Photochromic Properties of Spiropyran
Derivatives and their Potential Influence on

the cis/trans-Equilibrium of Proline

Inaugural-Dissertation

zur
Erlangung des Doktorgrades

der Mathematisch-Naturwissenschaftlichen Fakultat der Universitat zu Koln

vorgelegt von
Niklas Hermes

aus Bonn

Kaln, 2024



Berichterstatter: Prof. Dr. Ralf Giernoth
Prof. Dr. Axel Griesbeck



Dedicated to my family






Acknowledgement

The work portrayed in this thesis was carried out from October 2019 to June 2024 in
the Department of Chemistry of the University of Cologne under the supervision of
Prof. Dr. Ralf Giernoth. | want to express my gratitude to him for giving me the
opportunity to work on this thesis. | am also thankful for his support I'm also grateful

for the help outside of work, especially during the COVID-19 pandemic.

| want to thank Prof. Dr. Axel Griesbeck for several helpful and inspiring
conversations during the second supervision. | am also thankful to him for being the

second reviewer of this thesis.
| thank Prof. Dr. Klas Lindfors for being the chair of my thesis committee.

| also want to thank Dr. Jorg-Martin Neudorfl for writing the protocol during my
disputation but also for numerous inspiring discussions throughout my whole

academic career.

My special thanks go to Luca Denkler, Dr. Christina Wartmann, Sebastian Barutzki,

Mira Scheithe and Alicia Kocher for proofreading this thesis.

| also want to express my thanks to the whole blue floor for the welcoming and
inspiring work atmosphere. This not only includes working group of Prof. Dr.
Stephanie Kath-Schorr, but also the former working groups of Prof. Dr. Albrecht
Berkessel and Prof. Dr. Martin Breugst. My special thanks go to the “coffee-group”
which was always open to lively discussions on various scientific topics that could

occasionally digress.

| also want to thank my friend and colleagues who made the time during my PhD to
the unforgettable and great time it was. Particularly noteworthy are Luca Denkler,
Dr. Lars Hemmersbach, Dr. Christina Wartmann, Robert Dérrenhaus, Lukas Neu,
Mira Scheithe, Alicia Kécher, Philip Wagner, Hui-Chung Wen, Thiemo Arntd, Fabian

Severin and Sabine Voell.

Special thanks go to the people who enabled all the research. | thank all members of
the NMR-facility namely Dr. Daniel Friedrich, Dr Daniel Hegemann, Daniela
Naumann and Kathrin Kénig. | want to especially thank Kathrin Konig for teaching me
the use of the spectrometer that exceed the routine measurements. | thank Michael

Neihs and Hui-Chung Wen from the facility for mass spectrometry under the



guidance of Prof. Dr. Mathias Schafer. | also thank Christoph Schmitz for conducting
the elemental analysis and his help concerning IR-spectroscopy. | am grateful to
Sawar Azis and Christoph Schmitz for maintaining all the analytic machines on the
blue floor. | also want to thank the RRZK and the CHEOPS HPC-cluster for enabling

the DFT calculations presented within this thesis.

For the help with contracts, holiday applications and several other administrative
issues | want to thank Susanne Geuer and Sarah Hensel. All the maintenance work
in the department | am grateful to Andreas Wallraff and Ditmar Rutsch. | am also

thankful to Thomas Dautert for his help with many technical and software issues.

Of course, | also thank my parents Astrid and Frank and my brother Jannick and
Maik for the support throughout my whole academic career. Special thanks go to my
grandparents Margareta and Norbert for their support especially during my bachelor

and master studies. Without my family, | wound not have made it this far.

| am most thankful to my girlfriend Luca Denkler for all her support during the last
years. She was always there to help me with personal but also scientific issues and
also told me to work a little less when it was necessary. | am especially thankful for

her help during stressful times. Thank you!



Contents

1 INTFOAUCTION ... 1
2 State Of the At 3
2.1 PhotOChIOMISIM ..o 3
2.2 Photochromic Properties of Spiropyrans and Merocyanines..........ccccccccceeene.... 7

2.2.1 Influence of Substituents on the Photochromic System: The N-Substituent8

2.2.2 Influence of Substituents on the Photochromic System: The .....................
Benzopyran MOIELY ........couuiiiiii e 10
2.2.3 Influence of Substituents on the Photochromic System: The Indole ............
MOIBEY e 12
2.2.4 Influence of Substituents on the Photochromic System: The ......................
Geminal Methyl GroUPS ........oiiiieieeeeee e 14
2.2.5 Influence of Solvents on the Photochromic System................ccccoevnnnnnnin. 15
2.3 Influence of Spiropyrans on the Structure Biomolecules.................cooovvvnnnnnnn.. 17
2.4 Influencing the cis/trans-Equilibrium of Proline ............cccccoiiiiiiii, 19
2.5 A Brief INtroduction 10 DF T ......coooiiiiiiieeeee e 23
3 Motivation and CONCEPL.........uuuiiiiiieieeeee e 25
4 Results @and DiSCUSSION ........cooiiiiiiiiiieeeeeeeeee e 29
o B L I 0= | (oW =1 (o] o - F PP 29
4.1.1 Method SCre€NING ..........uuuuuuiiiiiiiiiiiiiiiii e 29
4.1.2 DFT Calculation of Spiropyran and Merocyanine Derivatives .................. 33
4.2 Synthesis of Spiropyrans and MeroCyanines ............ccceeuveveeeiiiiieieieieieeeeeeeeeene. 43
4.2.1 Synthesis of N-Substituted Spiropyrans and Merocyanines..................... 43
4.2.2 Synthesis of Chromene Substituted Spiropyrans and Merocyanines ....... 44
4.2.3 Synthesis of Indole Substituted Spiropyrans and Merocyanines............... 45
4.2.4 Synthesis of Spiropyrans with Substituents at the Geminal Methyl .............
€0 o1 48



4.3.1 Influence of Chromene Substituents on the UV/Vis-Spectra of ...................

Spiropyrans and MErOCYaANINES ...........uuiiiiieeiiieiiiee e e e 51
4.3.2 Influence of Chromene Substituents on the UV/Vis-Spectra of ...................
Spiropyrans and MeroCyanines ...........ceueueiiiiiiiiiiiiiiiiiiiiieieeeeeeeeeee e 56
4.3.3 General Information on the Kinetic Measurements................ccccccccinnnnees 63
4.3.4 Influence of the Chromene Substituents onto the Reaction Kinetics ........ 64
4.3.5 Influence of the Indole Substituents on the Reaction Kinetics................... 71
4.4 "H-NMR Ratio of Spiropyran and Merocyanine...............cccoceveeveeieeiueecueeennenn, 81
4.5 Synthesis of Proline Based Model Peptides...........ccoovviiiiiiiiiiiiiiiiecceeeeee 85
4.6 Isomerisation Experiments for Proline-Based Peptides in the Presence ............
of Photochromic Spiropyrans and Merocyanines............ccccoovvvvvviceieeeeeeeeeeeiiinn. 91
5 Summary and OULIOOK .............uiiiii e 95
6 Experimental Part............ooo i 99
6.1 General INformation .............ooiiiiiiiii e 99
6.2 Derivatisation of the Sidechain............ccccccviiiiiiiiee 103
Synthesis of 1-(2-carboxyethyl)-2,3,3-trimethyl-3H-indol-1-ium bromide.......... 103
Synthesis of 3-(3',3'-dimethyl-6-nitrospiro[chromene-2,2'-indolin]-1'-yl).................
(o]0 oX=T aTo] o7 1T NPT 104
Synthesis of 1-benzyl-2,3,3-trimethyl-3H-indol-1-ium bromide......................... 106
Synthesis of 1'-benzyl-3',3'-dimethyl-6-nitrospiro[chromene-2,2'-indoline] ...... 107
Synthesis of 3-(2,3,3-trimethyl-3H-indol-1-ium-1-yl)propane-1-sulfonate ........ 109
Synthesis of 3-(3',3'-dimethyl-6-nitrospiro[chromene-2,2'-indolin]-1'-yl).................
propane-1-sulfonate .............ooooviiiiiiiiiiiiieeee e 110
6.3 Derivatization of the Chromene.............ccccvviiiiiiieeeee 112
Synthesis of (E)-2-(3,5-dibromo-2-hydroxystyryl)-1,3,3-trimethyl-3H-indol-1- .......
18] g I ToTo | [o [P T P PPUUPPPPPPRPN 112
Synthesis of 6,8-dibromo-1',3',3'-trimethylspiro[chromene-2,2'-indoline].......... 114
Synthesis of (E)-2-(5-bromo-2-hydroxy-3-nitrostyryl)-1,3,3-trimethyl-3H-..............

INAOI-T-TUM IO .o 115



Synthesis of 6-bromo-1',3',3'-trimethyl-8-nitrospiro[chromene-2,2'-indoline] ... 117

Synthesis of 1',3',3'-trimethyl-8-nitrospiro[chromene-2,2'-indoline]................... 119
Synthesis of 8-bromo-1',3',3'-trimethylspiro[chromene-2,2'-indoline]............... 121
Synthesis of 6-bromo-1',3',3'-trimethylspiro[chromene-2,2'-indoline]............... 123
Synthesis of 1',3',3'-trimethyl-6-nitrospiro[chromene-2,2'-indoline]................... 125

Synthesis of 8-bromo-1',3',3'-trimethyl-6-nitrospiro[chromene-2,2'-indoline] ... 127

Synthesis of 1',3',3'-trimethyl-6,8-dinitrospiro[chromene-2,2'-indoline] ............ 128
6.4 Derivatisation of the INdole............oooiiiiiiiii e 130
Synthesis of 2,3,3-Trimethyl-5-methoxy-3H-indole............cccccvvviiiiiiiiiiiiinnnnn. 130
Synthesis of 5-methoxy-1,2,3,3-tetramethyl 3H-indolium iodide...................... 132
Synthesis of 8-bromo-5'-methoxy-1',3',3'-trimethyl-6-nitrospiro-[chromene............
A 1 o (o] 1 Y SRR 133
Synthesis of 5-carboxy-2,3,3-trimethyl-3H-indole............cccccccceeiiiiiiiii, 135
6.3 Synthesis of 5-carboxy-1,2,3,3-tetramethyl-3H-indolium iodide ................ 136
Synthesis of 8-bromo-5'-carboxy-1',3',3'-trimethyl-6-nitrospiro[chro-mene.............
A | Lo (o] 1 Y SR 137
Synthesis of 2,3,3,5-tetramethyl-3H-indole..............ccoovviiiiiiiiiiiiiiiiiiiiiiiiiiieeee, 139
Synthesis of 1,2,3,3,5-pentamethyl-3H-indol-1-ium iodide ............ccovvverierenene. 140
Synthesis of 8-bromo-1',3',3',5'-tetramethyl-6-nitrospiro[chromene-2,2'-...............
] 0 Te [o] 11 = [ USRS 141
Synthesis of 5-bromo-2,3,3-trimethyl-3H-indole ..., 143
Synthesis of 5-bromo-1,2,3,3-tetramethyl-3H-indol-1-ium iodide .................... 144
Synthesis of 5',8-dibromo-1',3',3'-trimethyl-6-nitrospiro[chromene-2,2'- ................
10 Te [o] 110 [P 145
Synthesis of 1,2,3,3-tetramethyl-3H-indol-1-ium iodide ............cccevvvrrrrerernnnnnn.. 147
Synthesis of 2,3,3-trimethyl-5-nitro-3H-indole ... 148

Synthesis of 1,2,3,3-tetramethyl-5-nitro-3H-indol-1-ium iodide........................ 149



Synthesis of 8-bromo-1',3',3'-trimethyl-5',6-dinitrospiro[chromene-2,2'- ................
1o [0 11 T= RPN 150

Synthesis of 2,3,3-trimethyl-3H-indol-5-amine.............cccccciiiiii, 152

Synthesis of N,N,N,1,3,3-hexamethyl-2-methyleneindolin-5-aminium iodide .. 153

Synthesis of 8-bromo-N,N,N,1',3',3'-hexamethyl-6-nitrospiro-[chromene...............
-2,2'-indolin]-5"-aminium iodide ..............ooiiiiii e, 154
Synthesis of 5-methoxy-2,3,3-trimethyl-3H-indole...............ccccccooiiiiiin. 156
Synthesis of 5-(2-(2-(2-methoxyethoxy)ethoxy)ethoxy)-2,3,3-tri-methyl-3H-.........
INAOIE ... 157
Synthesis of 5-(2-(2-(2-methoxyethoxy)ethoxy)ethoxy)-1,2,3,3-tetra-methyl-........
3H-INdOI-1-IUM IOAIAE ....eeiiiieii s 158
Synthesis of 8-bromo-5'-(2-(2-(2-methoxyethoxy)ethoxy)ethoxy)-1',3",3'- .............
trimethyl-6-nitrospiro[chromene-2,2'-indolin€]..........ccooviiiiiiiiii e 159
6.5 Substitution at the Geminal Methyl Groups............ccccvvviiiiiiiiiiiiiiiiiiiiiiiiieee. 162
Synthesis of dimethoxydiphenylmethane .............cccccviiiiie 162
Synthesis of diethyl 2,2-diphenyl-1,3-dioxane-5,5-dicarboxylate..................... 163
Synthesis of 2,2-diphenyl-1,3-dioxane-5,5-dicarboxylic acid..............cccc.......... 164
Synthesis of 2,2-diphenyl-1,3-dioxane-5-carboxylic acid................cccccevvvnnnnn. 165

Synthesis of N-methoxy-N-methyl-2,2-diphenyl-1,3-dioxane-5-carboxamide.. 167

Synthesis of 1-(2,2-diphenyl-1,3-dioxan-5-yl)ethanone...................ccooevinnnnnnnn. 169
Synthesis of Boc-isonipecotic acid ............c.oooeiiiiiiiiiiiiiiiece e, 170
Synthesis of 1-(tert-butoxycarbonyl)piperidine-4-carboxylic acid..................... 171
Synthesis of 4-acetylpiperidine-1-(tert-butyl-carboxylate ............ccccccevvvvvvenee... 172
Synthesis of 4-acetylpiperidine hydrochloride .............cccoovviiiiiiiii, 174
6.6 Peptide SYNthesSis ......coooiiiiiii e 175
Synthesis of FMoc-Pro-Cys(trt)-OMe ...........oooviiiiiiiiiiiiiiiiiiiiiiiiieeeeeeeeeeeeeeeeeee 175
Synthesis of Fmoc-Cys(irt)-Pro-Cys(trt)-OMe .......cccoooeeriiiiiiiiiiieeeeeee, 177
One-Pot Synthesis of Fmoc-N-Cys(trit)-Pro-Cys(trt)-OMe..........cccccvvvvvvvvennnn. 178

Synthesis of H2N-Cys(tBu)-OH hydrochloride ...........ccooovveeiiiiiiiiiiiieieeeen, 180



Synthesis of BOC-Cys(fBU)-OH .........coooiiiiiiiiiiiiiiiiiiiiiieeeeeeeeeeeeeeeeeeeeeeeeeee 181

Synthesis of Boc-Cys(tBu)-Pro-OMe............ooovmiiiiiiiiiieeeeciee e, 182
Synthesis of BOC-Pro-OH ... 183
Synthesis of Boc-Pro-Cys(trt)-OMe .........ccooviiiiiiiiiiieeeeeee e, 185
Synthesis of Boc-Pro-Cys(trt)-OH hydrochloride .............cooovviiiiiiiiiiiin. 186
Synthesis of Boc-Cys(trt)-Pro-Cys(trt)-OMe ..........cccooeiieiiiiiiiiiiiii e, 188
Synthesis of H2N-Cys(Bzl)-OMe hydrochloride ............ooovvvvvviiiiiiiiiiiiiiiiiiinneee. 190
Synthesis of Boc-Cys(Bzl)-OH ..........uuiiiiiiiice e, 192
Synthesis of FMoc-Pro-Cys(Bzl)-OMe...........coooiiiiiiiiiiiiiiiiiiiiiiiieeiiieeeeeeeeeeeeee 193
Synthesis of Boc-Cys(Bzl)-Pro-Cys(Bzl)-OMe...........coooviiiiiiiiiiiiiiiiiiiiiiiiiieeeee 195
Synthesis of H2N-Pro-OMe hydrochloride ..., 196
Synthesis of BOC-Cys(trt)-Pro-OMe ...........ooiiiiiiiiiiiiiiiiiiiiiiiieeeeeeeeeeeeeeeeeeeeeeeeee 197
Synthesis of BoC-Cys(trt)-Pro-OH ..........oooiiiiiiiiiiiiiiiiiiieiieeeeeeeeeeeeeeeeeeeeeeee 198
Synthesis of H2N-Cys(Acm)-OME hydrochloride.............ooovvviiiiiiiiiiiiceiiinn, 200
Synthesis of Boc-Phe-Pro-Cys(Acm)-OME...........cooieeiiiiiiieiiiciee e, 201
Synthesis of HaN-Phe-Cys(ACM)-OMe .........ooovviiiiiiiiiiiiiiiiieeeeeeeeeeeeeeeeeeeeeeeeee 202
Synthesis of Boc-Cys(trt)-Pro-Phe-Cys(Acm)-OMe...........ccooeeiiiiiiiiiiiiiiin. 204

T REFEIENCES ...t 206
Lo Y o] 1= T [ PP 221
8.1 ADDreviations ... 221
8.2 DFT-CalCUIAtiONS .....cooiiiieeeeeee et e e 223
8.3 UV/Vis Analysis and KinNetiCS .........ccoovviiiiiiiiiiiiiieeeeeeeeeeeeeeeeeeee 225
8.4 TH-NMR Ratios Of SP/MC ........ccoeiiiieeiieeiee ettt 227
8.5 Peptide EXPEriMENtS ......uuiiii e 235
8.6 NMR-Spectra of Proline-based Peptides ..........cccoovviiiiiiiiiiiiciieeeeen, 239

9 ErkIarung zur DiSSertation .........cooooeioiiiiiee e 245






1 Introduction

1 Introduction

In today's society, we experience a variety of light-induced structural changes in our
daily lives. One of the most important of these photo-isomerisations is the conversion
of 11-cis-retinal to all-trans-retinal, as this process is an essential part of our vision
(Scheme 1).l'l Retinal is bound to the protein opsin via a lysine. The isomerisation
triggers a cascade of reactions leading to a conformational change of the whole
protein and finally to a cleavage of all-trans-retinal. In the human body, this process

can only be reversed by the action of several different enzymes.

Scheme 1: Light-induced isomerisation of 11-cis-retinal to all-trans-retinal.
Under laboratory conditions the re-isomerisation to the 11-cis-retinal is possible by
irradiation with UV-light.&l  This phenomenon is known under the term

photochromism. The IUPAC defines photochromism as follows:

“Photochromism is a reversible transformation of a chemical species induced in one
or both directions by absorption of electromagnetic radiation between two forms, A

and B, having different absorption spectra.”l

Today, photochromic systems are utilised and researched for a wide range of

applications.
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2.1 Photochromism

The first examples of photochromism were reported as early as 1867, when
J. Fritzsche observed a decolouration of an orange tetracene solution in sunlight.[
The term photochromism was first established in 1950 by Y. Hirshberg when he
investigated this phenomenon for dianthrone systems.® The word is derived from the
Greek words for light (phos) and colour (chroma). In the 1950s and 1960s,
Y. Hirshberg and E. Fisher further aroused interest in the field of photochromic
molecules with their research on so-called spiropyrans,!® 71 which remains a broad

field of research to this day (Scheme 2).

Scheme 2: General structure of spiropyrans (top) and three of the photochromic spiropyrans investigated by
Y. Hirshberg and E. Fisher in the 1950s and 1960s.[6 7]

Based on the photochemical properties of the system, photochromism can be dvided

into P-type or T-type, as well as negative or positive photochromism.
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Scheme 3: lllustration of a positive photochromic system (left) and a negative photochromic system (right).
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The classification between positive and negative photochromism is based on the
absorption maxima of the observed species. An example of a photochromic system is
shown in Scheme 3. A photochromic system with a stable form A and a metastable
form B is considered. If A has its absorption maximum (Amax) at a lower wavelength
than the B, this is called positive photochromism (Amax A < Amax B) (Scheme 3, left). If
on the other hand, A has an absorption maximum at a higher wavelength than B, this
is called negative or inversed photochromism (Amax A > Amax B) (Scheme 3,
right).[3. 8101

Thermodynamic equilibrium Photodynamic equilibrium
Q
" P-Type Photochromism T-Type Photochromism
bl
"
2 A A A
_.g excited state excited state excited state
o
x
)

E E E
(]
-t
[
2
n
T
c
3
o metastable
o
A
stable . stable _‘ stable o
Reaction coordinate Reaction coordinate Reaction coordinate

Scheme 4: Overview for thermodynamic (red) and photochemical equilibria (yellow) between a stable form A and
a metastable form B. For the thermodynamic equilibrium the free Gibbs energy (AG°) and the energy barrier AG*
are indicated. For the photodynamic equilibrium the model of a P-type (middle) and a T-type (right) photochromic
system are shown. The photoexcitation processes are indicated by blue arrows, thermal processes by red arrows.

The wavelengths for the excitations are stated as hv (forward) and hv' (backwards).l'!]

