N 5 N 4
Yield: 2,54 g (15.9 mmol, 62%). L. 8o
Oy %
2731
Appearance: Colourless solid. ‘.. COSsYy

Table 36: 1D and 2D-NMR data of (S)-3-methyl-2-ureidobutanoic acid (267) in DMSO-ds, at 298 K and 500 MHz for
'H and 125 MHz for 13C.

No. o1 [ppm], J in [Hz] dc [ppm], mult. HMBC (*J)
1 0.83 (3H, d, J = 6.8 Hz). 17.7, CHs C1—H2(3), H3(2), H4(3)
2 0.87 (3H, d, J = 6.8 Hz) 19.2, CHs C2—H1(3J), H3(2), H4(3J)
3 2.00 (1H, pd, J = 6.9, 5.0 Hz) 30.3, CH C3—HI1(2J), H2(2), H4(2), NH(3)
4 4.00 (1H, dd, J = 9.0, 5.0 Hz) 57.3, CH C4—HI1(J), H2(3J), NH(%)
5 - 158.6, Cq C5—H4(3J), NH(X)
6 - 174.2, C, C6—H3(3J), H4(2J), NH(EJ)

NH 6.16 (1H, d, J = 9.0 Hz) - -

NH. 5.60 (2H, s) - -

COOH 12.49 (1H, s) - -
IR: v [em™] = 3684 (m), 3675 (m), 3450 (w), 3293 (w), 2988 (s), 2972 (s), 2901 (s), 1923 (br),

1683 (m), 1682 (m), 1559 (m), 1451 (w), 1469 (w), 1406 (m), 1394 (m), 1387 (m), 1308 (w),
1288 (w), 1250 (w), 1242 (w), 1230 (w), 1176 (w), 1164 (w), 1075 (vs), 1066 (vs), 1057 (vs),
1028 (s), 898 (w), 880 (w).

MP: 213 °C.
HR-MS (ESD): Theor.[M+H]*: 161.09207, found: 161.09212.

Theor.[M+Na]*: 183.07401, found: 183.07416.
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6.3.1.2.4 Synthesis of (2S,3S)-3-methyl-2-ureidopentanoic acid (268)

KOCN

OH

CgH13NO,
131.17 g/mol
5.00¢g
197

H,0, 100 °C, 30 Min.

85%

HoN

; o
D

0]

OH

C7H14N203

174.20 g/mol

5.67¢g
268

Prepared according to GP-lla using L-isoluecine 197 (5.00 g, 38.1 mmol, 1.00 eq.) and

KOCN (3.16 g, 38.9 mmol, 1.02 eq.) in 25 ml of water. 268 was obtained as a colourless solid

in a yield of 85%.

Yield: 5.67 g (32.5 mmol, 85%).

Appearance: Colourless solid.

COoSsy

Table 37: 1D and 2D-NMR data of (2S,3S)-3-methyl-2-ureidopentanoic acid (268) in DMSO-ds, at 298 K and

500 MHz for 'H and 125 MHz for 13C.

No. on [ppm], J in [Hz] dc [ppm], mult. HMBC (*J)
1 0.85 (3H, m). 11.5, CHs C1—H3(A), H4(%)
2 0.84 (3H, m) 15.7, CH3 C2—H3(3J), H4(%), H5(3))
1.12 (1H, m); 2 3 2 3
3 1,37 (1H, dad, J = 14.8. 7.5, 4.6 Hz) 24.6, CH, C3—H1(3), H2(}J), H4(2J), H5(%))
4 1.71 (1H, ddg, J = 15.3, 7.2, 4.8 Hz) 37.1,CH C4—H1(%), H2(3), H3(A), H5(3), NH(3))
5 4.04 (1H, dd, J = 9.0, 5.3 Hz) 56.6, CH C5—H2(3), H3(3J), H4(2J), NH(%), NHa(4)
6 - 158.4, Cq C6—H5(3J), NH(¥)
7 - 174.2, Cq C7—H4(%J), H5(3), NH(3J)
NH 6.16 (1H, d, J = 9.0 Hz) - -
NH; 5.58 (2H, s) - -
COOH 12.47 (1H, s) - -
IR: v [cm?] = 3685 (m), 3676 (M), 3448 (w), 3293 (w), 2988 (s), 2972 (s), 2901 (s), 1923 (br),
1683 (m), 1634 (m), 1558 (m), 1454 (w), 1405 (w), 1394 (m), 1383 (m), 1308 (m), 1288 (m),
1241 (w), 1229 (w), 1169 (w), 1075 (vs), 1066 (vs), 1057 (vs), 1028 (s), 946 (w), 899 (w).
MP: 207 °C.
HR-MS (ESI): Theor.[M—H]: 173.09316, found: 173.09362.
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6.3.1.2.5 Synthesis of (S)-4-methyl-2-ureidopentanoic acid (269)

H,0, 100 °C, 30 Min.

0 KOCN H
N, - HZNTN\.)kOH
é T

CgH13NO, C7H14N203
131.17 g/mol 174.20 g/mol
5.00¢g 5.06 g
196 76% 269

Prepared according to GP-lla using L-leucine 196 (5.00 g, 38.1 mmol, 1.00 eg.) and KOCN
(3.159g, 38.9 mmol, 1.02 eq.) in 25 ml of water. 269 was obtained as a colourless solid in a

yield of 76%. e
| e
Yield: 5.06 g (29.0 mmol, 76%). o) -4}3_/!
- ‘.2
Appearance: Colourless solid. . COSY

Table 38: 1D and 2D-NMR data of (S)-4-methyl-2-ureidopentanoic acid (269) in DMSO-ds, at 298 K and 500 MHz for
'H and 125 MHz for 13C.

No. on [ppm], J in [Hz] dc [ppm], mult. HMBC (*J)
1 0.86 (3H, d, J = 6.6 Hz) 21.6, CHs C1—H2(3), H3(3), H4(%))
2 0.89 (3H, d, J = 6.7 Hz) 22.9, CHs C2—H1J), H3(), H4(%)
3 1.64 (1H, ddg, J = 12.9, 8.2, 6.5 Hz) 24.3,CH C3—HI1(A), H2(3), H4(A), H5(3))
4 1.43 (2H, m) 41.1, CH, C4—HI1(}), H2(3), H3(4), H5(3), NH(3J)
5 4.07 (1H,td, J = 9.2, 5.3 Hz) 50.7, CH C5—H3(3J), H4(3J), NH(%), NH(%)
6 - 158.4, Cq C6—H5(3J), NH®)
7 - 175.3, Cq C7—H4(3)), H5(2), NH(AJ)

NH 6.17 (1H, d, J = 8.5 Hz) - -

NH; 5.54 (2H, s) - -

COOH 12.41 (1H, s) - -
IR: v [cm™] = 3684 (w), 3678 (m), 3458 (M), 3305 (M), 2988 (vs), 2972 (vs), 2901 (s), 1924 (br),

1684 (m), 1634 (m), 1570 (m), 1472 (w), 1451 (w), 1407 (m), 1394 (m), 1385 (m), 1317 (m),
1302 (m), 1260 (m), 1242 (w), 1228 (m), 1175 (m), 1075 (vs), 1066 (vs), 1057 (vs), 1028 (s),
922 (w), 892 (w), 880 (W), 866 (W), 827 (w).

MP: 206 °C.

HR-MS (ESI): Theor.[M—H]: 173.09316, found: 173.09364.
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6.3.1.2.6 Synthesis of (S)-4-(methylthio)-2-ureidobutanoic acid (270)

KOCN

o)
HzN\.)kOH
M

S<

CsH14NO,S
149.21 g/mol
1009
195

H,0, 100 °C, 30 Min.

86%

CeH12N203S
192.24 g/mol
11.1g

270

Prepared according to GP-lla using L-methionine 195 (10.0 g, 67.0 mmol, 1.00 eq.) and
KOCN (5.54 g, 68.3 mmol, 1.02 eq.) in 50 ml of water. 270 was obtained as a colourless solid
in a yield of 86%.

Yield:

11.1 g (57.7 mmol, 86%).

Appearance: Colourless solid.

e®e O
Hoo
0 "3.:\2
S,
.. COSY

Table 39: 1D and 2D-NMR data of (S)-4-(methylthio)-2-ureidobutanoic acid (270) in DMSO-ds, at 298 K and
500 MHz for *H and 125 MHz for 3C.

No. o1 [ppm], J in [Hz] dc [ppm], mult. HMBC (*J)
1 2.04 (3H, s) 14.6, CHs Cl1-H2¢3)
2 2.46 (2H, t, = 7.6 Hz) 29.6, CH, C2—H1(3J), H3(2), H4(%))
3 1.77 (1H, m); 1.92 (1H, m) 31.8, CH, C3—H2(4), HA(2), NH(J)
4 4.16 (1H, td, J = 8.4, 4.7 Hz) 51.5, CH C4—H2(3)), H3(2J), NH(J), NH(4)
5 - 158.4, C, C5—H4(3J), NH()
6 - 174.4, C, C6—H3(3J), H4(2J), NH(EJ)
NH 6.29 (1H, d, J = 8.3 Hz) - -
NH, 5.59 (2H, s) - -
COOH 12.57 (1H, s) - -
IR: v [cm] = 3458 (m), 3285 (m), 2952 (w), 2921 (w), 2367 (br), 1920 (br), 1684 (s), 1628 (s),
1553 (s), 1447 (w), 1406 (w), 1334 (w), 1305 (s), 1293 (s), 1203 (m), 1193 (m), 1139 (w),
1105 (w), 1012 (w), 993 (w), 982 (w), 972 (w), 957 (w), 937 (w), 902(w), 885 (w), 867 (w),
859 (w), 825 (w), 809 (w).
MP: 165 °C.

HR-MS (ESI): Theor.[M—H]": 191.04958, found: 191.04989.
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6.3.1.2.7 Synthesis of (R)-3-mercapto-2-ureidopropanoic acid (274)

0 KOCN Ho D
- Ho>N N

HzN\)k , > 2 g \AOH

- OH H,O, 100 °C, 30 Min. H

: © Ssn

SSsH
121.16 g/mol 164.18 g/mol

2.00g 1219
209 45% 274

Prepared according to GP-Ila using L-cysteine 209 (2.00 g, 16.5 mmol, 1.00 eq.) and KOCN
(1.37 g, 16.8 mmol, 1.02 eq.) in 10 ml of water. 274 was obtained as a colourless solid in a

yield of 45%. e
HZN\ﬁ/N%OH

Yield: 1.21 g (7.37 mmol, 45%). 0 1‘\SH

Appearance: Colourless solid. ... Cosy

Table 40: 1D and 2D-NMR data of (R)-3-mercapto-2-ureidopropanoic acid (274) in DMSO-ds, at 298 K and 499 MHz
for *H and 125 MHz for 13C.

No. on [ppm], J in [Hz] dc [ppm], mult. HMBC (*J)
2.81 (2H, m) 26.8, CH» C1—H2(4), NH()), SH(X)
4.34 (1H, dt, J=7.9,5.1 Hz) 54.2, CH C2—H1(3), NH(A), NH2(4), SH(*J)
- 158.0, Cq C3—H2(3), NH(#)
- 172.5, Cq C4—HI1(3)), H2(4), NH(J)
NH 6.35 (1H, d, J=8.0 Hz) - -
NH: 5.74 (2H, s) - -
SH 2.19 (1H,t, J=8.3 Hz) - -
COOH 12.83 (1H, s) - -
IR: v [cm™] = 3441 (m), 3337 (m), 3243 (w), 3008 (W), 2908 (W), 2727 (w), 2548 (m), 2442 (W),

2360 (m), 2342 (m), 1895 (br), 1683 (s), 1635 (s), 1538 (vs), 1456 (s), 1423 (m), 1398 (m),
1314 (m), 1297 (w), 1248 (vs), 1239 (vs), 1205 (m), 1160 (w), 1112 (w), 1051 (w), 1020 (s),
935 (), 910 (W), 866 (W), 855 (w), 831 (w).

MP: 177 °C.
HR-MS (ESD): Theor.[M+H]*: 165.03283, found: 165.03296.

Theor.[M+Na]*: 187.01478, found: 187.01498.
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6.3.1.2.8 Synthesis of (2S,3R)-3-hydroxy-2-ureidobutanoic acid (273)

0
0 KOCN H
HoN = NN Aoy
250 S 0oH EtOH, 80 °C, 4 h Tof
» “’OH

“OH
119.12 g/mol 162.14 g/mol
5.009g 3.30g
205 49% 273

Prepared according to GP-11b using L-threonine 205 (5.00 g, 42.0 mmol, 1.00 eq.) and KOCN
(3.47 g, 42.8 mmol, 1.02 eq.) in 250 ml of EtOH. 273 was obtained as a

colourless solid in a yield of 49%.

Yield: 3.30 g (20.4 mmol, 49%).

Appearance: Colourless solid.

Table 41: 1D and 2D-NMR data of (2S,3R)-3-hydroxy-2-ureidobutanoic acid (273) in DMSO-ds, at 298 K and
400 MHz for 'H and 100 MHz for 13C.

No. o1 [ppm], J in [Hz] dc [ppm], mult. HMBC (*J)
1 0.87 (3H, d, J = 6.3 Hz) 18.6, CHs C1—-H2(3), H3(2))
2 3.66 (1H, dd, J = 5.6, 4.6 Hz) 57.5, CH C2—H1(3J), H3(3J), NH(3J)
3 3.76 (1H, qd, J = 6.2, 4.6 Hz) 66.7, CH C3—HI1(3), H2(2J), NH())
4 - 158.4, C, C4—H2(3J), NH(2)
5 - 173.2, Cq C5—H2(), H3(3J), NHEJ)
NH 5.96 (1H, d, J = 5.6 Hz) - -

NH. 5.54 (2H, ) - -

IR: v [em™] = 3379 (br), 3205 (br), 2971 (w), 2928 (w), 2360 (W), 2343 (w), 1644 (s), 1587 (vs),

1558 (s), 1475 (w), 1449 (m), 1393 (s), 1339 (w), 1282 (m), 1243 (w), 1189 (w), 1119 (s),
1092 (w), 1066 (w), 1040 (w), 989 (w), 931 (w), 872 (m), 833 (W), 803 (w).

MP: 173 °C.

HR-MS (ESI): Theor.[M—H]™: 161.05678, found: 161.05720.
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6.3.1.2.9 Synthesis of (S)-3-hydroxy-2-ureidopropanoic acid (280)

0 KOCN H
HzN\.)kOH ] HZNTN%OH

EtOH, 80 °C, 4 h H
o X

“OH OH
C3H;NO5 C4HgN,O4
105.09 g/mol 148.12 g/mol
5.04 g 5.64 g
208 79% 280

Prepared according to GP-I1b using L-serine 208 (5.04 g, 48.0 mmol, 1.00 eg.) and KOCN
(3.97 g, 49.0 mmol, 1.02 eq.) in 250 ml of EtOH. 280 was obtained as a colourless solid in a

yield of 79%. ST 0
HZN\:ﬁ/N%OH
Yield: 5.64 g (38.1 mmol, 79%). O il
2 OH
Appearance: Colourless solid. .+ COSY

Table 42: 1D and 2D-NMR data of (S)-3-hydroxy-2-ureidopropanoic acid (280) in DMSO-ds, at 298 K and 500 MHz
for 'H and 125 MHz for 3C.

No. o1 [ppm], J in [Hz] dc [ppm], mult. HMBC (*J)

3.51 (1H, m) 55.1, CH Cl1—H2(3)

3.24 (1H, m); 3.49 (1H, m) 64.7, CH, C2—H1(3)
- 159.1, Cq -

- 173.2, C, C4—HI1(2), H2(3)
NH 6.04 (1H, br) - -
NH. 5.67 (2H, 5) - -
IR: v [cm™] = 3391 (m), 3217 (br), 3059 (w), 2981 (W), 2941 (w), 2359 (W), 2344 (w), 1627 (s),

1585 (vs), 1553 (vs), 1449 (w), 1418 (s), 1368 (m), 1356 (w), 1301 (vs), 1275 (w), 1247 (m),
1169 (w), 1101 (s), 1039 (m), 1000 (w), 945 (w), 919 (w), 891 (w), 870 (w), 829 (w).

MP: 183 °C.

HR-MS (ESI): Theor.[M—H]™: 147.04113, found: 147.04149.
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6.3.1.2.10 Synthesis of (S)-3-phenyl-2-ureidopropanoic acid (276)

0 0
H
HZN\:)kOH KOCN HZNTN:JJ\OH

-

\© H,0, 100 °C, 30 Min. 0 \@

CoH14NO, C10H12N203
165.19 g/mol 208.21 g/mol
5.009 5.374¢
200 85% 276

Prepared according to GP-Ila using L-phenylalanine 200 (5.00 g, 30.3 mmol, 1.00 eq.) and
KOCN (2.51 g, 30.9 mmol, 1.02 eq.) in 30 ml of water. 276 was obtained as

a colourless solid in a yield of 85%.

(0]
21
P 8 gH
Yield: 5.37 g (25.8 mmol, 85%). ° "1\6©4
.
7

Appearance: Colourless solid. .+ COSY

Table 43: 1D and 2D-NMR data of (S)-3-phenyl-2-ureidopropanoic acid (276) in DMSO-ds, at 298 K and 500 MHz for
'H and 125 MHz for 13C.

No. on [ppm], J in [Hz] dc [ppm], mult. HMBC (*J)
1 % gﬂ gg 1z ig? i Eg 37.6, CH, Cl—H2(2J), H5(J), NH()
2 4.33 (1H, td, J = 8.0, 5.1 Hz) 53.7,CH C2—H1(4), NH(#), NH2(4)
3 7.21 (1H, m) 126.4, CHarom C3—H5(%)
4 7.28 (2H, m) 128.2, 2XCHarom C4—H4(%)
5 7.19 (2H, m) 129.3, 2XCHarom C5—HI(3), H3(3J), H5(3)
6 - 137.6, Cq C6—HI1(A), H2(3J), H3(4), H4(%))
7 - 158.2, Cq C7—H2(3J), NH(2J)
8 - 174.0, Cq C8—H1(3J), H2(2J), NH(J)
NH 6.16 (1H, s, J = 8.3 Hz) - -
NH, 5.62 (2H, s) - -
COOH 12.64 (1H, s) - -
IR: v [em™] = 3450 (br), 3301 (br), 2361 (M), 2344 (m), 1910 (br), 1684 (s), 1636 (s), 1561 (vs),
1498 (w), 1456 (w), 1435 (w), 1403 (m), 1302 (s), 1258 (s), 1211 (w), 1159 (m), 1104 (w),
1079 (w), 1029 (w), 1015 (w), 1000 (w), 977 (w), 937 (w), 912 (w), 869 (w), 839 (m).
MP: 188 °C.

HR-MS (ESI): Theor.[M+H]*: 209.09206, found: 209.09226.

Theor.[M+Na]*: 231.07401, found: 231.07415.
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6.3.1.2.11 Synthesis of (S)-1-carbamoylpyrrolidine-2-carboxylic acid (277)

0O

0
KOCN C])LOH
OH 1,0, 100 °C, 30 Min. N
NH

7]/NH2

O
CsHgNO, CgH19N203
115.13 g/mol 158.16 g/mol
3.00g 031g
198 8% 277

Prepared according to GP-lla using L-proline 198 (3.00 g, 26.1 mmol, 1.00 eqg.) and KOCN
(2.16 g, 26.6 mmol, 1.02 eq.) in 15 ml of water. 277 was obtained as a colourless solid in a

yield of 8%. <% 0
2
1 6 OH
Yield: 0.31 g (1.96 mmol, 8%). -_._3 Nﬁ/NHz
o]
Appearance: Colourless solid. ‘... COSY

Table 44: 1D and 2D-NMR data of (S)-1-carbamoylpyrrolidine-2-carboxylic acid (277) in DMSO-ds, at 298 K and
500 MHz for *H and 125 MHz for *3C.

No. on [ppm], J in [Hz] dc [ppm], mult. HMBC (*J)
1 1.85 (2H, m) 24.2, CH; C1—H2(4), H3(4), H4(*J)
2 1.85 (1H, m); 2.08 (1H, m) 29.3, CH> C2—H1(4), H3(}), H4(A)
3 3.25(1H, m); 3.32 (1H, m) 46.1, CH; C3—H1(A), H2(}), H4(*J)
4 4.15(1H, dd, J = 8.4, 2.6 Hz) 58.4, CH C4—H1(}), H2(2), H3(*}))
5 - 157.4, Cq C5—H4()
6 - 174.5, Cq C6—H1(4), H2(3), H4(A)
NH: 5.89 (2H, s) - -
COOH 12.42 (1H, s) - -
IR: v [em?] = 3687 (m), 3675 (m), 3413 (br), 3225 (br), 2988 (s), 2972 (s), 2901 (s), 1917 (w),

1747 (w), 1683 (w), 1651 (m), 1521 (m), 1456 (w), 1406 (w), 1394 (w), 1384 (w), 1356 (w),
1315 (w), 1302 (w), 1250 (w), 1242 (w), 1230 (w), 1200 (w), 1148 (w), 1077 (vs), 1066 (vs),
1056 (vs), 1028 (s), 892 (w), 879 (w), 825 (w).

MP: 210 °C.
HR-MS (ESD): Theor.[M+H]*: 159.07641, found: 159.07641.

Theor.[M+Na]*: 181.05836, found: 181.05848.
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6.3.1.2.12 Synthesis of (S)-3-(1H-indol-3-yl)-2-ureidopropanoic acid (278)

(@] (0]
H
HZN'QJ\OH HZNTN\)J\OH

z KOCN o z

= > =

NH  H,0, 100 °C, 30 Min. NH
C11H12N20, C12H13N303
204.23 g/mol 247.25 g/mol
0.90 g 0.92g

199 84% 278

Prepared according to GP-lla using L-tryptophan 199 (0.90 g, 4.41 mmol, 1.00 eq.) and
KOCN (0.36 g, 4.49 mmol, 1.02 eq.) in 5 ml of water. 278 was obtained as a colourless solid
in a yield of 84%.

Yield: 0.92 g (3.72 mmol, 84%).

Appearance: Colourless solid.

IR: v [cm™] = 3421 (m), 3393 (m), 3382 (m), 3227 (br), 1889 (br), 1699 (W), 1645 (s), 1540 (s),
1456 (w), 1429 (w), 1402 (w), 1359 (w), 1341 (w), 1290 (w), 1251 (m), 1233 (w), 1218 (w),
1196 (w), 1164 (w), 1096 (w), 1062 (w), 1011 (w), 993 (br), 931 (w), 884 (w), 832 (w).

MP: 190 °C.
HR-MS (ESD): Theor.[M+H]*: 248.10296, found: 248.10305.

Theor.[M+Na]*: 270.08491, found: 270.08504.
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. COSY

Table 45: 1D and 2D-NMR data of (S)-3-(1H-indol-3-yl)-2-ureidopropanoic acid (278) in DMSO-ds, at 298 K and
500 MHz for *H and 125 MHz for 3C.

No. o1 [ppm], J in [Hz] dc [ppm], mult. HMBC (*J)
1 3 ((11':| ‘3‘3 7z 11‘22 [ HHZZ)) 27.9, CH, Cl—H2(2J), H8(J), NHE)
2 4.39 (1H, td, J = 7.3, 5.4 Hz) 53.2, CH C2—H1(2J), NH(2J), NH,(4J)
3 ] 1097, C, C3—H1(2), NHﬁ(%z |J46(33), H8(2J),
4 7.33(1H, d, J= 8.2 Hz) 111.3, CHarom C4—H5(3))
5 6.97 (1H, m) 118.37, CHarom C5—H4(3)
6 7.52 (1H,d, J=7.9 Hz) 118.41, CHarom C6—HT7(J)
7 7.06 (1H, m) 120.9, CHarom C7—H5(2), H6(3J)
8 7.10 (1H, d, J = 2.3 Hz) 123.6, CHarom C8—H1(3J), NHarom(2J)
C9—H1(3), H4(3J), H5(3J), H6(Z), H8(3J),
9 i 1275, C, Q) (Nl)ﬂamm((%)) (3J), H8(*J)
10 - 136.1, Cq C10—H6(3)), H7(3J), H8(3J), NHarom(%J)
11 - 158.2, C, C11-H2(3), NH(%)
12 - 174.4, C, C12—H1(3), H2(3), NH())
NH 6.13 (1H, d, J = 8.0 Hz) - -
NH, 5.63 (2H, s) - -
NHarom 10.86 (1H, S) - -
COOH 12.54 (1H, s) - -
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6.3.1.2.13 Synthesis of 4-ureidobenzoic acid (287)

COOH
HoN H

20, 100 °C, 30 Min. HoN H

C7H7N02 CSHSNZOS
137.14 g/mol 180.16 g/mol
5.00 g 5409
263 82% 287

Prepared according to GP-lla using PABA 263 (5.00 g, 36.5 mmol, 1.00 eg.) and KOCN
(3.02 g, 37.2 mmol, 1.02 eq.) in 25 ml of water. 287 was obtained as

a colourless solid in a yield of 82%. 3 9
o 1 2-60H
Yield: 5.40 g (30.0 mmol, 82%). HzN)sJ\N Yy 3
H
Appearance: Colourless solid. .. COSY

Table 46: 1D and 2D-NMR data of 4-ureidobenzoic acid (287) in DMSO-ds, at 298 K and 499 MHz for H and
125 MHz for 13C.

No. on [ppm], J in [Hz] dc [ppm], mult. HMBC (*J)
1 7.50 (2H, d, J = 8.8 Hz) 116.8, 2XCHarom C1—HI1(3J), H3(¥), NH(3)
2 - 122.9, Cq C2—H1(%)
3 7.81(2H, d, J=8.8 Hz) 130.5, 2xCHarom C3—H3(%)
4 - 144.9, Cq C4—H3(3), NH(2)
5 - 155.7, Cq C5—NH(%)
6 - 167.2, Cq C6—H3(%)

NH 8.92 (1H, s) - -

NH: 6.03 (2H, br) - -

COOH 12.49 (1H, br) - -
IR: v [em?] = 3435 (w), 3322 (br), 3208 (w), 2988 (w), 2839 (W), 2673 (w), 2560 (W), 1678 (vs),

1657 (vs), 1622 (m), 1589 (s), 1542 (vs), 1426 (m), 1412 (w), 1355 (w), 1320 (s), 1295 (s),
1259 (s), 1177 (s), 1131 (m), 1114 (m), 1020 (w), 981 (w), 929 (br), 877 (w), 853 (w), 832 (W),
805 (w).

MP: Above 300 °C.
HR-MS (ESD): Theor.[M+H]*: 181.06076, found: 181.06094.

Theor.[M+Na]*: 203.04271, found: 203.04288.
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6.3.1.2.14 Synthesis of 5-ureidopentanoic acid (288)

/\/\)OJ\ oot j)]\ /\/\)OJ\
HN OH  H,0,100°C,30Min.  HN" "N OH
CsHy1NO, CeH12N203
117.15 g/mol 160.17 g/mol
0.99¢g 098¢
264 72% 288

Prepared according to GP-lla using d-amino valeric acid 264 (0.99 g, 8.50 mmol, 1.00 eq.)
and KOCN (0.70 g, 8.67 mmol, 1.02 eq.) in 5 ml of water. 288 was obtained as a colourless

solid in a yield of 72%.
o] 0

HNT5 N5 6 0

Yield: 0.98 g (6.12 mmol, 72%). 2

. ..» Cosy
Appearance: Colourless solid.

Table 47: 1D and 2D-NMR data of 5-ureidopentanoic acid (288) in DMSO-ds, at 298 K and 500 MHz for 'H and
125 MHz for 13C.