The classification between P-type and T-type photochromism is based on the
characteristics of the backwards reaction from B to form A. In case of P-type
photochromic molecules this reaction can only occur photochemically while for T-type
molecules this is also possible thermally. In classic thermodynamic the energy barrier
between a stable state A and a metastable state B can be overcome by thermal
energy.'"l The energy difference between the two states is the Gibbs free energy
(AG®) while the energy barrier can be described as AG* (Scheme 4. left). If this
energy barrier is too high, the population of the metastable state B is thermally not

possible. In the case of photodynamic systems, this barrier can be bypassed. The

4
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stable form A can be elevated to the excited state via light of a suitable wavelength
hv (photoexcitation). Upon relaxation from the excited state to the ground state, the
metastable form B can be obtained (Scheme 4, middle and right). For P-type
photochromic systems the backward reaction to the stable form A can only be
achieved via photoexcitation with a wavelength hv', since the energy barrier is too
high for a thermodynamic transition (Scheme 4, middle). In case of T-type
photochromism, the energy barrier of the backward reaction from B to A is lower,

which enables an additional thermal pathway (Scheme 4, right).i3. 8 1]
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Graph 1: Publications with the keywords "photochromism"”, "photochrom" and "photochromic” found on Web of
science in May 2024.0'2]

Over the past decades, the field of photochromic systems has continuously evolved
and become increasingly significant (Graph 1).['2 Today, numerous photochromic
compounds are known. Since the photochromic compounds often vary greatly in their
physical properties, the different systems can be used for various applications. These
range from optical memories,'*'% chemo- and biosensing,l'® 171  switchable
biomolecules,!'® 19 light responsive sunglasses,i??! switches for electrical circuits/?"]

and many more.[3 22, 23]

Four examples of different photochromic systems are shown in Scheme 5. For all
those examples, the photochromic character is based on a photoinduced
isomerisation of one or more double bonds or/and a cyclisation reaction. Upon
irradiation with UV-light, azobenzenes undergo an E/Z-isomerisation which leads to a

5
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significant change in the structure of the molecule. The re-isomerisation to the stable

E-isomer can be obtained photochemically and thermally (T-type).[?4]

Azobenzenes Spiropyrans/Merocyanines

Y R'
o e ok - &)
o e Gy ULy T O3
O Vis or A i? N\* g
R

Dithienylethenes

Stenhouse adducts

o)

(0] uv
R X uv i
N e >‘< Vis or A + \ >\< Vis
R HO Y ~NH
- XY
o X RTL 07X

Scheme 5: Photochromic properties and structural changes of selected photochromic systems. Shown are the
popular systems of azobenzenes (top, left), spiropyrans/merocyanines (top, right), Stenhouse adducts (bottom,

left) and dithienylethenes (bottom, right).

Spiropyrans and Stenhouse adducts are considered T-type photochromic systems as
well. While for spiropyrans the irradiation with UV-light leads to a ring opening
followed by a Z/E-isomerisation, the Stenhouse adducts experience several E/Z-
isomerisations followed by a cyclisation. In both cases, large changes in the
molecular geometry are observed while also changing from an uncharged to a
zwitterionic  structure. Stenhouse adducts are an example for negative
photochromisml® 191 while spiropyrans can be positive or negative photochromic
based on the substituents.?®! The photochromism of the dithienylethenes is also
based on a cyclisation reaction, but in this case the structural changes of the
molecule are significantly smaller. Based on the substituents, dithienylethenes can be
T-type or P-type photochromic.?®! In this thesis, only the class of spiropyrans will be

discussed in detail.
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2.2 Photochromic Properties of Spiropyrans and Merocyanines

As previously mentioned, the spiropyran/merocyanine (SP/MC) system acts as T-
type photoswitch. In 2014, R. Klajn!??l formulated both a photochemical and a thermal
mechanism for the transition between the spiropyran (SP) and merocyanine (MC)
(Scheme 6). Beside several other publications, the studies by S. Swansburg et al.[?]
on the racemisation of spiropyrans contributed a mayor part towards the

mechanisms.

cisoid-MC
(zwitterionic)

Photochemical Mechanism NO,

7/
N+

Thermal Mechanism
transoid-MC

(zwitterionic)

cisoid-MC transoid-MC
(quinoidal) (quinoidal)

Scheme 6: Reaction mechanism for the photochromic (top) and thermal (bottom) transformation between
spiropyran and merocyanine.

Starting from the SP-form, a thermal 6p-electroncyclic ring opening of the pyran leads
to the formation of a cisoid-MC in its quinoidal from. Due to the steric hindrance the
rearrangement to the more stable transoid-MC is favoured. This is a mesomeric form
of the transoid-MC in its zwitterionic from. The photochemical mechanism begins with
the excitation of the spiropyran to SP*. The excitation of the molecule initialises a
C-O-bond cleavage which results in the cisoid-MC in its zwitterionic form. After
isomerisation to the more stable transoid-form, the same mesomeric forms can be

obtained as for the thermal mechanism. If the zwitterionic or the quinoidal-
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mesomeric form is favoured is highly depending on several factors as solvent polarity
or substituents.?? 271 The photochromic properties (e.g. rate constant, positive or
negative photochromism) of the system are highly influenced by the substituents as
well. For this, not only the electronic and mesomeric effects of the functional groups

but also their positions are extremely important.

Geminal sidechain

Indole part p_1i_ R' Benzo
pyran part
Z~N "o 720 g
Rll —
Sidechain

Scheme 7: Division of the spiropyran structure into the four moieties, indole (red), sidechain (green), benzopyran

(blue) and the geminal sidechains (black).

In order to have a more nuanced discussion about the influence of different
substituents the molecule is divided in four moieties, depicted in Scheme 7. In the
following, only the influence of substituents at these positions regarding the
photochromic properties are described. Other stimuli which can affect the SP/MC
system like pH (acidochromism),i?328-31 redox potential (electrochromism),i?3 32
mechanical force (mechanochromism),i33 or metal lons!'®34-361 gre not described

here, as this would exceed the scope of this paper.

2.2.1 Influence of Substituents on the Photochromic System: The N-
Substituent

Substituents at the indole nitrogen (Scheme 7, red) are often used to bind the
spiropyrans to polymers, biomolecules, nanoparticles, surfaces, fluorophores and
many more.[?2 28, 32-34,36-38] However, substituents at this position also highly impact

on the photochromic properties of the SP/MC-system.

In their DFT studies on the Hammett constants of the SP/MC transition, O. Brugner
et. al.l’¥ also considered different substituents at the indole nitrogen. They concluded
that electron donating groups (EDG) with a negative Hammett-constants (—o) like
NH2 lead to the stabilisation of the merocyanine-form. On the other hand, electron

withdrawing groups with a positive Hammett-constants (+o) like NO2 or SOsH

8
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stabilises the spiropyran. This stabilisation is based on the effect of the substituents
on the electrons in the free electron pair at the nitrogen (nn-orbital) which is crucial for
the ring opening (Scheme 6). If electrons are drawn from the nitrogen, the ring
opening is disfavoured therefore stabilising the spiropyran. However, from a synthetic

viewpoint the N-substituents considered by Brugner et al. are not feasible.

Experimental insight was provided by E.Beves and coworkers“? and
C. Berton et al..*"l Besides the impact onto the photo acidic character of the SP/MC
system, the groups investigated the photochromic properties as well. For this
purpose, alkyl chains of different lengths with terminal ammonium and sulphonate
groups were considered as substituents (Scheme 8). The photochromic behaviour
was investigated in aqueous solutions and the equilibrium constants for the ring

closure to the corresponding spiropyrans (Kc) were calculated.

kclose

Kc=

kopen

R

R'

2a 2b 2c 2d

1a 1b 1c 1d
R= i\ R'=
S04~
803_ NMe3+ NMe3+ NM92H+ SO3_
S04

NMe3+

| K= 29 8.6 3.7 22 K= 1.45 1.15 1.2 0.27

Scheme 8: Influence of the N-substituents onto the photochemical equilibrium of SP/MC-systems. The
equilibrium constants for the ring closing reaction (Kc) from MC to SP in aqueous solutions are given underneath
the substituents.[40l

Comparing the equilibrium constants for the ethyl-, propyl- and butyl sulfonate 1a-c
(Scheme 8, left), all three substituents stabilise the spiropyran.l*% This stabilisation is
rapidly weakened with the increasing length of the alkyl chain. Since the Hammett
constants for the sulfonates with different alkyl chain lengths are not available,
trimethylammonium substituents with varying chain lengths are used to explain this
trend. For the ammonium substituents the Hammett constants decrease with
increasing length of the alkyl chain from NMes* (op = 0.82) through CH2NMes™ (op =
0.44) to CH2CH2NMes* (op = 0.13).[42 This trend is therefore in line with the results

observed by Beves and coworkers. Comparing the influence of the sulfonate 1b (Kc =
9
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8.6) with the ammonium 1d (Kc = 22), the impact of the latter is significantly higher.
These results are again in line with the Hammett values as well, since the sigma
value of 0.82 for ammonium substituent 1d is noticeably higher than the sigma value
for sulfonate 1b with 0.35.421 The second system investigated by Beves and
coworkers contained an additional nitro group at the benzopyran moiety (Scheme 8,
right). While the same trends concerning the N-substituent can be observed for this
system, due to the electron withdrawing character of the nitro group, the equilibrium
constants are in general significantly lower. The effects of benzopyran substituents
are discussed in the next chapter. However, the influence of the N-substituents is
higher than those of the nitro group. These experimental results are all in line with the

previously mentioned calculations by Briigner et al.l*0l

2.2.2 Influence of Substituents on the Photochromic System: The
Benzopyran Moiety

As already briefly mentioned in the previous chapter, DFT calculations by
Briigner et al.B¥ indicated that substituents at the benzopyran moiety of the SP/MC-
system with electron donating groups stabiles the closed form while those with
electron withdrawing groups stabiles the open form. The same trend was
experimentally proven by Beves and coworkers*d when they compared the
equilibrium constants for spiropyrans with different substituents in para-position

regarding the oxygen (Figure 1).

A B

kclose
pr— K. =—
O ¢ kopen

SP 2a 3 4 5 6
R NO2 CHO CN H tBu

N
Me3N Ke 1.45 2.38 6.25 123 183

Figure 1: A General structure of the spiropyrans investigated by Beves and coworkers. B Equilibrium constants
for the cyclisation of different para-substituted merocyanines towards the respective spiropyrans. Substituent
description is based on the position regarding the pyran oxygen. The constants were calculated based on kinetic

measurements conducted in aqueous solution.0
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The ring closing reaction from MC to SP is, with a Kc = 1.45, only slightly favoured for
the nitro substituted spiropyran 2a.[%! For the systems 3 and 4 with an aldehyde and
a nitrile substituent respectively, the equilibrium constants are slightly higher since
both groups are also weaker EWG with smaller Hammett constants (op: NO2 = 0.78;
CN =0.66, CHO =0.42).42 Comparing the equilibrium constants of the nitro
substituted spiropyran 2a and the unsubstituted spiropyran 5 the later one is greater
by two orders of magnitudes. By adding an electron donating substituent like Bu

(0p=—0.20),[4? the equilibrium is even stronger shifted towards the spiropyran form.°l

C :
\

SP

Scheme 9: General structure of the system investigated by Thomson and coworkers. The rate constant k for the

cyclisation of the merocyanines to the corresponding spiropyrans were determined.

F. D. Thomson and coworkers[® investigated the combination of para- and ortho-
substituents regarding the oxygen of the benzopyran (Scheme 9). Since they
conducted their measurements in ethanolic solutions and at 7 °C, the data cannot be
directly compared with those presented by Beves and coworkers. 0]

Table 1: Influence of different substituents in para- and ortho-position regarding the pyran oxygen. The rate
constants (20) for the thermal cyclisation from MC to SP measured in ethanol at 7 °C are given. The shown sum

of the sigma constants is obtained by using Hammett's sigma constants for para-substituents and Taft's sigma

constants for ortho-substituents which also include steric factors. 43

SP 7 8 9 10 11 12
R NO:2 Br NO:2 Br NO:2 OMe
R H Br Br NO2 OMe NO2

k [sec™] 4.28x107° 3.97x1073 3.67x10°° 1.70x10-° 5.53x10~* 1.32x10-2
o 0.79 0.38 1.00 0.95 0.28 0.01

For spiropyran 7 with only a nitro group in para-position a rate constant (k) for the
thermal ring closure of 4.28x10~° was obtained (Table 1). Even though spiropyran 8
contains two bromine substituents, the rate constant is higher by two orders of
magnitude (k = 3.7x1073) since bromine has a relatively small Hammett constants (op

= 0.23). This means that for system 8 the merocyanine form is less stabilised than for

11
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system 7. However, if the system with a nitro substituent in para-position is enhanced
by an additional bromide in ortho-position 9, the rate constant of the cyclisation is
decreased by one order of magnitude (k = 3.67x10°) which therefore better
stabilises the merocyanine. When comparing 9 and 10, the importance of the
substituent position is highlighted. Both systems contain one nitro- and one bromine-
substituent but the positions are inverted. The rate constant for 10 with the nitro
group in ortho-position is significantly higher (1.70x10-%) than for 9 with the nitro
group in para-position (3.67x107°). When the nitro group is combined with a EDG like
OMe the merocyanine is destabilised which can be seen for 11 and 12. Again, the
positions of the substituents have a significant impact on the rate constants. If the
nitro group is in para- and the methoxy group in ortho-position 11, the merocyanine is
better stabilised (k = 5.53x10~°) compared to system 12 where the substituents are
inverted (k = 1.32x1072).

The results presented by Beves and coworkers!*? indicate that the substituents in
para-position have stronger impact on the SP/MC equilibrium than those in ortho-
position. It is well known that constants provided by Hammett are not suitable for
substituents in ortho-position since steric effects are not taken into account.
Therefore, R. W. Taft modified the Hammett equation by adding a steric substituent
constant Es.[* In case of the results obtained by Beves and coworkers linear
correlation between the substituents and the Hammett constants could be obtained.
Similar substituent effects were reported be Zaichenko et al.*® in their studies on the
free energy of activation for the inversion of the spiropyran which will be further

discussed in the next chapter.

In summary, theoretical and experimental results showed stabilisation of the
merocyanine when EWG were added at the benzopyran while EDG lead to

destabilisation.

2.2.3 Influence of Substituents on the Photochromic System: The Indole
Moiety

Compared with the data on the influence of the benzopyran substituents, only
relatively few data are available on the influence of the substituents on the indole. In

1987, Zaichenko et al.*%! investigated the free energy of activation for the thermally

12
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induced inversion of the spiro centre of substituted spiropyrans. Therefore, NMR-
studies in DMSO at 185 °C were conducted.

Since the C-O-bond of the spiropyran needs to be cleaved for this inversion, the
energy can also be used to get information about the stability of the SP or MC form
(Scheme 4, Chapter 2.1). For spiropyran 7 with no substituent at the indole a AG* of
21.9 kcal/mol was determined (Scheme 10). When electron withdrawing groups like
CFs and NO:2 were added, the energy was increased to 24.9 kcal/mol and
25.0 kcal/mol respectively. This means that these substituents stabilise the
spiropyran. On the other hand, electron donating groups like OMe decrease the

energy difference (20.0 kcal/mol) and therefore destabilise the spiropyran.

R — 13, R = OMe; AGY = 20.0 kcal/mol
\ 7, R=H:; AGY = 21.9 kcal/mol
\ © NO 14,R = CF;; AG* = 24.1 kcal/mol

15,R = NO,; AG* = 25.0 kcal/mol
7,13-15

Scheme 10: Structure of different indole substituents (left) investigated by Zaichenko et al.*”l and the free
activation energy needed for the inversion of the spiro centre (right). The energies were calculated by 'H-NMR
studies in DMSO-ds at 185 °C,

The reason for this stabilisation/destabilisation is, as already mentioned in
Chapter 2.2.1, the impact on the lone pair at the indole nitrogen. EWG like NO2 or
CF3 lower the electron density of the indole. Since the lone pair of the nitrogen is
crucial for the ring opening, lowering the electron density at the indole disfavours the
formation of the merocyanine. On the other hand, electron donating groups like OMe
have the opposite effect.[*] Similar substituent effects were reported by Beves and
coworkersl*% and Balmond et al.*6l Recently K. Palasis and A. Abelll*] investigated
the ratio between the spiropyran and the protonated merocyanine (MCH™) in acidic
DMSO by 'H-NMR. They reported that for systems with EDG like OMe at the indole,
the MCH* was favoured while for those with electron withdrawing groups like NO:2
and COOH the spiropyran was predominantly. In contrast, Metelisa and coworkers!#8!
could not find a correlation between the indole substituent and the kinetics. They also
reported that the influence of the substituents at the benzopyran are significantly

stronger.

13
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2.2.4 Influence of Substituents on the Photochromic System: The
Geminal Methyl Groups

In 1997, Eggers and Buss[*® synthesised spiropyran 16 which had asymmetric
substituents at the C3-atom of the indole which results in two different diastereomers
for the spiropyran (Scheme 11). They studied how the ratio is affected upon ring
opening and recyclization since they were interested if this system could be used for
chiral information storage. However, when it comes to spiropyrans in modern
applications, the substituents at the C3-postions are almost exclusively symmetrical.
This is since spiropyrans are mainly used due to the change in physical properties

upon switching to the merocyanine.

Scheme 11: Chiral SP/MC system investigated by Eggers and Buss.[*!

A. Abdulla et al.l®% investigated how steric effects of the substituents can affect the
photochromic behaver. Therefore, they synthesised two spiropyrans 17 and 18 with a
cyclohexyl ring at the C3-atom and compared them with the methyl analogue 7 and
19 (Scheme 12). The experiments were conducted at different temperatures in
ethanolic solution. The experiments clearly showed that after irradiation, the thermal
back reaction for the spiropyrans with the cyclohexyl moieties (17 and 18) were
noticeably slower than those of their analogue with two geminal methyl groups (7 and
19). This indicates that the transformation between the cisoid- and transoid-form of
the merocyanine or vice versa (Scheme 6, Chapter 2.2) is slowed down by steric

hindrance caused by the cyclohexyl ring.

Scheme 12: Spiropyrans synthesised by Abdullah et al. concerning order to investigate sterically effect upon the
SP/MC-transitions. The properties of systems with a sterically demanding cyclohexyl ring (middle) or an additional

methyl group at the pyran (right) were compared to those with geminal methyl groups (left). 5%
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In case of spiropyran 20 even stronger steric effects could be observed. By adding a
methyl group to the C3’ of the benzopyran, the formation of the merocyanine was
completely prevented. Even at 410 K no merocyanine was observed. Therefore, it
was proven that steric effects can have significant impact onto the photochromic

properties of the SP/MC-system.

2.2.5 Influence of Solvents on the Photochromic System

The transition between spiropyrans and the corresponding merocyanines can be
influenced by various stimuli. Besides the stimuli already mentioned at the beginning
of Chapter 2.2, the solvent polarity has a major impact on the SP/MC-system.
Spiropyrans are known for their solvatochromism for a long time. In 2014, Tian and
TianP!l investigated the effect of solvent polarity onto the position and shape of the
absorption maximum of a merocyanine in the visible region in over twenty different
solvents. They could show that polar solvents induce a hypsochromic shift of the
absorption maximum while non-polar solvents lead to a bathochromic shift. Even
more interesting was the change in shape of the absorption band. While a clear
maximum was observed in polar solvents, the formation of a shoulder up to a second
band was observed when switching to less polar solvents. This second absorption
can be assigned to the formation of merocyanine aggregates. This aggregation can

ultimately lead to the precipitation of the merocyanine.

» o
fol e =

non-polar media polar media

Scheme 13: Photochromic system investigated by Tian and Tian in more than twenty different solvents.5'l Non-

polar solvents favour the formation of the spiropyran while polar solvents favour the formation of the merocyanine.

In addition, Tian and Tian®"l reported a solvent-dependent change of the
photochromic character (Scheme 13). In non-polar solvents positive photochromism
and in polar solvents negative photochromism can be observed. This means that in

polar solvents a coloration (MC) of the solution proceeded in the dark. The same
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trends of the photochromic character were reported by Hirai and coworkers.[52
H. Gorner3 also reported a decrease in the cyclisation rate from merocyanine to

spiropyran with increasing polarity of the solvent.

16



2 State of the Art

2.3 Influence of Spiropyrans on the Structure Biomolecules.

The potential of spiropyrans to modify the structure of biomolecules has already been
reported in the 1975 by Suzuki and coworkers.[® Therefore, the group modified the
enzyme a-amylase with spiropyran and compared the enzymatic activity of native
a-amylase and modified amylase after irradiation with visible and ultraviolet light.
After modification with spiropyrans (Figure 2A), the activity of a-amylase dropped by
64 %. After irradiation with UV- or Vis-light, the activity of the modified a-amylase
dropped further by 22 % and 18 % respectively. Upon incubation in the dark, the
activity of the modified a-amylase could be regained. In subsequent studies
S. Suzuki also investigated the effects of spiropyrans on other enzymes like
a-chymotrypsin, B-glucosidase, urease and B-amylase.’> %! For all enzymes, a
change in enzymatic activity upon the photochromic transformation of the attached
spiropyrans could be reported (Figure 2B). For enzymes with hydrophilic substrates
as amylose or urea, higher activity was observed when the spiropyran was in the MC
form. This can be rationalised by the MC form being more hydrophilic. On the other
hand, higher activity was observed for enzymes with hydrophobic substrates when

the hydrophobic spiropyran form was present.

A B
Relative activity (%)
Modified Enzyme Substrate
_ MC SP
O Q a-Amylase Amylose 100 64
N O NO,
B-Amylase Amylose 100 13
o Urease Urea 100 62
0 Enzyme a-Chymotrypsin N-benzoyl-L-tyrosine ethylester 100 150
B-Glucosidase p-Nitrophenyl-B-D-glucoside 100 115

Figure 2: A Spiropyran used for the modification of enzymes. B Photochromic influence on the activity of different

enzymes.[56]

The enzyme activity can also be altered by using spiropyran modified inhibitor. This
was also shown by Suzuki and coworkers by modifying 20 % of the amino acids of
the trypsin inhibitor ovomucoid. Upon irradiation with visible light, the inhibitor activity
was reduced by 28 % and later restored by incubation in the dark.[’”] There are
several other examples in which the structure of peptides could be influenced directly
(SP attached to the peptide)®® 59 or indirectly (SP attached to hydrogels or
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fibrils)®% 61 based on the photochromism of spiropyrans. A great overview was
published by R. Klajn.1?2

One of the few examples of biomolecules reacting with spiropyrans, without covalent
bonding of the spiropyran to the biomolecule or a medium, is the interaction of
cationic spiropyrans with DNA. In 2008, J. Andersson et al. reported about the ionic
binding of spiropyran 1d to calf thymus DNA (Scheme 14, left). Upon binding, the
absorption spectra of the merocyanine changed significantly. Using linear dichroism
analysis, it was possible to show a (partly) reversible binding of the SP/MC system to

the DNA upon photochromic switching.

MegN +

\\\ "
o) /|3
1d 21
10

Scheme 14: Structure of the spiropyran 1d used by J. Andersson at el.[®? and spiropyran 21 used by Z. Wu et al.
for DNA binding.[®3

In 2024, Z. Wu et al.[3l were able to bind the modified spiropyran 21 to a DNA with
twenty-two base-pairs via noncovalent interactions. They obtained an ionic complex
with two spiropyrans per negative charge in the DNA. This solid SP-DNA complex
provided triple external stimuli-responsive property. The colouration based on the
formation of merocyanine form could be favoured by irradiation with UV light, thermal
energy or also by the relative humidity of the environment. In the future such dynamic

materials could be used for several applications as optical memory devices.
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2.4 Influencing the cis/trans-Equilibrium of Proline

Among the proteinogenic amino acids, proline has a role due to its unique structural
properties. Since the peptide bond has a partial double bond character, it is relatively
rigid. Therefore, depending on the orientation of the amino acids, a distinction can be
made between cis and trans isomers. For most amino acids the frans-isomer is highly
favoured since high sterically interaction of the side chains occurs for the cis-isomer
(Scheme 15, left).64.6% |n case of peptide bonds including a proline (X-P), this is
different. Due to the cyclic nature of proline, steric interactions are observed in both
cases leading to almost isoenergetic cis- and trans-isomers.® However, the
trans-isomer is usually still slightly favoured due to a n-tmr*-interaction between the

two carbonyls (Scheme 15, right).

X-X Peptide X-P Peptide n—Tr*-interaction
(0]
H R

Ry 9 o N\)S/ A N O N RN
A NQS/ : N I~

o R HN” “R 0 o] HN” R H o

o ek
trans cis trans cis trans-stabilisation

Scheme 15: General structure of the cis- and trans-isomers of non-proline containing peptide bonds (left) and
proline containing peptide bonds (middle). Stabilisation of the trans-isomers for proline containing peptide bonds
via n-r*-interaction (right).

This structural feature makes proline essential for the structure of proteins. Several
examples can be found in which the cis/frans-isomerisation has a crucial impact on
the protein folding.[® Due to the high importance of this isomerisation, over the last

two decades numerous approaches were made to alter the equilibrium between both

isomers.
A B
Ac-Thr-X-Pro-Asn-NH,

H i

H H NO, OH 0o
X NS NH

Ry Sidechain - |

o) Qj of X P Y

CH/Tt=interaction Kitransicis = 7.6 5.5 3.2 2.7 1.8 1.7

Scheme 16: A lllustration of the CH/1r interactions between proline and aromatic amino acids. B Equilibrium

constants of the trans/cis-isomerisation of selected aromatic amino acids reported by N. J. Zondlo.[58
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It was found that amino acids with aromatic side chains N-terminally bound to the
proline stabilises the cis-isomer.[%6-68] This stabilisation is based on a interaction of
the proton at the chiral centre of the proline and the 1r-system of the aromatic
sidechain (Scheme 16A). The efficiency of this interaction depends on the electronic
character of the aromatic ring.%6-681 While the stabilisation for the cis-isomer is
stronger for electron rich aromatics like phenolate, it is weaker for electron deficient

systems like pyridinium (Scheme 16B).

A B Ac-Thr-Thr-Pro*-Asn-NH,

) FsC

NH 3
\ 2 F HO Fac%o
A0 D D Do ™ Do
Pro* =
o N N N N
e O wdew O wdew O ke O

Kiransscis =1.2; n=0
Kirans/cis = 3.8; n=1 Kirans/cis = (S); 1.5 2.7 (S); 2.7 (S); 1.2
Kirans/cis =5.6; n=2 (R 7 (R); 5.6 (R); 4

Scheme 17: A Equilibrium constants of proline analogy with different ring sizes investigated by H. Wennemers
and coworkers.[®9 B Different substituted prolines and the corresponding equilibrium constants investigated by

Coxon and co-workers.[70

The influence of the proline derivatives on the trans/cis-isomerisation was subject to
numerous studies. H. Wennemers and coworkers investigated the influence of
proline derivates with different ring sizes (Scheme 17A) on collagen triple helices.
The group could show that increasing the pyrrole ring to a piperidine ring, shifted the
trans/cis-equilibrium towards the trans-isomer, while decreasing the ring to an
azetidine shifted the equilibrium towards the cis-isomer. Coxonand co-workers
investigated the influence of different proline substituents on the trans/cis-equilibrium.
A few examples are shown in Scheme 17B. Substituents at the C4-atom with (R)
configurated chiral centre shifted the equilibrium towards the frans-isomer while the
derivates with a (S)-configuration shifted the equilibrium towards the cis-isomer.
Those studies are only a few examples. Excellent overviews are provided by

Zondlo et al.l’! and Basu et al.l’?

In 2005, S. C. R. Lummis et al.[”3 published one of the most impressive examples for
the utilisation of substituent influence on the isomerisation of proline. The group
studied the importance of proline for the 5-HT3 receptor, a transmembrane receptor
that acts as ion channel. They could show that proline isomerisation is crucial for the
neurotransmitter induced opening of the ion channel. While the cis-isomer of proline

is present in the open form of the protein, upon isomerisation to the trans-form the
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protein is closed. By exchanging the proline with derivates with a higher affinity
towards the cis-isomer, the concentration of neurotransmitter needed for the opening
of the channel could be significantly reduced. On the other hand, changing the
proline with derivates with a higher affinity towards the trans-isomer, the function of

the protein could be stopped entirely.

Although much is already known about the influence of substituents or proline
analogues on the cis/trans-equilibrium, there are comparatively few studies on
external influence. In 2015, Wennemers et al. were interested in the effects of
solvents and the dipole moments of the protected prolines (Scheme. 18A and
18B).174

A B Cc
Ac-Pro-OMe Ac-Pro-NMe, Val-Pro
Ktrans/cis Ktrans/cis o
O  46,D,0 o 3.8, D,0 NHQ\(
N 3.6, DMSO N 2.0, DMSO OH
/& OMe 3.8, CDCl3 /g NMe, 8.8, CDCl3 o
(0] 3.9, Dioxane o) 6.8, Dioxane
pH 3 =74 % cis, 26 % trans
Meis-trans = 0.2 D Meis-trans = 3.8 D pH 7 = 65 % cis, 35 % tans

pH 13 =49 % cis, 51 % trans

Scheme 18: Influence of the solvent onto the trans/cis-equilibrium of A Ac-Pro-OMe and B Ac-Pro-NMe2. The
difference in dipole moment between the isomers are stated below. C Influence of the pH onto the cis/trans-ratio

of the Val-Pro-dipeptide.

For Ac-Pro-OMe only minor changes of the equilibrium could be observed in different
solvents (Scheme 18A). The dipole difference between the cis- and trans-isomers
was calculated to be very small (0.2 D) Therefore the effects of the solvents are
negligible compared to the stabilisation of the trans-form via the n-m*-interaction
(Scheme 15, right). For the Ac-Pro-NMe2 system, this stabilisation is smaller since
the dimethylamine group lowers the electrophilicity of the carbonyl. Additionally, the
dipole moment of the cis-isomer is 3.8 D higher than for the frans-isomer
(Scheme 18B). In this case a significant impact of the solvent could be observed.
Since the less polar frans-isomer is better stabilised by non-polar solvents like CDCIs
and dioxane, the equilibrium in these solvents is heavily shifted towards the frans-

conformer (Ktrans/cis =8.5and 68)

The equilibrium between proline isomers can also be affected by acid or base.
V.Enchev and coworkersl’® demonstrated this on the Val-Pro-dipeptide
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(Scheme 18C). The Ratio could be changed from 74 % cis-conformer (pH 3), through

65 % cis-conformer (pH 7) up to 51 % trans-conformer (pH 13).

In 2017, A. Brohl et al.l’®! investigated the influence of salts onto the cis/trans-
isomerisation of prolines. Therefore, the equilibrium of three different prolines in the
presents of different concentrations of NaOAc, NaSCN and Na2S0O4 were determined
(Scheme 19).

Ac-Pro-OMe Boc-Pro-OMe Boc-Pro-NHMe
Ktrans/cis O Ktrans/cis O Ktrans/cis
N o 4.8; no salt /IL 0.51; no salt /'L 0.35; no salt
4.2; NaOAc OMe  0.38; NaOAc HN— 0.27; NaOAc
Ay OMe 35 NascN HN" S0 0.34; NaSCN HN" o 0.31: NaSCN

4.7, Na,SO, Kk 0.44; Na,SO, P 0.32; Na,SO,

Scheme 19: Changes of the trans/cis-equilibrium of different proline derivatives induced by different salts. For
NaOAc and NaSCN concentrations up to 4 m and for Na2SQOa4 up to 1 M were used in D20.78

Concerning the trans/cis-equilibrium without any salts, the trans-conformer was
highly favoured for the Ac-Pro-OMe due to the strong n-m*-interaction of the
carbonyls. In case of Boc-Pro-OMe and Boc-Pro-NHMe the cis-conformer was
favoured since the n-m*-interaction are significantly weaker due to the less
nucleophilic carbamates. Upon adding salt to the solutions, the equilibrium is shifted
in favour of the cis-conformer. However, only minor changes of the equilibrium could
be noticed at high concentrations of salt (up to ~4 M). Also, no clear trends between
the salt and the calculated electronic surface potential of the different prolines could

be observed.
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2.5 A Brief Introduction to DFT

Density functional theory (DFT) is a computational tool for the modelling of multi
electron systems. For these calculations, a combination of a basis set (set of
functions for the representation of electronic wavefunctions) and a functional (method
for the calculation of exchange-correlation energy) is used.l’’l Over the last decades
numerous basis sets and functionals were established for various applications. The
number of basis functions that are applied for the calculation of every valence orbital
is typically described by the letter zeta (). Double- basis sets use two basis
functions, triple-C basis sets use three basis functions etc. Basis sets can be divided
into different categories, namely (non)polarisation functions and (non)diffuse
functions. As the title suggests, polarisation functions allow the calculated orbitals to
be polarised, while diffuse functions take into account the diffuse character of the
orbitals.[’®-88] None, light only (H and He) or heavier atoms can be included in the
polarisation and diffuse functions. The number of atoms included varies between
different basis sets and families of basis sets. For accurate calculations, both diffuse

and polarisation functions should be utilized.[’”]

Chemical
Accuracy

) N\
Double-Hybrid

% 8 J/
2l \
. Hybrid
= \ J >
S| - ~ (8
(o]
= meta-GGA S
S ) |8
2l ( i
£ GGA
(@] Generalised Gradient Approximation
Ol N J

s N

LDA
L Local Density Approximation

Hartree Fock

Scheme 20: Jacob’s ladder of density functional theory.[’"]

Today hundreds of functions are known for various applications. The functionals are
often categorised in classes based on the terms included. The different classes are
often shown in the Jacob’s ladder leading from the ground level of Hartree-Fock to

the DFT heaven of chemical accuracy (Scheme 20).I’1 The least accurate functional
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are the so-called local density approximation functionals (LDA) where a
homogeneous electron density throughout the system is presumed. On the level of
generalised gradient approximation functionals (GGA) a gradient of the electron
density is considered by adding the first derivatives of the electron density into the
calculations.’® For meta-GGA functional an additional term for the local kinetic
energy density is taken into account. In case of hybrid functionals a part of the
exchange functional is replaced by the exact exchange energy taken from the
Hartree Fock theory.[9 Hybrid functionals can again be defined in different classes
such as Hybrid-GGA, Hybrid-Meta-GGA and more which are not discussed as this

would be beyond the scope of this thesis.
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3 Motivation and Concept

Spiropyrans are showing potential for several different applications in which the
structural change as well as the high change of the dipole moment upon
photochromic ring opening is utilised. The first task was the calculation of the dipole
moments for substituted spiropyrans and their stable transoid merocyanine forms
using DFT. Different substituents of the indole nitrogen, the benzopyran and the
indole moiety were to be included in the calculations in order to identify systems with

the greatest dipole moment differences (Scheme 21).

R —
(L4 Loy Ly
R R’ Br

R = Me, Bzl, (CH,),COOH R = NMe, OMe, H, Br, R = NMe, OMe, H, Br,
(CH2)3S03H, (CH2)3SO3™ COOH, CN, NO, COOH, NO, NMe3",
R'= NMe, OMe, H, Br,
COOH, CN, NO,

Scheme 21: Different substituted spiropyran systems which are to be considered in the DFT calculation on the

dipole moment changes.

The influence of substituents on photochromic behaviour has already been
discussed. Although several trends of substituent effects on the rate constants of
cyclisation or ring opening are already known, the mentioned data often cannot be
directly compared with each other, as conditions such as solvent and temperature
vary often. In order to determine the rate constant of the newly designed systems,

kinetic studies are therefore conducted.

Another crucial piece of information is often not mentioned in the current literature,
namely the quantity of the switching processes. However, determining the ratio of SP
and MC is not trivial, since in UV/Vis analysis, only the quantitative formation of
spiropyran can be observed. This is due to spiropyran exhibiting no absorption in the
visible range and therefore it is possible to consider quantitative amounts of SP, if no
visible absorbance is displayed. Since MC has absorption bands in both the visible
and UV range, small amounts of SP can never be excluded due to overlapping
signals. For the quantitative formation of merocyanine, determination via 'H-NMR
spectroscopy will be necessary. By combining DFT with UV/Vis and 'H-NMR
analysis, spiropyran/merocyanine systems with the most quantitative switching

properties and high dipole moment changes will be identified.
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As previously mentioned, only a few applications of spiropyrans without need to be
covalent bonded to the applicant are known to date. Both our group and
H. Wennemers' group have shown in the past that the cis/trans-equilibrium of proline
derivatives can be influenced by polar interactions. Therefore, suitable spiropyrans
with regard to the cis/trans-equilibrium of proline in photochromic SP/MC
isomerisation will be tested. Various proline derivatives need to be synthesised for
this purpose. In addition to simple protected prolines, such as those used by
A. Brohll8l and H. Wennemers,[74l small peptides consisting of up to four amino acids
will also be implemented. Because of the possible formation of disulfide bridges, the
amino acid cysteine is included in these test models for later applications. Taking
these criteria into account, the proline derivatives shown in Scheme 22 were to be
synthesised. Two proline-cysteine dipeptides with different N-terminal protecting
groups had to be included to see whether these protecting groups have an influence.
The influence of cysteine protecting groups were to be investigated using the
tripeptides Boc-Cys(Bzl)-Pro-Cys(Bzl)-OMe and Boc-Cys(trt)-Pro-Cys(trt)-OMe. In
addition, the Boc-Cys(irt)-Pro-Phe-Cys(Acm)-OMe tetrapeptide was to be
synthesised, as detailed information on its properties, including cyclisation via

disulphide bridges, had already been published by the group of W. Sander.l’7-7°]

PLPh PB<Ph
g~ Ph g~ Ph
H H
&(OMe N N
N ) \
/&O 0 Fmoc© O OMe Boc © O OMe
Ac-Pro-OMe Fmoc-Pro-Cys(trt)-OMe Boc-Pro-Cys(trt)-OMe
Ph
Ph
Bzl P
s g~ "Ph H
H H
H N H N Boc N\/&O 0 OMe
N 0 o7 "OMe N O 47 "OMe :
Boc o) Boc” Y ~O g \S 0
= = Ph
s s Ph)<Ph (
ézl )<Ph NH
Ph” “Ph ~
0
Boc-Cys(Bzl)-Pro-Cys(Bzl)-OMe Boc-Cys(trt)-Pro-Cys(trt)-OMe Boc-Cys(trt)-Pro-Phe-Cys(Acm)-OMe

Scheme 22: Proline based target molecules including the protected Ac-Pro-OMe used by A. Brohl® and
H. Wennemersl’ (top, left), two dipeptides (top, middle and right) and two tripeptides (bottom, left and middle)
and one tetrapeptide (bottom, right) reported by W Sander.
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The synthesised model peptides were then to be investigated in spiropyran-
containing solutions to determine whether the cis/trans-equilibrium of the central
proline is affected by the changes in dipole moment when switching between

spiropyran and merocyanine.
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4 Results and Discussion

4.1 DFT Calculations
4.1.1 Method Screening

Since we are interested if the photoisomerization from spiropyran to merocyanine can
affect other molecules by polar interactions due to the change in the dipole moment,
it is crucial to know the dipole moment of both isomers. Therefore, DFT based

calculations were performed using the ORCA 5.0 software package.[*]

The first task was to find a suitable functional and basis set for the calculation of
dipole moments of the SP/MC systems. Therefore, a small initial screening was
performed. As previously mentioned, hundreds of functionals and basis sets are
known today. Since the depiction of the ideal combination for specific tasks can be
challenging the aug-cc-pVnZ (n =D double-{ or T triple-{)[’8-81 and the Karlsruhe
basis sets def2-SVPD (double-{) and def2-TZVPPD (triple-¢)®-88 were selected,
based on a publication by Zapata and McKemmish®¥ from 2020. All basis sets
include polarisation and diffuse functions. Also based on this paper the ®B97X-VI9%-
%l and the B3LYP D3BJ%-192 functionals were tested in the screening. Both are
hybrid functionals with additional dispersion correction (VV10 and D3BJ). Additionally
the B97-VI®5 97.98,103] meta-GGA was included. Concerning the family of the
Minnesota functionals the M06-L meta-GGA functionall'%4 195 and the M06-2X hybrid
meta-GGA functionall%® %] were included. Since a screening with the SP/MC
system would be demanding, the initial screening was conducted using two smaller
test systems. The two systems of choice were bromobenzene and para-nitrophenol.
These systems were chosen since they contained crucial parts of the SP/MC

systems like aromatic halides, nitro-groups and acidic phenols.

The calculated dipole moments, deviation from literature values, and the computation
times for bromobenzene and p-nitrophenol using all combinations of the five
functionals and four basis sets are shown in Table 2. The last column indicates if the
calculated dipole moments for both model compounds (green), one (orange) or none
(red) match the literature within an 0.1 D error range. For the bromobenzene in the
gas phase, dipole moments from 1.70-1.73 D were reported in literature.['7-110 For

p-nitrophenol in the gas phase no sufficient data are available, therefore the literature
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values in dioxane of 5.38-5.43 D are used as reference.l''!: 112 These might deviate

from the dipole moment in the gas phase.

When comparing the results obtained by the five different functionals, the ©®B97X-V
and M06-2X functionals performed significantly worse than the others. The ®B97X-V
functional could not yield any results that fits within the set error range of £0.1 D. One
literature match was achieved with M06-2X. Additionally, the computational demand
for the calculations using the ®B97X-V was in most cases noticeably higher than for
other functionals. For the remaining functionals, B3LYP-D3BJ, M06-L and B97M-L,
were the results quite similar in that only one or two literature values could not be
produced. It is worth mentioning that the two calculations outside the error range for
the B3LYP-D3BJ functional were those using the double-{ basis sets def2-SVPD and
aug-cc-PVDZ. In case of the M06-L and B97M-L functionals, only one calculation
each was not within the error range. In both cases these calculations were using the
def2-SVPD base set. When assessing the data, it is noticeable that most
mismatches occur with def2-SVPD basis set, which is reason why it was decided to
carry out the calculations with triple- { base, although higher calculation costs must

be expected.
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Table 2: Computations for the dipole moment of bromobenzene and p-nitrophenol. The minimal differences
between calculation and the literature range as well as the corresponding time demand are listed. The last column
indicates if both (green), one (orange) or none (red) of the calculated dipole moments match the literature within

an additional £0.1 D error range.

Bromobenzene p-nitrophenol
lit.: 1.70-1.73 DI107-110] lit.: 5.38-5.43 D11, 112]
Functional Base Set Time min Ay [D] Time min Au [D] Match 0.1 D

aug-cc-pVDZ 6.1 min 0.128 21.6 min 0 1/2
B3LYP aug-cc-pVTZ 13.7 min 0.090 32.1 min -0.01218 2/2
D3BJ def2-SVPD 8.8 min 0.093 20.2 min 0.10534 1/2
def2-TZVPPD 12.1 min 0.095 26.1 min —0.00593 2/2
aug-cc-pVDZ 7.4 min 0.057 31.0 min 0.00099 2/2
aug-cc-pVTZ 12.6 min 0.033 24.9 min 0 2/2

B97M-V
def2-SVPD 13.3 min 0.020 24.8 min 0.13706 1/2
def2-TZVPPD 11.2 min —-0.006 18.0 min 0 2/2
aug-cc-pVDZ 7.8 min 0 15.6 min 0 2/2
aug-cc-pVTZ 8.2 min —-0.054 21.5 min —-0.02208 2/2
Mos-L def2-SVPD 9.4 min -0.024 5.5 min 0.13504 1/2
def2-TZVPPD 10.9 min —-0.061 12.4 min —0.07006 2/2
aug-cc-pVDZ 7.1 min 0.102 15.2 min -0.1914 0/2
5 aug-cc-pVTZ 12.7 min 0.132 23.2 min —-0.19386 0/2
def2-SVPD 10.5 min 0.107 16.6 min —-0.07156 1/2
def2-TZVPPD 11.2 min 0.137 17.5 min —-0.21847 0/2
aug-cc-pVDZ 10.4 min 0.107 20.9 min —-0.30038 0/2
aug-cc-pVTZ 30.2 min 0.115 32.1 min -0.33194 0/2
©BITXV def2-SVPD 9.8 min 0.110 13.0 min —0.19003 0/2
def2-TZVPPD 23.6 min 0.110 24.5 min —-0.32401 0/2

Comparing the results using Dunning basis sets (aug-cc-PVDZ and aug-cc-PVTZ)
with those using the Karlsruhe basis sets (def2-SVPD and def2-TZVPPD), in case of
the double-C basis sets the Duning basis set aug-cc-PVDZ yielded better results than
the def2-SVPD basis set. Comparing both triple-C basis sets, the computational
results were similar. However, in many cases the calculations using the
def2-TZVPPD basis set was remarkably faster than those using the aug-cc-PVTZ

basis set.
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Scheme 23: Structure of spiropyran and merocyanine 7 used for the DFT screening.