No. on [ppm], J in [Hz] dc [ppm], mult. HMBC (*J)
1 1.47 (2H, m) 22.0, CH> Cl1—H2(2), H3(2), H4(*J)
2 1.36 (2H, m) 29.5, CH; C2—HI1(A), H3(}), H4(A)
3 2.20 (2H,t, J=7.4 Hz) 33.4, CH: C3—H1(%), H2(})
4 2.94 (2H, g, J = 6.7 Hz) 38.8, CH, C4—HI1(3)), H2(4), NH(J)
5 - 158.8, Cq C5—H4(3), NH(2)
6 - 174.6, Cq C6—H1(%), H3(A)
NH 5.94 (1H,t, J=5.6 Hz) - -

NH: 5.39 (2H, s) - -

COOH 12.04 (1H, s) - -
IR: v [cm*] = 3438 (m), 3218 (br), 2954 (w), 2875 (W), 2463 (w), 1927 (br), 1674 (vs), 1644 (m),

1589 (br), 1515 (w), 1475 (w), 1445 (w), 1413 (w), 1383 (w), 1363 (w), 1313 (m), 1287 (s),
1238 (w), 1157 (w), 1087 (w), 1017 (m), 924 (w), 896 (w).

MP: 175 °C.

HR-MS (ESD): Theor.[M+H]*: 159.07751, found: 159.07782.
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6.3.2 Carbamate and S-organyl thiocarbamate syntheses
6.3.2.1 Carbamates
6.3.2.1.1 Synthesis of 4-allyl-2-methoxyphenyl carbamate (365)

>0 0 O e
HO ¥ ¢ HN_ O
CI” "N~ 2 \[(
DCM, rt, 24h o
NN NN
C1oH1202 C11H13NO3
164.20 g/mol 207.23 g/mol
1.009g 1.03 g
359 82% 365

Prepared according to GP-111 using eugenol 359 (0.93g, 6.09 mmol, 1.0eqg.) and CSI
(0.58 ml, 6.70 mmol, 1.1 eq.) in 46 ml of DCM. 365 was obtained as a beige, shimmering
solid in a yield of 82%.

Yield: 1.03 g (4.97 mmol, 82%).

Appearance: Beige, shimmering solid.

IR: v [em™] = 3414 (br), 3341 (w), 3274 (w), 3206 (W), 2967 (w), 2359 (w), 1704 (vs), 1640 (w),
1617 (m), 1510 (m), 1467 (w), 1452 (w), 1421 (w), 1379 (s), 1273 (m), 1210 (s), 1188 (w),
1149 (m), 1123 (m), 1037 (m), 985 (m), 949 (w), 924 (w), 899 (w), 854 (w), 842 (w).

MP: 137 °C.
HR-MS (ESD): Theor.[M+H]*: 208.09681, found: 208.09648.

Theor.[M+Na]*: 230.07876, found: 230.07839.
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»+ NOESY

Table 48: 1D and 2D-NMR data of 4-allyl-2-methoxyphenyl carbamate (365) in DMSO-ds, at 298 K and 400 MHz for
'H and 100 MHz for 13C.

No. o1 [ppm], J in [Hz] dc [ppm], mult. HMBC (XJ)
1 3.34 (2H,d, J=6.8 Hz) 39.2, CH; C1—H3(3J), H4(3J), H5(3)), H7(3)
2 3.74 (3H, s) 55.5, CH3 -
3 6.89 (1H,d, J=1.9 Hz) 112.8, CHarom C3—H1(%), H5(%J), H6(4)
4 511 (1H?'g§’ (Jlgl% 16 H2) 115.8, CH, akene C4—HI())
5 6.71 (1H, dd, J = 8.0, 2.0 Hz) 120.0, CHarom C5—HI3J), H3(%), H6(2)
6 6.93 (1H,d, J=8.0 Hz) 123.1, CHarom C6—H3(%)
7 5.97 (1H, ddt, J = 16.9, 10.0, 6.8 Hz) 137.5, CHaikene C7—HI1(A), H4(3)
8 - 137.7, Cq C8—HI1(%), H6(%)
9 - 138.1, Cq C9—H3(%J), H5(%J)
10 - 151.4, Cq C10—H2(%), H3(3J), H5(4J), H6(%)
11 - 154.5, Cq -
NH. 6.70-7.00 (2H, br) - -
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6.3.2.1.2 Synthesis of (1R,2S,5R)-2-isopropyl-5-methylcyclohexyl carbamate (367)

~_— 0O 0 ~_—
- \\S// //O ;
HO ClI”° N~ HoN o] -

DCM, rt, 24h (@]
C1oH200 C11H21NO,
156.27 g/mol 199.29 g/mol
500 g 560 g
357 88% 367

Prepared according to GP-I11 using L-menthol 357 (5.00 g, 32.0 mmol, 1.0 eq.) and CSI

(3.06 ml, 35.2 mmol, 1.1 eq.) in 243 ml of DCM. 367 was obtained as a colourless solid in a

yield of 88%.

Yield:

Appearance: Colourless solid.

5.60 g (28.1 mmol, 88%).

IR: v [cm™] = 3441 (m), 3324 (w), 3259 (w), 3206 (W), 2953 (W), 2927 (w), 2870 (W), 2852 (W),
2360 (w), 2341 (w), 1682 (vs), 1611 (m), 1457 (w), 1406 (s), 1373 (w), 1340 (m), 1320 (w),
1241 (w), 1184 (w), 1108 (w), 1083 (w), 1061 (m), 1048 (vs), 1006 (w), 982 (w), 951 (w),

MP:

HR-MS (ESD):

915 (w), 877 (w), 841 (w), 828 (w), 821 (w).
168 °C.
Theor.[M+H]*: 200.16450, found: 200.16470.

Theor.[M+Na]*: 222.14645, found: 222.14660.
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Table 49: 1D and 2D-NMR data of (1R,2S,5R)-2-isopropyl-5-methylcyclohexyl carbamate (XX) in DMSO-ds, at 298 K
and 499 MHz for *H and 125 MHz for 3C.

No. ou [ppm], J in [HZz] dc [ppm], mult. HMBC (XJ)
1 0.74 (3H,d, J= 7.0 Hz) 16.3, CHs C1—H2(3J), H5(2J), H9())
2 0.86 (3H, d, J = 7.1 Hz) 20.6, CHs C2—H1(3), H5(2J), H9()
3 0.87 (3H, d, J = 6.7 Hz) 22.0, CHs C3—HS8())
4 101 (1H, qdl'g;(llﬁf_"ml)z'fﬁ' 38 Hz); 23.1, CH; C4—HI(*3), H5(J), HO(Y)
5 1.90 (1H, m) 25.7, CH C5—HI1(3), H2(2), HI(J), H10(%J)
6 1.41 (1H, m) 30.9, CH C6—H3(2J), H7(2J), H8(2)
7 0.82(1H, m); 1.61 (1H, m) 33.9, CH, C7—H3(3J), H4(2), H8(%J)
8 0.91 (1H, m); 1.89 (1H, m) 41.3, CH, C8—H3(3J), H7(3J), H10(2J)
9 1.25 (1H, m) 46.9, CH C9—H1(3), H2(3J), H4(2J), H5(2), H10(2J)
10 4.36 (1H, td, J = 10.9, 4.3 Hz) 72.3,CH C10—H4(3J), H8(2J), H9(2J)
11 - 156.6, Cq C11—-H10¢%))
NH, 6.37 (2H, br) - -
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6.3.2.1.3 Synthesis of 4-acetamidophenyl carbamate (358)

O O
¥ . uN. o
HO PN
Q. S 0
NHAC DCM, rt, 24h O NHAC
CgHgNO, CoH1oN203
151.16 g/mol 194.19 g/mol
5.00 g 4.62g
358 72% 368

Prepared according to GP-111 using paracetamol 358 (5.00 g, 33.1 mmol, 1.0 eq.) and CSI
(3.16 ml, 36.4 mmol, 1.1 eq.) in 251 ml of DCM. 368 was obtained as a colourless solid in a
yield of 72%.

Yield: 4.62 g (23.8 mmol, 72%).

Appearance: Colourless solid.

IR: ¥ [cm] = 3359 (w), 3318 (br), 3262 (), 3207 (w), 3072 (w), 3049 (w), 1722 (s), 1665 (vs),
1624 (w), 1605 (w), 1532 (s), 1510 (s), 1454 (w), 1405 (w), 1363 (s), 1310 (m), 1264 (w),
1242 (w), 1230 (w), 1208 (vs), 1171 (w), 1115 (m), 1036 (w), 1019 (w), 988 (s), 965 (W),
955 (w), 937 (W), 912 (w), 853 (m), 827 (w).

MP: 196 °C.
HR-MS (ESD): Theor.[M+H]*: 195.07641, found: 195.07652.

Theor.[M+Na]*: 217.05836, found: 217.05846.
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Table 50: 1D and 2D-NMR data of 4-acetamidophenyl carbamate (368) in DMSO-ds, at 298 K and 500 MHz for *H
and 125 MHz for 13C.

No. on [ppm], J in [Hz] dc [ppm], mult. HMBC (XJ)
1 2.03 (3H, s) 23.9, CH3 -
2 7.54 (2H, d, J = 8.9 Hz) 119.7, 2XCHarom C2—H2(3J), H3(3J), NHac())
3 7.00 (2H, d, J = 8.9 Hz) 122.1, 2XCHarom C3—H2(%), H3(J)
4 - 136.2, Cq C4—H1(%), H2(3), H3(3J), NHac(2J)
5 - 146.3, C, C5—H2(3J), H3(3J)
6 - 155.0, Cq C6—H3(%)
7 - 168.1, C, C7—H1(4), NHac(¥)
NH; 6.83+7.12 (2H, s) - -
NHac 9.93 (1H, s) - -
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6.3.2.1.4 Synthesis of 2,5,7,8-tetramethyl-2-(4,8,12-trimethyltridecyl)chroman-6-yl
carbamate (363)

0.0
N2 //O
HO oS NC HZNTO
_—
o DCM, rt, 24h © o

CagH500; C30H51NO3
430.71 g/mol 473.73 g/mol
1.00g 1.00g
353 91% 363

Prepared according to GP-111 using (z)-a-tocopherol 353 (1.00 g, 2.31 mmol, 1.00 eqg.) and
chlorosufonyl isocyanate (0.22 ml, 2.53 mmol, 1.10eq.) in 17.5ml of DCM. The crude
product was additionally column chromatographically purified on silica gel with c-
Hex/EtOAc (5:1). 363 was obtained as a yellow oil in a yield of 91%.

Yield: 1.00 g (2.11 mmol, 91%).

Appearance: Yellow oil.

Ri-Value: 0.32 (SiO,, c-Hex/EtOAC 4:1).

IR:  [emY] = 3334 (br), 2950 (m), 2926 (s), 2868 (M), 2358 (W), 1716 (s), 1654 (w), 1601 (w),
1581 (w), 1497 (m), 1461 (s), 1423 (m), 1377 (s), 1365 (s), 1280 (m), 1243 (s), 1168 (m),
1109 (m), 1088 (s), 996 (W), 968 (W), 926 (W), 878 (w), 818 (m).

HR-MS (ESI): Theor.[M+H]*: 474.39417, found: 474.39401.

Theor.[M+Na]*: 496.37611, found: 496.37541.
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15/16

4/
7 11

17118 19/20

.. COSY

15/16
5/ 8/9
12 13

22 \ / N/

YR

Table 51: 1D and 2D-NMR data of 2,5,7,8-tetramethyl-2-(4,8,12-trimethyltridecyl)chroman-6-yl carbamate (363) in
DMSO-ds, at 298 K and 500 MHz for H and 125 MHz for *3C.

No. o1 [ppm], J in [Hz] dc [ppm], mult. HMBC (*J)

1 2.10 (3H, s) 11.91+11.92, CHs -

2 2.05 (3H, s) 12.0, CHs -

3 2.09 (3H, s) 12.9, CHs -

4 0.85+0.87 (3H, s) 19.73+19.76+19.79, CH3 C4—H17/18(%))

5 0.86 (3H, s) 19.82+19.89, CH3 C5—19/20(%))

6 2.60 (2H, 1, J = 6.8 Hz) 20.7, CH, C6—H14(A)

7 1.38 (1H, m); 1.44 (2H, m) 21.16+21.18, CH> C7—H22(4)

8 0.88 (3H, s) 22.8, CH3 C8—HI13(¥)

9 0.87 (3H, s) 22.9, CHs C9—HI13(A)

10 1.24 (3H, s) 24.1, CHs C10—H14(})

11 1.26 (2H, m) 24.58+24.59, CH, C11—17/18(¥4))

12 1.26 (2H, m) 24.94+24.96, CH, C12—H13(3)), H21(%)
13 1.53 (1H, m) 28.1,CH C13—HS8(3), H9(3), H21(%J)
14 1.70-1.85 (2H, dt, J = 13.3, 6.5 Hz) 31.10+31.15, CH; C14—H6(2), H10(3))

15 1.40 (1H, m) 32.83-32.86, CH n.a.

16 1.37 (1H, m) 32.91+32.93, CH n.a.

17 1.07 (2H, m) 37.43+37.53, CH; n.a.

18 1.07 (2H, m) 37.49+37.51+37.55, CH; n.a.

19 1.26 (2H, m) 37.58+37.60, CH, n.a.

20 1.26 (2H, m) 37.67+37.69, CH, n.a.

21 1.14 (2H, m) 39.5, CH, C21—H9(%J), H13(X)

22 1.55 (2H, m) 40.3, CH, C22—H10(3)), H14(%))
23 - 75.2, Cq C23—H6(%J), H10(A), H14(%), H22(2)
24 - 117.5, Cq C24—H2(%J), H1(4), H6(A), H14(%))
25 - 123.2, Cq C25—H1(3), H2(4)), H3(A)
26 - 125.8, Cq C26—H2(2), H3(4), H6(%J)
27 - 127.5, Cq C27—H1(A), H3(})

28 - 140.2, Cq C28—H2(%J), H3(3J), H6(4)
29 - 149.7, Cq C29—HI13J), H6(%J)

30 - 156.5, Cq -
NH. 5.23-5.44 (2H, br) - -

Note: Functional groups and the position within the molecule were identified. The clear
assignment of C8/C9, C15/C16, C17/C18 and C19/C20 was not possible due to the similarity

of the carbon and hydrogen signals and the associated signal overlap.
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6.3.2.1.5 Synthesis of (8R,9S,10R,13S,14S,17S)-10,13-dimethyl-3-oxo-
2,3,6,7,8,9,10,11,12,13,14,15,16,17-tetradecahydro-1H-cyclopenta[a]phenanthren-17-yl
carbamate (366)

O\\S//O C//O
ClI” >N~
DCM, rt, 24h
C19H2802 C2oH29NO3
288.42 g/mol 331.45 g/mol
120 ¢ 0.89 g
356 64% 366

Prepared according to GP-I11 using testosterone 356 (1.20 g, 4.16 mmol, 1.0 eq.) and CSI
(0.40 ml, 4.58 mmol, 1.1 eq.) in 32 ml of DCM. The crude product was additionally column
chromatographically purified on silica gel with n-Hex/EtOAc (2:1—1:1). 366 was obtained as

a colourless solid in a yield of 65%.
Yield: 0.89 g (2.69 mmol, 65%).

Appearance: Colourless solid.

Ri-Value: 0.22 (SiO2, n-Hex/EtOAc 4:1).

IR: v [cm] = 3494 (w), 3372 (br), 2982 (w), 2939 (w), 2912 (w), 2051 (w), 1736 (vs), 1694 (vs),
1662 (vs), 1595 (vs), 1454 (w), 1434 (w), 1393 (m), 1379 (m), 1336 (s), 1324 (s), 1292 (w),
1272 (w), 1231 (m), 1192 (w), 1131 (w), 1118 (w), 1097 (w), 1072 (vs), 1061 (s), 1040 (w),
1026 (m), 999 (w), 960 (w), 940 (w), 870 (m), 861 (m), 835 (w).

MP: 155 °C.
HR-MS (ESD): Theor.[M+H]*: 332.22202, found: 332.22223.

Theor.[M+Na]*: 354.20396, found: 354.20405.
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Table 52: 1D and 2D-NMR data of (8R,9S,10R,13S,14S,17S)-10,13-dimethyl-3-0x0-2,3,6,7,8,9,10,11,12,13,14,15,16,17-
tetradecahydro-1H-cyclopenta[a]phenanthren-17-yl carbamate (366) in CDCls, at 298 K and 499 MHz for 'H and

125 MHz for 13C.

No. o1 [ppm], J in [Hz] dc [ppm], mult. HMBC (*J)

1 0.82 (3H, 5) 12.1, CHs C1—HI11¢3), H14(3)), H16(%))

2 1.18 (3H, s) 17.5, CHs C2—H10(*J), H15(%)

3 1.40 (1H, m); 1.58 (1H, m) 20.7, CH;, C3—HI11(3), H15()

4 1.33 (1H, m); 1.65 (1H, m) 23.5, CH, C4—H5(3), H9(}), H14(%)

5 1.55 (1H, m); 2.17 (1H, m) 27.6, CHy C5—H4(%), H16(%)

6 1.02 (1H, m); 1.84 (1H, m) 31.6, CH, C6—H7(3), HI(2), H14(%)

7 2.29 (1H, m); 2.38 (1H, m) 32.9, CH;, C7—H6(%), H17(%)

8 2.35 (1H, m); 2.41 (1H, m) 34.1, CH, C8—HI10(%), H17(%)

9 1.56 (1H, m) 35.6, CH C9—H4(%), H6(2J), H14(%4), H15(2)
10 1.70 (1H, m); 2.02 (1H, m) 35.8, CH, C10—H2(*%), H8(%)

11 1.21 (1H, m); 1.82 (1H, m) 36.7, CH; Cl1-HI1(%), H14(%J), H16(%)

12 - 38.8, Cq C12—H2(%), H17(%)

13 _ 425, Cq C13—H1(3), H5(J), H11(3), H14(%)
14 1.04 (1H, m) 50.3, CH Cl4—H1(%), H4(%)

15 0.94 (1H, td, J = 12.2, 4.1 H?) 53.8, CH C15—H2(Y), Ha(lzi)(gglo(s‘])' H11(Y),
16 454 (1H, t, = 8.5 Hz) 83.2, CH Cl16—HI1(%), H5(2), H11(*%), H14(%)
17 5.72 (1H, 5) 124.1, CHakene C17—H7(%)

18 - 157.1, Cq C18—H16(})

19 - 171.1, Cq alkene C19—H2(%), H7(2)

20 - 199.6, Cq C20—H8(%)
NH. 4.61 (2H, br) - ;
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6.3.2.1.6 Synthesis of (3S,8S,9S,10R,13R,14S,17R)-10,13-dimethyl-17-((R)-6-
methylheptan-2-yl)-2,3,4,7,8,9,10,11,12,13,14,15,16,17-tetradecahydro-1H-
cyclopenta[a]phenanthren-3-yl carbamate (364)

O\\S//O C/’O
CI”>N”
DCM, rt, 24h
Co7H460 CogH47NO,
386.65 g/mol 429.68 g/mol
250¢g 231g
354 83% 364

Prepared according to GP-I11 using cholesterol 354 (2.50 g, 6.47 mmol, 1.0 eq.) and CSI
(0.62 ml, 7.14 mmol, 1.1 eq.) in 50 ml of DCM. 364 was obtained as a colourless solid in a
yield of 83%.

Yield: 2.31 g (5.38 mmol, 83%).

Appearance: Colourless solid.

IR: D [em] = 3483 (w), 3326 (W), 3275 (W), 3172 (w), 2941 (m), 2903 (W), 2867 (W), 2360 (W),
2341 (w), 1725 (m), 1707 (vs), 1691 (m), 1602 (w), 1558 (w), 1540 (w), 1507 (w), 1467 (w),
1440 (w), 1409 (m), 1376 mw), 1364 (m), 1351 (m), 1334 (m), 1314 (w), 1257 (w), 1197 (w),
1134 (w), 1060 (s), 1026 (w), 993 (w), 961 (W), 941 (w), 923 (w), 881 (W), 842 (w), 802 (W).

MP: 213 °C.

HR-MS (ESI): Theor.[M+Na]*: 452.34990, found: 452.34999.
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Table 53: 1D and 2D-NMR data of (3S,8S,9S,10R,13R,14S,17R)-10,13-dimethyl-17-((R)-6-methylheptan-2-yl)-
2,3,4,7,8,9,10,11,12,13,14,15,16,17-tetradecahydro-1H-cyclopenta[a]phenanthren-3-yl carbamate (364) in CDClIs, at

298 K and 500 MHz for 'H and 125 MHz for 13C.

No. o1 [ppm], J in [Hz] dc [ppm], mult. HMBC (*J)

1 0.67 (3H, 5) 12.0, CHs C1—-H20(3J), H23(3)), H24(%))
2 0.91 (3H, d, J = 6.6 Hz) 18.9, CHs C2—H14(%), H15(%)

3 1.01 (3H, s) 19.5, CHs C3—HI17(}), H22(%)

4 1.43 (1H, m); 1.48 (1H, m) 21.2, CH, C4—H20(%), H22(%)

5 0.86 (3H, d, J = 6.6 Hz) 22.7, CHs C5—H6(*), H9(X)

6 0.86 (3H, d, J = 6.6 Hz) 23.0, CHs C6—H5(*%), H9(Y)

7 1.13 (1H, m); 1.33 (1H, m) 24.0, CH, C7—H9(*), H15(%), H19(%)
8 1.05 (1H, m); 1.57 (1H, m) 24.4, CH;, C8—H24(%)

9 1.51 (1H, m) 28.15, CH C9—H5(%), H6(X)

10 1.56 (1H, m); 1.89 (1H, m) 28.16, CH; C10—H17(%), H18(*%)

11 1.24 (1H, m); 1.82 (1H, m) 28.4, CH; Cl1—-H23(3)

12 1.43 (1H, m) 32.00, CH C12—H4(%), H24(%), H26(*)
13 1.51 (1H, m); 1.96 (1H, m) 32.03, CH; C13—HI2(%), H24(*)), H26(*))
14 1.37 (1H, m) 35.9, CH Cl4—H2(%)

15 0.98 (1H, m); 1.32 (1H, m) 36.3, CH; C15—H7(%)

16 _ 36.7, Cq C16—H3(2J), H10(3J), H18(3J), H26(3))
17 1.12 (1H, m); 1.85 (1H, m) 37.1,CH;, C17—H3(}), H10(%), H25(%)
18 2.29 (1H, m); 2.36 (1H, m) 38.5, CH, C18—H25(%), H26(*)

19 1.12 (1H, m) 39.7, CHy C19—H5(%), H6(%J), HO(%)
20 1.17 (1H, m); 1.99 (2H, m) 39.9, CH;, C20—HI1(}), H4(X)

21 - 425, Cq C21—H1(4), H11(%J), H23(X)
22 0.94 (1H, m) 50.2, CH C22—H3(}), H12(3), H13(%J), H20(*))
23 1.08 (1H, m) 56.3, CH C23—H1(}), H2(*), H11(%)
24 0.98 (1H, m) 56.8, CH C24—H1(%), H12(3), H23(%)
25 4.48 (1H, tt, J = 11.5, 4.8 Hz) 74.87, CH C25—H10(%), H18(%)

26 5.37 (1H, m) 122.8, CHakene C26—H13(%J), H18(*)

27 - 139.8, C, C27—H3(3J), H13(%J), H18(X)
28 - 156.7, Cq C28—H25(%)
NH. 4.67 (2H, br) - -
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6.3.2.2 S-organyl thiocarbamates
6.3.2.2.1 Synthesis of S-(4-bromophenyl) carbamothioate (390)

B O‘\s/’O c® B
., 2 O
SH DCM, rt, 24h S)kNH2
C6H5BrS C7HBB|"NOS
189.07 g/mol 232.10 g/mol
2.00g 2.05¢
384 83% 390

Prepared according to GP-111 using p-bromothiphenol 384 (2.00 g, 10.6 mmol, 1.0 eq.) and
CSI (12.01 ml, 11.7 mmol, 1.1 eq.) in 81 ml of DCM. 390 was obtained as a colourless solid in

a yield of 83%. 4

Yield: 2.05 g (8.83 mmol, 83%). 4 1 SJSJ\NHZ
o '3l

Appearance: Colourless solid. ...+ COSY

Table 54: 1D and 2D-NMR data of S-(4-bromophenyl) carbamothioate (390) in DMSO-ds, at 298 K and 500 MHz for
'H and 125 MHz for 13C.

No. o1 [ppm], J in [Hz] dc [ppm], mult. HMBC (*J)
1 - 122.4, C, C1—H3(3J), H4(3))
2 - 128.8, Cq C2—H3(3J), H4(2)
3 7.59 (2H, d, J = 8.5 Hz) 131.8, 2XCHarom C3—H3(3J), H4(3J), NH(3J)
4 7.38 (2H, d, J = 8.5 Hz) 136.8, 2XCHarom C4—H3(3), H4(%)
5 164.3, Cq -

NH; 7.67-7.85 (2H, br)

IR: v [em™] = 3386 (br), 3317 (w), 3289 (w), 3215 (w), 3179 (m), 3075 (w), 2957 (w), 2925 (m),

2873 (w), 2851 (w), 2766 (w), 1915 (w), 1644 (vs), 1609 (s), 1576 (w), 1561 (w), 1469 (m),
1406 (w), 1387 (w), 1312 (s), 1277 (m), 1239 (w), 1201 (w), 1172 (m), 1115 (m), 1091 (w),
1063 (m), 1010 (m), 968 (w), 891 (w), 833 (w), 820 (s).

MP: 185 °C.
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6.3.2.2. Synthesis of S-naphthalen-2-yl carbamothioate (391)

O\\S//O C//O
SH DCM, rt, 24h S” 'NH,
160.24 g/mol 203.26 g/mol
200g 1.71g
385 67% 391

Prepared according to GP-111 using naphthalene-2-thiol 385 (2.00 g, 12.5 mmol, 1.0 eq.) and
CSI (1.20 ml, 13.8 mmol, 1.1 eq.) in 95 ml of DCM. 391 was obtained as a colourless solid in
ayield of 67%.

Yield: 1.71 g (8.40 mmol, 67%).

Appearance: Beige solid.

IR: v [cm™] = 3409 (m), 3316 (m), 3296 (m), 3172 (w), 3047 (w), 2112 (w), 1941 (w), 1916 (w),
1860 (w), 1794 (w), 1772 (w), 1646 (s), 1608 (s), 1575 (m), 1497 (w), 1455 (w), 1362 (w),
1343 (w), 1312 (s), 1267 (m), 1237 (m), 1194 (m), 1153 (m), 1132 (m), 1111 (m), 1080 (w),
1070 (w), 1016 (w), 975 (w), 945 (m), 888 (w), 856 (m), 823 (s).

MP: 173 °C.
HR-MS (ESD): Theor.[M+H]*: 204.04776, found: 204.04777.

Theor.[M+Na]*: 226.02970, found: 226.02967.
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a5 o 6",
13 y A
a5 2 10275 11 NH;
w7
... COSY
“_4 NOESY

Table 55: 1D and 2D-NMR data of S-naphthalen-2-yl carbamothioate (391) in DMSO-ds, at 298 K and 600 MHz for
'H and 150 MHz for *C.