Based on these results, for the calculations of the nitro substituted SP/MC system 7
(Scheme 23), the screening was narrowed to the B3LYP-D3BJ, M06-L and B97M-L
functionals and the aug-cc-PVTZ and def2-TZVPPD basis sets. These results are
shown in Table 3 As references for the dipole moments of SP 7 and MC 7 the
publications by Levitusetall'™ (SP=6.4D, MC=14.2D) and Lapienis-
Grochowska et al.l'" (SP=3.5D, MC=12.7D) were used. Based on these
publications, the dipole moment of SP 7 ranges between 3.5-6.4 D while for the
MC 7 it ranges from 12.7-14.2 D.

Considering the rather wide range of dipole moment stated in the literature, it is no
surprise that all calculated dipole moments for the spiropyran isomers are within this
range (Table 3). However, all calculated dipole moments for the merocyanine
isomers are lower than the experimental results. The data obtained using the M06-L
functional deviated to most. Therefore, this functional was ruled out for the later
calculations. The B3LYP-D3BJ and the B97M-V functionals gave similar results while
the later had also lower computation cost. Since both functionals performed similar,
the B3LYP-D3BJ functional was chosen for later computations since it also

performed very well in the screening by Zapata and McKemmish.[®4
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Table 3: Calculated dipole moments of SP 7 and MC 7 using B3LYP-D3BJ, B97M-V and MO06-L functionals in
combination with the aug-cc-PVTZ and def2-TZVPPD basis sets.

Functional Base Set Form Dipole Moment [D] Time
SP 5.687 11.2h

B3LYP aug-cc-pVTZ MC 12.206 41h
D3BJ SP 5.675 72h
def2-TZVPPD MC 12.197 2.5h

SP 13.235 71h

aug-cc-pVTZ MC 12.231 23h

B9TM-V SP 5.582 8.0 h
def2-TZVPPD MC 12.196 16h

SP 5.703 77h

O6.L aug-cc-pVTZ MC 12.029 2.0h
SP 5.392 44 h

def2-TZVPPD MC 11.849 11h

Comparing the triple-C basis sets, the calculated results were again similar while the
def2-TZVPPD was significantly more time efficient than the aug-cc-pVTZ basis set.
Therefore, for all following calculations the combination of the B3LYP-D3BJ

functional and the def-TZVPPD basis set were used.

4.1.2 DFT Calculation of Spiropyran and Merocyanine Derivatives

In order to ascertain the optimal methodology for computing the SP/MC system 7,
only one possible structure of the merocyanine was considered. In general, eight
isomers of the merocyanine can be described, with the sole differentiating factor
being the conformation of the three bonds which connect the indole- and the phenol-
moieties. For the sake of clarity, the aforementioned bonds are labelled as q, 3, and y

in Scheme 24.

TTC

Scheme 24: Overview for the determination of the different isomers of a spiropyran.

By rotation of these bonds, four transoid-merocyanines and four cisoid-merocyanines
can be described. All eight isomers are illustrated in Scheme 25. Due to the
considerable steric hindrance within the cisoid-merocyanines, these four isomers are

unlikely to be present in a reasonable concentration. In particular, the CCC isomer is
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highly unlikely to be stable since it rapidly cyclises to the spiropyran. Consequently,
only the four transoid-merocyanine structures of the desired target systems were

calculated in the following.

transoid-merocyanins

0
l
+ _O /,
N+
\ \
TTT

TTC

cisoid-merocyanins

- S
N\+_ N\,+/

TCC TCT CCC

Scheme 25: The eight different isomers of MC1. Four transoid-forms (top) and four cisoid-forms (bottom).

In Scheme 26 the calculated dipole moments for SP 7 (left) and the four
corresponding fransoid-merocyanines (right) are depicted. A dipole moment of
approximately 5.2 D was calculated for the spiropyran, while the dipole moments for
the merocyanine isomers ranged from 11.2 D to 12.2 D. Therefore, the calculated
change in dipole moment upon switching from the spiropyran to the merocyanine is
between 6.1 Dand 7.0 D

ONONOZ 5

\

5.175D ! TTC T

SP/MC-Differences: !

-Min 6.06 D .
-Max 6.98 D

i CTT CTC
! 11.353 D 11.887 DD

Scheme 26: Calculated dipole moments for the spiropyran and the four fransoid-merocyanine isomers.
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The differences in the dipole moments of the merocyanine isomers and the
corresponding spiropyran are analysed in the following section. The objective was to
investigate the impact of various substituents on the dipole moment of the SP/MC
system. For this purpose, three sections of the spiropyran were substituted
independently to each other. The three sections considered were the nitrogen side
chain, the chromene and indole units. To facilitate comparison of the change in
dipole moment, the calculated differences were colour coded. If the difference in the
dipole moment of the merocyanine compared to that of the spiropyran is less than
3 D, the value is highlighted in red. In case the value is between 5D and 7D, it is
highlighted in yellow, between 7 D and 10 D in green. Differences greater than 10 D

are marked in blue.

Beginning with the nitrogen sidechain derivatisation, substituents which were
considered are benzyl, propionic acid and propyl sulfonic acid (Scheme 27). In the
case of the sulfonic acid substituents, both the isomers in which the sulfonic acid is
protonated and those in which the phenol is protonated were considered. These

substituents are then compared with the previously mentioned methyl substituent.

NO, NO, NO, NO,
I - { {

o HO4S ‘0,8

Scheme 27: Structure of the nitrogen substituted merocyanines in the TTC structure.

The dipole moments for the merocyanine isomers of the benzyl and propionic acid
substituted systems are only marginally higher than those of the corresponding
spiropyrans (Table 4). For the sulfonic acid substituted merocyanines the TTC isomer
is the only isomer with a dipole moment change higher than 5 D. In all three cases,
fluctuations in the dipole moment of up to 2.5 D were observed between the
individual isomers. The dipole moment of the TTC isomer was consistently the
highest. In the system in which the sulfonic acid is deprotonated and the phenol is
protonated, it is notable that the dipole moment of the TTC isomer differs only slightly
from that of the spiro form, with a difference of 3.6 D. The CTT and CTC isomers
show an increase in the dipole moment of 5.7 D and 6.9 D respectively. A change of
9.8 D was even calculated for the TTT isomer. However, given the significant

discrepancy in the dipole moments of the individual isomers, with a difference of
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4.1 D, and the uncertainty regarding the precise location of the proton, the methyl
group emerges as the most reliable substituent.
Table 4: Differences in dipole moments between the merocyanine isomers and the corresponding spiropyran for

N-substituted systems. The differences of the dipole moments are colour-coded as follows: ADsp-mc < 3 D (red),
3—7 D (yellow), 7-10 D (green), > 10 D (blue).

Sidechain TTC T CTT cTC
Me 7.01 6.06 6.18 6.71
Bzl 4.22 2.72 3.02 3.64
(CH2)2COOH 3.35 1.87 2.72 2.93
(CH2)3SO3H 5.55 3.36 4.88 3.86
(CH2);S03~ 3.61 9.81 5.65 6.86

As for the substitution on the chromene moiety of the system, a number of electron-
withdrawing and electron-donating groups in ortho- and para-positions were
considered (Scheme 28). As electron-donating groups dimethylamine- and methoxy-
substituents were considered, while for electron-withdrawing substituents, bromide,
nitrile, carboxylic acid and nitro-groups were tested. For those substituents all
combinations of mono- and di-substitution patterns, on the specified positions in
Scheme 28 were considered. The differences of the dipole moments of the MC
isomers with respect to the corresponding spiropyran were colour-coded as

previously established.

R = NMe, OMe, H, Br, COOH, CN, NO,

R' = NMe,, OMe, H, Br, COOH, CN, NO,

Scheme 28: Overview of the different chromene substituted spiropyran and merocyanine derivatives included in

the DFT calculations

For the systems with electron-donating groups (NMe2 and OMe) in the para-position,
the dipole moments of the MC-isomers were only slightly higher than those of the
corresponding spiropyran (Table 5). The electron-donating substituents are
presumed to increase the electron density at the phenolate moiety of the
merocyanine. The conjugation shifts the electron density towards the electron-

deficient indole, thereby reducing the zwitterionic character of the merocyanine. The
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effect can be strengthened by further electron-donating substituents in the ortho-
position or weakened by electron-withdrawing substituents. Therefore, the systems
with additional strong electron-withdrawing substituents such as nitro-, nitrile- and
carboxylic acid groups in ortho-position show a higher difference in the dipole
moment than those with electron-donating substituents. The systems with carboxylic
acid substituents stand out in particular. This phenomenon may be attributed to the
interaction between the phenolate and the carboxylic acid via hydrogen bonding.
Furthermore, the dipole moments for the TTT isomers are markedly higher than
those of the other isomers, as in this case the electron-rich phenolate group is
oriented away from the electron-deficient indole. Both trends can be applied to many
of the other systems.

Table 5: Differences in dipole moments between the merocyanine isomers and the corresponding spiropyran for
systems with NMez- and OMe-substituents in para-position and various substituents in ortho-position. The

differences of the dipole moments are colour-coded as follows: ADsp-wc <3 D (red), 3—7 D (yellow), 7-10 D
(green), > 10 D (blue).

Para Ortho TTC TTT CTT CTC
NMe:z NMe:z -0.05 1.73 0.60 0.86
NMez OMe 0.73 2.23 1.52 1.55
NMe2 H 1.02 3.21 2.11 1.93
NMe:z Br 2.55 4.46 3.47 3.37
NMe:z COOH 5.37 6.90 6.14 5.60
NMe:2 CN 3.68 5.81 4.88 4.55
NMe:z NO2 3.92 6.14 5.07 4.82
OMe NMe:z 0.83 3.52 0.82 2.98
OMe OMe 1.99 4.72 2.22 2.24
OMe H 3.22 3.21 2.21 2.08
OMe Br 4.10 4.10 3.22 3.14
OMe COOH 7.55 8.82 8.21 8.12
OMe CN 3.36 6.69 4.43 5.64
OMe NO2 4.76 5.95 5.36 3.27

For the systems without substituents in para-position, dipole moment changes of
3.6 D to 6.0 D were calculated (Table 6). The obtained changes are still rather small.
However, for the para-unsubstituted systems with strong electron-withdrawing
substituent in ortho-position, the calculations show a high disparity of the dipole

moment of 7.1-9.9 D for most of the isomers.
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Table 6: Differences in dipole moments between the merocyanine isomers and the corresponding spiropyran for
systems with no substituent in para-position and various substituents in ortho-position. The differences of the

dipole moments are colour-coded as follows: ADsp-mc < 3 D (red), 3—7 D (yellow), 7-10 D (green), > 10 D (blue).

Para Ortho TTC TTT CTT CTC
H NMe:2 3.55 4.27 3.62 3.88
H OMe 4.76 5.95 5.36 3.27
H H 4.53 5.98 5.23 5.09
H Br 5.76 717 6.46 6.34
H COOH 9.13 8.67 9.86 9.65
H CN 6.43 8.21 7.48 7.08
H NO2 7.45 8.60 8.39 7.41

A similar pattern emerges when considering the para-bromo substituted systems,
although the differences are slightly more pronounced (Table 7). Of particular interest
are the systems that incorporate a nitro group (8.3-9.6 D) or a carboxylic acid (11.0—
11.8 D) in the ortho-position.

Table 7: Differences in dipole moments between the merocyanine isomers and the corresponding spiropyran for

systems with bromo-substituent in para-position and various substituents in ortho-position. The differences of the

dipole moments are colour-coded as follows: ADsp-mc < 3 D (red), 3—7 D (yellow), 7-10 D (green), > 10 D (blue).

Para Ortho TTC TTT CTT CTC
Br NMez 4.76 4.10 4.04 4.53
Br OMe 5.69 5.13 5.07 3.21
Br H 6.00 6.33 5.96 6.10
Br Br 7.01 7.57 7.12 7.25
Br COOH 11.01 11.75 11.38 11.38
Br CN 7.57 8.77 8.24 8.03
Br NO2 8.55 9.59 9.12 8.31

For the systems with strongly electron-withdrawing substituents (NO2, CN and
COOH) in para-position, the difference of the dipole moments for the systems with
electron-withdrawing or no substituents in ortho-position are below 7.0 D for the
majority of the calculations (Table 8 and Table 9). The systems with only nitril- or
nitro-substituents, or a combination of both, show high changes in dipole moments
between 9.1 D and 10.1 D (Table 8). This is due to the electron-withdrawing
substituents on the phenol unit redistributing the electron density from the already
electron-deficient indole unit to the phenolate. Consequently, the zwitterionic
character of the merocyanine is increased. For the systems with a nitrile- or a nitro-
group in para-position and a carboxylic acid in ortho-position even higher changes of
13.0-13.7 D obtained.
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Table 8: Differences in dipole moments between the merocyanine isomers and the corresponding spiropyran for
systems with nitril- and nitro-substituents in para-position and various substituents in ortho-position. The
differences of the dipole moments are colour-coded as follows: ADsp-mc < 3 D (red), 3-7 D (yellow), 7-10 D
(green), > 10 D (blue).

Para Ortho TTC TTT CTT CTC
CN NMez 5.18 3.49 3.82 4.65
CN OMe 5.92 4.46 4.76 3.02
CN H 6.27 5.36 5.46 6.01
CN Br 7.67 7.13 7.12 7.56
CN COOH 13.12 13.12 12.99 13.21
CN CN 9.13 9.1 9.19 9.27
CN NO2 9.22 9.50 9.22 9.39
NO2 NMez 5.91 4.18 4.54 5.37
NO2 OMe 6.99 3.43 3.61 4.31
NO2 H 7.01 6.06 6.18 6.71
NO2 Br 8.35 7.77 7.79 8.19
NO2 COOH 13.58 13.60 13.48 13.68
NO2 CN 9.7 9.99 9.80 9.77
NO2 NO2 9.75 10.08 9.83 9.97

However, considering the systems with electron-withdrawing substituents in both,
ortho- and para-position, the calculations for those with a carboxylic acid on para-
position show rather unexpected results (Table 9). In these cases, the calculated
changes in the dipole moment between the SP and MC form vary strongly depending
on the MC isomer considered. The overall changes observed for the system with two
carboxylic acid substituents remain high, however the differences are significantly
reduced when considering the TTC- and TTT-isomers (9.8 D and 9.7 D), in
comparison to the CTC and CTT-isomers (13.4 D and 13.2 D). The systems including
a nitro- or nitrile-group in ortho-position show very low changes for the TTC-isomer
(4.8 D and 4.6 D) and relatively high changes regarding the TTT-isomer (8.4 D and
8.2 D).

Table 9: Differences in dipole moments between the merocyanine isomers and the corresponding spiropyran for
systems with carboxylic acid-substituent in para-position and various substituents in ortho-position. The

differences of the dipole moments are colour-coded as follows: ADsp.mc < 3 D (red), 3—7 D (yellow), 7-10 D
(green), > 10 D (blue).

Para Ortho TTC TTT CTT CTC
COOH NMez 1.86 3.34 2.38 3.63
COOH OMe 2.75 2.75 3.27 2.56
COOH H 5.07 7.33 3.89 3.33
COOH Br 3.56 6.46 4.00 6.08
COOH COOH 9.79 9.73 13.41 13.20
COOH CN 4.57 8.23 5.25 7.4
COOH NO2 4.82 8.43 5.86 5.86
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Since predictions about the isomer ratio of MC (TTC/TTT/CTT/CTC) in solutions are
difficult to make, only systems in which all four forms have a comparable dipole
moment were considered for the application. Even though the dipole moment
changes for acid substituted derivatives were overall very high, these derivatives
were ultimately ruled out due to the difficulty in estimating the effects of acid/base
interactions. Due to this and considering the accessibility, the system 19 with two
nitro-substituents and the systems 9 and 10 with one nitro- and one bromo-
substituent were chosen as the most promising candidates for our purpose
(Scheme 29).

\ \

Br 02N 02N
10 9 19
ASP-MC =7.8-8.4D ASP-MC =8.3-9.6 D ASP-MC =9.8-10.1 D

Scheme 29: The structures of the three substitute patterns which are promising for our purpose. Minimal and

maximal changes of the dipole moment are stated below the structures.

Finally, the influence of substituents on the indole unit was investigated. Therefore,
seven different substituents were considered (Scheme 30). Regarding the chromene

moiety, only the substitution pattern of system 10 (Scheme 28) was tested.

? W, :
OTEG = \& \4;0/
N\+ 0 Br

R = NMe3*, NO, COOH, H, Br, OMe, OTEG, NMe,

Scheme 30: Overview indole substituted spiropyran and merocyanine derivatives included in the DFT

calculations.

As depicted in Table 10, additional electron-donating substituents like ethers (OMe
and OTEG) or amines highly increase the difference in dipole moment for all MC-
isomers since in these cases, a push-pull system is created which shifts more
electron density towards the phenolate unit. This further increases the zwitterionic
character. The resulting change in dipole moment is between 10.9 D and 11.6 D in
the  dimethylamine-substituted  system.  Conversely, electron-withdrawing
substituents, such as carboxylic acid or nitro groups, pull electron density towards the

electron-deficient indole moiety, thereby reducing the zwitterionic character.
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Therefore, very low changes in dipole moment (1.6-3.4 D) were calculated for the
system containing a carboxylic acid at the indole unit. For the nitro-substituted
system the dipole moments of the CTT- and CTC-isomers were even smaller than
the one calculated for the corresponding spiropyran.

Table 10: Differences in dipole moments between the merocyanine isomers and the corresponding spiropyran for

indole substituted systems. The differences of the dipole moments are colour-coded as follows: ADsp-mc < 3 D
(red), 3—7 D (yellow), 7-10 D (green), >10 D (blue).

Indole Sub. TTC TTT CTT CTC
NMes* 10.15 13.47 14.49 14.45
NO2 0.85 0.61 -0.67 -0.05
COOH 3.40 3.17 1.62 2.26
H 8.35 7.77 7.79 8.19
Br 8.68 8.15 7.92 8.38
OMe 9.53 8.89 8.54 8.98
OTEG 9.69 8.56 8.56 9.14
NMe:z 11.60 10.94 11.01 11.41

For the system containing a trimethylammonium-group at the indole, also high
changes of the dipole moment were calculated ranging from 10.1-14.5D. The
absence of a mesomeric effect and the presence of a negative inductive effect result
in a slight electron-withdrawing effect. However, this effect is completely ruled out by
the additional positive charge, which leads to a high charge separation in the
merocyanine form. Moreover, dipole moments for this system are typically high in
comparison to other systems, due to the aforementioned charge. The dipole
moments for the merocyanine-isomers range from 34.4-38.7 D, while one of 24.3 D
was calculated for the spiropyran. The calculated dipole moments for all isomers can

be found in the appendix.

Based on these calculations, systems with electron-donating groups like ethers or
amines are most promising for the desired application of influencing other molecules

via polarity changes.
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4.2 Synthesis of Spiropyrans and Merocyanines

4.2.1 Synthesis of N-Substituted Spiropyrans and Merocyanines

The synthesis of the N-substituted indolium salts 22, 23 and 24 was achieved by
refluxing indole 25 with the corresponding reagents 26—-28, based on the procedures
provided by Y. Zhang et al.l'’®, A. R. Tyler et al. "'l and D. E. Lynch et al.l''"l |n all
cases even with a high excess of the corresponding alkylation agent and increased
reaction times of several days, full conversion of indole 25 was never achieved. Since
full conversion was not achieved, unfortunately only moderate yields of 46—61 %

were achieved (Scheme 31).

o)
Br/\)J\OH ) NO, O
26 N* Br 29 N o O NO,
MeCN, reflux, 40 h EtsN, EtOH, reflux, 22 h
46%, Lit..1"%1 77 % 67%. Lit.:[1181 84 %
OH ’ OH
o} o}

Br
NO,
27 ) 29 O
+ —
4 MeCN, reflux, 3.5 d N™ Br N O O NO,
N

(161 ) Et3N, EtOH, reflux, 17 h
0, . 0,
25 52%, Lit.: 77 % PH 89 % PH
23 31
OH O
H
Q.0
S,
Cp N
) NO,
28 N* 29 N O O NO,
toluene, reflux, 4 d MeOH, reflux, 42 h
61 %, Lit.:["""1 58 % 49 %, Lit.:["%1 83 %
038 ~03S
24 1b

Scheme 31: Synthetic scheme for the synthesis of N-substituted spiropyrans 30, 31 and 1b starting from
indole 25.

The obtained indolium salts were used in a condensation reaction with 2-hydroxy-5-
nitro benzaldehyde (29) to obtain the corresponding spiropyrans in moderate to good
yields, following the protocols by W. Zhang et al.[''® and J. Liu et al.l'" In case of the
spiropyrans 30 and 31 base was added to trap the bromide. The low yields are due

to high product loss during the recrystallisation.
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4.2.2 Synthesis of Chromene Substituted Spiropyrans and Merocyanines
For the synthesis of spiropyrans with different substituted chromene moieties, two
different methods were used. For the synthesis of 8, 9 and 32, indolium 33 was
refluxed with the appropriate salicylic aldehyde (34, 35 and 36) to obtain the
corresponding merocyanine hydro iodide-salts 37, 38 and 39 (Scheme 32). The salts
were transformed to the free spiropyrans by adding EtsN. For both steps good to
excellent yields were obtained. In case of spiropyran 32 the corresponding salt 36

was not isolated.

OH O
R
H
R
R —
34-36 y EtsN O
’ g . N O R
N* I EtOH, relfux, 16 h N* HI O R' EtOH, rt, 15 min \
\ \
33 R'
37: R=Br,R'=Br, 90 % 8:R=Br,R'=Br, 75 %
38: R=Br,R' =NO, 82 % 9:R=Br,R'=NO,, 95 %
39:R=H,R'=NO; n.d. 32: R=H,R'=NO,, 81 %

Scheme 32: Results of the two-step synthesis of Spiropyrans 8, 9 and 32 starting from indolium 33.

Based on a modified procedure by Roxburgh et al.l'?% spiropyrans 7, 9, 19, 40 and
41 were synthesised in one step from Fisher-Base 43 instead of indolium 33
(Scheme 33). Therefore, no base was needed to remove HI. The spiropyrans were
obtained in yields between 66 % and 93 % by refluxing Fisher-Base 43 with the
corresponding salicylic aldehydes 44—-47 and 29.

R
A mee
N EtOH, reflux, 16 h N© O R
\
43 40: R=H,R'=Br, 93 % R
41: R=Br, R'=H, 90 %
7: R=NO,R'=H,83%
9: R=NO,, R'=Br, 88 %

19: R=NO,, R'=NO,, 66 %
Scheme 33: Results obtained by the one-step synthesis of spiropyrans 7, 9, 19, 40 and 41.

While the two-step approach resulted slightly lower yields the purification of the
products was often easier than for those obtained by the one-step synthesis.
Therefore, none of the methods is clearly preferable.
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4.2.3 Synthesis of Indole Substituted Spiropyrans and Merocyanines

The synthesis of spiropyrans 48-51 was achieved over three steps. Starting from the
corresponding phenyl hydrazine salts, a Fisher-Indole synthesis with isopropyl methyl
ketone was performed following the procedures by H. Goa et al.['?!l The substituted
indoles 52-55 were obtained in yields between 66-98 % (Scheme 34). Methylation to
the corresponding indolium salts 56—-59 with iodomethane was performed in good to
excellent yields. The condensation between the indolium salts and salicylic
aldehyde 46 was achieved by heating in ethanol in the presence triethylamine. Since
triethylamine was used to scavenge the released HI, the spiropyrans 48-51 were
directly obtained instead of the corresponding Hl-adducts as mentioned in the

previous chapter.

R w
[ j\ NHg*
N ‘o " AcOH, reflux \Cﬁgf MeCN, reflux N+ -

52: R = OMe, 66 % 56: R = OMe, 74 %
53: R=COOH, 76 % 57: R =COOH, 97 %
54: R=Br, 98 % 58:R=Br, 91 %

55: R =Me, 90 % 59: R = Me, 90 %

Ory- - w T
N+ - EtOH reflux N © O NO-

48: R = OMe, 99 %
49: R = COOH, 89 %
50: R =Br, 79 %
51: R = Me, 98 %

Scheme 34: Synthesis of different indole substituted spiropyrans starting from substituted hydrazine salts.

Following the procedure by Kele and coworkers,[?? indole 60 was synthesised via

nitration of indole 25 (Scheme 35). The yield of 87 % was slightly lower than reported

KNO4 O,N
N/ H,S0, —10-0°C N/

0, +.[121] 0,
25 87 %, Lit.: 92 % 60

in the literature.

Scheme 35: Nitration of indole 25.

Nitro indole 60 was used as substrate for synthesis of spiropyran 61 and 62

(Scheme 36). For the synthesis of 61, nitro indole was first methylated to indolium 63
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in 91 % yield following a procedure by Berizin et al.['?l The final condensation to the

spiropyran 61 was achieved in 85 % yield.

OH O
Br. H
NO
z O,N
O,N Et3 O
/,
MeCN, reflux N* I EtOH reflux N\ (e} O NO,
91 %, Lit..['?21 60 % \ 85 %
63
61
SnCly-2H,0 OH O
HCI, reflux Br. H
88 %, Lit.:['?1160 %
NO,
H,N Mel, K,CO5 "//N+ DIPEA O
_—
N/ EtOH, reflux N EtOH reflux N\ o) O NO,
29 % \ 71 %

64 65
62

Scheme 36: Synthesis of Spiropyran 61 (top) and 62 (bottom) starting from nitro indole 60.

In order to synthesize the compound spiropyran 62 (Scheme 36, bottom), nitro indole
60 was first reduced with tin chloride, following the procedure described by Kele and
colleagues.l'??l The resulting amino indole 64 was then methylated with iodomethane,
after which it underwent condensation with the previously synthesized spiropyran 62
to yield the final product. While most products were obtained in good yields, the
methylation of amino indole 64 was rather challenging. After refluxing the reaction for
18 h with over stoichiometric amounts iodomethane, several spots were observed by
TLC. Via GC-MS analysis manly the methylated indoles 66 and 67 and traces of 65
were observed (Scheme 37). Therefore, additional iodomethane was added and the
reaction was heated for further 20 h. Since 66 and 67 were still the mayor species,
the reaction was heated again with additional iodomethane. After refluxing for in total
44 h, the reaction was stopped since an additional species was forming which was
identified as indole 68 by a crude 'H-NMR. After column chromatography, only

spiropyran 65 could be isolated in a moderate yield of 29 %.
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Ny \ i i
N N N N*
\ \ \ \
66 67 65 68

Scheme 37: Different indoles which were observed during the methylation of indole 64.

The synthesis of spiropyran 69 with a triethylene glycol (TEG) moiety at the indole
was achieved over four steps starting from methoxy substituted indole 52
(Scheme 38). The methoxy group was deprotected to the free alcohol 70 in 88 %
using BBr3. The alcohol was then converted to the ethylene glycol ether 71 using
tosylate 72. This was done under basic conditions to increase the reactivity of the
alcohol to avoid the substitution of the indole nitrogen. After methylation with
iodomethane, indolium iodide 73 was obtained in quantitative vyield. The

condensation to the spiropyran 69 was also achieved in a good yield of 85 %.

\<O/\/>30\ Tos

72
BBF3 HO KoCOs TEGO
DCM O°Ctort N/ acetone, reflux N/

88 % 75 %

70 71
Mel
- o{\/\ 5, OH O
OTEG =
3{ o7, Br MeCN, reflux
H quant.
NO
TEGO _ 2
O Et;N TEGO. : S</
N /,
\ o O NO, EtOH, reflux Nt |-
85 % \
Br 73

69

Scheme 38: Four step synthesis towards triethylen glycol substituted spiropyran 69 starting from indole 52.
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4.2.4 Synthesis of Spiropyrans with Substituents at the Geminal Methyl
Groups

For the synthesis of spiropyran 74, ketone 75 should be used in the Fischer-indole
synthesis. This ketone was synthesised over six steps starting from

benzophenone (76) (Scheme 39).

o O
Et< _Et
(¢} (¢}
OH OH o o
78
HC(OMe); o Eto Et
0 Fe(OTs)3 MeO OMe Camphorsulfonic acid (0] (6)
Ph™ "Ph MeOH, reflux Ph;xLPh toluene, reflux O>X<O
0,
76 97 %, Lit[124 99 % 77 90 % ph” “Ph

1M NaOH:EtOH (1:1)
reflux

quant.
O+_OH 0 1)
2 HBTU, DIPEA Cu,0 HO%OH
-
MeCN rt Oo. .0 MeCN, reflux 0. 0
70 % < 81% <
PR “Ph P "Ph

MeMgBr
THF, 0°C to rt
quant.

HO
Phh/Ph HO
z B OO
AcOH, reflux N\ o O NO,
/
N Br

15

Scheme 39: Synthesis of ketone 75 as key intermediate for the synthesis of 74.

According to a procedure reported by H. Mansilla and M. Alfonsol'?4, dimethylketal
77 was synthesised using iron(lll)tosylate as catalyst. The dimethylketal was then
used to protect diol 78 to obtain dioxane 79. After saponification, the dicarboxylic acid
80 was decarboxylated according to a procedure by J. Ehrler and D. Seebach!'2°]
using Cu20. The monocarboxylic acid 81 was then transferred to the Weinreb-
amide 82 using HBTU and DIPEA. By treating the Weinreb-amide 82 with MeMgBr,
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ketone 75 was obtained. All synthesis steps were performed in good to quantitative

yields.
0
o
H Ph)J\Ph 4 Ph H* 0
. N HO —
Ph™ "NH, -H,0 Ph”" N7 “Ph —H,0 HO/\”)\
83 84 HO
85 86

Scheme 40: Possible by-products and side reactions of the indole synthesis after cleavage of the acetal.

The Fisher Indole synthesis towards indole 75 did not yield the desired product. A
complex mixture was obtained with no clear major product. Since the indole
synthesis is typically performed under acidic conditions and high temperature, the
acetal might be cleaved to the corresponding diol and benzophenone, which enables
several side reactions (Scheme 40). The benzophenone could react with the
hydrazine 83 forming hydrazone 84. Under these harsh conditions the unprotected
diol 85 is also likely to eliminate water hence forming a o,p-unsaturated ketone 86

which can further react.

Due to the synthetic problems and since the results of the DFT calculations of the
dipole moments looked only moderately promising for our applications, the synthesis
of spiropyran 74 was not further pursuit. If this molecule should be synthesised for
other applications, the use of more stable protection groups like bulky silyls (e.g.

DIPS) or ethers should be considered.

For the synthesis of spiropyran 87, a synthesis starting from nipecotic acid (88) was
pursued (Scheme 41). After protecting the amine, the corresponding carboxylic acid
89 was transferred to the Weinreb amide 90 using HBTU as amide coupling agent.
According to H. Ito and co-workers,['?6] the Weinreb amide 90 was transferred to
ketone 91 using MeMgBr. The Fischer-indole synthesis of indole 92 using ketone 91
and phenyl hydrazine (83) was not successful due to the acid lability of the Boc-
protecting group, which enables a considerable amount of side reactions. This could

be avoided by using acid stable protecting groups like Fmoc or Cbz.
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o o MeNHOMe o
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Scheme 41: Overview of the synthesis of ketone 91 as key intermediate in the synthesis of spiropyran 87.

Another alternative to avoid this side reaction, is the controlled deprotection with

subsequent methylation of the amine to the piperidinium salt 93 (Scheme 42).

O 0 (e}

HCI Mel
-
~N HN —NI
Boc

/
91 94 93

Scheme 42: Synthesis plan for piperidinium salt 14 as acid stable alternative for the Fischer-indole synthesis.

The Fisher-indole synthesis with ammonium salt 93 was tested by C. Weillelberg
during his E-Module. However, the desired indole could not be isolated. Since the
DFT calculation for the dipole moments final spiropyran and merocyanine were not
promising for our desired applications, the synthesis of spiropyran 87 was not further

pursuit.
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4.3 UV/Vis Analysis of Substituted Spiropyrans and Merocyanines

4.3.1 Influence of Chromene Substituents on the UV/Vis-Spectra of
Spiropyrans and Merocyanines

In the following, the UV/Vis spectra of spiropyrans and merocyanines with different
bromine and nitro substitution patterns at the chromene part of the system are
compared. All spectra were obtained from 0.025 mm methanolic solutions at 20 °C.
Three spectra were recorded for the system. Once at a thermal equilibrium in the

dark (blue) and the other after irradiation with UV (red) or visible light (green).

The UV/Vis-spectra of the SP/MC system 7 are shown in Scheme 43. The spectra
obtained after irradiation with visible light and after incubation in the dark are almost
identical. In both cases primarily the spiropyran from is present and only traces of the
merocyanine can be observed indicated by the small absorption at A =529 nm. The
spiropyran exhibits four absorption bands with A =339 nm, 298 nm, 266 nm and
242 nm. After irradiation with UV light the absorption maxima at 266 nm and 242 nm
are reduced in intensity (hypochromic shift) while the characteristic merocyanine
band at A =529 nm is significantly increased (hyperchromic shift). The maxima at
339 nm and 298 nm are shifted in the higher wavelength region (bathochromic) to

352 nm and 307 nm respectively.

15 — Dark

Vis

1,04

Absorbance

0,54

0,0
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Scheme 43: UV/Vis-spectra of SP/MC 7 at the thermal equilibrium in the dark (blue) and after irradiation with UV
(red) or visible (green) light. All spectra were recorded in 0.025 mm methanolic solutions at 20 °C.

Since the spectrum obtained at the thermal equilibrium is almost identical with the
one obtained after irradiation with visible light, the spiropyran form is highly favoured
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for this system. However, even after irradiation with visible light, traces of the

merocyanine absorption at 529 nm was detected.

The UV/Vis spectrum of the SP/MC system 9 with an additional bromine substitution
in ortho-position also shows an incomplete cyclisation after irradiation with visible
light (Scheme 44). For the spiropyran three absorption maxima with A =330 nm,
272 nm and 243 nm can be determined. After irradiation with UV light two defined
maxima at 523 nm and 365 nm can be detected for the merocyanine. Also, several
smaller absorptions can be detected between 200-300 nm. These absorptions are

strongly hypochromic shifted compared to those of the spiropyran.
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Scheme 44: UV/Vis-spectra of SP/MC 9 at the thermal equilibrium in the dark (blue) and after irradiation with UV

(red) or visible (green) light. All spectra were recorded in 0.025 mm methanolic solutions at 20 °C.
The UV/Vis spectrum which was recorded after incubation in the dark resembles the
spectrum obtained after irradiation with UV light. This indicates a shift of the

equilibrium towards the merocyanine induced by the additional bromine substituent.

For system 32 with the nitro group in ortho-position three absorption maxima with
A =353 nm, 281 nm and 245 nm are detected for the spiropyran (Scheme 45, green).
Upon irradiation with UV light an absorption maximum at 543 nm is observed for the
merocyanine. Again, the maxima below 300 nm are decreased in intensity, while the
intensity of the absorption at 353 nm is increased and bathochromic shift to 364 nm
upon formation of the merocyanine. At the equilibrium in the dark, the UV/Vis
spectrum is almost identical with spectrum of the spiropyran between 200-300 nm

but clearly shows the absorption of the merocyanine at higher wavelength.
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Scheme 45: UV/Vis-spectra of SP/MC 32 at the thermal equilibrium in the dark (blue) and after irradiation with

UV (red) or visible (green) light. All spectra were recorded in 0.025 mm methanolic solutions at 20 °C.

The addition of a bromine substituent in para-position of system 10 shifts the
equilibrium further towards the merocyanine (Scheme 46, blue). Therefore, the
UV/Vis-spectra of 10 recorded in the dark and after irradiation with UV light are
similar. For the merocyanine, two absorptions, with A =554 nm and 365 nm are
observed while for the corresponding spiropyran an absorption maximum at 361 nm
is detected. For both forms the absorptions between 200-300 nm are not well
defined. As with system 32, complete cyclisation to spiropyran can be observed for

system 10 after irradiation with visible light.
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Scheme 46: UV/Vis-spectra of SP/MC 10 at the thermal equilibrium in the dark (blue) and after irradiation with

UV (red) or visible (green) light. All spectra were recorded in 0.025 mm methanolic solutions at 20 °C.
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Quantitative cyclisation was also observed for spiropyran 19 with two nitro
substituents after irradiation with visible light (Scheme 47, green). The spiropyran has
two absorptions in the UV region with A = 339 nm and 255 nm. The corresponding
merocyanine exhibits strong absorption maxima at 507 nm, 378 nm and 360 nm, as

well as two weaker absorptions at 302 nm and 363 nm.

- Dark
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Scheme 47: UV/Vis-spectra of SP/MC 19 at the thermal equilibrium in the dark (blue) and after irradiation with

UV (red) or visible (green) light. All spectra were recorded in 0.025 mM methanolic solutions at 20 °C.

It should be emphasised that for this system the absorption of merocyanine obtained
after incubation in the dark exceeds the absorption after excitation with UV light. On
one hand this shows a high stabilisation of the merocyanine based on the electron
withdrawing character of the nitro groups. On the other hand, this leads to the
assumption that exposure to UV light can also induce the cyclisation to a small
extent. This is probably due to the superposition of the absorption bands of both

species in the UV range.

For the SP/MC system 8 with two bromine substituents the spectrum after irradiation
with UV light and the spectrum after incubation in the dark are identical (Scheme 48).
In both cases only the spiropyran is present. In total four absorption bands can be
observed for the spiropyran with A =326 nm, 296 nm, 240 nm and 232 nm. After
irradiation with UV light two additional absorption maxima of the merocyanine at
566 nm and 384 nm are detected. However, for this system the equilibrium is highly
shifted towards the spiropyran and only small amounts of merocyanine are formed
upon irradiation with UV light. Additionally, decomposition of the system is observed
after irradiation with UV light for few minutes (Scheme 48, orange). This
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decomposition can be identified by the appearance of a new absorption maximum at
451 nm and the significant hypochromic shift of the absorptions between
200-300 nm.
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Scheme 48: UV/Vis-spectra of SP/MC 8 at the thermal equilibrium in the dark (blue) and after irradiation with UV
(red) or visible (green) light. Decomposition (orange) was observed after longer exposure to UV light. All spectra

were recorded in 0.025 mm methanolic solutions at 20 °C.

In summary, for all systems a hypochromic shift of the absorption maxima between
200-300 nm can be observed upon formation of the merocyanine while for all nitro
substituted system the maximum at around 350 nm is increased in intensity
(hyperchromic shit) and bathochromic shifted. Comparing the absorption maxima of

the different substituted merocyanines a trend can be observed (Scheme 49).

With increasing electron withdrawing substituents at the phenolate moiety the
absorption maximum in the visible region of the spectra is hypsochromic shifted. For
merocyanine 7 with only a nitro group in para-position the absorption maximum was
found at 543 nm. By adding a bromine or a nitro group in ortho-position the maximum
is shifted to 523 nm and 507 nm respectively. By replacing the nitro group with two
bromine substituents the absorption maximum is bathochromic shifted to 566 nm.
Comparing the maxima of merocyanine 7 (A = 529 nm) and 32 (A = 543 nm) the nitro
substituent in ortho-position has a lesser impact on the electron density of the system

which can be addressed to steric effects between the ortho-substituents.
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Scheme 49: Comparison of the characteristic absorption maxima of chromene substituted merocyanines. All
spectra were recorded in 0.025 mm methanolic solutions at 20 °C. For each system the spectrum with the

strongest merocyanine absorption is shown.

4.3.2 Influence of Chromene Substituents on the UV/Vis-Spectra of
Spiropyrans and Merocyanines

In the following, the UV/Vis spectra of spiropyrans and merocyanines with different
substituents at the indole part of the system are compared. For all systems the
chromene substituents were kept the same. All spectra were obtained from 0.025 mm
methanolic solutions at 20 °C. Three spectra were recorded for every system. One at
thermal equilibrium in the dark (blue) and one each after irradiation with UV (red) and
visible light (green). As reference the spiropyran/merocyanine system 9 with a nitro
group at the para-position and a bromine substituent in ortho-position was selected
since it showed a good switchability between both forms. Additionally, for this system
the thermal equilibrium in the dark was shifted towards the merocyanine. This is
desirable for our applications since irradiation with Vis-light (MC—>SP) is less
destructive than irradiation with UC light (SP->MC).

In Scheme 50 the spectra obtained for SP/MC 51 with a methyl substituent at the
indole are shown. The general forms of the spectra are very similar compared to
those of system 9. For the spiropyran four absorptions at A =334 nm, 307 nm,
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273 nm, and 243 nm and four absorptions for the merocyanine at A =521 nm,

371 nm, 318 nm and 270 nm are detected.
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Scheme 50: UV/Vis-spectra of SP/MC 51 at the thermal equilibrium in the dark (blue) and after irradiation with UV

(red) or visible (green) light. All spectra were recorded in 0.025 mm methanolic solutions at 20 °C.

The electron donating effect of the methyl group shifts the SP/MC equilibrium further
towards the merocyanine. This results in a negative photochromism of this system.
Therefore, the strongest absorbance of characteristic absorption band of the

merocyanine at 521 nm was detected after incubation in the dark.
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Scheme 51: UV/Vis-spectra of SP/MC 48 at the thermal equilibrium in the dark (blue) and after irradiation with

UV (red) or visible (green) light. All spectra were recorded in 0.025 mM methanolic solutions at 20 °C.
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The same trend can be seen for the methoxy substituted system 51. In this instance,
the differences are even more pronounced (Scheme 52). Once more, four
absorptions were identified for the spiropyran (346 nm, 317 nm, 280 nm and 272 nm)

and the merocyanine (521 nm, 382 nm, 280 nm and 272 nm).
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Scheme 52: UV/Vis-spectra of SP/MC 48 at the thermal equilibrium in the dark (blue) and after irradiation with
UV (red) or visible (green) light. All spectra were recorded in 0.025 mM methanolic solutions at 20 °C.

The spectra recorded for system 69 with a triethylen glycol ether substituent are
almost identical to those of the methoxy substituted system 48. The merocyanine
shows five absorption bands at 521 nm, 382 nm, 321 nm, 377 nm and 230 nm
(Scheme 52). The highest absorption of merocyanine was detected at the equilibrium
in the dark. After irradiation with visible light, four absorptions with A =343 nm,

316 nm, 272 nm and 235 nm could be observed.
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Scheme 53: UV/Vis-spectra of SP/MC 50 at the thermal equilibrium in the dark (blue) and after irradiation with

UV (red) or visible (green) light. All spectra were recorded in 0.025 mM methanolic solutions at 20 °C.

While the stabilisation of the merocyanine was observed for the systems with
electron donating substituents at the indole moiety the opposite can be observed for
systems with electron withdrawing substituents. After irradiation with UV light, for
merocyanine 50 two intense absorption with A = 541 nm and 371 nm can be detected
as well as three less defined absorption at 320 nm, 273 nm and 239 nm
(Scheme 53). When exposed to visible light, the strong absorption at 541 nm
disappears almost completely and the maximum at 371 nm is blue shifted to 335 nm
and decreased in intensity (hypochromic shift). On the other hand, the absorptions
between 200—-300 nm undergo a hyperchromic shift. Due to the detection of a small
absorbance at 541 nm after irradiation with visible light, indicates uncomplete
cyclisation towards the spiropyran or a fast ring opening reaction. After incubation in
the dark, the absorption at 541 nm is slightly increased in intensity. However, the

spectrum recorded at the thermal equilibrium still highly resembles the spiropyran.
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Scheme 54: UV/Vis-spectra of SP/MC 49 at the thermal equilibrium in the dark (blue) and after irradiation with UV

(red) or visible (green) light. All spectra were recorded in 0.025 mm methanolic solutions at 20 °C.