No. o1 [ppm], J in [Hz] dc [ppm], mult. HMBC (*J)
1 7.57 (1H, m) 126.6, CHarom C1—H3(%), H6(}))
2 - 126.7, Cq C2—H6(%)
3 7.57 (1H, m) 127.0, CHarom C3—HI1(%)
4 7.95 (1H, m) 127.6, CHarom C4—H10(%)
5 7.95 (1H, m) 127.7, CHarom C5—H1/3(4), H4(J)
6 7.93 (1H, d, J=8.6 Hz) 128.1, CHarom -
7 7.52 (1H, dd, J =8.5, 1.8 Hz) 132.0, CHarom C7—H10(*J)
8 - 1325, Cq C8—H7(}), H10(%J)
9 - 133.0, Cq C9—H4(2)), H6(2))
10 8.08 (1H, d, J = 1.4 Hz) 134.3, CHarom C10—H4(3), H7(3)
11 - 165.1, Cq -
NH: 7.65-7.82 (2H, br) - -

Note: C1/C3 and C4/C5 could not be assigned.
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6.3.2.2.3 Synthesis of S-ethyl carbamothioate (392)

KNCO )
o - L
DCM, TFA, rt, S~ “NH,
24h
C,HgS C3H,NOS
62.13 g/mol 105.16 g/mol
6.00 ml 2.98 g
386 35% 392

Prepared according to GP-1V using ethanethiol 386 (6.00 ml, 83.2 mmol, 1.0 eq.), KOCN
(13.5g, 166 mmol, 2.0 eq.) and TFA (12.7 ml, 166 mmol, 2.0 eg.) in 150 ml of DCM. 392

was obtained as a colourless solid in a yield of 34%.
O

) o2
Yield: 2.98 g (28.3 mmol, 34%). 1 /\S);;J\NHZ
Appearance: Colourless solid. ... COsYy

Table 56: 1D and 2D-NMR data of S-ethyl carbamothioate (392) in DMSO-ds, at 298 K and 500 MHz for H and
125 MHz for 13C.

No. o1 [ppm], J in [Hz] dc [ppm], mult. HMBC (*J)
1.17 (3H, t,J = 7.3 Hz) 16.0, CHs Cl>H2(Y)
2.72 (2H, g, J = 7.3 Hz) 23.1, CH; C2—H1(2)
- 167.0, Cq C3—H2(%)
NH, 7.44 (1H, br)
IR: v [cm™] = 3676 (w), 3369 (m), 3284 (m), 3213 (m), 3177 (m), 2985 (w), 2970 (w), 2932 (w),

2871 (w), 2763 (w), 2083 (w), 1638 (s), 1610 (s), 1447 (W), 1440 (w), 1413 (w), 1377 (w),
1299 (s), 1252 (s), 1112 (m), 1057 (w), 977 (w).

MP: 107 °C.
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6.3.2.2.4 Synthesis of S-butyl carbamothioate (393)

KNCO O
~"sH -~
DCM, TFA, rt, S NH,
24h
C4H 1S CsH{{NOS
90.19 g/mol 133.21 g/mol
6.00 ml 4.09¢g
387 55% 393

Prepared according to GP-1V using butane-1-thiol 387 (6.00 ml, 55.9 mmol, 1.0 eq.), KOCN
(9.08 g, 112 mmol, 2.0 eq.) and TFA (8.63 ml, 112 mmol, 2.0 eg.) in 100 ml of DCM. 393

was obtained as a colourless solid in a yield of 55%.

2 °3
Yield: 4.09 g (30.7 mmol, 55%). :1/1\;'1/\8/LLNH2
Appearance: Colourless solid. ., COSY

Table 57: 1D and 2D-NMR data of S-butyl carbamothioate (393) in DMSO-ds, at 298 K and 500 MHz for 'H and
125 MHz for 13C.

No. o1 [ppm], J in [Hz] dc [ppm], mult. HMBC (*J)
1 0.87 (3H, t, J = 7.3 H2) 13.5, CHs C1—H2(), H3(4), H4(3J)
2 1.33 (2H, sxt, J = 7.3 Hz) 21.3,CH, C2—H1(3), H3(3J), H4(X)
3 2.73(2H,t,J=7.2 Hz) 28.4, CH, C3—H2(3), H4(2))
4 1.48 (2H, quin, J = 7.5 Hz) 32.3,CH; C4—HI1(}), H2(A), H3(A)
5 - 167.1, C, C5—H3(J)

NH. 7.43 (2H, br) ]

IR: v [em?] = 3661 (w), 3379 (m), 3286 (M), 3216 (m), 3180 (m), 2957 (m), 2929 (m), 2873 (W),

2860 (W), 2764 (W), 1643 (s), 1616 (s), 1464 (w), 1438 (w), 1409 (w), 1377 (w), 1313 (s),
1293 (s), 1269 (s), 1225 (m), 1202 (m), 1113 (m), 1077 (w), 1050 (w), 911 (w), 875 (w).

MP: 100 °C.
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6.3.2.2.5 Synthesis of S-tert-butyl carbamothioate (395)

e

C4H40S
90.19 g/mol
6.30 ml
389

KNCO

DCM, TFA, rt,
24h

41%

o)
>LS)J\NH2

CsH44{NOS
133.21 g/mol
3.17¢g
395

Prepared according to GP-1V using 2-methylpropane-2-thiol 389 (6.30 ml, 58.0 mmol,
1.0eqg.), KOCN (9.41 g, 116 mmol, 2.0 eq.) and TFA (8.94 ml, 116 mmol, 2.0 eq.) in 104 ml
of DCM. 395 was obtained as a colourless solid in a yield of 41%.

Yield:

Appearance: Colourless solid.

3.17 g (23.8 mmol, 41%).

NS
2
125 3,

Table 58: 1D and 2D-NMR data of S-tert-butyl carbamothioate (395) in DMSO-ds, at 298 K and 500 MHz for 'H and

125 MHz for 13C.

No. on [ppm], J in [Hz] dc [ppm], mult. HMBC (*J)
1.41 (9H, s) 30.4, 3xCH3 -
- 45.7, Cq C2—H1(A)
- 167.6, Cq
NH: 7.23 (2H, br)
IR: v [cm™] = 3662 (w), 3413 (m), 3334 (w), 3287 (w), 3199 (m), 3175 (m), 2989 (w), 2967 (m),
2923 (w), 2868 (w), 2388 (w), 1739 (w), 1683 (w), 1629 (s), 1598 (s), 1476 (w), 1449 (m),
1389 (w), 1363 (m), 1290 (s), 1156 (vs), 1116 (m), 1028 (w), 933 (w), 811 (w).
MP: 88 °C.
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6.3.2.2.6 Synthesis of S-octyl carbamothioate (394)

KNCO 0
/\/\/\/\SH > PN )J\
DCM, TFA, rt, S” 'NH,
24h
C8H18S CgH19NOS
146.29 g/mol 189.32 g/mol
5.95¢ 449¢
388 69% 394

Prepared according to GP-1V using octane-1-thiol 388 (5.95 ml, 34.2 mmol, 1.0 eq.), KOCN
(5.54 g, 68.4 mmol, 2.0 eq.) and TFA (5.27 ml, 68.4 mmol, 2.0 eq.) in 62 ml of DCM. 394

was obtained as a colourless solid in a yield of 69%.

Yield: 4.49 g (23.7 mmol, 69%). /8 5 7

Appearance: Colourless solid. » 4 NOESY

Table 59: 1D and 2D-NMR data of S-octyl carbamothioate (394) in DMSO-de, at 298 K and 500 MHz for 'H and
125 MHz for 13C.

No. on [ppm], J in [Hz] dc [ppm], mult. HMBC (*J)
1 0.85 (3H, t,J = 7.1 Hz) 13.8, CH3 Cl1—H2(4), H8(3)
2 1.27 (2H, m) 22.0, CH; C2—HI1(%), H8(%)
3 1.31 (2H, m) 28.0, CH> C3—H6()
4 1.26 (2H, m) 28.4, CH, C4—H2(})
5 1.26 (2H, m) 28.5, CH> C5—H3(¥)
6 2.73 (2H,t,J=7.2 Hz) 28.7, CH» C6—H7(%)
7 1.49 (2H, quin, J = 7.3 Hz) 30.1, CH> C7—H6(%)
8 1.25 (2H, m) 31.1, CH; C8—HI1(*), H2(4)
9 - 167.0, Cq C9—H6(%)
NH: 7.38 (2H, br) - -
IR: v [cm™] = 3381 (m), 3287 (w), 3214 (m), 3180 (m), 2957 (m), 2918 (s), 2873 (w), 2850 (M),
2767 (w), 1645 (vs), 1617 (s), 1463 (w), 1406 (w), 1323 (m), 1297 (s), 1276 (s), 1239 (m),
1200 (m), 1115 (m), 958 (w), 891 (w), 849 (w).
MP: 100 °C.
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6.3.3 Protection of Substrates with Coumaranones

6.3.3.1 2-Coumaranones with urea substructures

6.3.3.1.1  Synthesis of methyl 2-(3-(5-chloro-2-oxo0-2,3-dihydrobenzofuran-3-
yl)ureido)acetate (293)

o Glyoxylic acid monohydrate (188) J(
p-Chlorophenol (290) HN

N 0 . N
H,N" N ~ - ¢l Yo
T TrA e e A m " A

C4HgN203 C12H41CIN;O5
132.12 g/mol 298.68 g/mol
1.00 g 0.13¢
242 6% 293

Prepared according to GP-V using methyl 2-ureidoacetate 242 (1.00 g, 7.57 mmol, 1.0 eq.),
glyoxylic acid monohydrate 188 (0.70 g, 7.57 mmol, 1.0 eq.), p-chlorophenol 290 (1.17 g,
9.08 mmol, 1.2 eq.) in 12 ml of TFA. 293 was obtained as a colourless solid in a yield of 6%.

Yield: 0.13 g (0.44 mmol, 6%).

Appearance: Colourless solid.

Ri-Value: 0.30 (SiO,, DCM/MeOH 50:1).

IR: v [em™] = 3256 (br), 3192 (w), 2956 (W), 2326 (w), 1759 (w), 1741 (w), 1693 (vs), 1647 (w),
1601 (W), 1543 (w), 1504 (w), 1471 (w), 1440 (w), 1423 (w), 1404 (w), 1376 (w), 1336 (m),
1279 (w), 1228 (br), 1200 (w), 1186 (w), 1149 (w), 1126 (w), 1093 (w), 1078 (w), 1068 (w),
1045 (w), 993 (w), 935 (w), 912 (w), 864 (w), 837 (w), 824 (w).

MP: 190 °C.
HR-MS (ESD): Theor.[M+H]*: 299.04292, found: 299.04344.

Theor.[M+Na]*: 321.02487, found: 321.02527.
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... COSY
»+ NOESY

Table 60: 1D and 2D-NMR data of methyl 2-(3-(5-chloro-2-oxo0-2,3-dihydrobenzofuran-3-yl)ureido)acetate (293) in
DMSO-ds, at 298 K and 500 MHz for *H and 125 MHz for 3C.

No. o1 [ppm], J in [Hz] dc [ppm], mult. HMBC (XJ)

1 423 (2H,d,J=19H2z) 39.1, CH, C1—NH,(*J)

2 3.70 (3H, 9) 52.4, CH3 -

3 5.38 (1H, d, J = 0.9 Hz) 56.0, CH C3—H4(4), H7(3J), NH(3J)
4 6.86 (1H, m) 117.3, CHarom C4—H8(2), NHg("J)

5 - 122.4, Cq C5—H4(3)), H7(3)

6 - 123.8, Cq C6—H3(), H4(%J), NHp(%))
7 7.23 (1H, m) 129.1, CHarom C7—H3(3J), H8(3J)

8 7.24 (1H, m) 129.5, CHarom C8—H7(3)

9 - 154.8, Cq C9—H3(3J), H4(2), H7(3J), H8(3J), NHp(J)
10 - 156.0, Cq C10—H1(J), H3(3J), NHy(2)
11 - 168.1, Cq C11—-H1(2), H2(3)

12 - 172.4, Cq C12—H1(8J), H3(4), NH,(3))
NH, 8.60 (1H, d, J = 1.2 Hz) - -
NH; 10.20 (1H, s) - -
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6.3.3.1.2 Synthesis of (2S)-methyl 2-(3-(5-chloro-2-oxo0-2,3-dihydrobenzofuran-3-
ylureido)propanoate (295)

)

o Glyoxylic acid monohydrate (188) /Z?
J\ 0 p-Chlorophenol (290) HN N
HoN™ N ~ R > Cl H O\
H TFA, 72 °C, 4h o o
o)

Cs5H10N203 C13H13CIN2O5
146.14 g/mol 312.71 g/mol
100 g 0.25g
243 12% 295

Prepared according to GP-V using (S)-methyl 2-ureidopropanoate 243 (1.00 g, 6.84 mmol,
1.0 eq.), glyoxylic acid monohydrate 188 (0.63 g, 6.84 mmol, 1.0 eq.), p-chlorophenol 290
(1.06 g, 8.21 mmol, 1.2 eq.) in 11 ml of TFA. 295 was obtained as a colourless solid in a yield
of 12%.

Yield: 0.25 g (0.80 mmol, 12%).

Appearance: Colourless solid.

Ri-Value: 0.23 (SiO,, DCM/MeCOH 60:1).

IR: v [cm™] = 3287 (br), 3001 (w), 2953 (w), 2051 (w), 1765 (m), 1745 (s), 1697 (vs), 1601 (m),
1496 (m), 1431 (s), 1379 (w), 1318 (w), 1305 (w), 1280 (m), 1234 (m), 1224 (m), 1205 (w),
1181 (m), 1154 (m), 1117 (s), 1081 (w), 1060 (w), 1016 (w), 972 (m), 948 (w), 904 (w),
881 (w), 859 (w), 840 (w), 828 (s), 821 (5).

MP: 191 °C.
HR-MS (ESD): Theor.[M+H]*: 313.05857, found: 313.05905.

Theor.[M+Na]*: 335.04052, found: 335.04094.
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Table 61: 1D and 2D-NMR data of (2S)-methyl 2-(3-(5-chloro-2-o0x0-2,3-dihydrobenzofuran-3-yl)ureido)propanoate
(295) in DMSO-ds, at 298 K and 500 MHz for *H and 125 MHz for 13C.

No. on [ppm], J in [Hz] dc [ppm], mult. HMBC (XJ)

1 1.45 (3H, d, J = 7.1 Hz) 14.1+14.3, CHs Cl-H2(2)

2 4.74+478 (1H, q, J = 7.2 H2) 46.9+47.1, CH C2—HI1 (),

3 3.65+3.67 (3H, 5) 52.34+52.43, CHa i

4 5.24-5.28 (1H, 5) 56.40+56.47, CH Ca—H5(), HI(J), NHA(J)

5 6.84-6.85 (1H, m) 117.3, CHarom C5—HS(2J), NHy("J)

6 - 122.24+122.25, Cq C6—H5(J), H8(2J), HO()

7 - 123.86+123.94, C, C7—H4(2J), H5(J), NHyCJ)

8 7.23 (1H, m) 1295, CHarom C8—HI()

9 7.23 (1H, m) 129'28;%;9'74’ CO—HA4(3J), H8(J), NH.(J), NHy(J)
10 - 154.84+154.88, Cq | C10—H4(%), H5(2J), H8(J), HO(J), NHy(J)
11 - 155.8+155.9, Cq ClI—H2(), HA(J), NHo(2))

12 - 170.03+170.07, Cq C12HI (), H2(2), H3()

13 - 172.05+172.09, Cq C13H2(%J), HA(3), NH(3))
NH, 8.50+8.51 (1H, 5) - :
NH, 10.19+10.21 (1H, 5) - i

Note: The *H- and **C-NMR-spectra show a mixture of rotamers.
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6.3.3.1.3 Synthesis of (2S)-methyl 2-(3-(5-chloro-2-oxo0-2,3-dihydrobenzofuran-3-
ylureido)-3-methylbutanoate (297)

o Glyoxylic acid monohydrate (188) /ZE
J\ \/g(o p-Chlorophenol (290) HN N
> @)
HN™ N > o cl H N
H TFA, 72 °C, 4h o 3
0]

O
C7H14N203 C15H17CIN2O5
174.20 g/mol 340.76 g/mol
1.00g 047¢g
244 24% 297

Prepared according to GP-V using (S)-methyl 3-methyl-2-ureidobutanoate 244 (1.00 g,
5.74 mmol, 1.0eq.), glyoxylic acid monohydrate 188 (0.53g, 5.74 mmol, 1.0eq.), p-
chlorophenol 290 (0.89 g, 6.89 mmol, 1.2eqg.) in 9ml of TFA. 297 was obtained as a

colourless solid in a yield of 24%.
Yield: 0.47 g (1.38 mmol, 24%).

Appearance: Colourless solid.

Ri-Value: 0.56 (SiO,, DCM/MeCOH 20:1).

IR: v [cm™] = 3325 (br), 2966 (w), 1776 (m), 1704 (vs), 1600 (w), 1552 (w), 1500 (m), 1427 (s),
1280 (s), 1215 (m), 1175(m), 1116 (m), 1011 (w), 941 (w), 911 (w), 891 (w), 857 (w),
816 (m).

MP: 121 °C.

HR-MS (ESD): Theor.[M+H]*: 341.08987, found: 341.09031.

Theor.[M+Na]*: 363.07182, found: 363.07224.
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Table 62: 1D and 2D-NMR data of (2S)-methyl 2-(3-(5-chloro-2-oxo-2,3-dihydrobenzofuran-3-yl)ureido)-3-
methylbutanoate (297) in DMSO-ds, at 298 K and 500 MHz for 'H and 125 MHz for 3C.

No. o1 [ppm], J in [Hz] dc [ppm], mult. HMBC (*J)
1 0.89 (3H, d, J = 6.8 Hz) 18.92+18.94, CHj C1—H2(J), H3(2J), H6())
2 1.03 (3H, d, J = 6.8 Hz) 20.50+20.58, CH; C2—HI1(J), H3(2J), H6())
3 2.52 (1H, m) 27.9+28.1, CH C3—HI(X), H2(2J), H6(Y)
4 3.63 (3H, 5) 52.01+52.10, CHs i
5 5.32 (1H, d, J = 0.8 Hz) 56.12+56.42, CH C5—H7(*3), H10(J), NH(2))
6 433 (1H, d, = 6.5 Hz) 56.97+57.06, CH Co—HI1(J), H2(J), H3(Y)
7 6.86 (1H, d, J = 8.7 Hz) 117'2c4|: 17.27, CT—H10(*3), NHy(J)
rom
8 } 122.19+122.22, C, C8—H7(J), H10(d), HL1(Y)
9 : 123.6+123.7, Cq CI9—H5(2J), H7(J), NHy(J)
10 7.19 (1H, d, J = 2.7 Hz) 129.35+129.67, C10—H5(3J), H11(J)
CHarom
1 (1H, dd7,'§ i+g.'72,52.7 H2) 129'?:2&5“9'557 CH-HI0(9)
12 ; 154.82+154.86, C, |  Cl2—H7(2), H10(3J), H11(J), NHy(%J)
13 : 156.20+156.29, Cq C13—H5(3J), H6(J), NHq(2))
14 ; 168.8+168.9, C C14—H3(3J), HA(J), H6(%))
15 : 172.33+172.44, C, C15—H5(2J), H6(J), NH, (%))
NH, 8.53+8.55 (1H, s)
NH; 10.2+10.22 (1H, 5) ; i

Note: The *H- and **C-NMR-spectra show a mixture of rotamers.
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6.3.3.1.4 Synthesis of (2S,3S)-methyl 2-(3-(5-chloro-2-oxo0-2,3-dihydrobenzofuran-3-
ylureido)-3-methylpentanoate (299)

. Glyoxylic acid monohydrate (188) o) “
-Chlorophenol (290 :
ji p-Chlorophenol (290) _ HN/Z<
O ° Cl N )
HoN™ °N TFA, 72 °C, 4h H N
O

CgH16N203 C16H19CIN2O5
188.22 g/mol 354.79 g/mol

1.00 g 0.50 g

245 27% 299

Prepared according to GP-V using (2S,3S)-methyl 3-methyl-2-ureidopentanoate 245 (1.00 g,
5.31 mmol, 1.0eq.), glyoxylic acid monohydrate 188 (0.49g, 5.32 mmol, 1.0eq.), p-
chlorophenol 290 (0.82 g, 6.37 mmol, 1.2eq.) in 9ml of TFA. 299 was obtained as a
colourless solid in a yield of 27%.

Yield: 0.50 g (1.41 mmol, 27%).

Appearance: Colourless solid.

Ri-Value: 0.07 (SiO,, DCM/MeOH 50:1).

IR: o [em™] = 3309 (br), 2963 (w), 2329 (w), 1868 (w), 1844 (w), 1772 (w), 1702 (vs), 1653 (w),
1647 (w), 1635 (w), 1616 (W), 1576 (w), 1558 (w), 1541 (w), 1522 (w), 1508 (m), 1498 (m),
1489 (w), 1473 (w), 1430 (s), 1387 (w), 1362 (w), 1339 (w), 1279 (m), 1204 (w), 1116 (m),
1020 (w), 1003 (w), 949 (w), 909 (w), 888 (w), 878 (W), 856 (w), 837 (w), 828 (w), 816 (m).

MP: 157 °C.
HR-MS (ESD): Theor.[M+H]*: 355.10552, found: 355.10600.

Theor.[M+Na]*: 377.08747, found: 377.08790.
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Table 63: 1D and 2D-NMR data of (2S,3S)-methyl 2-(3-(5-chloro-2-oxo-2,3-dihydrobenzofuran-3-yl)ureido)-3-
methylpentanoate (299) in DMSO-ds, at 298 K and 500 MHz for *H and 125 MHz for 3C.

No. o1 [ppm], J in [Hz] dc [ppm], mult. HMBC (*J)

1 0.83 (3H, t, J = 7.4 Hz) 10.8+10.9, CHs Cl—H3(2J), H4CJ),

2 1.00 (3H, d, 1= 6.7 Hz) 16.41+16.44, CH Co—H3(3J), HAEI), HTCJ)

1.03-1.09 (LH, m); 1.52 (1H, o

3 3143, 10875 1) 24.8+24.9, CH, C3—HI1(2J), H2(J), Ha(3), HT())
4 2.26-2.37 (1H, m) 33.7+34.0, CH Ca—HI1(J), H2(3), H3(), HT(3)
5 3.62+3.64 (3H, 5) 52.02+52.10, CHa i

6 5.28+5.33 (1H,d, J =08 HzZ) | 56.03+56.35, CH Co—H11(), NHo(3)

7 437+439 (1H,d, J=80Hz) | 56.30+56.41, CH CT—H2(J), HA()

8 6.86+6.88 (1H, d, J = 8.7 Hz) 117'2C6; 117.29, C8—NH;("J)

arom
9 i 122.20+122.22, Cq CI—HS(3J), H11(2)), H12(3)
10 i 123.66+123.74, Cq C10—H6(2), H8(3J), NHy(%J)
11 7.15+7.20 (1H, d, J = 2.7 Hz) 129'37 129.62, C11—H6())
arom
7.24+7.25 129.51+129 54, ;
12 (1H, dd, J = 8.6, 2.4 H2) CHarom C12—H11())
CI3H6(%J), H8(2J), H11(J), H12C)),

13 i 154.83+154.86, C, NHED

14 ; 156.19+159.28, Cq Cl4—H6(J), H7(3J), NHo(2))
15 i 168.85+168.97, Cq C15-H5(J), H7(3)

16 i 172.32+172.41, Cq Cl6—H6(4), H7(%J), NHo())
NH, 8.53+8.55 (1H, 5) i i
NH; | 10.17+10.19 (1H, d, J = 8.0 Hz) i :

Note: The *H- and **C-NMR-spectra show a mixture of rotamers.
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6.3.3.1.5 Synthesis of (2S)-methyl 2-(3-(5-chloro-2-oxo0-2,3-dihydrobenzofuran-3-
ylureido)-4-methylpentanoate (301)

Glyoxylic acid monohydrate (188) O
O p-Chlorophenol (290) HN/Z<
M o = Cl N o
H,N~ N ~ TFA, 72 °C, 4h H N\
H o o) @)
(0]
CSH16N203 C16H1gC|N205
188.22 g/mol 354.79 g/mol
1.00g 0.45¢g
246 24% 301

Prepared according to GP-V using (S)-methyl 4-methyl-2-ureidopentanoate 246 (1.00 g,
5.31 mmol, 1.0eq.), glyoxylic acid monohydrate 188 (0.49g, 5.32 mmol, 1.0eq.), p-
chlorophenol 290 (0.82 g, 6.38 mmol, 1.2eqg.) in 9ml of TFA. 301 was obtained as a

colourless solid in a yield of 24%.

Yield: 0.45 g (1.27 mmol, 24%).

Appearance: Colourless solid.

Rs-Value: 0.33 (SiO2, DCM/MeOH 60:1).

IR: v [cm™] = 3309 (br), 2959 (w), 2872 (w), 2083 (w), 1776 (m), 1699 (vs), 1599 (w), 1498 (m),
1424 (s), 1389 (w), 1368 (w), 1318 (w), 1276 (m), 1217 (m), 1173 (w), 1135 (w), 1115 (w),
1026 (w), 989 (w), 955 (w), 888 (w), 818 (m).

MP: 80 °C.
HR-MS (ESD): Theor.[M+H]*: 355.10552, found: 355.10601.

Theor.[M+Na]*: 377.08747, found: 377.08800.
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Table 64: 1D and 2D-NMR data of (2S)-methyl 2-(3-(5-chloro-2-oxo-2,3-dihydrobenzofuran-3-yl)ureido)-4-
methylpentanoate (301) in DMSO-ds, at 298 K and 500 MHz for *H and 125 MHz for *3C.

No. o1 [ppm], J in [Hz] dc [ppm], mult. HMBC (*J)
1 0.87-0.89 (3H, d, J = 6.5 Hz) 20.9, CHs C1—H2(3]), H3(2J), H4(3J)
2 0.90-0.91 (3H, d, J = 6.5 Hz) 23.18+23.19, CHs C2—H1(%J), H3(2J), H4(%J)
3 1.54-1.64 (1H, m) 24.0+24.1, CH C3H1(3), H2(2J), H4(2J), H5(3))
1.72-1.79 (1H, m); 5 . 2 2
4 2.03-2-13 (1H, m) 36.5+36.6, CH, C4—H1(%), H2(%), H3(%), H5(X)
4.65+4.67 ] . ) 4
5 (1H, 6, = 11.1. 4.5 Hz) 50.04-50.15, CH C5—H2(4J), HA(J), NHo(4)
6 3.65+3.67 (3H, 5) 52.4+52.5, CH3 -
7 5.30+5.36 (1H, d, J = 1.1 Hz) 56.0+56.1, CH C7—HS8(*J), H11(3J), NH.(J)
8 6.87+6.88 (1H, d, J = 8.6 H2) 117'2C5; 117.33, C8—NH;(1J)
arom
9 - 122.3, Cq C9—HS(%J), H11(2J), H12(2J)
10 - 123.68+123.72, Cq C10—H7(X), H8(3J), NHy()
11 7.18+7.21 (1H, d, J = 2.7 Hz) 129.3, CHarom C11—H7(3J), H12(%)
7.23+7.26 )
] C13—H7(3)), H8(2J), H11(3), H12()),
13 154.8+154.9, Cq NHIC)
14 - 156.0+156.1, Cq C14—H5(%J), H7(3), NHo(J)
15 - 169.87+169.92, C, C15—H4(%), H5(J), H6(%))
16 - 172.32+172.37, Cq C16—H5(8J), H7(23), NHJ())
NHq 8.55 (1H, s) - -
NH; 10.16 (1H, d, J = 3.8 Hz) - -

Note: The *H- and **C-NMR-spectra show a mixture of rotamers.
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6.3.3.1.6 Synthesis of (2S)-methyl 2-(3-(5-chloro-2-oxo0-2,3-dihydrobenzofuran-3-
ylureido)-4-(methylthio)butanoate (303)

s~ . ST
Glyoxylic acid monohydrate (188) 0
0 p-Chlorophenol (290) HN/Z<
M 0 TFA, 72 °C, 4h " o N ©
H,N” N ~ ’ : m N
H O o
o o
C7H14N503S C15H47CIN,O5S
206.26 g/mol 372.82 g/mol
2.00g 1.36 g
247 38% 303

Prepared according to GP-V using (S)-methyl 4-(methylthio)-2-ureidobutanoate 247 (2.00 g,
9.70 mmol, 1.0eq.), glyoxylic acid monohydrate 188 (0.89 g, 9.67 mmol, 1.0eq.), p-
chlorophenol 290 (1.49 g, 11.6 mmol, 1.2 eq.) in 16 ml of TFA. 303 was obtained as a pale-
yellow solid in a yield of 38%.