Similar behaviour was observed for system 49 containing a carboxylic acid at the
indole moiety (Scheme 54). After irradiation with UV light, two intense absorption
maxima at 541 nm and 371 nm and two less defined maxima at 320 nm and 271 nm
are detected. Upon cyclisation to the spiropyran (green) the absorptions at 541 nm
and 371 nm disappear while two strong absorption bands at 230 nm and 271 nm are
formed. After incubation in the dark, partial formation of the merocyanine was

observed, indicated by a weak absorption at 541 nm.
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Scheme 55: UV/Vis-spectra of SP/MC 62 at the thermal equilibrium in the dark (blue) and after irradiation with UV

(red) or visible (green) light. All spectra were recorded in 0.025 mm methanolic solutions at 20 °C.
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When switching to even stronger electron donating withdrawing substituents
(Scheme 55) the thermodynamic equilibrium is further shifted towards the cyclic
spiropyran. This can be seen on the example of spiropyran 62 containing a
trimethylammonium substituent. In this case the spectra recorded in the dark is
almost identical with the one after irradiation was visible light. In both cases almost
exclusively the spiropyran form is present. One defined absorption at 252 nm and two
smaller absorptions at 336 nm and 388 nm can be assigned. Formation of the
merocyanine leads to the formation of two strong maxima at 544 nm and 376 nm.
The absorptions between 200-300 nm are decreased in intensity. Two absorptions
with A = 309 nm and 250 nm can be detected.
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Scheme 56: UV/Vis-spectra of SP/MC 61 at the thermal equilibrium in the dark (blue) and after irradiation with

UV (red) or visible (green) light. All spectra were recorded in 0.025 mm methanolic solutions at 20 °C.

In case of nitro substituted system 61, the absorption bands in the UV region of the
spectrum are very similar with two merging absorption maxima with A =246 nm and
226 nm and an intense absorption at 365 nm for the spiropyran and at 370 nm for the
merocyanine (Scheme 56). Even after irradiation with UV light, only a weak
absorption at 559 nm can be detected which indicates a highly disfavoured
merocyanine due to the additional nitro group. In the dark and after exposure to

visible light, only traces of merocyanine can be detected.

In summary, the following substituent-dependent trends can be recognised in the

UV/Vis spectra. The most noticeable trend is concerning the equilibrium in the dark.
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For the systems with electron donating substituents, the equilibrium is shifted towards
the merocyanine form while electron withdrawing substituents shift the equilibrium
towards the spiropyran. The substituents also affect the position of the absorption
maxima (Scheme 57). For electron donating substituents the characteristic maximum
of the spiropyran, is hypsochromic shifted from 523 nm (R = H) to 521 nm (R = OMe).
On the other hand, electron withdrawing substituents induce a bathochromic shift up
to 559 nm (R = NOz2). The absorption maximum around 370 nm is also bathochromic
shifted. The absorption maximum at 370nm is bathochromic shifted by additional
substituents regardless of the electronic properties. The same can be seen for the

spiropyran absorption between 330-380 nm.
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Scheme 57: Comparison of the characteristic absorption maxima of chromene substituted merocyanines. All
spectra were recorded in 0.025 mm methanolic solutions at 20 °C. For each system the spectrum with the

strongest merocyanine absorption is shown.
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4.3.3 General Information on the Kinetic Measurements

In the following chapter, the rate constants (kobs) of the of the cyclisation (MC—>SP,
decolourisation) or the ring-opening reaction (SP->MC, colourisation) for substituted
spiropyrans and merocyanines are compared. In order to observe the ring opening
reaction, the sample was irradiated with UV light (254 nm) to maximise the
concentration of merocyanine. The sample was then kept in the dark and the
absorption spectrum was measured in regular intervals. Through this, the decrease in
absorption in the visible range could be monitored over time. To investigate the ring-
opening reaction, the sample was irradiated with visible light instead. The sample
was again placed in the dark and the absorption spectrum was measured over time.
Afterwards the increase in intensity of the tm—m™* absorption band between
520-560 nm was observed. All measurements were conducted using 0.025 mMm
methanolic solutions at 20 °C. These kinetic measurements were used to determine

the rate constants for the different SP/MC systems using the following equations:

ksp-mc

SP ——> MC

kuc-sp
The observed rate constant can be described by the sum of the rate constants of the
ring-opening reaction (ksp-mc) and the cyclisation (kwc-sp) (Equation (1)).['%7]
kobs = ksp—mc + kmc-sp (1)

The cyclisation of the merocyanine and the ring opening reaction of the spiropyran
are first order reactions.*3 Therefore, both reactions can be described by
Equation (2), with [X] being the concentration of species X (SP or MC) at a given time

and [X]o being the concentration of the same species at the beginning of the reaction.
[X] = [X]oe™™ (2)

Equation (2) can be rearranged to Equation (3).

k = —1In (ﬂ) (3)

t [Xo]

Utilising the relaxation method this can be written as follows:[127. 128l

_ 1y (Kl
kons = =10 (51 75) )
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Based on the Beer—Lambert law, concentration is proportional to absorption.
[X] x A ()

Equation (6) is obtained by combining Equation (4) and (5).

Kops = —In (5=5) (6)

Ai—Ae

In Equation (6), Ae is defined as the absorption at the equilibrium and Ai is the initial
absorption directly after the equilibrium is shifted by an external trigger. In case of the
cyclisation, A; is measured directly after the irradiation with UV light, while for the
ring-opening reaction Ai is measured after irradiation with visible light. At is the
absorption at a given time t after the initial irradiation. Rearrangement leads to
Equation (7).

In (55¢) = —kopst (7)

Ai—4Ae

Utilising Equation (7), the rate constant —kobs be determined as the slope of the linear
regression of the time plotted against the logarithmic absorption ratios. Unless
otherwise stated, only the first data points up to a conversion of 30 % were used to
determine the rate constant. For simplification in the following chapter kobs is only

written as k.

4.3.4 Influence of the Chromene Substituents onto the Reaction Kinetics

In Scheme 58, the kinetic UV/Vis measurements for the cyclisation of merocyanine 7
to the corresponding spiropyran are shown. After irradiation with UV light (254 nm),
the sample was kept in the dark while the absorbance of the merocyanine at 523 nm
was measured until the equilibrium between merocyanine and spiropyran was
reached (Scheme 58, left). Utilizing equation (10), the exponential curve can be
converted to a linear plot with the negative rate constant (—k) as slope (Scheme 58,
right). Using this method, a rate constant of k= 1.085 x 10 s~! was determined for

the cyclisation of merocyanine 7.
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Scheme 58: Kinetics for the cyclisation of the merocyanine 7 to the corresponding spiropyran. Plot of the
absorbance at the absorption maximum (529 nm) of the merocyanine against time (left) and logarithmic plot of
the first 30 % conversion to determine the rate constant (right). All measurements were repeated three times and
conducted with 0.025 mm methanolic solutions at 20 °C.

For merocyanine 32 the cyclisation to the spiropyran was monitored as well. The
equilibrium was reached at an absorbance of 0.15 a.u. (Scheme 59, left). A rate

constant of k = 5.202 x 10~* s~ was determined.
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Scheme 59: Kinetics for the cyclisation of the merocyanine 32 to the corresponding spiropyran. Plot of the
absorbance at the absorption maximum (543 nm) of the merocyanine against time (left) and logarithmic plot of
the first 30 % conversion to determine the rate constant (right). All measurements were repeated three times and
conducted with 0.025 mm methanolic solutions at 20 °C.
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In the case of system 9, in which the nitro group in the para-position is supplemented
with a bromine substituent in the ortho-position, the equilibrium is shifted towards the
merocyanine. Therefore, the kinetics of the ring opening reaction of the spiropyran to
the merocyanine were monitored (Scheme 60). The obtained rate constant of

k =2.670 x 10~° s! is approximately a fourth of than for system 7.
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Scheme 60: Kinetics for the ring opening reaction of spiropyran 9 to the corresponding merocyanine. Plot of the

absorbance at the absorption maximum (523 nm) of the merocyanine against time (left) and logarithmic plot of the
first 30 % conversion to determine the rate constant (right). All measurements were repeated three times and
conducted with 0.025 mm methanolic solutions at 20 °C.

For system 10, where the position of the bromine substituent and the nitro group are
switched, a rate constant of k = 8.288 x 10® s~! can be observed (Scheme 61). This

is noticeably lower than the rate constant determined for the inverted system 9
(k=2.670x10°s™).
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Scheme 61: Kinetics for the ring opening reaction of spiropyran 10 to the corresponding merocyanine. Plot of

the absorbance at the absorption maximum (554 nm) of the merocyanine against time (left) and logarithmic plot
of the first 30 % conversion to determine the rate constant (right). All measurements were repeated three times

and conducted with 0.025 mm methanolic solutions at 20 °C.

For compound 19, solubility problems were encountered during the kinetic
measurements. In addition, a none-linear phase at the start of the ring opening
reaction was observed in the logarithmic plot (Scheme 62). This could be related to
the solubility problems, but further investigations would be necessary to determine
this. However, in order to minimise the influence of this non-linear initial phase, in this
case the data points up to a turnover of 60 % were used to determine the rate
constant (Scheme 60). The graph of the commonly used 30 % turnover can be found
in the appendix. With this additional data, a rate constant of k = 1.503 x 10-% s~' was

determined.
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Scheme 62: Kinetics for the ring opening reaction of spiropyran 19 to the corresponding merocyanine. Plot of
the absorbance at the absorption maximum (507 nm) of the merocyanine against time (left) and logarithmic plot
of the first 60 % conversion to determine the rate constant (right). All measurements were repeated three times

and conducted with 0.025 mm methanolic solutions at 20 °C.

For the SP/MC system 8 with two bromine substituents at the chromene moiety, the
cyclisation of the merocyanine to the spiropyran was monitored (Scheme 63, left). A
complete cyclisation of merocyanine 8 could be observed within a few minutes. A

rate constant of k = 0.0129 was determined.
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Scheme 63: Kinetics for the cyclisation of the merocyanine 8o the corresponding spiropyran. Plot of the
absorbance at the absorption maximum (566 nm) of the merocyanine against time (left) and logarithmic plot of
the first 30 % conversion to determine the rate constant (right). All measurements were repeated three times and
conducted with 0.025 mm methanolic solutions at 20 °C.
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For the system 8 with two bromine substituents at the chromene moiety, the fastest
cyclisation was observed. The rate constant of the system was by far the largest with
k =0.0129 s~'. The rate constants for the nitrated systems 7 and 32 were significantly
smaller with k= 1.085 x 10* s~ and k =5.202 x 10~ s~'. For both systems 9 and 10
with an additional bromine substituent, the rate constants of k=2.670 x 10-% s~" and
k = 8.288 x 10~° s' were even smaller by one order of magnitude. The smallest rate
constant of k =1.503 x 10-°s~" was determined for the system 19 with two nitro
groups. This shows that the rate constant is decreased by the increasing number and
strength of the electron-withdrawing substituents at the chromene part. As the name
implies, electron withdrawing substituents lower the electron density at the phenolate
moiety of the merocyanine. This lowers the nucleophilicity of the phenolate which is
crucial for the cyclisation towards the spiropyran (Scheme 64, left). In the spiropyran,
the lowered electron density at the chromene part also leads to a stronger
polarisation, and therefore weakening, of the C-O bond which is cleaved upon
isomerisation to the merocyanine (Scheme 64, right). Due to this, a change from
positive to negative photochromism can be detected with increasing electron-
withdrawing substituents. In contrast, electron-donating substituents at the indole
moiety increase the nucleophilicity of the phenolate and stabilise the C-O bond of the
spiropyran. This could be demonstrated by M. S. Vogt during her bachelor thesis
were methoxy substitute at the chromene moiety completely inhibited the ring
opening at ambient temperature.l'? As already mentioned, the obtained rate
constant is the sum of the rate constants of the cyclisation (ksp-mc) and the ring
opening reaction (kmc-sp). It was shown that electron withdrawing groups disfavoured
the cyclisation of the merocyanine to the spiropyran and therefore decrease the rate
constant ksp-mc. Since the equilibrium constant K is the ration between ksp-mc and
kmc-sp, the decrease of ksp-mc by the electron withdrawing groups also result in a

decrease of the equilibrium constant.
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Scheme 64: Visualisation of the stabilisation of the merocyanine form (left) and the destabilisation of the

spiropyran (right) by electron-withdrawing substituents.
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Comparing 7 and 32, the rate constant of the latter one is almost five times larger,
leading to a faster cyclisation of the merocyanine. This indicates that a nitro
substituent in ortho-position stabilises the merocyanine to a lesser degree than a
nitro group in para-position. The same can be seen when comparing the rate
constants of 9 and 10. This can be contributed to interactions that are of neither
inductive nor mesomeric nature, such as repulsive interactions between the
phenolate and the nitro group (Scheme 65, left). This could lead to an out of plane
twist of the nitro group, thus lowering its mesomeric effect (—M). Additionally,
hydrogen bonding involving the solvent could hinder the nucleophilic attack of the
phenolate (Scheme 65, right). These additional interactions are only possible for

ortho-substituents.
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Scheme 65: Visualisation of repulsive interactions between ortho-substituents (left) and hydrogen bonding with a
solvent molecule (right).

70



4 Results and Discussion

4.3.5 Influence of the Indole Substituents on the Reaction Kinetics

In this chapter the influence of different indole substituents on the kinetics of the
SP/MC equilibrium are analysed and compared. The substituents were always at the
para-position relative to the indole nitrogen. As previously mentioned, the ideal
system for our desired application should provide quantitative transformation
between merocyanine and spiropyran. Additionally, the system should have a
favoured merocyanine form at the given conditions. This is desirable for envisioned
applications since the isomerisation of the merocyanine to the spiropyran is a milder
process then the reverse, as it employs visible light instead of higher energy UV light.
Though the system 19 with two nitro substituents is the most promising system of
those introduced in the previous section under these criteria, it was ultimately
excluded due to its poor solubility. Therefore, the rate constant of system 9 with

k=2.670 x 105 s~ " is used as reference.

In case of the system 51 a methyl group was added to the indole moiety. For the
kinetic measurements of the system, the ring opening reaction of the spiropyran
(colourisation) was monitored (Scheme 66, left). The equilibrium is reached at an
absorption of 0.41. A rate constant of k=1.943 x 10~° s~! was determined, which is

slightly smaller than the rate constant of the references system 9.
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Scheme 66: Kinetics for the ring opening reaction of spiropyran 51 to the corresponding merocyanine. Plot of

the absorbance at the absorption maximum (521 nm) of the merocyanine against time (left) and logarithmic plot
of the first 30 % conversion to determine the rate constant (right). All measurements were repeated three times

and conducted with 0.025 mm methanolic solutions at 20 °C.
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When the formation of the merocyanine 48 was monitored through the absorption
maximum at 521 nm, the equilibrium was reached at an absorption of approximately
0.52 a.u. (Scheme 67, left). A rate constant of k= 1.658 x 10~°s~! was calculated for

the colourisation, which is even smaller that the constants determined for SP/MC 48.
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Scheme 67: Kinetics for the ring opening reaction of spiropyran 48 to the corresponding merocyanine. Plot of the
absorbance at the absorption maximum (521 nm) of the merocyanine against time (left) and logarithmic plot of
the first 30 % conversion to determine the rate constant (right). All measurements were repeated three times and

conducted with 0.025 mm methanolic solutions at 20 °C.

In case of system 69 with a triethyl glycol ether as substituent the obtained rate
constant k=2.232x10° was slightly bigger than for systems 51 and 48
(Scheme 68, right). The R?-value of 0.917 is also not ideal. The reason for this can
be clearly seen in the absorbance measurements (Scheme 68, left). Over the three
measurements, the total absorbance at the equilibration point decreased for each
subsequent measurement. This indicates a decrease in concentration of the
merocyanine which might be due to agglomeration of the molecules. This
phenomenon is already known. However, typically this occurs after several
isomerisation cycles or in non-polar solvents like cyclohexane and toluene." It might
be possible that the long ethylene glycol chain enables faster agglomeration but
further experiments and other reference systems would be necessary to verify this

hypothesis.
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Scheme 68: Kinetics for the ring opening reaction of spiropyran 69 to the corresponding merocyanine. Plot of the
absorbance at the absorption maximum (521 nm) of the merocyanine against time (left) and logarithmic plot of the
first 30 % conversion to determine the rate constant (right). All measurements were repeated three times and

conducted with 0.025 mm methanolic solutions at 20 °C.

By comparing the kinetics of 51, 69 and 48 with 9 it can be seen that electron-
donating substituents at the indole moiety lower the rate constant of the isomerisation

between spiropyran and merocyanine.

For the system 50 with a bromine substituent at the indole moiety the equilibrium in
the dark was reached at an absorption of approximately 0.11 a.u. (Scheme 69, left).
Therefore, in case of this system the decolourisation after irradiation with UV light
was investigated in the kinetic studies. The determined rate constant of

k = 8.041 x 10~% is three times higher than of system 9.
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Scheme 69: Kinetics for the cyclisation of the merocyanine 50 to the corresponding spiropyran. Plot of the
absorbance at the absorption maximum (532 nm) of the merocyanine against time (left) and logarithmic plot of
the first 30 % conversion to determine the rate constant (right). All measurements were repeated three times

and conducted with 0.025 mm methanolic solutions at 20 °C.

In the cyclisation of merocyanine 49, the absorption maximum at 541 nm completely
disappeared upon reaching the equilibrium in the dark (Scheme 70, left). A rate
constant of k=5.091 x 10“s~" was determined. The logarithmic plot used for the
determination of the rate constant shows a short non-linear phase within the first 8—
9 % of conversion. This might be due to the acidic proton of the carboxylic acid. The
carboxylic acid can protonate the phenolate. The resulting carboxylate has no
electron-withdrawing character anymore (o =0.00),42l thus resulting in a faster
cyclisation. Upon cyclisation to the spiropyran, the proton is released to the solution.
However, the correlation coefficient (R? = 0.982) is still sufficient. With a rate constant
of 5.091 x 10*s~" the reaction is almost twenty times faster than for the system 9

without an additional indole substituent.

74



4 Results and Discussion

HOOC

Dark O
N (o] NO,

V.
N+ o) Br SP/MC 49

0,05
07 4 Measurement 3 4  Measurement 3
’ * Measurement 2 0,00 - ¢ Measurement 2
= Measurement 1 = Measurement 1
0,6 -0,05 —— Linear Fit
305 < -0,10 4
S, L
@ £ -0,15 -
0 04 <0
c =
3 >
2 < -0,20 -
S 0,3 é.
]
g = -0,25
0,24 £
-0,30 k =5.091x10"*
4 R%=0.982
0,1 -0,35
0’0 T T T T '0140 T T T T T T T
0 2000 4000 6000 8000 10000 0 100 200 300 400 500 600
Time [sec] Time [sec]

Scheme 70: Kinetics for the cyclisation of the merocyanine 49 to the corresponding spiropyran. Plot of the
absorbance at the absorption maximum (541 nm) of the merocyanine against time (left) and logarithmic plot of
the first 30 % conversion to determine the rate constant (right). All measurements were repeated three times and
conducted with 0.025 mm methanolic solutions at 20 °C.

For the system 62 a fast cyclisation to the spiropyran was observed (Scheme 71).
The determined rate constant of k =0.010 s~' is more than 350 times bigger than for

the unsubstituted system.
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Scheme 71: Kinetics for the cyclisation of the merocyanine 62 to the corresponding spiropyran. Plot of the
absorbance at the absorption maximum (544 nm) of the merocyanine against time (left) and logarithmic plot of the
first 30 % conversion to determine the rate constant (right). All measurements were repeated three times and
conducted with 0.025 mm methanolic solutions at 20 °C.
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For the nitro substituted system 61 an even higher rate constant of 0.030 s~' was

calculated (Scheme 72).
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Scheme 72: Kinetics for the cyclisation of the merocyanine 61 to the corresponding spiropyran. Plot of the
absorbance at the absorption maximum (559 nm) of the merocyanine against time (left) and logarithmic plot of the
first 30 % conversion to determine the rate constant (right). All measurements were repeated three times and

conducted with 0.025 mm methanolic solutions at 20 °C.

As already mentioned, the cyclisation reactions for the systems 62 and 61 are very
fast. For the trimethylammonium substituted system 62 the 30 % conversion were
reached after 35 seconds. In case of the nitro substituted system 61 30 % conversion
were already reached after 12 seconds. Since the samples are transferred manually
into the UV/Vis-spectrometer, the first few seconds after irradiation with UV light are
not recorded. Therefore, the calculated rates constants might be a little lower than
the real ones. It is also worth mentioning that for both systems a change of the rate
constant can be observed. For the cyclisation of 62 the change can be observed after
approximately 200 seconds and 60—-65 % conversion. In case of the nitro substituted
system 61 the change of the reaction rate was observed after approximately
100 seconds and 85-90 % conversion. Since the first seconds of the reactions were
not monitored the real conversion at which this change occurs might be bigger. The
reason for the change of the reaction rate is unknown. However, since these
changes are only observed at high conversions, the rate constants obtained by using
the initial rates can still be used to discuss the influence of the different indole

substituents.
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A correlation can be observed between the characteristics of the indole substituents
and the rate constants as can be seen in the Hammett plot shown in Scheme 73.
While electron-donating groups lead to a smaller initial rate, higher rates are obtained

with increasing electron-withdrawing character of the substituents.
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Scheme 73: Hammett plot for isomerization of indole substituted spiropyrans and merocyanines.