Yield: 1.36 g (3.65 mmol, 38%).

Appearance: Pale-yellow solid.

Ri-Value: 0.36 (SiO,, DCM/MeOH 40:1).

IR: v [em™] = 3324 (m), 2955 (w), 2920 (W), 2875 (w), 1776 (w), 1705 (vs), 1648 (w), 1636 (W),
1601 (w), 1536 (w), 1499 (w), 1430 (s), 1362 (w), 1278 (m), 1245 (w), 1199 (w), 1176 (w),
1119 (w), 1094 (w), 1053 (w), 987 (w), 966 (w), 958 (w), 938 (w), 907 (w), 894 (w), 818 (w),
808 (w).

MP: 226 °C.
HR-MS (ESD): Theor.[M+H]*: 373.06194, found: 373.06239.

Theor.[M+Na]*: 395.04389, found: 395.04416.
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Table 65: 1D and 2D-NMR data of (2S)-methyl 2-(3-(5-chloro-2-oxo-2,3-dihydrobenzofuran-3-yl)ureido)-4-
(methylthio)butanoate (303) in DMSO-ds, at 298 K and 500 MHz for *H and 125 MHz for 13C.

No. o1 [ppm], J in [Hz] dc [ppm], mult. HMBC (*J)

1 2.05 (3H, s) 14.45+14.46, CH3 C1-H3¢)

2 2.27 (2H, m) 27.4+27.7,CH, C2—H3(), H4(2)

3 2.46 (1H, m); 2.56 (1H, m) 29.55+29.63, CH. C3—HIC), H2(2)

4 4.81 (1H, m) 50.5+50.7, CH C4—H2(2J), H3(3J)

5 3.66+3.68 (3H, s) 52.50+52.6, CH3 -

6 5.28+5.34 (1H, d, J = 1.1 Hz) 56.3+56.4, CH C6—H7(4), H11(3J), NHy(2)

7 6(.?376&8326&38.8 223)8 117.2C5|_4|-a2rljn7.30, CT—NHy ()

8 - 122.26+122.27, C, C8—H10(2), H11(2), H7(3))

9 - 123.63+123.65, Cq C9—H6(2), H7(3J), NHp(J)
10 7.24 (1H, m) 129'?:5:;5“9'57’ C10—H11¢%)

11 7.24 (1H, m) 129.7+129.9, CHarom C11—H6(3J), H10(3J)

3 2 3 3

12 - 154.77+154.84, C, C12—H6(), HLLi}gglo( J). HI1(),
13 - 155.9+156.0, Cq C13—H4(3J), H6(3J), NHq(2J)
14 - 169.4+169.5, C, C14—H2(3), H4(3J), H5())
15 - 172.38+172.40, C, C15—H4(5J), H6(2J), NHq(3J)
NH, 8.55 (1H, s) - -

NH; 10.22 (1H, d, J = 4.9 Hz) - -

Note: The *H- and *C-NMR-spectra show a mixture of rotamers.
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6.3.3.1.7 Synthesis of (2S)-dimethyl 2-(3-(5-chloro-2-oxo0-2,3-dihydrobenzofuran-3-
yl)ureido)succinate (305)

O
Q Glyoxylic acid monohydrate (188) (0]
o o~ p-Chlorophenol (290) HN/[< o—
J 0 . T ¢l N o
H,N N ~ TFA, 72 °C, 4h H N
H O o0
o o
C7H12N205 C15H15CIN2O7
204.18 g/mol 370.74 g/mol
1.00g 0.15¢
2438 8% 305

Prepared according to GP-V using (S)-dimethyl 2-ureidosuccinate 248 (1.00 g, 4.90 mmol,
1.0 eq.), glyoxylic acid monohydrate 188 (0.44 g, 4.90 mmol, 1.0 eq.), p-chlorophenol 390
(0.76 g, 5.88 mmol, 1.2 eq.) in 8 ml of TFA. 305 was obtained as a colourless solid in a yield
of 8%.

Yield: 0.15 g (0.40 mmol, 8%).

Appearance: Colourless solid.

Rs-Value: 0.50 (SiO2, DCM/MeOH 50:1).

IR: v [em™] = 3326 (br), 2956 (w), 2329 (w), 1773 (w), 1708 (vs), 1647 (w), 1636 (w), 1602 (w),
1558 (w), 1541 (w), 1498 (w), 1435 (s), 1373 (w), 1279 (m), 1233 (w), 1174 (m), 1118 (w),
1004 (m), 951 (w), 904 (w), 817 (m).

MP: 95 °C.

HR-MS (ESD): Theor.[M+H]*: 371.06405, found: 371.06458.

Theor.[M+Na]*: 393.04599, found: 393.04631.
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Table 66: 1D and 2D-NMR data of (2S)-dimethyl 2-(3-(5-chloro-2-oxo-2,3-dihydrobenzofuran-3-yl)ureido)succinate
(305) in DMSO-ds, at 298 K and 500 MHz for *H and 125 MHz for 3C.

No. o1 [ppm], J in [Hz] dc [ppm], mult. HMBC (*J)
3.13+3.18
1 (IH, dd’z‘]_szig:gég'o Hz); 33.0+33.2, CH, Cl1—H2(2)
(1H, vt, J = 16.6, 6.8 H2)

2 5.02-5.07 g_?h“;‘;d’ 1=80, 47.7+47.8, CH C2—HI)

3 3.63+3.64 (3H, 5) 51.8, CHs i

4 3.67+3.68 (3H, 5) 52.8+52.9, CHs i

5 5.30+5.33 (1H, d, J = 1.0 H2) 56.0+56.1, CH C5—H6(*J), HI(J), NHo(2J)
2 6(.;33 76d78§+:688.\f7> 3.23)7 117.2C8|:501m7.32, N

7 : 122.34+122.35, Cq CT—H6(J), HI(J), H10(])
8 : 123.62+123.63, C, C8—H5(2J), H6(J), NHy(J)
. 7&'3-77&2?:7.213-':.22)1 129%8;;;9.32, o H5(Y), HI0C)

10 7.25 (1H, dd, = 8.6, 2.7 Hz) 129.6, CHarom C10—H9()

11 : 154.75+154.78, C, Cl1—H5(), HI(), HL0(J), NH ()
12 : 155.5, Cq C12—H2(J), H5(3J), NHo(2))
13 : 168.68+168.74, C, CI3—HI(A), H2(), H4()
14 : 170.13+170.15, Cq Cl4—HI (), H2(2J), H3()
15 : 171.9+172.0, C C15—H2(%J), H5(2), NH, (%))
NH, 8.62+8.63 (LH, d, J = 1.2 Hz) : i
NH; 10.21 (1H, d, J = 3.8 H?) i i

Note: The *H- and **C-NMR-spectra show a mixture of rotamers.
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6.3.3.1.8 Synthesis of (2S)-dimethyl 2-(3-(5-chloro-2-oxo0-2,3-dihydrobenzofuran-3-
ylureido)pentanedioate (307)

0._0 w0
Glyoxylic acid monohydrate (188) o N
p-Chlorophenol (290) /4
i ] N o
(0] TFA, 72 °C, 4h
H,N” N ~ Cl H N
H o o 0]
(o)
C8H14N205 C16H17C|N207
218.21 g/mol 384.77 g/mol
1.00 g 0.28 g
249 16% 307

Prepared according to GP-V using (S)-dimethyl 2-ureidopentanedioate 249 (1.00 g,
4.58 mmol, 1.0eq.), glyoxylic acid monohydrate 188 (0.42g, 4.58 mmol, 1.0eq.), p-
chlorophenol 290 (0.71g, 5.50 mmol, 1.2eq.) in 7ml of TFA. 307 was obtained as a

colourless solid in a yield of 16%.
Yield: 0.28 g (0.73 mmol, 16%).

Appearance: Colourless solid.

Rs-Value: 0.23 (SiO2, DCM/MeOH 80:1).

IR: » [cm] = 3318 (br), 2955 (W), 2924 (w), 2852 (w), 2080 (w), 1778 (), 1699 (vs), 1600 (w),
1497 (m), 1424 (s), 1362 (w), 1326 (w), 1275 (m), 1202 (w), 1173 (m), 1137 (w), 1118 (w),
1094 (w), 1001 (w), 985 (), 907 (w), 858 (W), 819 (m).

MP: 71 °C.
HR-MS (ESD): Theor.[M+H]*: 385.07970, found: 385.08033.

Theor.[M+Na]*: 407.06164, found: 407.06205.
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Table 67:

1D and 2D-NMR data

(2S)-dimethyl
yl)ureido)pentanedioate (307) in DMSO-ds, at 298 K and 500 MHz for *H and 125 MHz for 13C.

2-(3-(5-chloro-2-oxo0-2,3-dihydrobenzofuran-3-

No. o1 [ppm], J in [Hz] dc [ppm], mult. HMBC (XJ)
2.14-2.23 (1H, m); 2 2
1 2.28.2.37 (1H. m) 23.3+23.5, CH; C1—H2(2), H3(3J)
2 2.37-2.45 (2H, m) 29.54+29.59, CH, C2—H1(2), H3(3J)
4.65-4-68+4.69-4.72 2 3
3 (1H. dd, J = 10.4, 4.5 H2) 50.81+50.84, CH C3—HI1(2), H2(3))
4 3.59+3.60 (3H, s) 51.4, CHs -
5 3.66+3.68 (3H, s) 52.46+52.54, CHs -
6 5.28-5.34 (1H, s) 56.3+56.5, CH C6—H7(4), H11(3), NHo(%)
7 6.87 (1H, d, J = 9.0 Hz) 117.26+117.32, C7—NHg("J)
CHarom
8 - 122.28+122.30, Cq C8—H7(%J), H10(A), H11(A)
9 - 123.60+123.64, C, C9—H6(3J), H7(3J), NHp(%J)
10 7.21+7.24 (1H, d, J = 2.6 Hz) 129'504; 129.93, C10—H6(5J), H11(3))
arom
11 7.25 (1H, m) 129.57+129.59, )
CHarom
C12—H6(3J), H7(2), H10(3J), H11(3),
12 - 154.8+154.9, Cq NH, ()
13 - 155.9+156.0, Cq C13—H3(3J), H6(3J), NHy(2)
14 - 169.2+169.3, C, C14—H3(3), H5(3))
15 - 172.35+172.40, C,q C15—H3(8J), HB6(2), NHq(3))
16 - 172.65+172.72, C,q C16—H1(3J), H2(3J), H3(4), H4(J)
NH, 8.56 (1H, s) - -
NH; 10.23+10.24 (1H, s) - -

Note: The *H- and **C-NMR-spectra show a mixture of rotamers.
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6.3.3.1.9 Synthesis of (2S,3R)-methyl 2-(3-(5-chloro-2-oxo0-2,3-dihydrobenzofuran-3-
ylureido)-3-hydroxybutanoate (309)

OH Glyoxylic acid monohydrate (188) o OH
O p-Chlorophenol (290) HN/Z<
H N)J\N (ONQ e H O\
2 H TFA, 72 °C, 4h o) o
@)

o)

CeH12N204 C14H15CIN2Og
176.17 g/mol 342.73 g/mol
1.00 g 0.40 g
250 19% 309

Prepared according to GP-V using (2S,3R)-methyl 3-hydroxy-2-ureidobutanoate 250 (1.00 g,
5.68 mmol, 1.0eq.), glyoxylic acid monohydrate 188 (0.53 g, 5.68 mmol, 1.0eq.), p-
chlorophenol 290 (0.88 g, 6.82 mmol, 1.2eq.) in 10 ml of TFA. 309 was obtained as a

colourless solid in a yield of 19%.
Yield: 0.40 g (.17 mmol, 19%).

Appearance: Colourless solid.

Rs-Value: 0.21 (SiO2, DCM/MeOH 60:1).

IR: v [em™] = 3231 (br), 2955 (w), 2104 (w), 1746 (w), 1690 (vs), 1600 (m), 1497 (m), 1423 (s),
1382 (w), 1362 (w), 1277 (s), 1224 (w), 1175 (m), 1116 (w); 1076 (w), 1026 (w), 945 (w),
900 (w), 885 (w), 864 (w), 819 (w).

MP: 195 °C.

HR-MS (ESD): Theor.[M+H]*: 343.06914, found: 343.06964.

Theor.[M+Na]*: 365.05108, found: 365.05162.
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Table 68: 1D and 2D-NMR data of (2S,3R)-methyl 2-(3-(5-chloro-2-oxo0-2,3-dihydrobenzofuran-3-yl)ureido)-3-
hydroxybutanoate (309) in DMSO-ds, at 298 K and 500 MHz for *H and 125 MHz for 3C.

No. o1 [ppm], J in [Hz] dc [ppm], mult. HMBC (*J)
1 1.24 (3H, d, J = 6.3 Hz) 21.31+21.34, CH3 C1—H4(%)
2 3.65+3.67 (3H, s) 52.2+52.3, CH3 -
3 5.38+5.39 (1H, d, J = 1.1 Hz) 55.4+55.6, CH C3—HI(3J), NH,(2)
4 4(';‘;',45?3+:4f3'ﬁ'f)9 58.2+58.3, CH C4—HI1()
5 4.26-4.35 (1H, m) 63.6+63.8, CH C5—HI1(2), H4(%)
6 6.86+6.88 (1H,d, J=8.7Hz) | 117.2+117.3, CHarom C6—NHg(J)
7 - 122.39+122.42, C4 C7—H6(3), HI(3J), H10(%),
8 - 123.81+123.83, C4 C8—H3(2J), H6(3J), NHp(%J)
9 7.19+7.20 (1H, d, J = 2.7 Hz) 128.88+128.93, C9—H3(3), H10(3)
CHarom
10 (1H, d d?fi’é:é?m H2) 129.5, CHarom C10—H9(}))
3 2 3 3
11 - 154.7+154.8, C, CII—H3(), Hl\?lg ;()gJ)F'Q( 9), H10(),
12 - 156.5+156.6, Cq C12—H3(3J), H4(3)), NHy(¥)
13 - 168.2, Cq C13—H2(3), H4(Y)
14 - 172.7+172.9, C, C14—H3(3), H4(8J), NH,(3))
OH 4.88+5.03 (1H, d, J = 7.0 Hz) - -
NH, 8.64+8.68 (1H, s) - -
NH; 10.22+10.23 (1H, s) - -

Note: The *H- and **C-NMR-spectra show a mixture of rotamers.
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6.3.3.1.10 Synthesis of (2S)-methyl 2-(3-(5-chloro-2-oxo0-2,3-dihydrobenzofuran-3-
ylureido)-3-phenylpropanoate (313)

Glyoxylic acid monohydrate (188) 0]
0 p-Chlorophenol (290) - HN/Q
L cl N 0
HON” SN O TFA, 72 °C, 4h \@\/g: H N
2 O
H O
O o
C11H14N203 C19H17CIN2O5
222.24 g/mol 388.80 g/mol
1.00g 0.40g
253 23% 313

Prepared according to GP-V using (S)-methyl 3-phenyl-2-ureidopropanoate 253 (1.00 g,
4,50 mmol, 1.0eq.), glyoxylic acid monohydrate 188 (0.42 g, 4.50 mmol, 1.0eq.), p-
chlorophenol 290 (0.69 g, 540 mmol, 1.2eq.) in 7ml of TFA. 313 was obtained as a

colourless solid in a yield of 23%.

Yield: 0.40 g (1.03 mmol, 23%).

Appearance: Colourless solid.
Ri-Value: 0.35 (SiO2, DCM/MeOH 20:1).

IR: v [em™] = 3325 (w), 2955 (w), 2330 (w), 1773 (w), 1705 (s), 1647 (w), 1635 (w), 1597 (w),
1556 (w), 1541 (w), 1497 (w), 1454 (w), 1430 (m), 1363 (w), 1326 (w), 1279 (m), 1249 (w),
1204 (w), 1175 (w), 1118 (w), 1032 (w), 996 (w), 967 (w), 960 (w), 950 (w), 907 (w), 879 (w),
816 (w).

MP: 206 °C.
HR-MS (ESD): Theor.[M+H]*: 398.08987, found: 397.08991.

Theor.[M+Na]*: 411.07182, found: 411.07179.
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Table 69: 1D and 2D-NMR data of (2S)-methyl 2-(3-(5-chloro-2-oxo-2,3-dihydrobenzofuran-3-yl)ureido)-3-
phenylpropanoate (313) in DMSO-ds, at 298 K and 500 MHz for *H and 125 MHz for 3C.

No. o1 [ppm], J in [Hz] dc [ppm], mult. HMBC (*J)

1 3?3281;231% ((11':| ”r:])) 33.45+33.41, CH, C1—H3(J), H11(3)

2 3.70+3.72 (3H, 5) 52.62+52.56, CHa i

3 4.95-5.00 (1H, m) 52.66, CH C3-H1(),

4 5.19+5.30 (1H, d, J = 1.1 H?) 545+54.4, CH C4—H5(3), HO(J), NHo(2)
5 6.84+6.86 (1H, d, J=8.7 Hz) | 117.3+117.1, CHarom C5—NHy("J)

6 122.45+122.42, C, C6—H5(J), HO(J), H12(2)
7 123.51+123.50, Cq C7—H4(3), H5(J), NHy()
8 7.23 (1H, m) 126.8+126.7, CHarom C8—H11()

9 6.67+6.82 (1H, d, 1= 2.7 Hz) | 127.8+127.6, CHarom Co—H4(J), H12()

10 7.27 (2H, m) 1282?(?;5;35’ C10—H10(%))

11 7.16+7.21 (2H, m) 1282'%’:393’ C11-H1(), H11())

12 7.21 (1H, m) 129"(‘:5;%5“9'42' C12—H9()

13 i 136.92+136.89, Cq C13—H1(J), H10())

14 : 154.64+154.63, C, C14—H9(J), H12¢J), NHy())
15 i 155.9+155.7, C, C15—H3(J), HACJ), NHl(2)
16 : 169.14+169.07, Cq C16—H1(J), H2(%J), H3(3)
17 i 171.9+1718, C C17—H3(J), HARJ), NH(%)
NHq 8.52 (1H, 5)
NH; 10.17+10.18 (1H, 5)

Note: The *H- and **C-NMR-spectra show a mixture of rotamers.
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6.3.3.1.11 Synthesis of (3S)-methyl 3-(3-(5-chloro-2-oxo0-2,3-dihydrobenzofuran-3-
ylureido)-4-(((S)-1-methoxy-1-oxo0-3-phenylpropan-2-yl)amino)-4-oxobutanoate (325)

0 O O
Cl HN—
~0 ’ 1) Glyoxylic acid monohydrate (188) m HN;gj( —
N N\_)ko/ p-Chlorophenol (290) - o o 5 N\I\-I 0
o) = TFA, 72 °C, 4h N O: —
e O
C16H21N306 C24H24CIN3Og
351.35 g/mol 517.92 g/mol
0.50¢ 017 g
261 23% 325

Prepared according to GP-V using (S)-methyl 4-(((S)-1-methoxy-1-ox0-3-phenylpropan-2-
yl)amino)-4-oxo-3-ureidobutanoate 261 (0.50g, 1.42 mmol, 1.0eq.), glyoxylic acid
monohydrate 188 (0.13g, 1.42 mmol, 1.0eq.), p-chlorophenol 290 (0.22 g, 1.70 mmol,
1.2 eq.) in 3 ml of TFA. 325 was obtained as a colourless solid in a yield of 23%.

Yield: 0.17 g (0.33 mmol, 23%).

Appearance: Colourless solid.

Ri-Value: 0.40 (SiO,, DCM/MeCOH 40:1).

IR: ¥ [em™] = 3325 (br), 2953 (W), 2924 (w), 2853 (w), 1779 (w), 1715 (vs), 1681 (m), 1603 (w),
1532 (w), 1497 (m), 1426 (s), 1371 (w), 1278 (m), 1221 (m), 1203 (w), 1177 (m), 1014 (w),
944 (w), 903 (), 820 (m).

MP: 147 °C.
HR-MS (ESI): Theor.[M+H]*: 518.13246, found: 518.13259.

Theor.[M+Na]*: 540.11441, found: 540.11427.
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Table 70: 1D and 2D-NMR data of (3S)-methyl 3-(3-(5-chloro-2-o0xo-2,3-dihydrobenzofuran-3-yl)ureido)-4-(((S)-1-
methoxy-1-0x0-3-phenylpropan-2-yl)amino)-4-oxobutanoate (325) in DMSO-ds, at 298 K and 500 MHz for 'H and
125 MHz for 13C.

No. on [ppm], J in [HZ] dc [ppm], mult. HMBC (*J)
2.69-2.77 (dd, J = 16.4, 6.7 H2);
1 3.02-3.13 32.7+33.1, CH; Cl-H3()
(1H, dd, J = 16.4, 7.8 H)

2 2.88-3.01 (1H, m); 2.98 (1H, m) | _ 36.3+36.4, CH; C2—H6(2J), H13(J), NHamige(%)
3 4.85-4.90 (1H, m) 48.6+49.2, CH C3-HI1(2)

4 3.59-3.60 (3H, ) 51.60+51.62, CH; i

5 3.58-3.59 (3H, 5) 51.90+51.93, CH; i

6 4'38'4'458%’1{6_‘1""1;‘;’)3 =111, 54.2+54.3, CH C6—H2(2J), NHamige(2))

7 5.15+5.28 (1H, d, J = 1.1 H2) 55.7+56.3, CH CT—HS8(3), H14(J), NHq(2))
8 6.85 (1H, d, J = 8.7 Hz) 117'%:7;" 117.22, :

arom

9 } 122.5+122.6, Cq CI—HS(3J), H14(2J), H15()
10 : 123.94+123.95, C, C10—H7(2J), H8(J)

11 7.19 (1H, m) 126.49+126.51, ClI—HI3())

CHarom

12 7.26 (2H, m) 128.24, 2XCHarom Cl12—H12(%)

13 7.18 (2H, m) 1229)'(%’;41511' C13—H2(3J), H11(J)

14 7.25+7.38 (1H, d, J = 2.7 Hz) 129"&1;502”19'58’ Cl4—H7(3J), H15(J)

15 7.24 (1H, m) 129.46, CHaror C15—H14(J)

16 : 137.16+137.19, C, Cl6—H2(2J), H6(J), H12())
17 ; 154.68+154.72, Cq Cl7—H7(J), H8(2J), H14(J), H15(C])
18 : 155.7+156.0, Cq C18—H3(J), H7(3J), NHo(2))
19 : 167.5+167.6, Cq C19—H1(3J), H3(4), H6(J), NHamige(2)
20 : 170.6+170.7, Cq C20—HI(3), H3(J), HA()
21 : 171.8+171.9, C, C21—H2(3J), H5(J), H6(%])
22 ; 172.14172.3, C, C22-H7(3), NHJ())

NHamige | 8.65+8.66 (1H, d, J = 6.0 Hz) i ]

NH. | 8.47+853 (1H,d, J=12 H2) i i
NH; 10.19+10.22 (1H, ) : ;

Note: The *H- and *C-NMR-spectra show a mixture of rotamers.
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6.3.3.1.12 Synthesis of  2-(3-(5-(2-chloroethyl)-2-oxo-2,3-dihydrobenzofuran-3-
ylureido)acetic acid (294)

0 Glyoxylic acid monohydrate (188) /ZZ)
HN

4-(2-chloroethyl)phenol (289)

)J\ OH - N OH
H,N N/Y - Cl HWZ/
Hol TFA, 72 °C, 4h ) o 4

C3HeN203 C13H13CIN2O5
118.09 g/mol 312.71 g/mol
050g 0.30 g
265 23% 294

Prepared according to GP-V using 2-ureidoacetic acid 265 (0.50 g, 4.23 mmol, 1.0 eq.),
glyoxylic acid monohydrate 188 (0.39 g, 4.23 mmol, 1.0 eq.), 4-(2-chloroethyl)phenol 289
(0.80 g, 5.08 mmol, 1.2 eq.) in 5 ml of TFA (1.8 ml per 1 mmol of the alcohol/thiol). 294 was
obtained as a light-yellow solid in a yield of 23%.

Yield: 0.30 g (0.96 mmol, 23%).

Appearance: Light-yellow solid.

Rs-Value: 0.52 (SiO2, DCM/MeOH 20:1 + 1% AcOH).

IR: v [em™] = 3296 (br), 2926 (w), 2331 (w), 1775 (m), 1706 (vs), 1616 (w), 1513 (m), 1456 (m),
1439 (m), 1392 (w), 1331 (w), 1280 (w), 1240 (m), 1207 (w), 1157 (m), 1110 (w), 1074 (w),
926 (m), 851 (w), 823 (w).

MP: Decomposition above 216 °C.
HR-MS (ESI): Theor.[M+H]*: 313.05857, found: 313.05886.

Theor.[M+Na]*: 335.04052, found: 335.04081.
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Table 71: 1D and 2D-NMR data of 2-(3-(5-(2-chloroethyl)-2-0x0-2,3-dihydrobenzofuran-3-yl)ureido)acetic acid (294)
in DMSO-ds, at 298 K and 500 MHz for *H and 125 MHz for 13C.

No. on [ppm], J in [Hz] dc [ppm], mult. HMBC (XJ)
1 2.90 (2H, td, J = 7.2, 3.4 Hz) 37.5, CH, C1—H3(%), HI(J)
2 4.09 (2H, s) 39.1, CH; -
3 3.75 (2H, t, J = 7.2 Hz) 45.4, CH, C3—HI1(3)
4 5.30 (1H, d, J = 1.0 Hz) 56.3, CH C4—HS8(3J), NH,(2)
5 6.77 (1H, d, J = 8.1 Hz) 115.5, CHarom C5—NH;("J)
6 - 121.8, Cq C6—H4(2J), H5(3J), HI(*J), NHp(%J)
7 - 128.6, C, C7—H1(¥), H3(3J), H5(3J)
8 7.11 (1H, m) 129.8, CHarom C8—H4(3J), HI(3J)
9 7.10 (1H, m) 130.2, CHarom C9—HI13J), H8(3J)
10 - 154.5, C, C10—H4(3), H5(2J), H8(3J), HI(3J), NH5(8J)
11 - 156.3, Cq C11—-H2(3), HA(3J), NHy(¥)
12 - 169.0, C, C12—>H2(3)
13 - 172.9, Cq C13—H2(8J), HA(), NHqo(3))
NH, 8.50 (1H, d, J = 1.1 Hz) - -
NH; 9.76 (1H, s) - -
COOH 13.07 (1H, s) - -
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6.3.3.1.13 Synthesis of (2S)-2-(3-(5-chloro-2-oxo0-2,3-dihydrobenzofuran-3-
ylureido)propanoic acid (296b)

0 Glyoxylic acid monohydrate (188) /Zz)
J\ p-Chlorophenol (290) HN
OH - N OH

HN" N TFA, 72 °C, 4h “
H O 3 y O O
o)

C4HgN204 C12H41CIN2O5
132.12 g/mol 298.68 g/mol
2.00g 102 g
266 23% 296b

Prepared according to GP-V using (S)-2-ureidopropanoic acid 266 (2.00 g, 15.1 mmol,
1.0 eq.), glyoxylic acid monohydrate 188 (1.39 g, 15.1 mmol, 1.0 eq.), p-chlorophenol 290
(2.33 g, 18.1 mmol, 1.2 eq.) in 24 ml of TFA. In this case no column chromatography was
done, since the product was already pure. 296b was obtained as a colourless solid in a yield of

24%.

Yield: 1.02 g (3.42 mmol, 23%).

Appearance: Colourless solid.

IR: v [cm*] = 3304 (w), 3149 (br), 1759 (m), 1745 (w), 1686 (vs), 1599 (w), 1499 (w), 1455 (m),
1445 (m), 1427 (m), 1392 (w), 1362 (w), 1290 (m), 1261 (w), 1232 (m), 1185 (m), 1114 (w),
1073 (w), 1013 (w), 989 (w), 908 (w), 893 (w), 854 (w), 825 (m).

MP: Change of colour: 248 °C; Melting at 254 °C.

HR-MS (ESD): Theor.[M+Na]*: 321.02487, found: 321.02498.

214



6. Experimental section

Table 72: 1D and 2D-NMR data of (2S)-2-(3-(5-chloro-2-ox0-2,3-dihydrobenzofuran-3-yl)ureido)propanoic acid
(296b) in DMSO-ds, at 298 K and 500 MHz for *H and 125 MHz for 13C.

No. o1 [ppm], J in [Hz] dc [ppm], mult. HMBC (*J)
1 1.45(3H,d, J=7.2 Hz) 145, CH3 Cl—H2(%)
2 4.62 (1H, g, J = 7.3 H2) 47.7,CH C2—H1(¥)
3 5.24 (1H,d, J= 1.1 Hz) 56.6, CH C3—H4(*), H8(3J), NH. (%)
4 6.84-6.86 (1H, m) 117.7, CHarom C4—H7(2), NHp("J)
5 - 122.7, Cq C5—H4(}), H7(2), H8(X)
6 - 124.4, C, C6—H3(2J), H4(3J), NHp(%J)
7 7.23 (1H, m) 129.9, CHarom C7—H8(%)
8 7.24 (1H, m) 130.1, CHarom C8—H3(%), H7(})
9 - 155.3, Cq C9—H3(3), H4(2), H7(3J), H8(3J), NHp(%J)
10 - 156.7, Cq C10—H2(3J), H3(3J), NHy(2)
11 - 171.6, Cq Cl1-HI®)), H2(A)
12 - 172.6, Cq C12—H2(%), H3(%J), NH.(}J)
NH, 8.47 (1H,d, J = 1.2 Hz) - -
NHg 10.18 (1H, s) - -
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6.3.3.1.14 Synthesis of (2S)-2-(3-(5-(2-chloroethyl)-2-ox0-2,3-dihydrobenzofuran-3-
ylureido)propanoic acid (296a)

0 Glyoxylic acid monohydrate (188) /Zz)
)J\ 4-(2-chloroethyl)phenol (289) HN
OH - N OH

HN" N TFA, 72 °C, 4h ¢
H O y ) o O
o)

C4HgN,03 C14H15CIN2O5
132.12 g/mol 326.73 g/mol
100 g 0.93g
266 38% 296a

Prepared according to GP-V using (S)-2-ureidopropanoic acid 266 (1.00g, 7.57 mmol,
1.0eq.), glyoxylic acid monohydrate 188 (0.70g, 7.57mmol, 1.0eq.), 4-(2-
chloroethyl)phenol 289 (1.42 g, 9.08 mmol, 1.2 eq.) in 12 ml of TFA. 296a was obtained as a

colourless solid in a yield of 38%.
Yield: 0.93 g (2.85 mmol, 38%).

Appearance: Colourless solid.

Rs-Value: 0.07 (SiO2, DCM/MeOH 25:1 + 1% AcOH).

IR: v [cm?] = 3684 (w), 3670 (br), 2988 (s), 2972 (s), 2901 (s), 1702 (s), 1514 (w), 1438 (m),
1407 (m), 1394 (m), 1394 (w), 1382 (w), 1250 (m), 1242 (m), 1230 (m), 1153 (w), 1076 (vs),
1066 (vs), 1057 (vs), 1028 (m), 892 (w), 880 (w), 822 (w).

MP: Change of colour: 104 °C; Melting at 145 °C.
HR-MS (ESI): Theor.[M+H]*: 327.07422, found: 372.07437.

Theor.[M+Na]*: 349.05617, found: 349.05646.
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Table 73: 1D and 2D-NMR data of (2S)-2-(3-(5-(2-chloroethyl)-2-0x0-2,3-dihydrobenzofuran-3-yl)ureido)propanoic

acid (296a) in DMSO-ds, at 298 K and 500 MHz for *H and 125 MHz for 3C.

No. ou [ppm], J in [Hz] dc [ppm], mult. HMBC (XJ)

1 1.43+1.45 (3H, d, J = 7.2 Hz) 14.1+14.4, CH Cl—H4())

2 2.90 (2H, t, J = 7.2 Hz) 37.42+37.45, CH, C2—H3(2J), H10(%)

3 3.75 (2H, t, 1 = 7.2 H2) 455, CH, C3H2())

4 4.60+4.63 (1H, q, J = 7.2 H2) 46.9+47.2. CH CamH1(2)

5 5.14+5.20 (1H,d, J= 1.0 Hz) | 56.67+56.70, CH C5—H6(“J), H10(3J), NHo(2)

6 6.77 (1H, d, J = 8.0 Hz) 115"&8; 115.52, C6—NH;(J)

arom

7 121.9+122.0, C, CT—H5(4), H6(J), H10(2J), NH5(J)
8 128.46+128.48, Cq C8—H2(2J), H3(J), H6(J)

9 7.08 (1H, m) 130.2, CHarom CI9—H2(3J), H10(%)

10 7.09 (1H, m) 130.3+130.4, CHarom C10—H5(J), HI()

ERTLIE 2 3 3

11 154.57+154.58, Cq CHI—H5()), H,\ﬁg ;()gj')*g( 9), H10(),
12 156.1+156.3, Cq C12—H4(J), H5(3J), NHo(2))

13 17118, C, C13—H1(), HAQ)

14 172.6+172.7, Cq Cl14—H4(J), H5(2J), NHo())
NH. | 8.39+8.42(1H,d, J=1.1 Hz) - i
NHp 9.74+9.76 (1H, 5) - i

COOH 12.90 (1H, 5) - ;

Note: The *H- and *C-NMR-spectra show a mixture of rotamers.
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6.3.3.1.15 Synthesis of (2S)-2-(3-(5-(2-chloroethyl)-2-ox0-2,3-dihydrobenzofuran-3-
ylureido)-3-methylbutanoic acid (298)

o Glyoxylic acid monohydrate (188) 0
J\ 4-(2-chloroethyl)phenol (289) HN/Z<
H,N” N OH - > Cl N OH
H 5 TFA, 72 °C, 4h o 4
)
CeH12N203 C16H19CIN2O5
160.17 g/mol 354.79 g/mol
1.00g 0.77 g
267 35% 298

Prepared according to GP-V using (S)-3-methyl-2-ureidobutanoic acid 267 (1.00 g,
6.24 mmol, 1.0eq.), glyoxylic acid monohydrate 188 (0.57 g, 6.24 mmol, 1.0eq.), 4-(2-
chloroethyl)phenol 289 (1.17 g, 7.49 mmol, 1.2 eq.) in 10 ml of TFA. 298 was obtained as a
yellow solid in a yield of 35%.

Yield: 0.77 g (2.17 mmol, 35%).

Appearance: Yellow solid.

Rs-Value: 0.09 (SiO2, DCM/MeOH 20:1 + 1% AcOH).

IR: D [em] = 3662 (w), 3649 (W), 3294 (br), 2988 (), 2971 (s), 2901 (s), 1770 (w), 1704 (vs),
1615 (w), 1514 (m), 1434 (s), 1394 (w), 1375 (w), 1277 (m), 1224 (m), 1154 (w), 1105 (w),
1075 (m), 1066 (m), 1056 (m), 1028 (w), 983 (w), 902 (w), 867 (), 821 (w).

MP: 71 °C.
HR-MS (ESD): Theor.[M+H]*: 355.10552, found: 355.10541.

Theor.[M+Na]*: 377.08747, found: 377.08742.
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Table 74:

¢ NOESY

1D and 2D-NMR data of (2S)-2-(3-(5-(2-chloroethyl)-2-0x0-2,3-dihydrobenzofuran-3-yl)ureido)-3-

methylbutanoic acid (298) in DMSO-ds, at 298 K and 500 MHz for *H and 125 MHz for 3C.

No. ou [ppm], J in [Hz] dc [ppm], mult. HMBC (XJ)
1 0.87+0.88 (3H, d, J = 6.8 Hz) 19.26+19.29, CHs C1—H2(3J), H3(2), H7(%))
2 1.04+1.05 (3H, d, J = 6.7 Hz) 20.8+21.0, CHs C2—H1(3J), H3(2), H7(%))
3 2.49 (1H, m) 27.7+27.9, CH C3—HI1(4), H2(2), H7(2))
4 2.89+2.90 (2H, t, J = 7.2 Hz) 37.4+37.5, CH, C4—H5(2J), H11(), H12(})
5 3.73+3.74 (2H,t, J = 7.1 H2) 455, CH, C5—H4(X)
6 5.20+5.29 (1H, d, J = 1.1 Hz) 56.1+56.5, CH C6—H11(3), NH,()
7 4.19 (1H, d, J= 7.9 Hz) 57.1+57.3, CH C7—HI®)), H2(3)
8 6.79 (1H, d, J = 8.2 Hz) 115.5+115.6, CHarom C8—NHg("J)
9 - 121.6+121.7, Cq C9—H6(2), H8(3J), NH(J)
10 - 128.4+128.5, C, C10—H4(%J), H5(3J), H8(J)
11 7.02+7.05j (1H, d, J=2.3 Hz) | 129.7+130.1, CHarom C11—H6(%), H12(%)
12 7.09 (1H, ydt, J=8.3,2.3 Hz) | 130.1+130.2, CHarom C12—H4(%), H11(3))
— 3 , 2 , 3 ] 3 ]
13 - 154.5+154.6, C, C13—-H6(Y) Hm?(%")m( J). H12(9)
14 - 156.5, 156.7, Cq C14—H6(%), H7(3J), NH4(2J)
15 - 169.97+167.00, C, C15—H7(%)
16 - 172.7+172.9, Cq C16—H6(2J), H7(8J), NHu(3))
NH, 8.44+8.46 (1H, dd, J = 1.2 Hz) - -
NHg 9.78+9.79 (1H, 5) - -
COOH 12.83 (1H, s) ; -

Note: The *H- and *C-NMR-spectra show a mixture of rotamers.
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6.3.3.1.16 Synthesis of (2S,3S)-2-(3-(5-(2-chloroethyl)-2-ox0-2,3-dihydrobenzofuran-3-
ylureido)-3-methylpentanoic acid (300)

Glyoxylic acid monohydrate (188) O o
w 4-(2-chloroethyl)phenol (289) HN/Z<
TFA, 72 °C, 4h
HoN ” OH . o 0
O
C7H14N203 C47H21CIN2O5
174.20 g/mol 368.81 g/mol
1.00 g 0.98g¢g
268 46% 300

Prepared according to GP-V using (2S,3S)-3-methyl-2-ureidopentanoic acid 268 (1.00 g,
5.74 mmol, 1.0 eq.), glyoxylic acid monohydrate 188 (0.53 g, 5.74 mmol, 1.0 eq.), 4-(2-
chloroethyl)phenol 289 (1.08 g, 6.89 mmol, 1.2 eq.) in 9 ml of TFA. 300 was obtained as a
yellow solid in a yield of 30%.

Yield: 0.98 g (2.66 mmol, 46%).

Appearance: Yellow solid.

Ri-Value: 0.33 (SiO,, DCM/MeOH 30:1 + 1% AcOH).

IR: v [cm™] = 3684 (w), 3675 (br), 2988 (vs), 2972 (vs), 2901 (s), 1772 (w), 1705 (m), 1616 (w),
1514 (w), 1407 (m), 1394 (m), 1382 (m), 1250 (m), 1242 (m), 1229 (m), 1075 (vs), 1066 (vs),
1057 (vs), 1028 (s), 892 (w), 880 (w), 870 (w), 822 (w).

MP: 82 °C.

HR-MS (ESD): Theor.[M+H]*: 369.12117, found: 369.12149.

Theor.[M+Na]*: 391.10312, found: 391.10336.
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Table 75: 1D and 2D-NMR data of (2S,3S)-2-(3-(5-(2-chloroethyl)-2-ox0-2,3-dihydrobenzofuran-3-yl)ureido)-3-
methylpentanoic acid (300) in DMSO-ds, at 298 K and 500 MHz for *H and 125 MHz for 3C.

No. ou [ppm], J in [Hz] dc [ppm], mult. HMBC (XJ)

1 (3H?£?}ZO%?52 o) 10.8+10.9, CHa Cl—H2(%), H3(2J), H4())

2 1.02+1.02 (3H, d, J = 6.8 Hz) 16.7+16.8, CH C2—HI(4), H3(3J), Ha(3), H8(%)
3 1.06 (1H, m); 1.48-1.58 (1H, m) | 25.05+25.11, CH, C3-HI1(2J), H2(J), Ha(3)

4 2.24-2.37 (1H, m) 335+33.9, CH C4—HI1(3J), H2(J), H8(3)

5 2.89+2.90 (2H, 1, J = 7.0 H2) 37.4+37.5, CH, C5—H6(3), H12(J), H13())

6 374+374(2H,t, J=7.1Hz) | 45.54+4555, CH, C6—H5(2)

7 5.20+5.29 (1H, d, J = 1.1 Hz) 56.0+56.3, CH CT—HI12(3), NH,(2)

8 4.25+4.26 (1H, d, J = 7.9 Hz) 56.4+56.7, CH C8—H2(3J), H3(J), Ha(3)

9 6.79 (1H, d, J = 8.2 Hz) 115.5+115.6, CHarom CI—HI13(4), NHy(J)

10 i 121.7+121.8, C, C10—H7(3), HI(3J), NHy(%J)
11 i 128.45+128.49, Cq Cl1—H5(4), H6(3J), HI()
12 701+7.03 (1H, d, J =22 Hz) | 129.6+130.0, CHaom C12—H7(J), H13C))

13 7.09 (16, ydt, J = 8.2, 2.0 Hz) | 130.1+130.2, CHarom C13—H5(%J), H12(J)

— 3 , 2 , 3 ] 3 ]

14 ] 154.5+154.6, C, Cl4—-HT(Y) Hﬁ%?(sj")'lz( J), H13(9)
15 i 156.5+156.7, Cq C15—H7(J), H8(3J), NHo(2)
16 i 170.06+170.11, Cq Cl6—HS(2))

17 : 172.7+172.9, C, C17—H7(3), H8(%J), NHo(3J)
NH. | 8.45+847 (1H,d, J=1.1 Hz) i i
NH; 9.76+9.77 (1H, 5) : :

COOH 12.84 (1H, 5) ; ;

Note: The *H- and **C-NMR-spectra show a mixture of rotamers.
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6.3.3.1.17 Synthesis of (2S)-2-(3-(5-(2-chloroethyl)-2-ox0-2,3-dihydrobenzofuran-3-
ylureido)-4-methylpentanoic acid (302)

Glyoxylic acid monohydrate (188) 0
0 4-(2-chloroethyl)phenol (289) HN/Z<
> N OH
HZN)kN OH TFA, 72 °C, 4h cl H
H o (0] (0]
O
C7H14N20; C17H21CIN,O5
174.20 g/mol 368.81 g/mol
1.00 g 0.34 g
269 16% 302

Prepared according to GP-V using (S)-4-methyl-2-ureidopentanoic acid 269 (1.00 g,
5.74 mmol, 1.0 eq.), glyoxylic acid monohydrate 188 (0.53 g, 5.68 mmol, 1.0 eq.), 4-(2-
chloroethyl)phenol 289 (1.08 g, 6.90 mmol, 1.2 eq.) in 9 ml of TFA. 302 was obtained as a

colourless solid in a yield of 16%.

Yield: 0.34 g (0.92 mmol, 16%).

Appearance: Colourless solid.

Rs-Value: 0.24 (SiO2, DCM/MeOH 20:1 + 1% AcOH).

IR: v [em™] = 3662 (br), 3294 (br), 2968 (m), 2901 (W), 2364 (w), 1704 (vs), 1615 (w), 1558 (W),
1514 (w), 1435 (s), 1394 (w), 1370 (w), 1273 (m), 1221 (w), 1200 (w), 1135 (w), 1109 (w),
1066 (m), 1057 (m), 984 (w), 901 (w), 825 (w).

MP: Change of colour: 122 °C; Melting at 178 °C.
HR-MS (ESI): Theor.[M+H]*: 369.12117, found: 369.12150.

Theor.[M+Na]*: 391.10312, found: 391.10340.
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Table 76: 1D and 2D-NMR data of (2S)-2-(3-(5-(2-chloroethyl)-2-ox0-2,3-dihydrobenzofuran-3-yl)ureido)-4-
methylpentanoic acid (302) in DMSO-ds, at 298 K and 500 MHz for *H and 125 MHz for 13C.

No. o1 [ppm], J in [Hz] dc [ppm], mult. HMBC (XJ)
1 0.86+0.90 (3H, d, J= 6.6 Hz) | 20.88+20.91, CHa Cl—H2(J), H4(J)
2 0.88 (3H, d, 1= 6.7 Hz) 233, CHa C2—HI()
3 158 (1H, m) 24.2+24.3, CH C35H1(2), H2(3), HA(), HTC))
4 12%%12713 ((11':| T% 36.4+36.6, CH; C4—HI1(), H2(I), HT(3)
5 2.88 (2H, 1, 1= 7.1 Hz) 37.4+37.5, CH, C5—H6(2J), H12(%J), H13())
6 3.74 (2H, t, J = 7.1 Hz) 455, CH, Co—H5(2)
7 (. d d""f:l’l‘i'_g‘l‘ 43 H) 50.0+50.3, CH CT—H4(2)
8 5.20+5.28 (1H, ) 56.0+56.2, CH C8—HO(“J), H12(3J), NHa(2))
9 6.80 (1H, d, J = 8.2 Hz) 115.5+115.6, CHarom CI—HI3(%), NHs(J)
10 : 121.7+1218, C, C10—HOCJ), H8(2J), NHy(%J)
11 ; 128.48+128.49, Cq Cl1—H5(4), H6(3J), HI()
12 7.04 (1H, yt, J = 2.4 Hz) 129.74129.9, CHaron C12H5(J), H8(%J), H13())
13 7.09 (1H, dd, J = 8.2, 1.5 Hz) 130'1C2|_Tjjn0'14’ C13—H5(J), H12(J)
HS(J), HOD). 3), 3),
14 ] 154.5+154.6, C, Cl4—-HE() Hﬁ%?(sj")'lz( J), H13(9)
15 ; 156.3+156.5, Cq C15—H7(), H8(3J), NHo(2))
16 : 171.08+171.09, Cq Cl6—H7(3)
17 ; 172.8+172.9, C, C17—H7(J), H8(2J), NH.(3))
NHq 8.44+8.47 (1H, 5) : :
NH; 9.73 (1H, 5) : ;
COOH 12.99 (1H, 5) ; ;

Note: The *H- and *C-NMR-spectra show a mixture of rotamers.
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6.3.3.1.18 Synthesis of (2S)-2-(3-(5-(2-chloroethyl)-2-ox0-2,3-dihydrobenzofuran-3-
ylureido)-4-(methylthio)butanoic acid (304)

s~ ST
Glyoxylic acid monohydrate (188) 0
0 4-(2-chloroethyl)phenol (289) _ HN/[AN
X OH TFA, 72 °C, 4h Cl H OH
HoN™ °N
H © o
O o
192.24 g/mol 386.85 g/mol
1.00g 0.44 g
270 22% 304

Prepared according to GP-V using (S)-4-(methylthio)-2-ureidobutanoic acid 270 (1.00 g,
5.20 mmol, 1.0 eq.), glyoxylic acid monohydrate 188 (0.48 g, 5.20 mmol, 1.0 eq.), 4-(2-
chloroethyl)phenol 289 (0.98 g, 6.24 mmol, 1.2 eq.) in 8 ml of TFA. 304 was obtained as a

colourless solid in a yield of 22%.

Yield: 0.44 g (1.14 mmol, 22%).

Appearance: Colourless solid.

Re-Value: 0.18 (SiO2, DCM/MeOH 70:1 + 1% AcOH).

IR: ¥ [cm] = 3288 (br), 2918 (), 2051 (w), 1980 (w), 1767 (w), 1699 (vs), 1614 (w), 1513 (m),
1432 (s), 1357 (w), 1276 (m), 1201 (w), 1135 (w), 1120 (w), 1076 (w), 1036 (w), 922 (w),
823 (m).

MP: 78 °C.

HR-MS (ESD): Theor.[M+H]*: 387.07759, found: 387.07775.

Theor.[M+Na]*: 409.05954, found: 409.05960.
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Table 77:

1D and 2D-NMR data of (2S)-2-(3-(5-(2-chloroethyl)-2-o0xo0-2,3-dihydrobenzofuran-3-yl)ureido)-4-
(methylthio)butanoic acid (304) in DMSO-ds, at 298 K and 500 MHz for *H and 125 MHz for 1°C.

No. o1 [ppm], J in [Hz] dc [ppm], mult. HMBC (XJ)
1 2.05 (3H, s) 14.46, CHs -
2 2.24 (1H, m); 2.29 (1H, m) 27.3+27.6, CH, C2—H3(2), H6(%J)
3 2.45 (1H, m), 2.55 (1H, m) 29.85+29.91, CH, C3—HI1(3J), H2(2), H6(%))
4 2.90 (2H, t, J = 7.2 Hz) 37.4+37.5,CH;, C4—H5(4), H11(3), H12(3)
5 3.75(2H,t, J=7.2 Hz) 45.5, CH, C5—H4(%)
6 4.68 (1H, m) 50.6+50.9, CH C6—H2(%J), H3(%))
7 5.18+5.25 (1H, d, J = 1.1 Hz) 56.7+56.8, CH C7T—HS(4), H12(3J), NH.(J)
8 6.79+6.79 (1H,d, J=8.1 Hz) | 115.5+115.6, CHarom C8—H11(2), NHy("J)
9 - 121.6+121.7, Cq C9—HS(3), NHs(J)
10 - 128.47+128.50, C, C10—H4(%J), H5(3J), H8(J)
11 7.10 (1H, m) 130'%:9|:jjn0'21’ Cl11-HI12¢3)
12 7.09 (1H, m) 130.4+130.6, CHarom C12—H7(3), H11(%)
S HTCY), H8(2), %), %),
13 - 154.5+154.6, C, CI3—-HT(Y) Hm?(%")'ll( J). H12(9)
14 - 156.2+156.4, Cq C14—H6(3J), H7(3J), NHq(2J)
15 - 170.60+170.3, Cq C15—H6(2J), H2(%)
16 - 172.9+173.0, C, C16—H6(5J), H7(2J), NH,(3J)
NH, 8.44+8.46 (1H, d, J = 1.2 Hz) - -
NHg 9.78+9.79 (1H, s) - -
COOH 13.08 (1H, 3) ] ]

Note: The *H- and **C-NMR-spectra show a mixture of rotamers.
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6.3.3.1.19 Synthesis of (2S,3R)-2-(3-(5-(2-chloroethyl)-2-ox0-2,3-dihydrobenzofuran-3-
ylureido)-3-hydroxybutanoic acid (310)

OH Glyoxylic acid monohydrate (188) 0 OH
o 4-(2-chloroethyl)phenol (289) HN/Z<
M OH - ¢l N, —OH
HaN™ N TFA, 72 °C, 4h
H 0] o]
o 0]

CsH1oN204 C45H17CIN2Og
162.14 g/mol 356.76 g/mol
1.00g 0.66 g
273 30% 310

Prepared according to GP-V using (2S,3R)-3-hydroxy-2-ureidobutanoic acid 273 (1.00 g,
6.17 mmol, 1.0eq.), glyoxylic acid monohydrate 188 (0.57 g, 6.17 mmol, 1.0 eq.), 4-(2-
chloroethyl)phenol 289 (1.16 g, 7.40 mmol, 1.2 eq.) in 10 ml of TFA. 310 was obtained as a

colourless solid in a yield of 30%.

Yield: 0.66 g (1.85 mmol, 30%).

Appearance: Colourless solid.

Rs-Value: 0.29 (SiO2, DCM/MeOH 10:1 + 1% AcOH).

IR: v [em™] = 3310 (br), 2930 (w), 1703 (vs), 1616 (w), 1513 (m), 1431 (s), 1360 (w), 1277 (m),
1217 (w), 1110 (w), 1084 (w), 1026 (w), 960 (w), 910 (w), 869 (w), 849 (w), 822 (w).

MP: 108 °C.
HR-MS (ESD): Theor.[M+H]*: 357.08479, found: 357.08515.

Theor.[M+Na]*: 379.06673, found: 379.06717.
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... COSsYy
»+ NOESY

Table 78: 1D and 2D-NMR data of (2S,3R)-2-(3-(5-(2-chloroethyl)-2-o0x0-2,3-dihydrobenzofuran-3-yl)ureido)-3-
hydroxybutanoic acid (310) in DMSO-ds, at 298 K and 500 MHz for *H and 125 MHz for 13C.

No. o1 [ppm], J in [Hz] dc [ppm], mult. HMBC (XJ)
1 1.23+1.23 (3H, d, J = 6.3 Hz) 21.4+21.5, CHs Cl1—H5(%)
2 2.84-2.94 (2H, m) 37.50+37.52, CH; C2—H3(3), H10(3J), H11(%)
3 3.72-3.75 (2H, m) 45.43+45.44, CH, C3—H2(¥)
4 5.34+5.36 (1H, d, J = 1.1 Hz) 55.85+55.88, CH C4—H7(4J), H10(}J), NH.(%)
5 4.42 (1H, yt, J = 7.1 Hz) 58.6+58.9, CH C5—HI13)
6 4.32 (1H, m) 64.1+64.2, CH C6—H1(¥), H5(%)
7 6.79+6.80 (1H,d, J=8.4 Hz) | 115.4+115.5, CHarom C7—NHg("J)
8 - 121.8,Cq C8—H4(4), H7(3J), NHy(%)
9 - 128.59+128.60, Cq C9—H2(2), H3(%), H7(%)
10 7.08 (1H, m) 129.65+129.70, C10—H4(%J), H11(%)
CHarom
11 7.10 (1H, m) 130.2, CHarom C11-HI10(3)
12 - 154.4+154.5, C, C12=H4C) H,Zl(,:‘l)(s S 1001, HLLCD,
13 - 156.8+157.1, Cq C13—H4(%J), H5(3J), NH,(2J)
14 - 169.2+169.3, Cq Cl14—H5(4)
15 - 173.38+173.83, C4 C15—H4(2), H5(%J), NH.(3J)
OH 4.82+5.01 (1H, br) - -
NH, 8.62+8.63 (1H, d, J = 1.2 Hz) - -
NHg 9.81+9.83 (1H, s) - -
COOH 12.77 (1H, s) - -

Note: The *H- and **C-NMR-spectra show a mixture of rotamers.
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6.3.3.1.20 Synthesis of (2S)-2-(3-(5-(2-chloroethyl)-2-ox0-2,3-dihydrobenzofuran-3-
ylureido)-3-hydroxypropanoic acid (319)

OH Glyoxylic acid monohydrate (188) 0 OH
O 4-(2-chloroethyl)phenol (289) HN/Z<
AN OH - ¢l NN _—oH
2 H TFA, 72 °C, 4h o o
0]

0]

C4HgN20O4 C14H15CIN2Og
148.12 g/mol 342.73 g/mol
1.00g 0.12g
280 5% 319

Prepared according to GP-V using (S)-3-hydroxy-2-ureidopropanoic acid 280 (1.00 g,
6.75 mmol, 1.0 eq.), glyoxylic acid monohydrate 188 (0.62 g, 6.75 mmol, 1.0 eq.), 4-(2-
chloroethyl)phenol 289 (1.27 g, 8.10 mmol, 1.2 eq.) in 11 ml of TFA. 319 was obtained as a

colourless solid in a yield of 6%.

Yield: 0.13 g (0.35 mmol, 5%).

Appearance: Colourless solid.

Rs-Value: 0.37 (SiO2, DCM/MeOH 12:1 + 1% AcOH).