The observed rates correlate with the stabilisation of the merocyanine. For systems
with a stabilised merocyanine form, small rate constants can be observed while those
with a none-stabilised merocyanine exhibit higher rate constants. As mentioned
before, the merocyanine can be stabilised by introduction of electron-withdrawing
substituents at the chromene moiety (Chapter 4.3.4). This lowers the electron density
and therefore the nucleophilicity of the phenolate. On the other hand, electron-
donating substituents at the indole can stabilise the merocyanine form by increasing
the electron density at the iminium of the merocyanine and thus decreasing its
electrophilicity (Scheme 74, left). Therefore, the nucleophilic attack of the phenolate,
which is crucial for the cyclisation to the spiropyran, is hindered. In the spiropyran
form, electron-donating groups also favours the cleavage of the C-O bond.
Additionally, a higher electron density at the indole, favours the ring-opening of the
spiropyran (Scheme 74, right).
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Scheme 74: Visualisation of the stabilisation of the merocyanine (left) and the destabilisation of the

spiropyran (right) by electron-donating substituents at the indole moiety.

Electron-withdrawing substituents at the indole moiety show the opposite effect. Due
to the lower electron density, the electrophilicity of the iminium of the spiropyran is
increased and therefore the nucleophilic attack of the phenolate favoured
(Scheme 75, left). Additionally, low electron density at the indole stabilises the

C-O bond of the spiropyran (Scheme 75, right).

Destabilisation of the merocyanine Stabilisation of the spiropyran

Scheme 75: Visualisation of the destabilisation of the merocyanine (left) and the stabilisation of the

spiropyran (right) by electron-withdrawing substituents at the indole moiety.

A graph with all rate constants of the different indole substituted merocyanine and
spiropyran systems as well as those with different chromene substituents is shown in
Scheme 76.
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Scheme 76: Rate constants for the isomerisation of all spiropyrans and merocyanines discussed in chapter 4.3.4
and 4.3.5.

The fastest SP/MC isomerisation can be observed for the systems with strong
electron donating substituents at the indole moiety like a nitro 61 or an ammonium
group 62 or when only weak electron withdrawing substituents are at the chrome
moiety e.g. 8. The fastest isomerisation rates were obtained for systems with strong
electron withdrawing substituents at the chromene part of the system 19 and and/or
electron donating substituents at the indole like methyl 51 or methoxy groups 48.
Since for the systems 19 and 48 similar rates were obtained, but the latter one is
notably better soluble in polar solvents, 48 seems to be most suitable for the

envisioned application.
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4.4 '"H-NMR Ratio of Spiropyran and Merocyanine

In the previous chapter it was shown that via UV/Vis-spectroscopy, a quantitative
cyclisation to the spiropyran can be detected. For the quantification of the
ring-opening reaction towards the merocyanine UV/Vis-spectroscopy is not suitable
due to an overlay of the characteristic absorptions of the spiropyran with the
absorptions of the merocyanine. Therefore, the SP/MC ratio was determined using

"H-NMR spectroscopy.

In Scheme 77, a selected part (5.5-9.0 ppm) of the "H-NMR spectra of the SP/MC
system 46 obtained from DMSO-ds is shown. The spectrum shown in black was
obtained after the samples was kept in the dark for 72 h. The red spectrum was
measured directly after the samples was irradiated with visible light for one minute.
Upon cyclisation the aromatic signals are all high-field shifted (smaller chemical shift)
since the conjugated system is disrupted by the spiro centre. Also very characteristic
are the coupling constants of the CH=CH group which connect the two parts of the
system, which change from approximately 15.6 Hz for the merocyanine to 10.4 Hz for

the spiropyran. This is due to the trans/cis-isomerisation upon the cyclisation.
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Scheme 77: Aromatic region of the 'H-NMR spectra of SP/MC 46. The spectrum of the merocyanine (black)
was recorded after incubation in the dark. The spectrum of the spiropyran (red) was recorded directly after

irradiation of the sample with visible light for one minute. For both spectra DMSO-ds was used as solvent.

The signals of the geminal methyl groups and the methyl group at the indole nitrogen

also show characteristic differences which can be seen in the appendix. For the
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determination of the ratio of spiropyran and merocyanine, the average integrals of at
least two signals of each isomer were used. All spectra with the corresponding
integrals can be found in the appendix. The average integrals and the determined
ratios for the different derivatives are summarised in Table 11.

Table 11: 'H-NMR ratios of spiropyran and merocyanine for different indole substituted derivatives. The ratios

were determined after the samples were kept in the dark for three days (left) or irradiated with visible light for one

minute (right). All samples were dissolved in DMSO-db.

Dark Vis
System SP MC % MC SP MC % MC R _
6 | 011 | 100 | 9 | 100 | <005 | <5 O od Vo,
48 | 006 | 100 | 94 | 100 | <0.05 | <5 .
51 | 029 | 099 | 77 | 100 | <005 | <5 69; R = O(CH,CH;0);Me
9 | 056 | 101 | 64 | 100 | <005 | <5 oo
50 | 106 | 049 | 82 | 100 | <005 | <5 % R=H
50; R =Br
49 | 100 | 009 | & | 100 | <0.05 | <5 62; R = Niie
61; R = NO,
61 | 099 | nd <5 | 100 | nd <5 4 R - CODH
62 | 100 | 009 | 9 | 100 | <005 | <5

For system 9 without any indole substituent, the SP/MC equilibrium in the dark is with
64 % slightly in favour of the merocyanine. Electron-donating groups can further shift
the equilibrium towards the merocyanine form. For the ethers 48 and 69, a
merocyanine ratio of 94 % and 90 % was determined. Electron withdrawing
substituents on the other hand stabilises the spiropyran form. Therefore, less than
10 % of merocyanine were obtain for the systems 49, 61 and 62. In all cases, an
almost quantitative cyclisation of the merocyanine could be obtained by irradiation
with visible light. These results are in line with those discussed for the UV/Vis

analysis.
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Table 12: 'H-NMR ratios of spiropyran and merocyanine for different indole substituted derivatives. The ratios
were determined after the samples were kept in the dark for three days (left) or irradiated with visible light for one

minute (right). All samples were dissolved in methanol-da.

Dark Vis
System SP MC % MC SP MC % MC
69 0.11 1.00 90 1.00 <0.05 <5
48 0.06 1.00 94 1.00 <0.05 <5
51 0.29 0.99 77 1.00 <0.05 <5
9 0.56 1.01 64 1.00 <0.05 <5

For a better comparison with the UV/Vis analysis, the same experiments were
repeated with methanol-ds as solvent. Unfortunately, the solubility of the spiropyrans
was not as good as in DMSO. Therefore, only reliable results could be obtained for
the systems 69, 48, 51 and 9. The results are shown in Table 12. Again, a
stabilisation of the merocyanine form by the electron-donating substituents was
observed. However, for all systems the overall amount of merocyanine was lower in
methanol compared to DMSO.
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4.5 Synthesis of Proline Based Model Peptides
The synthesis of the Boc-Cys(tBu)-Pro-OMe dipeptide 94 was achieved over three

steps in an overall yield of 48 % (Scheme 78). Following a procedure by Pastuszak
and Chimiak!'3%  cysteine 95 was protected using tBuOH and hydrochloric acid. The
obtained cysteine 96 was then Boc-protected in 68 % vyield. The twice protected
cysteine 97 was than coupled with proline methylester 98 in 73 % yield, using a self-

established procedure with HBTU as coupling reagent.

SH tBu tBu
tBuOH S Boc,0 S
HAN OH
2 2MHCl, 1d OH MeCN:NaOH (1:1), rt Boc. OH
Hcl O 130 H2N o N
C 96 %, Lit.:'301 90 % 68 % H
o] o]
95 96 o7
[P
N
He1 O ~CHa tBu
tBIau 98 S
S HBTU, DIPEA  Boc. /E’(N
N
Boc. OH MeCN, rt, 24 h H 0 ,CH3
N 73 % o7 O
© 94

97

Scheme 78: Results for the synthesis of Boc-Cys(tBu)-Pro-OMe dipeptide 94.

For the synthesis of the Fmoc-Cys(trt)-Pro-Cys(trt) tripeptide 99, the protected
proline 100 and protected cysteine 101 were coupled to the dipeptide 102 using
HBTU as amide coupling reagent (Scheme 79). The dipeptide deprotected and
subsequently coupled with the cysteine 103. The synthesis of tripeptide 99 was
achieved in an overall yield of 55 %. The same synthesis was also tested in a one-
pot approach with an overall yield of 61 %.
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Scheme 79: Two step synthesis towards the Fmoc-Cys(trt)-Pro-Cys(trt) tripeptide 99.
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The synthesis of the Boc-Cys(trt)-Pro-Cys(trt)-OMe tripeptide 104 was realised in a
similar fashion (Scheme 80). Starting from Boc-protected proline 105, a amid
coupling with cysteine 101 was performed in 90 % yield. The Boc-protecting group of
the dipeptide 106 was than quantitatively removed under acidic conditions. The amid
coupling between cysteine 107 and dipeptide 108 was performed with a yield of
73 %.
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Scheme 80: Three step synthesis towards the Boc-Cys(irt)-Pro-Cys(trt) tripeptide 104.

For the synthesis of the Boc-Cys(Bz)-Pro-Cys(Bz)-OMe tripeptide 109 the two
protected cysteines 110 and 111 were synthesised (Scheme 81). Following a
procedure by Jia et al.['3"l cysteine 112 was protected with benzyl bromide and
directly converted to cysteine 113. For the synthesis of cysteine 111 the benzyl-

protected cysteine 114 was Boc-protected using Boc20.
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Scheme 81: Synthesis of double protected cysteines 110 and 111.

Via an amide coupling with HBTU, dipeptide 114 was obtained from proline 100 and
cysteine 110 (Scheme 82). The Fmoc-protecting group of the dipeptide was cleaved
with diethylamine and the deprotected dipeptide was directly coupled with cysteine
111. The desired product 109, was detected by 'H-NMR. Unfortunately, the product
was not isolatable via column chromatography. Recrystallisation attempts from
acetonitrile, methanol and acetone were also not successful. Additionally, the

purification after the cleavage of the Boc-protecting group was tested without any

SUCCesS.
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HZN/(”/ CH, Boc\N/(”/OH
HCI O H oo 7
Bzl 111 S
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N b A
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100 Fmoc 60 % crude -B
114 N-=0e
Bz2—S H

109

purity not sufficient

Scheme 82: Two step synthesis towards the Boc-Cys(Bz)-Pro-Cys(Bz) tripeptide 109.

The synthesis of the Boc-Cys(trt)-Pro-Phe-Cys(Acm)-OMe tetrapeptide 115 via a
linear synthesis was already reported by W. Sander and coworkers,[® but in this
work a convergent approach has been chosen (Scheme 83). Therefore, the
dipeptides 116 and 117 were synthesised first. The synthesis of dipeptide 116 was
started from proline 118 which was first transferred to ester 119 and then couplet with
Boc-protected cysteine 107. The fully protected dipeptide 120 was saponified to

remove the C-terminal protecting group. For the synthesis of the second
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dipeptide 117, cysteine 121 was deprotected at the N-terminus and esterified at the
C-terminus. The obtained cysteine 122 was then used for the amide coupling with
phenylalanine 123. The obtained dipeptide 124 was deprotected to compound 117.
The two dipeptides 116 and 117 were finally coupled to the tetrapeptide 109 using
HBTU as amide coupling reagent. For all synthetic steps, good to excellent yields
were obtained. Only for the last step the achieved yield of 49 % was moderate due to

purification issues.
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Scheme 83: Convergent synthesis towards the Boc-Cys(irt)-Pro-Phe-Cys(Acm)-OMe tetrapeptide 115 via the
dipeptides 116 and 117.

In summary, all targeted peptides could be successfully synthesised within this thesis
(Schem 84). Unfortunately, the purity the Boc-Cys(Bzl)-Pro-Cys(Bzl)-OMe tripeptides
was not sufficient enough for isomerisation test in combination with the

spiropyran/merocyanine systems. However, the isomerisation experiments including

the four other peptides are discussed in the next chapter.
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Scheme 84: Synthesised proline-based peptides.
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4.6 Isomerisation Experiments for Proline-Based Peptides in the

Presence of Photochromic Spiropyrans and Merocyanines

In Chapter 4.4 indicated that SP/MC system 48 has the best photochromic properties
in terms of quantity. Upon irradiation with visible light, a change from 94 % of
merocyanine towards almost exclusively spiropyran was observed. However, the
system was ultimately ruled out due to poor solubility after initial tests. Therefore, the
SP/MC system 69, which has similar photochromic properties but a much better

solubility, was chosen for all isomerisation experiments.

In Scheme 85, the results of the isomerisation experiment of Ac-Pro-OMe with
SP/MC 69 are depicted. For the experiment, a 10 mMm stock solution of 69 in
DMSO-ds was prepared and stored in the dark for at least 72 h to ensure a proper
equilibration. In the dark, 500 pyL of the stock solution was mixed with 25 yL of a
200 mm stock solution of Ac-Pro-OMe. The first 'TH-NMR spectrum (black) was
recorded in the dark while the second spectrum (red) was obtained after the sample

was irradiated with visible light until the decolourisation was observed.
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Scheme 85: '"H-NMR isomerisation experiment with 5 ymol Ac-Pro-OMe and 5 ymol SP/MC 69 (1:1) in DMSO-ds.
The upper spectrum (black) was recorded after storing the sample in the dark, while the spectrum at the bottom
(red) was obtained after irradiation with visible light. The signals that can be used to determine the cis/trans-ratio

are highlighted in purple and green.
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As already mentioned in Chapter 4.4, upon irradiation with visible light, an almost
quantitative isomerisation from merocyanine to spiropyran is detected. The CH-group
of the proline is highlighted in green for the frans-isomer and purple for the
cis-isomer. Upon switching from the polar merocyanine to the less polar spiropyran,

no change of the cis/trans-ratio of Ac-Pro-OMe could be observed.

For the experiments with the more complex peptides, the sample preparation was
adjusted. Again, a stock solution of SP/MC 69 in DMSO-ds was used at a
concentration of 10 mm. This solution was kept in the dark for at least 72 h to ensure
a proper equilibration. In the dark, 500 yL of the stock solution were used to directly
dissolve 5 umol of the respective peptide. After the 'H-NMR of the sample was
recorded (black), the same sample was irradiated with visible light until the
decolourisation of the purple solution was observed (approximately 1 min). The
second spectrum was recorded immediately after (red). In Scheme 86 parts of the

spectra using Boc-Cys(tBu)-Pro-OMe are shown.
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f1 (ppm)
Scheme 86: 'H-NMR isomerisation experiment with 5 ymol Boc-Cys(tBu)-Pro-OMe and 5 uymol SP/MC 69 in
DMSO-ds. The spectrum shown in black was recorded in the dark while the spectrum shown in red was recorded
after irradiation with visible light. The signals that can be used to determine the cis/trans-ratio are highlighted in

purple and green.
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Since the '"H-NMR spectra for peptide models are much more complex than those of
the protected proline, the spectra before and after irradiation with visible light are
superimposed for better comparison. The signals of the CH group of proline are
merged for both isomers in the case of Boc-Cys(tBu)-Pro-OMe. However, from the
CH:2 signals of the cysteine, the ratio of the cis/frans-isomers can be distinguished.
Note that when switching from the merocyanine (black) to the spiropyran (red), the
signals of the proline isomers do not change. The same is true for the Boc-Pro-
Cys(trt)-OMe, Fmoc-Pro-Cys(trt)-OMe, Boc- Cys(trt)-Pro-Cys(trt)-OMe and Boc-
Cys(trt)-Pro-Phe-Cys(Acm)-OMe peptides as well. A complete list of the
superimposed spectra for all peptides of all experiments are depicted in the

appendix.

In summary, no effect of the SP/MC isomerisation of 69 on the cis/trans-ratio of
proline could be detected. Given that the difference in dipole moments for the
merocyanine isomers and spiropyran is already very high at 8.6-9.7 D, testing other
SP/MC systems is unlikely to alter the outcome of the experiments. It may be
advantageous to alter the ratio between photoswitch and peptide in favour of the
photoswitch, given that the overall polarity of the solution would be more pronounced.
This approach has already been tested in preliminary experiments. However, due to
the solubility issues associated with the SP/MC, the amount of peptide had to be
reduced, which unfortunately resulted in the inability to clearly analyse the peptide
signals. Consequently, in order to test this hypothesis, further efforts would have to

be made to synthesise even more soluble photoswitches.

Another possibility to achieve a change in the cis/trans-equilibrium of the proline via
the dipole moment changes of the photoswitch, might be the utilisation of less polar
solvents then DMSO. In a polar environment, the impact of the change in dipole
moments of the photoswitch may be preponderate by the polarity of the solvent.
Consequently, in non-polar solvents (like DCM or chloroform), the impact of the
photoisomerisation of the SP/MC system may be higher. This approach may prove to
be the most promising for further experiments. However, the solubility and the
photochromic properties of the photoswitch, as well as the solubility of the peptide

models, must first be assessed.
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As part of this work, a small DFT screening was carried out to find suitable
functionals and basis sets for the calculation of dipole moments. For the initial
screening bromobenzene and p-nitrophenol were used as model-systems and the
DFT results were compared with experimental results from the literature. After the
combination of functionals and basis sets were narrowed to a smaller selection the
dipole moments of SP/MC system 7 were calculated. The combination of the B3LYP-
D3BJ functional and the def2-TZVPP basis set was selected after comparison of the
results with the literature. This method was employed to calculate the dipole
moments of 310 isomers for 62 different substituted spiropyran and merocyanine
systems. The focus of the derivatisation was on the substituent pattern at the

chromene and indole moieties of the system (Scheme 87).

— R —
O N O O R O N\O O NO,
Br

R = NMe;, OMe, H, Br, COOH, CN, NO, R = NMej*, NO, COOH, H, Br, OMe, OTEG, NMe,

R’ = NMe,, OMe, H, Br, COOH, CN, NO, OTEG = \({OV}\O/
3

Scheme 87: Selection of SP/MC systems included in the DFT studies on the dipole moments.

Detailed UV/Vis analysis was carried out on twelve of the synthesised SP/MC
systems. This included analysis of the UV/Vis spectra after irradiation with UV and
visible light and at equilibrium in the dark. A clear trend between the electronic
character of the substituents and the equilibrium of the system could be shown. While
electron-withdrawing substituents on the chromene moiety shift the equilibrium
towards the merocyanine, on the indole moiety these substituents shift the
equilibrium towards the spiropyran. For electron donating substituents these effects
are reversed. With increasing strength of the electron-withdrawing substituents at the
chromene, or electron-donating substituents at the indole, a change from positive to
negative photochromism was observed. Additionally kinetic studies on the
isomerisation on the of the systems were conducted and the rate constants were
determined. Lower rate constants were obtained for those systems with electron-

deficient chromene and electron-rich indole moieties (Scheme 88).
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Scheme 88: Overview of the determined rate constants of substituted SP/MC systems.

The SP/MC ratio in the dark and after irradiation with visible light was also
investigated via TH-NMR spectroscopy for the indole substituted systems since the
quantification of the Merocyanine is not possible via UV/Vis (Table 13). This was
done in DMSO-ds and where applicable also in methanol-ds. For all systems an
almost quantitative formation of the spiropyran could be observed after irradiation
with visible light.

Table 13: SP/MC ratio determined by '"H-NMR spectroscopy in DMSO-ds. The ratios were determined after the
samples were kept in the dark for three days (left) or irradiated with visible light for one minute (right).

Dark Vis
System SP MC % MC SP MC % MC
69 0.11 1.00 90 1.00 <0.05 <5
48 0.06 1.00 94 1.00 <0.05 <5
51 0.29 0.99 77 1.00 <0.05 <5
9 0.56 1.01 64 1.00 <0.05 <5
50 1.06 0.49 32 1.00 <0.05 <5
49 1.00 0.09 8 1.00 <0.05 <5
61 0.99 nd <5 1.00 nd <5
62 1.00 0.09 9 1.00 <0.05 <5

Regarding the SP/MC ratio in the dark, the trend described early was again verified
with the lowest amount of merocyanine detected for nitro substituted system 61
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(<5 %) and the highest amount determined for methoxy substituted system 48
(94 %).

For proline isomerisation experiments six test systems were synthesized
(Scheme 89). Five of these systems as well as the protected proline Ac-Pro-OMe
were analysed regarding their cis/trans-ratio of the central proline in the presents of
photoswitch 69 using 'H-NMR spectrosopy. Unfortunately, for none of the tested
systems, an influence of the cis/trans-ration of the proline could be observed upon

the photochromic transition of the merocyanine to the spiropyran.

tl?;u Ph Ph Ph Ph
S o Moph
S S
H H
Boc\N N o N O\«N
H e} O/ 3 ’}l ’}l
o FmocO (0] OMe Boc 0 (0] OMe
Boc-Cys(tBu)-Pro-OMe Fmoc-Pro-Cys(trt)-OMe Boc-Pro-Cys(trt)-OMe
48 % 75 % 90 %
Ph
Ph
Bzl X
s s Ph H
H
(6] NH
N N /N\/g 0 OMe
H\/g © S OMe H\/g 0 (0] OMe Boc : ° N
Boc” Y ~O Boc” Y ~O g \S o)
< < Ph
s s Kk (
b P PR
Ph” “Ph ~
6]
Boc-Cys(Bzl)-Pro-Cys(Bzl)-OMe Boc-Cys(trt)-Pro-Cys(trt)-OMe Boc-Cys(trt)-Pro-Phe-Cys(acm)-OMe
purity not sufficent for final tests 66 % 27 %

Scheme 89: Proline-based peptides synthesised within this thesis.

Assuming that the cis/trans-ratio of the proline can be sufficiently influenced by
dipolar interactions, the system 69 should be suitable since a large dipole moment
change was calculated for the SP/MX isomerisation and the compound exhibits an
almost quantitative switching behaviour. H. Wennemersl’ could show that the
cis/trans-ratio of the protected proline Ac-Pro-NMe2 could be affected by switching
from polar solvents like H20 and DMSO to less polar solvents like chloroform and
dioxane. Therefore, in future experiments solvent should be changed from MeOH
and DMSO less polar solvents. In less polar solvents the changes in dipole moment
of the SP/MC system might have a higher impact while in very polar solvents these

changes might be neglectable for the overall polarity. Before the real experiments on
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the peptide models can be conducted, the studies on the reaction kinetics and the
NMR ratios for the most promising photo switchable systems (69 and 48) are to be
repeated in less polar solvents. Solubility problems could arise again during these
experiments. The spiropyran shown in Scheme 90 might be very interesting for
further application. The additional ethylene glycol chain should improve the overall
solubility while the electron-donating amine substituent at the indole moiety might

lead to a further stabilisation of the merocyanine form.