IR: v [em™] = 3331 (br), 2925 (w), 2366 (w), 1704 (vs), 1614 (w), 1559 (w), 1513 (m), 1438 (s),
1359 (w), 1271 (m), 1207 (m), 1121 (w), 1092 (w), 1052 (w), 926 (w), 906 (w), 870 (w),
833 (w), 806 (w).

MP: 80 °C.
HR-MS (ESD): Theor.[M+H]*: 343.06914, found: 343.06953.

Theor.[M+Na]*: 365.05108, found: 365.05153.
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Table 79: 1D and 2D-NMR data of (2S)-2-(3-(5-(2-chloroethyl)-2-ox0-2,3-dihydrobenzofuran-3-yl)ureido)-3-
hydroxypropanoic acid (319) in DMSO-ds, at 298 K and 500 MHz for *H and 125 MHz for 13C.
No. o1 [ppm], J in [Hz] dc [ppm], mult. HMBC (XJ)
1 2.88 (2H, m) 37.5+37.6, CH; C1—H2(2), H9(%J), H10(}))
2 3.72 (2H, m) 45.4, CH> C2—HI1®A)
3 4.58 (1H, m) 54.41+54.41, CH C3—H5(2)
4 5.30+5.34 (1H, d, J = 0.9 Hz) 54.8+55.3, CH C4—H9(}J), NHu (%)
5 3.94 (2H, m) 57.8+58.0, CH; C5—H3(3)
6 6.80 (1H, d, J = 8.1 Hz) 115.4+115.5, CHarom C6—H10(X), NHp("J)
7 - 122.06+122.12, Cq C7—H4(2), H6(3J), NHg(%J)
8 - 128.6+128.7, Cq C8—H1(A), H2(%J), H6(3J)
9 7.05 (1H, m) 128.9+129.1, CHarom C9—H4(3J), H10(3))
10 7.08 (1H, m) 129'?:9; 13002, C10—HO()
. —H4(3J), H6(A), H9(3J),H10(*))
11 - 154.42+154.43, C, CHI=HAC), NH:(%) : '
12 - 156.5+156.6, C, C12—H3(3J), H4(3J), NHy()
13 - 169.21+169.24, C, C13—H3(3)
14 - 173.04+173.11, C, C14—H3(8J), H4(2), NHo(3))
OH 4.88+4.93 (1H, br) - -
NH, 8.49+8.52 (1H, s) - -
NHg 9.78 (1H, s) - -
COOH 13.08 (1H, br) - -

Note: The *H- and *C-NMR-spectra show a mixture of rotamers.
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6.3.3.1.21 Synthesis of (2S)-2-(3-(5-chloro-2-oxo-2,3-dihydrobenzofuran-3-yl)ureido)-3-
phenylpropanoic acid (314)

Glyoxylic acid monohydrate (188) 0
o p-Chlorophenol (290) _ HN/(N
J OH TFA, 72 °C, 4h Cl H OH
H,N N o
H o
0 o
C10H12N203 C18H15CIN2O5
208.21 g/mol 374.78 g/mol
1.00g 1.32g
276 73% 314

Prepared according to GP-V using (S)-3-phenyl-2-ureidopropanoic acid 276 (1.00 g,
4.80 mmol, 1.0eq.), glyoxylic acid monohydrate 188 (0.44 g, 4.80 mmol, 1.0eq.), p-
chlorophenol 290 (0.74 g, 5.76 mmol, 1.2 eq.) in 8 ml of TFA. 314 was obtained as a

colourless solid in a yield of 73%.
Yield: 1.32 g (3.52 mmol, 73%).

Appearance: Colourless solid.

Ri-Value: 0.25 (SiO,, DCM/MeOH 20:1 + 1% AcOH).

IR: v [em™] = 3854 (w), 3650 (w), 3620 (w), 3600 (w), 3315 (br), 2363 (w), 1772 (w), 1737 (w),
1716 (m), 1694 (vs), 1599 (w), 1559 (w), 1497 (m), 1438 (m), 1426 (m), 1359 (w), 1281 (m),
1203 (m), 1143 (w), 1121 (w), 1017 (w), 959 (w), 932 (s), 906 (w), 821 (m).

MP: Decomposition above 190 °C.

HR-MS (ESD): Theor.[M+H]*: 375.07422, found: 375.07423.

Theor.[M+Na]*: 397.05617, found: 397.05614.
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Table 80: 1D and 2D-NMR data of (2S)-2-(3-(5-chloro-2-ox0-2,3-dihydrobenzofuran-3-yl)ureido)-3-phenylpropanoic

acid (314) in DMSO-ds, at 298 K and 500 MHz for H and 125 MHz for 13C.

No. o1 [ppm], J in [Hz] dc [ppm], mult. HMBC (XJ)

1 3.26+3.36 (2H, m) 33.3+33.4, CH, Cl1—H2(3), H10())

2 4.83+4.84 (1H, yt, J= 109 Hz) | 52.92+52.98, CH C2—HI®)

3 5.21+5.30 (1H, 5) 54.01+54.04, CH C3—H4(%J), H8(%J), NH4(3)
4 6.84+6.87 (IH, d, J=8.7 Hz) | 117.0+117.2, CHaom C4—NH;("J)

5 : 122.42+122.47, C, C5—H8(X), HA(J), H11(%J)
6 } 123.59+123.60, Cq C6—H3(X), HA(J), NHy())
7 7.22 (1H, m) 126.6+126.7, CHarom C7T—H10(%))

8 6.63+6.77 (IH, d, J= 25 Hz) | 127.3+127.4, CHaom C8—H3(J), HLL()

9 7.27 (2H, m) 1282i%ﬁji31* CO9—HI()

10 7.15 +7.21 (2H, m) 1282'?(1Cﬁji86’ C10—H1(J), H10(J)

11 7.13+7.19 (1H, m) 129.30+129.33, C11—H8 (%)

CHarom
12 137.34+137.36, C, C12—H1(2J), H2(J), HI()
ERTEYE 2 3 3

3 1546, C. C13—H3()), Hl\flg;()éJ)HB( 3), H11()),
14 i 155.96+156.07, Cq C14—H2(3J), H3(J), NHq(2))
15 : 170.1, C, C15—H1(J), H2(3)

16 i 171.87+171.95, Cq C16—H2(%J), H3(3), NH (%))
NH, 8.48 (1H, 5) : :
NH; 10.19+10.21 (1H, s) i i

COOH 13.24 (1H, br) : :

Note: The *H- and **C-NMR-spectra show a mixture of rotamers.
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6.3.3.1.22 Synthesis of 4-(3-(5-chloro-2-oxo-2,3-dihydrobenzofuran-3-yl)ureido)benzoic
acid (327)

in aci )
Glyoxylic acid monohydrate (188)
COOH COOH
)OL /©/ p-Chiorophenol (299) HN/Z(N/@/

\ Cl H
HoN ” TFA, 72 °C, 4h 0
O
CgHgN2O3 C46H11CIN2Og
180.16 g/mol 346.72 g/mol
200g 150 g
287 39% 327

Prepared according to GP-V using 4-ureidobenzoic acid 287 (2.00 g, 11.1 mmol, 1.0 eq.),
glyoxylic acid monohydrate 188 (1.02 g, 11.1 mmol, 1.0 eq.), p-chlorophenol 290 (1.71 g,
13.3 mmol, 1.2 eq.) in 18 ml of TFA. 327 was obtained as a light beige solid in a yield of
43%.

Yield: 1.50 g (4.33 mmol, 39%).

Appearance: Light beige solid.

Rs-Value: 0.19 (SiO2, DCM/MeOH 25:1 + 1% AcOH).

IR: v [em™] = 3220 (br), 2981 (w), 2891 (w), 2814 (w), 2360 (W), 2341 (w), 1780 (w), 1716 (vs),
1693 (s), 1654 (w), 1636 (w), 1604 (m), 1559 (w), 1540 (w), 1507 (m), 1472 (w), 1418 (s),
1375 (w), 1305 (w), 1272 (s), 1221 (w), 1163 (m), 1115 (m), 1041 (w), 1016 (w), 972 (w),
899 (w), 884 (w), 862 (w), 825 (w).

MP: Decomposition above 250 °C.
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Table 81: 1D and 2D-NMR data of 4-(3-(5-chloro-2-oxo-2,3-dihydrobenzofuran-3-yl)ureido)benzoic acid (327) in
DMSO-ds, at 298 K and 500 MHz for H and 125 MHz for *3C.

No. o1 [ppm], J in [Hz] dc [ppm], mult. HMBC (*J)

1 5.33 (1H, d, J = 1.0 Hz) 57.5, CH C1—H2(*J), HI(J), NH,(2)
2 6.86 (1H, d, J = 8.6 Hz) 117.3, CHarom C2—-NHy(1)

3 - 122.3,C, C3—H2(3J), H7(2), H9(2)
4 - 124.0, C, C4—H1(2), H2(3J), NHs(J)
5 7.56 (2H, d, J = 8.8 Hz) 126.1, 2XCHarom C5—H5(3)

6 - 129.6, C, C6—H5(%)

7 7.28 (1H, dd, J = 8.6, 2.7 Hz) 129.7, CHarom C7—HY())

8 8.06 (2H, d, J = 8.8 Hz) 129.8, 2XCHarom C8—HS(J)

9 7.42 (1H, d, J = 2.7 Hz) 130.8, CHarom C9—H1(J), H7()

10 - 136.5, Cq C10—H5(2), H8(%J)

11 - 154.9, Cq Cl1-HI1(3), H2(2), H7(%J), H9(*J), NHp(%J)
12 - 155.4, Cq C12—HI1(*), NH.(%)
13 - 166.8, Cq C13—H8(*%)

14 - 171.9, Cq Cl14—HI1(2), NH.(%)
NH, 8.71 (1H, d, J = 1.1 Hz) - -
NHg 10.35 (1H, s) - -

COOH 13.07 (1H, br) - -
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6.3.3.1.23 Synthesis of 5-(3-(5-chloro-2-oxo0-2,3-dihydrobenzofuran-3-
ylureido)pentanoic acid (328)

Glyoxylic acid monohydrate (188) o
ji /\/\)?\ p-Chlorophenol (290) HN/Z(N 0
> Cl
HN™ N OH . H/\/\//4
N7 N TFA, 72 °C, 4h mo oH
O
CeH12N203 C14H15CIN,O5
160.17 g/mol 326.73 g/mol
0.87 g 0.23 g
288 13% 328

Prepared according to GP-V using 5-ureidopentanoic acid 288 (0.87 g, 5.43 mmol, 1.0 eq.),
glyoxylic acid monohydrate 188 (0.50 g, 5.43 mmol, 1.0 eq.), p-chlorophenol 290 (0.84 g,
6.52 mmol, 1.2 eq.) in 9 ml of TFA. 328 was obtained as a colourless solid in a yield of 13%.

Yield: 0.23 g (0.70 mmol, 13%).

Appearance: Colourless solid.

Rs-Value: 0.45 (SiO2, Toluene/MeOH 3:1 + 1% AcOH).

IR: v [em?] = 3249 (w), 3171 (w), 2946 (w), 1760 (w), 1734 (w), 1695 (vs), 1678 (vs), 1611 (w),
1599 (w), 1505 (w), 1469 (w), 1433 (m), 1384 (w), 1353 (w), 1318 (w), 1278 (m), 1266 (m),
1236 (w), 1187 (w), 1134 (w), 1101 (w), 1076 (w), 1002 (w), 946 (w), 927 (w), 912 (w),
888 (w), 851 (w), 820 (w).

MP: 175 °C.

HR-MS (ESD): Theor.[M+Na]*: 349.05617, found: 349.05583.
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Table 82: 1D and 2D-NMR data of 5-(3-(5-chloro-2-o0xo0-2,3-dihydrobenzofuran-3-yl)ureido)pentanoic acid (328) in
DMSO-ds, at 298 K and 500 MHz for H and 125 MHz for *3C.

No. o1 [ppm], J in [Hz] dc [ppm], mult. HMBC (*J)
1 1.51 (2H, m) 21.7, CH: C1—H2(4), H3(4), H4(*J)
2 1.54 (2H, m) 27.0, CH; C2—HI1(A), H3(}), H4(A)
3 2.25(2H, t, J=6.9 Hz) 33.1, CH2 C3—H1(%), H2(})
4 3.37 (2H, m) 37.5,CH> C4—H1(}), H2(2)
5 5.14 (1H,d, J= 1.0 Hz) 57.0,CH C5—H6(4), H10(3J), NH«(2)
6 6.82 (1H, m) 117.2, CHarom C6—H10(%)
7 - 122.2, Cq C7—H6(3), H9(2), H10(X)
8 - 124.1, Cq C8—H5(2), H6(3J), H10(X)
9 7.23 (1H, m) 129.4, CHarom C9—H10(*J)
10 7.24 (1H, m) 130.1, CHarom C10—H5(), H()
11 - 154.9, Cq C11—-H5(J), H6(2), H9(J), H10(%))
12 - 157.1, Cq C12—H4(3), H5(3J), NHy(2)
13 - 172.9, Cq C13—H4(8J), H5(2), NH,(3))
14 - 174.3, Cq Cl14—HI1*J), H3(X)
NH, 8.30 (1H, d, J = 1.1 Hz) - -
NHg 10.12 (1H, s) - -
COOH 12.02 (1H, br) - -
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6.3.3.2 2-Coumaranones with carbamate substructures

6.3.3.2.1 Synthesis of 4-acetamidophenyl (5-chloro-2-oxo-2,3-dihydrobenzofuran-3-
yl)carbamate (370) and methyl 2-(((4-acetamidophenoxy)carbonyl)amino)-2-(5-chloro-2-
hydroxyphenyl)acetate (376)

Glyoxylic acid monohydrate (188)

p-Chiorophenol (290) @
LY o~ T
N0 TFA, 1t, 3d ) o T
0

CgH1oN203 C47H13CIN2O5 C1gH17CIN2O¢
194.19 g/mol 360.75 g/mol 392.79 g/mol
1.09g 0269 0.21g

368 370 (13%) 376 (10%)

Prepared according to GP-VI using 4-acetamidophenyl carbamate 370 (1.09 g, 5.61 mmol,
1.0 eq.), glyoxylic acid monohydrate 188 (0.52 g, 5.61 mmol, 1.0 eq.), p-chlorophenol 290
(0.87 g, 6.73 mmol, 1.2 eq.) in 10 ml of TFA. 370 and 376 were both obtained as colourless
solids in a yield of 13% and 10% respectively.

Yield: 0.26 g (0.72 mmol, 370, 13%): 0.21 g (0.53 mmol, 376, 10%)

Appearance: Colourless solid.

Analytical Data for XX

Ri-Value: 0.06 (SiO,, DCM/MeOH 10:1 + 1% AcOH).

IR: ¥ [cm] = 3303 (br), 2923 (w), 2854 (w), 2360 (W), 2343 (w), 1717 (m), 1667 (w), 1609 (w),
1540 (w), 1496 (s), 1409 (w), 1372 (w), 1320 (w), 1278 (w), 1203 (vs), 1111 (w), 1028 (m),
1018 (M), 992 (W), 971 (w), 940 (w), 925 (), 917 (w), 845 (w), 821 (m).

MP: Change of colour: 148 °C; Melting at 175 °C.
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Table 83: 1D and 2D-NMR data of 4-acetamidophenyl (5-chloro-2-oxo-2,3-dihydrobenzofuran-3-yl)carbamate (370)

in DMSO-ds, at 298 K and 500 MHz for *H and 125 MHz for 13C.

No. o1 [ppm], J in [Hz] dc [ppm], mult. HMBC (*J)
1 2.03 (3H, s) 23.9, CH3 -
2 5.37 (1H,d, J=8.2 Hz) 53.0, CH C2—H3(4), H8(3J), NH,(%)
3 6.84 (1H, d, J = 8.7 Hz) 117.5, CHarom C3—H8(4)
4 7.56 (2H, d, J = 8.9 Hz) 119.8, 2XCHarom C4—H4(3)), H5(2), NHac(3)
5 7.03 (2H, d, J=9.0 Hz) 121.9, 2XCHarom C5—H4(4), H5(%))
6 - 122.2, Cq C6—H3(3), H8(4J), H9(2)
7 - 126.7, Cq C7—H2(4), H3(})
8 7.27 (1H,d,J=2.7 Hz) 127.1, CHarom C8—H9(3))
9 7.16 (1H, dd, J = 8.7, 2.7 Hz) 128.3, CHarom C9—H8(%)
10 - 136.4, Cq C10—H4(2J), H5(3J), NHac(3)
11 - 146.2, Cq C11—H4(%), H5(¥)
12 - 154.2, C4 C12—H2(%), NH.(¥)
13 - 154.4, C4 C13—H3(3), H8(3J), H9(3J)
14 - 168.2, Cq C14—H1(3), NHac(¥)
15 - 171.71, Cq C15—H2(%)
NH, 8.11 (1H, d, J = 8.2 Hz) - -
NHac 9.97 (1H, s) - -
Analytical Data for XX
R#-Value: 0.15 (SiO2, DCM/MeOH 10:1 + 1% AcOH).
IR: v [cmY] = 3306 (br), 3079 (w), 2954 (w), 2850 (W), 2362 (W), 2340 (w), 1721 (m), 1667 (m),

1609 (w), 1538 (m), 1497 (s), 1424 (w), 1408 (w), 1371 (w), 1315 (m), 1279 (m), 1203 (vs),
1137 (w), 1119 (w), 1027 (m), 1017 (m), 967 (w), 845 (w), 821 (m).

MP: 195 °C.
HR-MS (ESI): Theor.[M+H]*: 393.08479, found: 393.08517.

Theor.[M+Na]*: 415.06673, found: 415.06694.

237




6. Experimental section

0 12 11
e
* COSY
A4 NOESY
Table 84: 1D and 2D-NMR data of methyl 2-(((4-acetamidophenoxy)carbonyl)amino)-2-(5-chloro-2-
hydroxyphenyl)acetate (376) in DMSO-ds, at 298 K and 500 MHz for *H and 125 MHz for 13C.
No. o1 [ppm], J in [Hz] dc [ppm], mult. HMBC (*J)
1 2.03 (3H, s) 23.91, CHs -
2 5.59 (1H, d, J = 8.5 Hz) 51.82, CH C2—H4(4), H9(3J), NHu(3)
3 3.65 (3H, s) 52.43, CH3 -
4 6.88 (1H, d, J = 8.7 Hz) 116.98, CH C4—OH(3))
5 7.56 (2H, d, J =9.0 Hz) 119.77, 2XCHarom C5—H5(J), NHa(}))
6 7.03 (2H, d, J =8.9 Hz) 121.84, 2XCHarom C6—H6(%))
7 - 122.41, Cq C7—H4(3), H9(%J), H10(¥)
8 - 124.80, Cq C8—H2(2), H4(3J), OH(3J), NH,(3J)
9 7.30 (1H, d, J = 2.6 Hz) 128.24, CHarom C9—H2(3J), H10(%))
10 7.21 (1H, dd, J=8.7, 2.7 Hz) 129.08, CHarom C10—H9(%))
11 - 136.49, Cq C11—H5(2), H6(3J), NHac(%)
12 - 146.03, Cq C12—H5(3), H6(3J)
SH2()), 23). 3)). 3)).
13 ) 153.79, C, C13—H2(*J) H81|(_|.2J)H9( J), H10(°J)
14 - 154.45, Cq C14—H2(3), NHu(3)
15 - 168.17, Cq C15—HI1(4), NHac(%)
16 - 170.87, Cq Cl16—H2(4), H3(%))
NH, 8.50 (d, J =8.5Hz, 1H) - -
NHac 9.96 (s, 1H) - -
OH 10.22 (s, 1H) - -
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6.3.3.2.2 Synthesis of (1R,2S,5R)-2-isopropyl-5-methylcyclohexyl (5-chloro-2-oxo-2,3-
dihydrobenzofuran-3-yl)carbamate (371)

: O
Glyoxylic acid monohydrate (188)
i p-Chlorophenol (290) _cl HN/(OU.
HN" 0 TFA, rt, 3d \CES:O
o]
C14H21NO; C19H24CINO,
199.29 g/mol 365.85 g/mol
1.00 g 045¢
367 25% 371

Prepared according to GP-VI using L-menthol carbamate 367 (1.00 g, 5.02 mmol, 1.0 eq.),
glyoxylic acid monohydrate 188 (0.46 g, 5.02 mmol, 1.0 eq.), p-chlorophenol 290 (0.77 g,
6.02 mmol, 1.2 eq.) in 8 ml of TFA. 371 was obtained as a colourless solid in a yield of 25%.

Yield: 0.45 g (1.23 mmol, 25%).

Appearance: Colourless solid.

Re-Value: 0.27 (SiOy, Toluene/MeOH 100:1 + 1% AcOH).

IR: v [em™] = 3366 (br), 2955 (w), 2871 (w), 2843 (w), 2360 (w), 2340 (w), 1832 (s), 1686 (vs),
1653 (W), 1616 (w), 1558 (w), 1529 (s), 1472 (s), 1458 (w), 1432 (w), 1388 (w), 1369 (w),
1332 (w), 1299 (w), 1285 (w), 1275 (w), 1263 (m), 1221 (w), 1200 (w), 1183 (w), 1157 (w),
1070 (s), 1016 (m), 1003 (w), 988 (W), 975 (w), 925 (w), 912 (w), 888 (W), 857 (w), 832 (m).

MP: 172 °C.

HR-MS (ESI): Theor.[M+Na]*: 388.12860, found: 388.12883.
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Table 1D and 2D-NMR data of (1R,2S,5R)-2-isopropyl-5-methylcyclohexyl (5-chloro-2-oxo-2,3-
dihydrobenzofuran-3-yl)carbamate (371) in CDCls, at 298 K and 500 MHz for 'H and 125 MHz for *3C.

No. o1 [ppm], J in [Hz] dc [ppm], mult. HMBC (XJ)

1 0.74-0.80 (3H, d, J=6.9 Hz) 16.5, CH3 C1—H2()

2 0.90 (3H, m) 20.85+20.88, CH3 C2—HI1})

3 0.89 (3H, m) 22.0, CHs C3—HS8(*))

4 1.04 (1H, m); 1.67 (1H, m) 23.7, CH; -

5 1.89 (1H, m) 26.5, CH C5—HI1(A), H2(4)

6 1.43 (1H, m) 31.5,CH C6—H3(A), H7(3J), H8(X)
7 0.84 (1H, m); 1.65 (1H, m) 34.3, CH; C7—H3(3J), H8(%J)

8 0.98 (1H, m); 1.99 (1H, m) 41.2, CH; C8—H3()

9 1.33 (1H, m) 47.4+475, CH C9—HI1®)), H2(%))

10 5.20-5.60 (1H, br) 52.4+52.8, CH C10—HI12(4), H13(%))
11 4.53 (1H, m) 76.9, CH C11—HS8(2), H9(3))
12 7.05(1H, d, J =8.3 Hz) 112.3+112.4, CHarom C12—HI13(%)

13 7.34 (1H, m) 124.85+124.94, C13—HI16(%)

CHarom

14 - 126.6, Cq C14—HI12(*)

15 - 130.10+130.12, Cq C15—HI12(3), H16(*J)
16 7.33 (1H, m) 130.4, CHarom C16—HI13(*))

17 - 152.19+152.24, C, C17—HI12(A), H13(%J), H16(%))
18 - 155.9, Cq4 C18—HI10(})

19 - 172.9+173.0, Cq C19—H10(A)

Note: The *H- and *C-NMR-spectra show a mixture of rotamers.
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6.3.3.2.3 Synthesis of (8R,9S,10R,13S,14S,17S)-10,13-dimethyl-3-oxo-
2,3,6,7,8,9,10,11,12,13,14,15,16,17-tetradecahydro-1H-cyclopenta[a]phenanthren-17-yl
(5-chloro-2-oxo-2,3-dihydrobenzofuran-3-yl)carbamate (372)

O
OJ(NH Glyoxylic acid monohydrate (188) Q
2 p-Chlorophenol (290)
TFA, rt, 3d
Cl
O
CogH29NO3 CygH3,CINO;5
331.45 g/mol 498.01 g/mol
0.75¢ 0.61g
366 54% 372

Prepared according to GP-VI using testosterone carbamate 366 (0.75 g, 2.26 mmol, 1.0 eq.),
glyoxylic acid monohydrate 188 (0.21 g, 2.26 mmol, 1.0 eq.), p-chlorophenol 290 (0.35 g,
2.71 mmol, 1.2 eq.) in 4 ml of TFA. 372 was obtained as a colourless solid in a yield of 54%.

Yield: 0.61 g (1.22 mmol, 54%).

Appearance: Colourless solid.

Re-Value: 0.27 (SiO2, Toluene/MeOH 4:1 + 1% AcOH).

IR: v [em™] = 3247 (br), 2942 (br), 2876 (w), 2854 (w), 2573 (W), 1720 (s), 1694 (s), 1673 (s),
1657 (s), 1644 (s), 1499 (s), 1449 (w), 1423 (s), 1376 (w), 1331 (m), 1278 (s), 1232 (vs),
1115 (m), 1056 (s), 999 (w), 981 (w), 959 (w), 942 (w), 916 (w), 893 (w), 871 (w), 819 (w).

MP: 172 °C.
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Table 86: 1D and 2D-NMR data of (8R,9S,10R,13S,14S,17S)-10,13-dimethyl-3-0x0-2,3,6,7,8,9,10,11,12,13,14,15,16,17-
tetradecahydro-1H-cyclopenta[a]phenanthren-17-yl (5-chloro-2-oxo0-2,3-dihydrobenzofuran-3-yl)carbamate (372) in
MeOD-ds, at 298 K and 500 MHz for 'H and 125 MHz for 13C.

No. o1 [ppm], J in [Hz] dc [ppm], mult. HMBC (*J)

1 0.88 (3H, m) 12.39+12.42, CHs C1—HI1¢3), H14(3)), H17(%)
2 1.23 (3H, m) 17.70+17.71, CHs C2—H10(%), H16(3J), H19(%)
3 1.45 (1H, m); 1.58 (1H, m) 21.64+21.65, CH, C3—H16(2)

4 1.38 (1H, m); 1.66 (1H, m) 24.3, CH, C4—H14(3)

5 1.59 (1H, m); 2.12 (1H, m) 28.54+28.57, CH, C5—H4(2J), H17(%J)

6 1.03 (1H, m); 1.88 (1H, m) 32.8, CH, C6—H7(X), H9(2))

7 2.29 (1H, m); 2.48 (1H, m) 33.8, CH» C7—H6(A), H19(%J)

8 2.30 (1H, m); 2.45 (1H, m) 34.7, CH, C8—H19(%)

9 1.64 (1H, m) 36.6, CH C9—H6(2), H14(2)

10 1.70 (1H, m); 2.06 (1H, m) 36.7, CH, C10—H2(%)), H8(2J)

11 1.19 (1H, m); 1.77-1.88 (1H, m) 37.82, CHy Cl11—H1(3), H17(3)

12 - 39.97+39.98, C, C12—H2(), H7(3J), H8(3J), H19(3))
13 - 437, Cq C13—H1(3), H14(2), H17(¥)
14 1.08 (1H, m) 51.46+51.43, CH C14—H1(3), H4(3), H6(3))
15 5.46 (1H, s) 54.7, CH C15—H18(%), H22(3J)

16 0.96 (1H, m) 55.2, CH C16—H2(3)

17 4.51 (1H, m) 84.62+84.64, CH C17—-H1(3J), H4(3J), H14(3)
18 6.79 (1H, d, J = 8.6 Hz) 117.7, CHarom C18—H22(%)

19 5.70 (1H, s) 124.2, CHaikene C19—H7(3), H8(3J)

20 - 125.0, C, C20—H18(3)), H22(3), H23(2))
21 - 127.1, Cq C21—H15(3), H18(3))

22 7.22 (1H, d, J = 2.5 Hz) 130.05, CHarom C22—H15(3J), H23(J)

23 7.12 (1H, m) 130.09, CHarom C23—H22(%))

24 - 155.25+155.26, C, C24—H18(X), H22(3J), H23(3))
25 - 158.4, Cq C25—H15(%), H17(3))

26 - 174.0, Cq C26—H15(%)

27 - 175.0, Cq C27—H2(3J), H6(3), H7(2))
28 - 202.3, Cq C28—H7(4), H8(2J), H10(3J)
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6.3.3.2.4 Synthesis of 2,5,7,8-tetramethyl-2-(4,8,12-trimethyltridecyl)chroman-6-yl (5-
chloro-2-oxo-2,3-dihydrobenzofuran-3-yl)carbamate (373)

Cl
Glyoxylic acid monohydrate (188)
HzNTO p-Chlorophenol (290) N5
° (0] TFA, rt, 3d \[g
o] o o

C30Hs1NO3 C3gH54CINO5
473.73 g/mol 640.29 g/mol
488 mg 282 mg
363 43% 373

Prepared according to GP-VI using tocopherol carbamate 363 (488 mg, 1.03 mmol, 1.0 eq.),
glyoxylic acid monohydrate 188 (94.8 mg, 1.03 mmol, 1.0 eq.), p-chlorophenol 290 (159 mg,
1.24 mmol, 1.2 eq.) in 2 ml of TFA. 373 was obtained as a colourless solid in a yield of 43%.

Yield: 282 mg (0.44 mmol, 43%).

Appearance: Colourless solid.

Rs-Value: 0.17 (SiO2, Toluene/MeOH 15:1 + 1% AcOH).

IR: o [em] = 3307 (br), 2926 (m), 2866 (), 2845 (), 1705 (vs), 1636 (w), 1606 (w), 1576 (w),
1559 (w), 1540 (w), 1497 (s), 1457 (s), 1423 (s), 1376 (s), 1366 (s), 1336 (m), 1279 (m),
1226 (vs), 1169 (s), 1110 (m), 1088 (m), 1030 (w), 1023 (w), 994 (w), 976 (w), 940 (W),
914 (w), 877 (w), 817 ().

MP: 115 °C.

HR-MS (ESD): Theor.[M+Na]*: 662.35827, found: 662.35880.
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Table 87: 1D and 2D-NMR data of 2,5,7,8-tetramethyl-2-(4,8,12-trimethyltridecyl)chroman-6-yl (5-chloro-2-oxo-2,3-
dihydrobenzofuran-3-yl)carbamate (373) in DMSO-ds, at 298 K and 500 MHz for *H and 125 MHz for 13C.

No. o1 [ppm], J in [Hz] dc [ppm], mult. No. o1 [ppm], J in [Hz] dc [ppm], mult.
1 2.00 (3H, s) 11.5, CHs 20 1.23 (2H, m) 36'93+3§F?? e
2 1.93 (3H, 5) 11.8, CH, 21 1.11 (2H, m) 38.8, CH,
3 1.95 (3H, s) 12.6, CHs 22 1.50 (2H, m) 39.4, CH,
4 0.82 (3H, s) 19.59+19.46, CH; | 23 | 5.46 (1H,d,J=8.7 Hz) 52.1, CH
: 082 (3H, ) 10.61+19.55+19.52, | ,, ] 746, C,

CHs
6 2.53 (2H, m) 19.9, CH, 25 | 6.86(1H,d,J=8.6 Hz) 116.9, CHarom
7 1.37-1.41 (2H, m) 20.36+20.40, CH, | 26 - 117.0, Cq
8 0.84 (3H, 5) 22.45, CH3 27 - 121.5, C,
9 0.84 (3H, s) 22.54, CHs 28 - 122.3, Cq

10 1.18 (3H, s) 23.53, CH3 29 - 125.7, Cq
11 1.20-1.23 (2H, m) 23'7‘”22';?*23'70’ 30 i 125.8, Cq
12 1.20-1.23 (2H, m) 24'18+2é|'4127+24'16 31 : 127.2, C,
13 1.49 (1H, m) 27.4, CH 32 | 7.33(1H,d,J=2.7 Hz) 128.0, CHarom
14 1.74 (2H, m) 30.75+30.68, CH, | 33 7.18 (1I24,7d|<j,z)J = 8.6, 128.6, CHarom
15 136 (1H, m) 32.00+3L86F3LI6 | 34 : 140.4, C,
16 1.36 (1H, m) 32.07+32.03,CH | 35 - 148.3, Cq
17 1.21 (2H, m) 36.70+36.56, CH, | 36 - 153.9, C,
18 1.05 (2H, m) 36.73+36.63, CH, | 37 - 154.6, Cq
19 1.05 (2H, m) 36.78, CH; 38 - 171.8, C,

NH | 8.22(1H,d,J=8.7 Hz) -
Note: C4/C5, C8/C9, C15/C16, C17/C18 and C19/C20 could not be assigned.
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6.3.3.3 2-Coumaranones with thiolcarbamate substructures
6.3.3.3.1 Synthesis of S-ethyl (5-fluoro-2-o0xo0-2,3-dihydrobenzofuran-3-
yl)carbamothioate (405)

Glyoxylic acid monohydrate (188) 0
0O p-Fluorophenol (401) HN/Z(
PN - F TN
HoN S TFA, rt, 1d o
O
105.16 g/mol 255.27 g/mol
2.00g 0409
392 8% 405

Prepared according to GP-VI using S-ethyl carbamothioate 392 (2.00 g, 19.0 mmol, 1.0 eq.),
glyoxylic acid monohydrate 188 (1.75 g, 19.0 mmol, 1.0 eq.), p-fluorophenol 401 (2.56 g,
22.8 mmol, 1.2 eq.) in 30 ml of TFA. 405 was obtained as a colourless solid in a yield of 8%.

Yield: 0.40 g (1.58 mmol, 8%).

Appearance: Colourless solid.

Rs-Value: 0.13 (SiOy, c-Hex/Toluene 1:1 + 1% AcOH).

IR:  [emY] = 3348 (br), 3076 (W), 2976 (W), 2912 (W), 2359 (W), 2341 (W), 1799 (s), 1646 (vs),
1505 (s), 1479 (s), 1457 (w), 1446 (w), 1383 (w), 1321 (m), 1268 (m), 1253 (w), 1233 (w),
1203 (s), 1195 (s), 1119 (s), 1076 (vs), 1047 (w), 955 (w), 947 (w), 899 (m), 885 (m), 822 (s).

MP: 183 °C.

HR-MS (ED):  Theor.[M+H]*: 255.0359, found: 255.0361.
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Table 88: 1D and 2D-NMR data of S-ethyl (5-fluoro-2-oxo-2,3-dihydrobenzofuran-3-yl)carbamothioate (405) in
DMSO-ds, at 298 K and 499 MHz for 'H and 125 MHz for 13C.

No. o1 [ppm], J in [Hz] dc [ppm], mult. HMBC (XJ)

1 1.14 (3H,t,J=7.3 Hz) 15.5, CH3 C1—H2(3)

2 2.76 (2H, m) 23.4, CH, C2—H1()

3 5.46 (1H, d, J = 7.2 Hz) 52.29+52.30, CH C3—H6(3J), NH(2)

4 7.19 (1H, m) 111.3+111.5, CHarom C4—H6(3)

5 7.25 (1H, m) 111.7+111.8, CHarom C5—H3(4), H6(4)

6 7.21 (1H, m) 116.0+115.8, CHarom C6—H3(3J), H4(3J)

7 - 127.56+127.63, C, C7—H3(2), H5(3J), NHEJ)
8 - 149.42+149.44, C, C8—H3(4J), H4(%J)

9 - 157.9+159.8, C, C9—H3(3), H5(2), H6(3))
10 - 167.0, Cq C10—H2(3J), H3(3)), NH(%)
11 - 173.0, Cq C11—H3(3), NH()
NH 9.37 (1H, d, J = 7.4 Hz) - -
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6.3.3.3.2 Synthesis of S-butyl (5-fluoro-2-oxo0-2,3-dihydrobenzofuran-3-
yl)carbamothioate (406)

Glyoxylic acid monohydrate (188) o
o p-Fluorophenol (401) HN/Z<
HN™ 7S TFA, rt, 1d o
O
133.21 g/mol 283.32 g/mol
15049 014 g
393 4% 406

Prepared according to GP-VI using S-butyl carbamothioate 393 (1.50 g, 11.3 mmol, 1.0 eq.),
glyoxylic acid monohydrate 188 (1.04 g, 11.3 mmol, 1.0 eq.), p-fluorophenol 401 (1.51 g,
13.5 mmol, 1.2 eq.) in 18 ml of TFA. 406 was obtained as a colourless solid in a yield of 4%.

Yield: 0.14 g (0.49 mmol, 4%).

Appearance: Colourless solid.
Rs-Value: 0.13 (SiOy, c-Hex/Toluene 1:1 + 1% AcOH).

IR: v [em] = 3346 (br), 3076 (w), 2960 (w), 2930 (w), 2873 (w), 2358 (W), 1797 (s), 1649 (vs),
1507 (s), 1480 (s), 1447 (w), 1379 (w), 1324 (m), 1268 (m),1254 (w), 1236 (w), 1203 (s),
1194 (s), 1121 (vs), 1078 (vs), 1053 (w), 956 (w), 947 (w), 918 (w), 902 (w), 887 (s). 821 (S).

MP: 162 °C.

HR-MS (ESD): Theor.[M+Na]*: 306.05706, found: 306.05694.
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Table 89: 1D and 2D-NMR data of S-butyl (5-fluoro-2-oxo-2,3-dihydrobenzofuran-3-yl)carbamothioate (406) in
DMSO-ds, at 298 K and 500 MHz for 'H and 125 MHz for 13C.

No. o1 [ppm], J in [Hz] dc [ppm], mult. HMBC (XJ)

1 0.84 (3H, t,J = 7.4 Hz) 13.4, CHs3 C1—H2(2), H4(3J)

2 1.29 (2H, sxt, J = 7.3 Hz) 21.2, CH, C2—H1(¥), H3(3J), H4(%J)
3 2.76 (2H, m) 28.6, CH; C3—H2(3J), H4(3J)

4 1.45 (2H, quin, J = 7.3 Hz) 31.9, CH, C4—H1(3), H2(3), H3(%J)
5 5.45 (1H, d, J = 7.2 Hz) 52.3, CH C5—H6(3J), NH(2J)

6 7.18 (1H, m) 111.3+111.5, CHarom C6—H5(3J), H8(3J)

7 7.25 (1H, m) 111.7+111.8, CHarom C7—H5(*)

8 7.21 (1H, m) 115.8+116.0, CHarom C8—H6(%)

9 - 127.55+127.63, Cq C9—H5(2), H7(3J), NH(3)
10 - 149.42+149.43, C, C10—H5(4), H6(2), H8(2))
11 - 157.9+159.8, C, C11-H5(3), H7(¥), H8(3)
12 - 167.0, Cq C12—H3(3J), H5(3)), NH(%)
13 - 173.0, Cq C13—H5(2), NH(3)
NH 9.38 (1H, d, J = 7.4 Hz) - -
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6.3.3.3.3 Synthesis of S-octyl (5-fluoro-2-oxo0-2,3-dihydrobenzofuran-3-
yl)carbamothioate (407)

Glyoxylic acid monohydrate (188) o
@) p-Fluorophenol (401) HN/Z(
- s
I F ;
HoN §” 7 TFA, rt, 1d o
o
CgH4gNOS C47H25FNO3S
189.32 g/mol 339.42 g/mol
1.00g 0.30 g
394 17% 407

Prepared according to GP-VI using S-octyl carbamothioate 394 (1.00 g, 5.28 mmol, 1.0 eq.),
glyoxylic acid monohydrate 188 (0.49 g, 5.28 mmol, 1.0 eq.), p-fluorophenol 401 (0.71 g,
6.34 mmol, 1.2 eq.) in 9 ml of TFA. 407was obtained as a colourless solid in a yield of 17%.

Yield: 0.30 g (0.88 mmol, 17%).

Appearance: Colourless solid.

Rs-Value: 0.13 (SiOy, c-Hex/Toluene 1:1 + 1% AcOH).

IR: v [cm™] = 3342 (m), 3072 (w), 2951 (w), 2921 (br), 2852 (w), 2363 (W), 1799 (s), 1708 (w),
1651 (vs), 1506 (m), 1482 (s), 1467 (m), 1448 (w), 1437 (w), 1381 (w), 1321 (w), 1268 (w),
1254 (s), 1232 (w), 1205 (s), 1194 (s), 1120 (s), 1077 (s), 1006 (w), 955 (w), 946 (w), 900 (w),
886 (w), 824 (m).

MP: 133 °C.
HR-MS (ESD): Theor.[M+H]*: 340.13771, found: 340.13754.

Theor.[M+Na]*: 362.11966, found: 362.11962.
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Table 90: 1D and 2D-NMR data of S-octyl (5-fluoro-2-oxo-2,3-dihydrobenzofuran-3-yl)carbamothioate (407) in
DMSO-ds, at 298 K and 500 MHz for *H and 125 MHz for 13C.

No. ox [ppm], Jin [Hz] dc [ppm], mult. HMBC (}J)

1 0.85(3H,t, J=7.0 Hz) 13.9, CH3 C1—-H2(Q)

2 1.24 (2H, m) 22.1, CH; C2—H1(2), H8(%)

3 1.25 (2H, m) 28.0, CH; C3—H6()

4 1.22 (2H, m) 28.4, CH; C4—H3(A), H7(3))

5 1.23 (2H, m) 28.6, CH; -

6 2.75 (2H, m) 28.9, CH; C6—H7(A)

7 1.46 (2H, quin, J=7.3 Hz) 29.9, CH, C7—H6()

8 1.21 (2H, m) 31.2, CH; C8—HI1(3), H2(3))

9 5.44 (1H,d, J=7.1 Hz) 52.3,CH C9—H11(3), NH(A)

10 7.17 (1H, m) 111.25+111.45, CHarom C10—H9(4), H12(3))

11 7.24 (1H, m) 111.73+111.79, CHarom C11—H9(3), H12(3))

12 7.21 (1H, m) 115.8+116.0, CHarom C12—H10(A)

13 - 127.56+127.63, Cq C13—H9(A), H11(3J), NH(3))
14 - 149.42+149.43, Cq C14—H9(4), H12(4), H11(4), H10(A)
15 - 159.8+157.9, Cq C15—H9(%), H11(3))

16 - 167.1, Cq C16—H6(%), H9(3J), NH(%)
17 - 173.0, Cq C17—H9(A), NH(%J)
NH 9.37 (1H, d, J = 7.3 H2) - -
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6.3.3.3.4 Synthesis of S-(4-bromophenyl) (5-fluoro-2-oxo-2,3-dihydrobenzofuran-3-
yl)carbamothioate (403)

i i 0
Br Glyoxylic acid monohydrate (188) Br
o) /©/ p-Fluorophenol (401) HN
- S
)J\S

F
H,N TFA, rt, 1d mo
0]
C,HgBrNOS C15HoBrFNO,S
232.10 g/mol 382.20 g/mol
0.80 g 0.26 g
390 20% 403

Prepared according to GP-VI using S-(4-bromophenyl) carbamothioate 390 (0.80 g,
3.45 mmol, 1.0eq.), glyoxylic acid monohydrate 188 (0.32g, 3.45 mmol, 1.0eq.), p-
fluorophenol 401 (0.46 g, 4.14 mmol, 1.2eq.) in 6 ml of TFA. 403 was obtained as a

colourless solid in a yield of 20%.
Yield: 0.26 g (0.68 mmol, 20%).

Appearance: Colourless solid.

Rs-Value: 0.10 (SiOy, c-Hex/Toluene 1:1 + 1% AcOH).

IR: v [em™] = 3327 (br), 3087 (w), 2931 (w), 2359 (w), 1814 (s), 1652 (s), 1610 (w), 1563 (w),
1500 (s), 1485 (s), 1477 (s), 1448 (w), 1386 (w), 1323 (w), 1273 (w), 1263 (w), 1250 (w),
1235 (w), 1209 (m), 1191 (w), 1129 (s), 1118 (s), 1089 (vs), 1076 (vs), 1052 (w), 1009 (w),
958 (W), 939 (W), 898 (W), 865 (W), 834 (m), 824 (Vs).

MP: 191 °C.
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Table 91: 1D and 2D-NMR data of S-(4-bromophenyl) (5-fluoro-2-oxo-2,3-dihydrobenzofuran-3-yl)carbamothioate
(403) in DMSO-ds, at 298 K and 500 MHz for *H and 125 MHz for 13C.

No. o1 [ppm], J in [Hz] dc [ppm], mult. HMBC (*J)

1 5.54 (1H, d, J=7.3 H2) 52.5,CH C1—-H2(}), NH(¥)

2 7.25 (1H, m) 111.46+111.67, CHarom C2—H4(})

3 7.22 (1H, m) 111.78+111.84, CHarom -

4 7.21 (1H, m) 116.0+116.2, CHarom C4—H2(%)

5 - 123.1, Cq C5—HS8(A), HI(})

6 - 126.9, Cq C6—HS8(3J), HI(A)

7 - 127.1+127.2, C4 C7—HI1(3), H2(2), NH(3)
8 7.60 (2H, d, J = 8.5 Hz) 132.1, 2xCHarom C8—HS8(%)

9 7.38 (2H, d, J=8.5 Hz) 136.9, 2xCHarom C9—H9(%))

10 - 149.41+149.43, Cq C10—HI1(4), H2(4), H3(3J), H4(%)
11 - 157.9+159.8, C, C11—-H2(3), H4(%))

12 - 164.6, Cq C12—HI1J), H9(4), NH(A)
13 - 172.8, Cq C13—H1(¥), NH(AJ)
NH 9.64 (1H,d, J=7.4 Hz) - -
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6.3.3.3.5 Synthesis of S-naphthalen-2-yl (5-fluoro-2-oxo-2,3-dihydrobenzofuran-3-
yl)carbamothioate (404)

Glyoxylic acid monohydrate (188)

0
o) p-Fluorophenol (401) HN OQ
X o °

H,NT S TFA, rt, 1d mo

o

C,1HgNOS C19H42FNO3S
203.26 g/mol 353.37 g/mol
1.00g 0.20g
391 12% 404

Prepared according to GP-VI wusing S-naphthalen-2-yl carbamothioate 391 (1.00 g,
4,91 mmol, 1.0 eq.), glyoxylic acid monohydrate 188 (0.45g, 4.91 mmol, 1.0eq.), p-
fluorophenol 401 (0.66 g, 5.90 mmol, 1.2eq.) in 8 ml of TFA. 404 was obtained as a

brownish solid in a yield of 12%.

Yield: 0.20 g (0.57 mmol, 12%).

Appearance: Colourless solid.

Rs-Value: 0.10 (SiOy, c-Hex/Toluene 1:1 + 1% AcOH).

IR: v [em™] = 3326 (br), 3059 (w), 2934 (w), 2361 (w), 2341 (w), 1816 (s), 1716 (w), 1700 (w),
1648 (vs), 1612 (w), 1586 (w), 1559 (w), 1480 (vs), 1449 (w), 1366 (w), 1341 (w), 1318 (m),
1274 (w), 1253 (w), 1233 (w), 1209 (s), 1190 (m), 1131 (s), 1119 (s), 1079 (s), 1066 (s),
1052 (w), 1019 (w), 980 (w), 939 (m), 893 (m), 873 (w), 859 (w), 849 (s), 830 (s), 818 (s),
800 (w).

MP: 175 °C.
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Table 92: 1D and 2D-NMR data of S-naphthalen-2-yl (5-fluoro-2-oxo-2,3-dihydrobenzofuran-3-yl)carbamothioate
(391) in DMSO-ds, at 298 K and 500 MHz for *H and 125 MHz for 13C.

No. o1 [ppm], J in [Hz] dc [ppm], mult. HMBC (XJ)

1 5.55 (1H, d, J = 7.4 Hz) 52.5, CH C1—H2(3), NH(®)

2 7.27 (1H, m) 111.5+111.6, CHarom C2—H4(3)

3 7.21 (1H, m) 111.76+111.81, CHarom -

4 7.20 (1H, m) 116.0+116.1, CHarom C4—H2(3)

5 - 124.7, Cq C5—HI11(%)

6 7.56 (1H, m) 126.7, CHarom -

7 - 127.26, Cq C7—H3(3)

8 7.58 (1H, m) 127.32, CHarom -

9 7.95 (1H, m) 127.6, CHarom -

10 7.95 (1H, m) 127.8, CHarom -

11 7.93 (1H, m) 128.5, CHarom C11—H9/10(3))

12 7.48 (1H, dd, J = 8.5, 1.8 Hz) 131.7, CHarom C12—H11(%). H15(%)
13 - 132.8, Cq C13—H9/H10(3). H12(3J), H15(%))
14 - 133.0, C, C14—H9/H10(3J), H15(%)
15 8.10 (1H, d, J = 1.4 Hz) 134.7, CHarom C15—H12(3)

16 - 149.41+149.42, C, C16—H2(), H3(3J), H4(2)
17 - 158.1+159.7, Cq C17—H2(3), H3(¥)
18 - 165.3, Cq C18—H1(%), NH(A)
19 - 172.8, Cq C19—H1(2J), NH(®)
NH 9.59 (1H, d, J = 7.5 Hz) - -

Note: C6/C8 and C9/C10 could not be assigned.
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6.3.4 Decomposition experiments
6.3.4.1 Decomposition of urea-coumaranones
6.3.4.1.1A Decomposition of 313 with DBU

0
(0] J{
HNJ<N DBU AN
Cl H oL MeCN, 4h, rt 0
0 OHY & \
o OH
388.80 g/mol 404.80 g/mol
0.20 g 0.05g
313 24% 329

Prepared according to GP-VII. Small scale experiment: Urea-coumaranone 313 (0.02 g,
0.05 mmol, 1.0 eqg.) and DBU (15.0 pl, 0.10 mmol, 2.0 eq.) in 0.70 ml of DMSO-de. Large
scale experiment: Urea-coumaranone 313 (0.20 g, 0.51 mmol, 1.0 eq.) and DBU (0.15 ml,

1.03 mmol, 2.0 eg.) in 10.0 ml of MeCN. 329 was obtained as a brownish solid in a yield of
24%.

Yield (Large scale): 0.05 g (0.12 mmol, 24%).

6.3.4.1.1B Decomposition of 313 with HRP

o 0
cl
HNJ< HRP/H,0, HNJ<N
N .
Cl H 0 pH = 7.8, EDTA 0
o AN OH \
5 0 MeCN/H,0 (1:1), ole)

rt, 3d OH
C19H17CIN2O5 C19H17CIN2Og
388.80 g/mol 404.80 g/mol
0.05¢ 0.03g
313 54% 329

Prepared according to GP-VIII using urea-coumaranone 313 (0.05¢g, 0.13 mmol, 1.0 eq.),
phosphate buffer solution I (1.3 ml, 1.30 mmol, 10 eq), EDTA solution (1.3 ml, 0.13 mmol,
1.0 eq.), H202 (13 pl, 0.13 mmol, 1.0 eq.) and HRP solution (2.0 ml, 100 units) in 12.5 ml of
MeCN/H20 (1:1). 329 was obtained as a brownish solid in a yield of 57%. The results of the

NMR-spectra are in agreement with those of decomposition experiment 6.3.4.1.1A.

Yield: 0.03 g (0.07 mmol, 54%).
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Table 93: 1D and 2D-NMR data of (2S)-methyl 2-(4-(5-chloro-2-hydroxyphenyl)-4-hydroxy-2,5-dioxoimidazolidin-1-
yl)-3-phenylpropanoate (329) in DMSO-ds, at 298 K and 499 MHz for *H and 126 MHz for 13C.

No. &1 [ppm], Jin [Hz] 8¢, on [ppm], mult. HMBC (XJ)

1 fé‘_:’fs((llm7d§d,‘]\]::1144_22*,17'§2fz)) 33.38+33.61, CH, C1—H3(2), H11()

2 3.64 (3H, 5) 52.30+52.32, CHa :

3 4.78 (1H, dd, J = 7.8, 1.8 Hz) 52.7, CH C3-H1(2),

4 i 81.76+81.92, C Ca—H5(%), HOCJ), NHo(2)
5 6.80 (1H, d, J = 8.6 Hz) 117.1, CHarom i

6 : 1220, Cq C6—H5(J), HO(H), H12(2)
7 i 126.25+126.33, Cq CT—H5C))

8 7.20 (1H, m) 126 5, CHarom C8—H11()

9 7.49 (1H, d, J = 2.6 Hz) 12737, CHaom Co—H12()

10 7.27 (2H, m) 128.31+128.34, 2XCHarom C10—H10(%)

11 7.25 (2H, m) 129.02+129.07, 2XCHarom CL1-H1(J), H8(J), HLLE))
12 7.24 (1H, m) 129.5, CHarom C12—H9()

13 : 1377, Cq C13—H1(), H10¢J)

14 i 153.48+153 54, C; C14—H5(), HI(J), H12CJ)
15 : 154.93+154.97, C, C15—H3(J), NH.(2)
16 : 168.92+169.04, C, C16—H1(J), H2(J), H3(2)
17 : 172.16+172.29, C, C17—H3(J), NH.()
NHq 8.86+8.83 (1H, 5) 112.6, NH i

N; : 147.8, NR; Ny—H1(J), H3(2), NH.(J)

Ph-OH 10.13 (1H, br) : i

Note: The *H- and **C-NMR-spectra show a mixture of rotamers.

MS (ESI):  mz (%) 427.0668 [M+Na*] (27), 409.556 [M+Na*-H-0] (100).
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6.3.4.1.2A Decomposition of 314 with DBU

o 0
cl
HN/[<N DBU HN//<N
Cl H OH MeCN, 4h, rt OH
OH Y
OH

O
C1gH15CIN2O5 C+gH15CIN2Og
374.78 g/mol 390.77 g/mol
0.20g 0.049
314 19% 331

Prepared according to GP-VII. Small scale experiment: Urea-coumaranone 314 (0.02 g,
0.05 mmol, 1.0 eq.) and DBU (16.4 ul, 0.11 mmol, 2.0 eq.) in 0.70 ml of DMSO-de. Large
scale experiment: Urea-coumaranone 314 (0.20 g, 0.53 mmol, 1.0 eq.) and DBU (0.16 ml,

1.07 mmol, 2.0 eq.) in 10.0 ml of MeCN. Before extraction, the aqueous phase was acidified

with 0.1 ml of a 2 M HCI solution. 331 was obtained as a brownish solid in a yield of 19%.

Yield (Large scale): 0.04 g (0.10 mmol, 19%).

6.3.4.1.2B Decomposition of 314 wit HRP

o 0
cl
i~ HRP/H,0, HNJ<N
\ .
cl H )~©H pH = 7.8, EDTA OH
OH
OoH

© o MeCN/H,O (1:1), O
© ft, 3d
C18H15CIN2O5 C18H15CIN2Og
374.78 g/mol 390.77 g/mol
0.10g 0.04 g
314 38% 331

Prepared according to GP-VIII using urea-coumaranone 314 (0.10 g, 0.27 mmol, 1.0 eq.),
phosphate buffer solution | (2.7 ml, 2.70 mmol, 10 eq), EDTA solution (2.7 ml, 0.27 mmol,
1.0 eq.), H202 (28 ul, 0.27 mmol, 1.0 eq.) and HRP solution (4.0 ml, 200 units) in 25 ml of
MeCN/H20 (1:1). Before extraction, the aqueous phase was acidified with 0.3 ml of a 2 M
HCI solution. 331 was obtained as a brownish, orange solid in a yield of 38%. The results of

the NMR-spectra are in agreement with those of decomposition experiment 6.3.4.1.2A.

Yield: 0.04 g (0.10 mmol, 38%).
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Table 94: 1D and 2D-NMR data of (2S)-2-(4-(5-chloro-2-hydroxyphenyl)-4-hydroxy-2,5-dioxoimidazolidin-1-yl)-3-
phenylpropanoic acid (331) in DMSO-ds, at 298 K and 499 MHz for *H and 126 MHz for 13C.

No. oH [ppm], J in [HZ] dc [ppm], mult. HMBC (XJ)
3.02 (*2H,dd,J=14.2,
6.6 Hz)/3.18 (Y2 H dd, J = 14.2, ) s
1 10.8 Hz) + 3.44 (LH, dd, J = 33.79+34.63, CH; C1—H2(3J), H10(%))
14.2, 5.6 Hz)
4.67 (Y2 H, m)+5.01 (*2 H, dd. J R

2 = 10.8, 5.2 Hz) 52.92/53.00+53.76, CH C2—H1(4J)

3 - 81.72+82.17, Cq C3—H4(4)), H8(3J), NHu(2)

4 6.80 (1H, d, J = 8.6 Hz) 117.2, CHarom -

5 - 122.0, Cq C5—H4(3)), H8(3J), H11(%)

6 - 126.26+126.37, C, C6—H4(3)), Ph-OH(3J)

7 7.20 (1H, m) 126.32, CHarom C7—H10(3)

8 7.46 (1H, d, J = 2.7 Hz) 126.8+127.31/127.39, C8—H11(%)

CHarom
9 7.19 (1H, m)+7.26 (1H, m) 128.27/128.30+128.47, C9—HI(%))
2XCHar0m
10 7.19 (1H, m)+7.25 (1H. m) 128.8+128.95/128.99, C10—H1(3J), H7(3)), H10(3)
2XCHar0m

12 - 137.0+138.30/138.31, Cq C12—H1(2), H2(3J), H9(%))

13 ) 153.39+15(3;.58/153.66, C13—H4(3), H8(J), H11(%)
q

14 - 155.11+155.15, Cq C14—H2(3J), NHy(X)

15 i 169.14+168.94/169.96, C15—H1 (%), H2())
q

16 - 172.23+172.34, C, C16—H2(3), NH,(3)

NH, 8.78+8.83 (1H, s) - -
Ph-OH 10.14+10.16(1H, br) - -
COOH 12.95 (1H, br) - -

Note: The *H- and *C-NMR-spectra show a mixture of rotamers.
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6.3.4.1.3 Decomposition of 303 with DBU

o S— 0 S—
Cl
HN//<N DBU  _ HN//<N
Cl H @ MeCN, 4h. rt 0
0 N OH \
o 0 O
o OH

C15H47CIN,O5S

C15H17CIN,OgS

372.82 g/mol 388.82 g/mol
0.05¢g 0.02¢g
303 38% 332

Prepared according to GP-VII. Small scale experiment: Urea-coumaranone 303 (0.02 g,
0.05 mmol, 1.0 eq.) and DBU (16.4 ul, 0.11 mmol, 2.0 eq.) in 0.70 ml of DMSO-de. Large
scale experiment: Urea-coumaranone 303 (0.05 g, 0.13 mmol, 1.0 eq.) and DBU (0.04 ml,

0.27 mmol, 2.0 eq.) in 3.00 ml of MeCN. 332 was obtained as a slightly brownish solid in a
yield of 40%.

Yield (Large scale): 20.0 mg (0.05 mmol, 38%).
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Table 95: 1D and 2D-NMR data of (2S)-methyl 2-(4-(5-chloro-2-hydroxyphenyl)-4-hydroxy-2,5-dioxoimidazolidin-1-
yl)-4-(methylthio)butanoate (332) in DMSO-ds, at 298 K and 499 MHz for *H and 126 MHz for 3C.

No. oH [ppm], J in [HZ] dc [ppm], mult. HMBC (XJ)
1 2.05 (3H, ) 14.35+14.40, CHs C1—H3()
2 2.20+2.28 (2H, m) 28.1, CH, C2—H3(2J), H4(2J)
3 2.49+2.59 (2H, m) 29.5+29.6, CH. C3—H1(3)), H2(2J), HA(J)
4 4.78 (1H, m) 50.1+50.2, CH C4—H2(2), H3(3J)
5 3.66 (3H, s) 52.4, CH3 -
6 - 81.4+81.6, C, C6—H7(4), H10(3J), NHq(%)
7 6.80+6.82 (1H, d, J = 8.6 Hz) 117.0, CHarom -
8 - 122.0+122.1, C, C8—H7(3J), H10(), H11(%)
9 - 126.2+126.3, C, C9—H7()

10 7.56 (1H, yt, J = 3.1 Hz) 127.47+127.54, CHarom C10—H11(%)

11 7.25 (1H, dd, J = 8.6, 2.7 Hz) 129.5, CHarom C11—H10(%)

12 - 153.4+153.5, C, C12—H7(2)), H10(3J), H11(%))
13 - 155.15+155.17, C,4 C13—H4(3J), NHy(2)

14 - 169.36+169.40, C, C14—H2(3), H4(3), H5(3))
15 - 172.5+172.6, C, C15—H4(3J), NH.(3)

NH, 8.84+8.87 (1H, s) - -

Ph-OH 10.17 (1H, s) - -

Note: The *H- and **C-NMR-spectra show a mixture of rotamers.
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Table 96: 1D and 2D-NMR data of (S)-4-chloro-2-(2-(1-(1-methoxy-4-(methylthio)-1-oxobutan-2-yl)ureido)-2-
oxoacetyl)phenolate (333A) in DMSO-ds, at 298 K and 499 MHz for 'H and 126 MHz for 13C.

No. &1 [ppm], Jin [Hz] dc [ppm], mult. HMBC (*J)
1 2.01 (3H, s) 14.60, CHs C1—H3(3)
2 2.20 (2H, m) 28.2, CH; C2—H3(4), H4(A)
3 2.39 (2H, m) 29.9, CH, C3—H1(3)), H2(X), HA()
4 4.66 (1H, t, J = 7.4 Hz) 50.01, CH C4—H2(2J), H3(3J)
5 3.61 (3H, s) 52.3, CHs -
6 6.44 (1H, d, J=8.2 Hz) 112.8, CHarom C6—H8(%)
7 - 113.0, Cq C7—H8(4)
8 6.20-6.22 (1H, m) 113.2, CHarom C8—H9(Y)
9 6.36 (1H, d, J = 2.5 Hz) 113.7, CHarom C9—H8(3J)
10 - 120.7, Cq C10—H6(%J), H8(2J), H9(2J)
11 - 148.2, C, C11—H6(2), H8(3J), H9(J)
12 - 153.5, Cq C12—H6(4), H9(J)
13 - 163.7, Cq C13—H4(%)
14 - 166.9, Cq C14—H4()
15 - 170.2, C, C15—H2(3)), H4(2J), H5(3J)

Note: The *H- and *C-NMR-spectra are from the small scale experiment and were not
purified. Contamination by DBU and hydantoin 332A can be seen. The carbon atoms 13 and

14 could not be distinguished and therefore could not be clearly assigned.
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6.3.4.1.4 Decomposition of 328 with DBU

O
HN/Z<N 0
cl Hw
0] OH
O

C14H15CIN;O5
326.73 g/mol
0.05¢g
328

O

Cl anA4

DBU N
MeCN, 4h, rt o)
OH

OH OH

C14H15CIN2Og
342.73 g/mol
21.0 mg
41% 334

Prepared according to GP-VII. Small scale experiment: Urea-coumaranone 328 (0.02 g,

0.06 mmol, 1.0 eq.) and DBU (17.9 ul, 0.12 mmol, 2.0 eq.) in 0.70 ml of DMSO-de. Large
scale experiment: Urea-coumaranone 328 (0.05 g, 0.15 mmol, 1.0 eq.) and DBU (0.05 ml,

0.31 mmol, 2.0 eq.) in 3.00 ml of MeCN. Before extraction, the aqueous phase was acidified
with 0.08 ml of a 2 M HCI solution. 334 was obtained as a brownish solid in a yield of 40%.

Yield (Large scale): 21.0 mg (0.06 mmol, 41%).
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Table 97: 1D and 2D-NMR data of 5-(4-(5-chloro-2-hydroxyphenyl)-4-hydroxy-2,5-dioxoimidazolidin-1-yl)pentanoic
acid (334) in DMSO-ds, at 298 K and 499 MHz for H and 126 MHz for 13C.

No. oH [ppm], J in [HZ] dc [ppm], mult. HMBC (XJ)
1 1.55+1.49 (2H, m) 21.6+21.7, CH, C1—H2(4), H3(2J), H4(3J)
2 1.55 (2H, m) 27.1+27.0, CH, C2—H1(), H3(3J), H4(3)
3 2.22+2.26 (2H, t, J = 6.6 Hz) 33.1433.2, CH; C3—H2(})
4 N 433('%3 (tlHJ:mgg ) 37.3+37.8, CH, CA—H1(I), H2(J)
5 - 81.5, Cq C5—H6(4), HI(J), NHq(2J)
6 6.76 (1H, d, J = 8.7 Hz) 117.0, CHarom C6—Ph-OH(%)
7 - 122.0, Cq C7—H6(3J), HI(2J), H10(2)
8 - 126.7, Cq C8—H6(%J), Ph-OH(3J)
9 7.55 (1H, d, J = 2.7 Hz) 127.4, CHarom C9—H10(3J)
10 7.22 (1H, dd, J = 8.6, 2.7 Hz) 129.2, CHarom C10—H9()
S HB((2 3 3
1 ] 153.4, C, C11 H6(P ﬂ])_,OHHg((2 j])), H10(3)),
12 - 156.2, Cq C12—H4(3J), NHq(3)
13 - 173.4, Cq C13—H4(3J). NHy(3)
14 - 174.26+174.34, C, C14—H1(3J), H3(3J)
NH, 8.63 (1H, s) - -
Ph-OH 10.12 (1H, s) - -
COOH 11.97 (1H, s) - -

Note: The *H- and **C-NMR-spectra show a mixture of rotamers and are contaminated by
DBU.
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... COSsY

Table 98: 1D and 2D-NMR data of (S)-4-chloro-2-(2-(1-(1-methoxy-4-(methylthio)-1-oxobutan-2-yl)ureido)-2-
oxoacetyl)phenolate (335A) in DMSO-ds, at 298 K and 499 MHz for 'H and 126 MHz for 13C.

No. &1 [ppm], Jin [Hz] dc [ppm], mult. HMBC (*J)
1 1.30-1.36 (2H, m) 23.7, CH;, C1—H2(3), H3(3)), HA4(2))
2 1.38-1.44 (2H, m) 28.6, CH» C2—H1(A), H4(})
3 3.25 (2H, t, J = 6.9 Hz) 37.3,CH;, C3—HI1()
4 1.89 (2H, m) 37.7,CH, C4—HI1(%)
5 6.54 (1H, m) 115.1, CHarom C5—H7()
6 6.55 (1H, m) 115.3, CHarom -
7 6.38 (1H, dd, J = 8.2, 2.6 Hz) 115.7, CHarom C7—H6(%)
8 - 121.1, Cq C8—H5(3), H6(X), H7(2J)
9 - 147.0, C, C9—H6(3J), H7(3))
10 - 150.6, Cq C10—H5(4), H6(J)
11 - 164.0, C, C11—H3(3J)
12 - 168.0, Cq C12—H3(%J)
13 - 176.7, Cq C13—H1(3J), H4(2J)

Note: The 'H- and *C-NMR-spectra are from the small scale experiment and were not
purified. Contamination by DBU and hydantoin 334A can be seen. Out of 14 carbon atoms
only 13 could be found. The carbon atoms 11 and 12 could not be distinguished and therefore

could not be clearly assigned.
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6.3.4.1.5 Decomposition of 309 with DBU

OH
HN/Z< HN
cl o —28Y
H N\ MeCN, 4h, rt OH
O o OH 5

(0]

C14H15CIN;O¢ C13H11CIN2Og
342.73 g/mol 326.69 g/mol
0.05¢g n.a.

309 n.a. 338

Prepared according to GP-VII. Small scale experiment: Urea-coumaranone 309 (0.02 g,
0.06 mmol, 1.0 eq.) and DBU (18.0 ul, 0.12 mmol, 2.0 eq.) in 0.70 ml of DMSO-ds. Large
scale experiment: Urea-coumaranone 309 (0.05¢g, 0.15 mmol, 1.0 eq.) and DBU (0.05 ml,

0.30 mmol, 2.0 eq.) in 3.00 ml of MeCN. Compound 338 is assumed to be the main product
after the aqueous work-up.

Yield (Large scale): n.a. due to various impurities.

Note: Product 338 could not be completely elucidated.
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6.3.4.1.6 Decomposition of 327 with DBU

)
COOH COOH
HN/QN/@/ DBU j\ /©/ /©/COOH
Cl +
H
\@jg:o MeCN, 4h, rt H2N ” H2N
O
C16H11CIN,Og CgHgN,O3 C,H;NO,
346.72 g/mol 180.16 g/mol 137.14 g/mol
0.05¢g 13.0 mg 0.86 mg
327 287 263
67% 7%

Prepared according to GP-VII. Small scale experiment: Urea-coumaranone 327 (0.02 g,
0.06 mmol, 1.0 eq.) and DBU (18.0 ul, 0.12 mmol, 2.0 eq.) in 0.70 ml of DMSO-de. Large
scale experiment: Urea-coumaranone 327 (0.05 g, 0.15 mmol, 1.0 eq.) and DBU (0.05 ml,

0.30 mmol, 2.0 eq.) in 3.00 ml of MeCN. Before extraction, the aqueous phase was acidified
with 0.07 ml of a 2 M HCI solution. Both 287 and 263 were obtained as a grey solid in a yield
of 67% and 7% respectively.

Yield of 287 (Large scale): 17.0 mg (0.09 mmol, 67%); major product.

Yield of 263 (Large scale): 0.86 mg (6.30 umol, 7%), minor product.

Note: Yields were calculated according to the *H-NMR after the aqueous workup.
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6.3.4.2 Decomposition of carbamate-coumaranones

6.3.4.2.1A Decomposition of 370 with DBU

% H
N H
o HNJ%@ y— __bBu @N . Unknown
mo o] DMSO-dg, 1h, it HO g]/ by-products
o}

360.75 g/mol
20 mg

370 quant.

Prepared according to GP-VII. Only a small scale

CgHgNO,
151.16 g/mol

358

experiment was done using carbamate-

coumaranone 370 (20 mg, 0.06 mmol, 1.0eq.) and DBU (17.9 ul, 0.12 mmol, 2.0eq.) in
0.70 ml of DMSO-ds. During the experiment a short but strong emission of blue light could

be seen over a time period of one minute. 358 was deprotected in a quantitative yield.

Yield (Small scale): Quantitative.

6.3.4.2.1B Decomposition of 370 with HRP

i '
N
HN HRP/H,0,
Cl 0/@/ )
o o
o

pH = 7.8, EDTA
MeCN/H,O (1:1)
rt, 3d
C17H13CIN2O5
360.75 g/mol
0.05g
370

93%

H

N Unknown
HO/@ 7]/ " by-products

o]

151.16 g/mol
0.02 g
358

Prepared according to GP-VIII using carbamate-coumaranone 370 (0.05g, 0.14 mmol,
1.0 eq.), phosphate buffer solution I (1.4 ml, 1.40 mmol, 10eq), EDTA solution (1.4 ml,

0.14 mmol, 1.0 eq.), H202 (14 pl, 0.14 mmol, 1.0 eq.

) and HRP solution (2.0 ml, 100 units) in

12.5 ml of MeCN/H20 (1:1). 358 was obtained as a colourless solid in a yield of 95%. The

results of the NMR-spectra are in agreement with those of decomposition experiment

6.3.4.2.1A.

Yield: 0.02 g (0.13 mmol, 93%).
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6.3.4.2.2A Decomposition of 371 with DBU

0]

HN/[< ‘ DBU

o o
h o — > (I v
cl MeCN, 4h, rt N)J\O‘
o) H
o OH

C19H24CINO, C1gH24CINO,
365.85 g/mol 353.84 g/mol
50 mg 45 mg
371 91% 377
O O : i :
KOH
. cl P - NHp +
N™ ~O EtOH, 4h, 78°C HO™
H OH
OH
C1gH24CINO, C7HgCINO, C1oH200
353.84 g/mol 171.58 g/mol 156.27 g/mol
45 mg 20 mg
377 79% 378 357

Step 1) was done according to GP-VII. Small scale experiment: Carbamate-coumaranone 371
(0.02 g, 0.06 mmol, 1.0 eq.) and DBU (18.0 pl, 0.12 mmol, 2.0 eq.) in 0.70 ml of DMSO-de.
Large scale experiment: Carbamate-coumaranone 371 (0.05 g, 0.14 mmol, 1.0 eq.) and DBU

(0.05 ml, 0.31 mmol, 2.0eqg.) in 2.40 ml of MeCN. During both experiments a strong
emission of blue light could be seen over a time period of 20 minutes. 377 was obtained as a

green solid in a yield of 91%.

Step 1l) was done by dissolving compound 377 in 5 ml EtOH. KOH (24.0 mg, 0.42 mmol,
3.0 eq.) was added and the solution was refluxed for 4 hours. After that the solvent was
removed under reduced pressure and 10 ml of water were added to the crude product. The
aqueous phase was extracted three times with ethylacetate (15 ml per extraction) and the
combined organic layers were washed with brine and subsequently dried over sodium sulfate.
Finally, the solvent was removed under reduced pressure to give 0.02 g (0.11 mmol, 79%) of

L-menthol 357 with minor impurities of 378.

Yield (After step 11): 0.02 g (0.11 mmol, 79%).
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6.3.4.2.2B Decomposition of 371 with HRP

o)
N HRP/H,0,

cl o g
o pH = 7.8, EDTA
5 MeCN/H,0 (1:1),

rt, 3d
C19H24C|NO4
365.85 g/mol
0.05¢g
371 93%

C1gH24CINO,
353.84 g/mol
46.0 mg
377

Prepared according to GP-VIII using carbamate-coumaranone 371 (0.05g, 0.14 mmol,
1.0 eq.), phosphate buffer solution I (1.4 ml, 1.40 mmol, 10 eq), EDTA solution (1.4 ml,
0.14 mmol, 1.0 eq.), H202 (14 ul, 0.14 mmol, 1.0 eq.) and HRP solution (2.0 ml, 100 units) in
12.5 ml of MeCN/H>0 (1:1). 377 was obtained as a slightly green solid in a yield of 93%. The

results of the NMR-spectra are in agreement with those of decomposition experiment

6.3.4.2.2A.

Yield: 46.0 mg (0.13 mmol, 93%).
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Table 99: 1D and 2D-NMR data of 4-chloro-2-(((((1R,2S,5R)-2-isopropyl-5-
methylcyclohexyl)oxy)carbonyl)carbamoyl)phenolate (377A) in DMSO-ds, at 298 K and 500 MHz for 'H and
125 MHz for 13C.

No. o1 [ppm], Jin [Hz] dc, 6N [ppm], mult. HMBC (XJ)
1 0.75 (3H,d, J=7.0 Hz) 16.3, CHa C1—-H2(}), H5(2)
2 0.87 (3H, m) 20.5, CH3 C2—H1(3J), H5(2J)
3 0.89 (3H, m) 22.0, CHs C3—H8(Y)
4 1.04 (1H, m); 1.62 (1H, m) 23.1, CH, C4—HI(2))
5 1.90 (1H, m) 25.8, CH C5—H1(2), H2(3J), H10(3J)
6 1.45 (1H, m) 30.9, CH C6—H3(%J), H8(2J)
7 0.84 (1H, m); 1.65 (1H, m) 33.8, CH; C7—H3(}), H8())
8 0.98 (1H, m); 1.92 (1H, m) 40.9, CH, C8—H3(3), H10(%J)
3 3 2 2
9 1.34 (1H, m) 46.6, CH Cg_""'_|17((§35,Hﬁé(g})l"'ﬁl((f()gj;"‘r’( )
10 4.50 (1H, td, J = 10.9, 4.3 Hz) 72.9,CH C10—H4(3J), H8(3J), H(2)
11 - 112.5, Cq C11—H13(%), H14(X), H15(2)
12 - 117.6, Cq C12—H13(%)
13 6.34 (1H, d, J = 8.9 Hz) 124.0, CHarom -
14 7.50 (1H, d, J = 3.1 Hz) 128.2, CHarom C14—H15(%)
15 6.92 (1H, dd, J = 9.0, 3.1 Hz) 132.5, CHarom C15—H14(%)
16 - 151.8, C, C16—H10(3))
17 - 165.9, Cq C17—H13(%), H14(%)
18 - 170.8, Cq C18—H13(4), H14(3J), H15(%))
NH 15.91 (1H, s) 139.9, NH -

Note: The NMR-spectra are contaminated with DBU.
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6.3.4.3 Decomposition of thiolcarbamate-coumaranones
6.3.4.3.1A Decomposition of 407 with DBU

0]
F HN/Z(S’\LX bBU | AN~ 4 Unknown
o 7 TMeCN, an, it 1S by-products
(0]
C17H22FNO3S CgH1gS
339.42 g/mol 146.29 g/mol
0.05¢g 18.0 mg
407 82% 388

Prepared according to GP-VII. Small scale experiment: Thiolcarbamate-coumaranone 407
(0.02 g, 0.06 mmol, 1.0 eq.) and DBU (17.6 pl, 0.12 mmol, 2.0 eq.) in 0.70 ml of DMSO-de.
Large scale experiment: Thiolcarbamate-coumaranone 407 (0.05 g, 0.15 mmol, 1.0 eq.) and
DBU (0.04 ml, 0.29 mmol, 2.0 eqg.) in 10.0 ml of MeCN. During both experiments a strong

emission of light blue light could be seen over a time period of 20 minutes. 388 was

deprotected in a yield of 82%.

Yield (Large scale): 18.0 mg (0.12 mmol, 82%).

6.3.4.3.1B Decomposition of 407 wit HRP

)

HN/Z< HRP/H,0, Unknown
F S%y\ > HS NN
7 H=78 EDTA by-products
10 pH = /.8,
o MeCN/H,50 (1:1),

rt, 3d
C47H2,FNO3S CgHgS
339.42 g/mol 146.29 g/mol
0.05¢g 8.30 mg
407 38% 388

Prepared according to GP-VIII using thiolcarbamate-coumaranone 407 (0.05 g, 0.15 mmol,
1.0 eq.), phosphate buffer solution I (2.0 ml, 2.00 mmol, 10 eq), EDTA solution (2.0 ml,
0.20 mmol, 1.0 eq.), H202 (20 pl, 0.20 mmol, 1.0 eq.) and HRP solution (2.0 ml, 100 units) in
12.5 ml of MeCN/H20 (1:1). 388 was obtained as a grey-white oil, in a yield of 38%. The

results of the NMR-spectra are in agreement with those of decomposition experiment

Yield: 25.0 mg (0.06 mmol, 38%).
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6.3.4.3.2A Decomposition of 403 with DBU

0
Br
B
E HN/Z(S/O/ DBU /©/ ' + Unknown
- by-products
mo DMSO-de, Th, 1t o
(0]
C15HgBrFNO3S CGH5BrS
382.20 g/mol 189.07 g/mol
20 mg
403 quant. 384

Prepared according to GP-VII. Only a small scale experiment was done using thiolcarbamate-
coumaranone 403 (0.02 g, 0.05 mmol, 1.0eqg.) and DBU (14.9 pl, 0.10 mmol, 2.0eq.) in
0.70 ml of DMSO-ds. During the experiment a strong emission of mint green light could be

seen over a time period of 10 minutes. 384 was deprotected in a quantitative yield.

Yield (Small scale): Quantitative.

6.3.4.3.2B Decomposition of 403 wit HRP
0

Br B
~ HN/(S/O/ HRPH,0, /©/ ", Unknown
— by-products
0]

MeCN/H,0 (1:1),

rt, 3d
C15HgBrFNO3S CGH5BFS
382.20 g/mol 189.07 g/mol
0.05g 21.0 mg
403 85% 384

Prepared according to GP-VIII using thiolcarbamate -coumaranone 403 (0.05 g, 0.13 mmol,
1.0 eq.), phosphate buffer solution I (1.3 ml, 1.30 mmol, 10 eq), EDTA solution (1.3 ml,
0.13 mmol, 1.0 eq.), H202 (28 ul, 0.27 mmol, 1.0 eq.) and HRP solution (2.0 ml, 100 units) in
12.5 ml of MeCN/H20 (1:1). 384 was obtained as a colourless solid in a yield of 38%. The
results of the NMR-spectra are in agreement with those of decomposition experiment
6.3.4.3.2A.

Yield: 21.0 g (0.11 mmol, 85%).
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7. Analytical data and spectra

7.1 NMR spectra of selected compounds

7.1.1 Urea, carbamate and thiol carbamate precursors
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Figure 43: 'H- and 3C-NMR-spectrum of (S)-methyl 3-phenyl-2-ureidopropanoate (253) in DMSO-ds.
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Figure 58: 'H- and 3C-NMR-spectrum of (3S,8S,9S,10R,13R,14S,17R)-10,13-dimethyl-17-((R)-6-methylheptan-2-yl)-
2,3,4,7,8,9,10,11,12,13,14,15,16,17-tetradecahydro-1H-cyclopenta[a]phenanthren-3-yl carbamate (364) in CDCls.
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Figure 59: H- and 3C-NMR-spectrum of S-(4-bromophenyl) carbamothioate (390) in DMSO-ds.
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7.1.2 Compounds protected by coumaranones
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Figure 61: 'H- and 3C-NMR-spectrum of methyl 2-(3-(5-chloro-2-oxo-2,3-dihydrobenzofuran-3-yl)ureido)acetate (293) in
DMSO-ds.
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7.1.3 Decomposition experiments
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7.1.3 CL and photoluminescence spectra of coumaranone compounds
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Figure 103: Emission and excitation spectra of 296b in acetonitrile (every scan took 45 s): (a) emission scans of CL (i.e.,
without external excitation, Slit: 10), the arrow indicates the decrease in the CL; (b) emission scan of 296b after CL was
finished (external excitation Aex = 380 nm, Slit: 0.7); (c) excitation scan of 296b after CL was finished (Aem = 440 nm, Slit:

0.7).
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Figure 105: Emission and excitation spectra of 297 in acetonitrile (every scan took 45 s): (a) emission scans of CL (i.e.,
without external excitation, Slit: 10), the green red arrow indicates the decrease in CL after 10 scans. Starting from the 12t
scan, the right red arrow indicates a new increase in CL; (b) emission scan of 297 after CL was finished (external excitation
Aex = 385 nm, Slit: 0.4); (c) excitation scan of 297 after CL was finished (Aem = 435 nm, Slit: 0.4).
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9.1 Data of X-ray crystal measurements
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Table 100: Crystal data and structure refinement of 376.

Moiety formula

Ci1sH17CIN2Os

Formula weight 392.78
Temperature 100(2) K
Wavelength 1.54178 A

Crystal system Triclinic
Space group P-1

Unit cell dimensions

a=17.4238(6) A, o= 75.188(3)°.

b=10.432009) A, p = 82.478(3)°.

c=11.8407(10) A, y = 87.684(3)°.

Volume 878.88(13) A3
4 2
Density (calculated) 1.484 Mg/m?®
Absorption coefficient 2.285 mm-!
F(000) 408
Crystal size 0.100 x 0.030 x 0.020 mm?

Index ranges

-9<=h<=9, -12<=k<=12, -14<=I<=14

Collected / Independent reflections

44702 / 3450 [R(int) = 0.0436]

Data / restraints / parameters

3450/0/258

Goodness-of-fit on F2

1.031

Final R indices [1>2sigma(l)]

R1 =0.0335, wR2 = 0.0878

R indices (all data)

R1=0.0347, wR2 = 0.0890

Largest diff. peak and hole

0.396 and -0.298 e. A3
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