Scheme 90: Structure of a new spiropyran which might further improve the solubility and the photochromic

behaviour.

If after these adjustments an influence on the cis/trans-ratio of proline based on the
photochromic SP/MC-isomerisation is detectable, the model systems should be
adjusted. During this thesis it could be shown that a clear distinguishing between the
proline isomers is often not possible even for smaller peptides. In 2023,
Killoran et al.['321 were able to demonstrate that it is possible to distinguish between
the proline isomers via "®F-NMR if a p-fluor-phenylalanine amino acid is C-terminal
bound to the proline. This is also possible if up to six other amino acids are between
the proline and the substituted phenylalanine. Therefor the incorporation of this

unnatural amino acid is very beneficial for our desired purpose.

F

H

N
Q\«
/&Oo R'

R™ "0

Scheme 91: Structure of possible model compounds for future experiments. The fluorine substituent enables

easier distinguishment between the proline isomers.
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6.1 General Information

Chemicals

All chemicals were bought from Sigma Aldrich, TCI, Fisher Scientific, Carl Roth and
BLD Pharm and were, if not mentioned otherwise, directly used without further

purification.

Solvents

All solvents were purchased in technically grade and freshly distilled before used. Dry
solvents were purchased from Thermo Fisher/Acros Organic over molecular sieve
under Acroseal. HPLC and LCMS grade solvents were purchased from Fisher

Scientific.

Inert Conditions
As inert gas BIP® Argon (O2 < 10 ppb, H20 < 20 ppb, CO + CO2 < 100 ppb) from
AirProdukts was used. Inert reactions were performed using standard Schilenk

technic.

Journal Numbers
For every procedure the reaction code of the corresponding entry in the laboratory
journal is given in brackets [NIH-PXXX] at the upper left corner of the protocol. If the

reaction was repeated, the revered procedure is highlighted in bold.

Thin Layer Chromatography (TLC) and Column Chromatography

For TLC, aluminium plates coated with Silicagel by Merck (Silica 60, F2s4) were used.
Detection was performed by UV-light (A= 254 nm and 366 nm) or by staining with
potassium permanganate or ninhydrin and subsequent heating. Silica gel for column

chromatography was purchased from Acros Organics (0.035-0.070 mm, 60 A).

Electrospray-lonisation-Mass Spectrometry (Low resolution ESI-MS)

ESI-MS measurements were performed using an Agilent 1100 Series LC/MSD mass
spectrometer with an G1313A autosampler, binary pump G1312A and mass selective
G1956A detector.
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HR ESI-MS

High resolution ESI-MS measurements were performed by Michael Neihs using a
Thermo Scientific LTQ Orbitrap XL spectrometer with a FTMS analyser using a spray
voltage of 3.2 KV.

Gas Chromatography-Mass Spectrometry (GC-MS)

GC-MS measurements were performed using a Hewlett-Packard HP 6890 Series gas
chromatograph coupled with a HP 5973 mass detector column: HP-5: Crosslinked
Methyl silicone gum capillary column, 25 m, 0.2 ym, 0.33 ym.: Carrier gas: Ho.
Temperature program (Stand 50): 50 °C (2 min), 20 °C/min, 280 °C (10 min).

Relative intensities are given in brackets and normalized to the strongest peak.

Nuclear Magnetic Resonance (NMR) Spectroscopy

"H-NMR-spectra were recorded with Avance 300 (300 MHz) and 500 (500 MHz)
spectrometers by Bruker. For measurements, the substances were dissolved in
deuterated solvents (CDCls, DMSO-ds, MeOD-d4, D20). The chemical shifts are
referenced on TMS (& = 0 ppm) ('H-spectra) or the characteristic solvent peaks
("3C-spectra). Assignment was done with the software MestReNova 11.0.
Multiplicities for proton signals were characterized using “br” for broad signals, “s” for
singlet, “d” for doublet, “dd” for doubled of doublets, “t” for triplet and “dt” for doublet
of triplets. The scalar coupling constants are presented in Hertz (Hz). "*C-NMR
spectra were recorded with 75 MHz or 125 MHz. The assignment of the 'H and '3C
resonances was obtained from 'H-COSY, 'H-, '3C- HSQC and HMBC experiments.
For reasons of clarity the carbon atoms of the compound were numbered in a way
which not necessarily correlates with IUPAC nomenclature. The switching

experiments were all performed with an AVANCE |I+ 600 by Bruker.

Fourier-Transform Infrared Spectroscopy (FT-IR)
IR-spectra were recorded using a IRAffinity-1S FT-IR spectrometer by Shimadzu at
25 °C. Absorption bands are given in wavenumbers (v [cm™']) and marked as s

(strong), m (medium) or w (weak) with a prefixed br indicating broad signals.

UV/Vis-Spectroscopy
UV/Vis analysis was performed using a Jasco V-730 spectrometer with an ETCS-761

Peltier thermostatic single position cell holder. all measurements were performed in

100



6 Experimental Part

0.025 mm solutions at 20 °C using HPLC or LCMS grade solvents. Suprasil 110-QS

cuvettes by the company Hellma were used.

Irradiation of the samples
UV-irradiation was done using a Konrad Benda UV-C lamp with 15W and a
wavelength of 254 nm. For irradiation with visible light a 100 W LED construction

spotlight was used.

DFT Calculations

The ORCA 5.0 software packagel®® was used for all calculations. The calculations
were performed on the CHEOPS HPC cluster. After the initial screening all
calculations were done as follows. The geometry optimisation of the structures was
performed using the B3LYP functional with the D3BJ dispersions correction and the
def2-TZVPPD triple-C basis set with polarisation functions for light and heavy atoms
and a set of diffuse functions. Frequency analysis of the optimised structures was
done to exclude negative frequencies. Afterward the single point energy of the
optimised structure was calculated using the B3LYP D3BJ functional and the def2-
QZVPPD quadruple- ¢ basis set with polarisation functions for light and heavy atoms

and a set of diffuse functions.
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6.2 Derivatisation of the Sidechain

Synthesis of 1-(2-carboxyethyl)-2,3,3-trimethyl-3H-indol-1-ium bromide
[NIH_P132, VAG_03]

o ©\)§7
+ _ N* Br
©\)N§7 Br/\)J\ OH B 8

MeCN

reflux, 40 h
COOH

25 26 22

Under argon atmosphere, 3-bromopropionic acid (26) (10.6 g, 69.2 mmol, 1.1 eq.)
and indole 25 (10.0 g, 62.8 mmol, 1.0 eq.) were dissolved in dry MeCN (20 mL) and
heated to reflux. After 22 h, TLC only indicated a partial conversion. Therefore,
additional 3-bromopropionic acid (26) (2.87 g, 18.8 mmol, 0.3 eq.) was added and
the reaction was refluxed for further 18 h. After cooling to ambient temperature, the
solvent was removed under reduced pressure. Et2O was added to the residue and
the solvent was decanted. The remaining solid was recrystallised from acetone. The
product was filtered off and washed with cold acetone. Indolium 22 was obtained as
beige solid in 46 % (9.02 g, 28.9 mmol) yield.

M(C14H1sNO2Br):  312.21 g-mol-". 4 13
5 3
2\1
. . . . /, 12
Habitus: Beige solid. 6 N Br
7

Yield: 9.02 g (28.9 mmol, 46 %, Lit.:[""*1 77 %). 10/ °

COOH
Rt 0.1 (3:1, DCM:MeOH). ™
Mp.: 175-176 °C (Lit.:'331 174-176 °C).
TH-NMR: (500 MHz, DMSO-de) & [ppm] = 12.71 (s, 1H, H-11), 8.03 — 7.96

(m, 1H), 7.88 — 7.80 (m, 1H), 7.66 — 7.59 (m, 2H), 4.66 (t, 3JHo-H10
= 7.0 Hz, 2H, H-9), 2.99 (t, 3J10.40 = 7.0 Hz, 2H, H-10), 2.87 (s,
3H, H-12), 1.53 (s, 6H, H-13, H-13").
13C-NMR: (126 MHz, DMSO-ds) 5 [ppm] = 197.9 (Cq, 1C, C-1), 171.5 (Cq,
1C, C-11), 141.8 (Cq, 1C, C-3), 140.8 (Cq, 1C, C-8), 129.3 (CHar,
1C), 128.9 (CHar, 1C), 123.5 (CHar, 1C), 115.6 (CHar, 1C), 54.3
(Cq, 1C, C-2), 43.5 (CH2, 1C, C-9), 31.1 (CHz, 1C, C-10), 21.9
(CHs, 2C, C-13), 14.4 (CHs, 1C, C-12).
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Due to an overlap in the NMR-spectra, the signals cannot be completely assigned.

FT-IR (ATR): v [em™'] = 3312 (w), 3028 (w), 2982 (br, w), 2837 (w), 1715 (s),
1622 (w), 1591 (w), 1456 (m), 1408 (m), 1366 (m), 1329 (w),
1298 (w),1269 (m), 1233 (m), 1223 (m), 1186 (s), 1128 (w), 1047
(w), 1032 (w), 991 (w), 966 (w), 932 (m), 914 (w), 880 (w), 843
(m), 800 (w), 773 (s), 758 (m), 687 (w), 665 (m), 637 (m).

The analytic data are in agreement with the literaturel'15 133

Synthesis of 3-(3',3'-dimethyl-6-nitrospiro[chromene-2,2'-indolin]-1'-

yl)propanoic acid

[VAG_06]

OH O __

, EtN O

N* Br + H EtOH N O O NO,

8 reflux, 22 h 8
NO,

COOH COOH

22 29 30

Under argon atmosphere, indolium 22 (3.27 g, 10.5 mmol, 1.00 eq.) and salicylic
aldehyde 29 (1.84 g, 11.0 mmol, 1.05 eq.) were dissolved in EtOH (70 mL, HPLC
grade) and triethylamine (1.70 mL, 12.3 mmol, 1.17 mmol) was added. The solution
was refluxed for 22 h and then cooled to ambient temperature. The precipitated solid
was filtered off and washed with cold EtOH. After recrystallisation from MeOH,
spiropyran 30 was obtained as a yellow solid in 67 % (2.68 g, 7.05 mmol) yield.

M(C21H20N205): 380.40 g-mol".

Habitus: Yellow solid.

Yield: 2.68 g (7.05 mmol, 67 %, Lit.1118184 %). 10/ ° 17 18
COOH

R 0.3 (20:1, DCM:MeOH). "

Mp.: 195 °C (decomp.).

TH-NMR: (500 MHz, DMSO-ds) & [ppm] = 12.23 (s, 1H, H-11), 8.22 (d,

4JH20-H18 = 2.8 Hz, 1H, H-20), 8.00 (dd, 3JH1s-H17 = 9.0 Hz, *JH1s-
H2o = 2.8 Hz, 1H, H-18), 7.21 (d, 3Jn14-H13 = 10.4 Hz, 1H, H-14),
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7.18 = 7.08 (m, 2H, H-4, H-6), 6.87 (d, 3Jn17418 = 9.0 Hz, 1H, H-
17), 6.81 (t, 3JH5.H4, H5-He = 7.4 Hz, 1H, H-5), 6.67 (d, 3JH7-He = 7.7
Hz, 1H, H-7), 6.00 (d, 3Jn1a+1a = 10.4 Hz, 1H, H-13), 3.50 (ddd,
2JHo-Ho = 14.8 Hz, 3Jno-H10 = 8.3 Hz, 3JHo-H10 = 6.7 Hz, 1H, H-9),
3.38 (ddd, 2JHg-He = 14.8, 3JHe-H10 = 8.0 Hz, 3Jhe-H10 = 5.9 Hz, 1H,
H-9), 2.65 — 2.54 (m, 1H, H-10), 2.46 (ddd, 2J1os = 15.9 Hz,
3Jn10-He = 8.3 Hz, 3Jn1oHe = 5.9 Hz, 1H, H-10), 1.19 (s, 3H, H-
12/H-12’), 1.08 (s, 3H, H-12/H-12’).

13C-NMR: (75 MHz, DMSO-ds) & [ppm1] = 172.8 (Cq, 1C, C-11), 159.1 (Ca,
1C, C-16), 146.1 (Cq, 1C, C-8), 140.5 (Cq, 1C, C-19), 135.6 (Ca,
1C, C-3), 128.2 (CHar, 1C, C-14), 127.6 (CHar, 1C, C-6), 125.7
(CHar, 1C, C-18), 122.8 (CHar, 1C, C-20), 121.8 (CHar, 2C, C-4,
C-13), 119.2 (CHar, 1C, C-5), 118.8 (Cq, 1C, C-15), 115.5 (CHar,
1C, C-17), 106.6 (CHar, 1C, C-7), 106.5 (Cq, 1C, C-1), 52.4 (Ca,
1C, C-2), 38.9 (CHz, 1C, C-9), 33.2 (CH2, 1C, C-10), 25.6 (CHs,
1C, C-12), 19.5 (CHs, 1C, C-12).

FT-IR (ATR): vV [em™'] = 3078 (w), 2972 (w), 2901 (w), 2870 (w), 1701 (m),
1655 (w), 1601 (w), 1574 (w), 1508 (m), 1483 (m), 1456 (w),
1441 (w), 1404 (w), 1377 (w), 1360 (w), 1325 (m), 1296 (m),
1269 (m), 1211 (w), 1196 (w), 1159 (m), 1142 (w), 1126 (w),
1086 (m), 1055 (w), 1028 (m), 997 (w), 935 (s), 914 (s), 835 (m),
802 (s), 781 (m), 750 (s), 716 (w), 679 (m), 633 (w).

The analytic data are in agreement with the literature!''8
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Synthesis of 1-benzyl-2,3,3-trimethyl-3H-indol-1-ium bromide
INIH_P133]

Br
+ /
/ N* Br
N MeCN )

reflux, 3.5d Ph

25 27 23

Under argon atmosphere, indole 25 (5.0 mL, 31 mmol, 1.0 eq.) was dissolved in dry
acetonitrile (50 mL). Benzyl bromide (27) (5.5 mL, 47 mmol, 1.5 eq.) was added and
the reaction was heated to reflux for 3.5d. Even though TLC indicated no full
conversion, the reaction was stopped. After cooling to ambient temperature, the
solvent was removed under reduced pressure and the remaining residue was
recrystallised from acetone. Indolium bromide 23 was obtained as a pale-yellow solid
in 52 % (5.2 g, 16 mmol) yield.

M(C1gH20BrN): 330.27 g'mol-". P S
Habitus: Pale-yellow solid. ° Y N+g Br
Yield: 5.2 g (16 mmol, 52 %, Lit.:.""81 77 %). ©2?1

Mp.: 183-186 °C, Lit.:1"6] 226-230 °C. v
H-NMR: (500 MHz, DMSO-ds) & [ppm] = 7.89 (d, 3Juans = 7.4 Hz, 1H,

H-4), 7.83 (d, 3Jn7He = 7.9 Hz, 1H, H-7), 7.61 (¢t, 3JH5-H4, H5-H6 =
7.4 Hz, 1H, H-5), 7.56 (@t, 3J HeHs, HoH7 = 7.6 Hz, TH, H-6), 7.47 —
7.37 (m, 5H, H-11, H-12, H-13), 5.88 (s, 2H, H-9), 3.02 (s, 3H, H-
14, 1.62 (s, 6H, H-15, H-15").

13C-NMR: (75 MHz, DMSO-ds) & [ppm] = 198.1 (Cq, 1C, C-1), 141.9 (Cq
1C, C-3), 141.0 (Cq, 1C, C-8), 132.1 (Cq, 1C, C-10), 129.5 (CHar,
1C, C-5), 129.2 (CHar, 2C, C-12), 128.9 (CHar, 1C, C-6), 128.7
(CHar, 1C, C-13), 127.4 (CHar, 2C, C-11), 123.6 (CHar, 1C, C-4),
115.9 (CHar, 1C, C-7), 545 (Cq, 1C, C-2), 50.7 (CHz, 1C, C-9),
22.2 (CHs, 2C, C-15, C-15'), 14.7 (CHs, 1C, C-14).

FT-R: 9 [cm-1] = 2968 (w), 2901 (w), 2870 (w), 1626 (w), 1607 (W),
1477 (w), 1445 (m), 1362 (w), 1342 (w), 1302 (W), 1261 (W),
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1231 (w), 1202 (w), 1080 (w), 1057 (w), 1020 (w), 997 (w), 957
(W), 928 (W), 910 (W), 822 (W), 764 (s), 743 (s), 694 (M), 665 (W).

LR-ESI-MS: m/z = pos: 250.1 [M—Br]*.

The analytic data are in agreement with the literature!'16!

Synthesis of 1'-benzyl-3',3'-dimethyl-6-nitrospiro[chromene-2,2'-indoline]
[VAG_18]

OH O
! Et;N
7 -
N*Br EtOH

reflux, 17 h

Ph NO,
23 29 31

Under argon atmosphere, indolium 23 (1.65g, 5.00 mmol, 1.0 eq.) and salicylic
aldehyde 29 (0.91 g, 5.5 mmol, 1.1 eq.) were dissolved in EtOH (45 mL, HPLC
grade) and triethylamine (0.82 mL, 5.9 mmol, 1.2 eq.) was added. The reaction was
refluxed for 17 h. After cooling to ambient temperature, the precipitated solid was
filtered off and washed with cold EtOH. Spiropyran 31 was obtained as a yellow solid
in 89 % (1.77 g, 4.44 mmol) yield.

M(C25H22N203): 398.46 g-mol".

Habitus: Yellow solid.

Yield: 1.77 g (4.44 mmol, 89 %).

Rr: 0.5 (2:1, cHex:DCM).

Mp.: 159-161 °C (Lit.:°1 162—-163 °C).

TH-NMR: (500 MHz, CDCI3) & [ppm] = 7.97 (dd, 3JH20-H19 = 8.8 Hz, *JH20-H22

= 2.8 Hz, 1H, H-20), 7.95 (d, *JH22-H20 = 2.8 Hz, 1H, H-22), 7.30 —
7.24 (m, 4H, H-11, H-12), 7.23 — 7.18 (m, 1H, H-13), 7.11 (d,
3JHa-ns = 7.2 Hz, 1H, H-4), 7.04 (t, 3JHe-Hs, HeH7 = 7.6 Hz, 1H, H-
6), 6.89 — 6.80 (m, 2H, H-5, H-16), 6.72 (d, 3JH19-H20 = 8.8 Hz,
1H, H-19), 6.34 (d, 3Jn7-H6 = 7.8 Hz, 1H, H-7), 5.90 (d, 3JH15-H16 =
10.4 Hz, 1H, H-15), 4.51 (d, 2Jne.ne = 16.5 Hz, 1H, H-9), 4.21 (d,
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13C-NMR:

FT-IR (ATR):

GC-MS:

2 uoro = 16.5 Hz, 1H, H-9), 1.34 (s, 3H, H-14/H-14"), 1.30 (s, 3H,
H-14/H-14").

(126 MHz, CDCl3) & [ppm] = 159.6 (Cq, 1C, C-18), 147.1 (Cq, 1C,
C-8), 141.0 (Cq, 1C, C-21), 138.6 (Cq, 1C, C-10), 136.1 (Cq, 1C,
C-3), 128.6 (CHar, 2C, C-11/C-12), 128.5 (CHar, 1C, C-16), 127.8
(CHar, 1C, C-6), 127.1 (CHa, 1C, C-13), 126.6 (CHar, 2C,
C-11/C-12), 125.9 (CHar, 1C, C-20), 122.7 (CHar, 1C, C-22),
121.7 (CHar, 1C, C-15), 121.6 (CHar, 1C, C-4), 120.0 (CHar, 1C,
C-5), 118.6 (Cq, 1C, C-17), 115.5 (CHar, 1C, C-19), 107.9 (CHar,
1C, C-7), 106.8 (Cq, 1C, C-1), 52.8 (Cq, 1C, C-2), 47.7 Cq, 1C, C-
9), 26.2 (CHs, 1C, C-14/C-H14’), 19.9 (CHs, 1C, C-14/C-H14").

V [em'] = 3096 (w), 3059 (w), 2988 (w), 2965 (w), 2907 (w),
1649 (w), 1609 (w), 1574 (w), 1510 (m), 1479 (m), 1450 (w),
1331 (s), 1314 (w), 1275 (s), 1161 (m), 1124 (m), 1090 (m), 1065
(w), 1034 (m), 993 (w), 949 (s), 934 (m), 916 (s), 899 (m), 810
(m), 795 (m), 772 (m), 745 (s), 729 (s), 694 (s), 662 (M).

= min; M/, (%) = 398 [M*, (100)], 307 (29), 235 (17), 207 (10),
91 (45).

The analytic data are in agreement with the literature!'34
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Synthesis of 3-(2,3,3-trimethyl-3H-indol-1-ium-1-yl)propane-1-sulfonate
[NIH_P117; NIH_P119, VAG_13]

/,
0P @
7
N

+

B
®)
Y

toluene

reflux, 4 d
0,8

25 28 24
Under argon atmosphere, 1,3-propansultone (28) (2.56 g, 21.0 mmol, 1.1 eq.) and
indole 25 (3.01 g, 18.9 mmol, 1.0 eq.) were dissolved in dry toluene (150 mL) and
heated to reflux. After 2.5 d, additional 1,3-propansultone (28) (1.45 g, 11.9 mmol,
0.6 eq.) was added since TLC only indicated partial conversion. After 22 h, additional
1,3-propansultone (28) (1.45 g, 11.9 mmol, 0.6 eq.) as well as dry toluene (20 mL)
were added and the mixture was refluxed for 5 h. After refluxing for almost four days
in total, TLC still indicated uncompleted conversion. The solvent was removed under
reduced pressure and the residue was purified by column chromatography over silica
(100 % DCM to 5:1, DCM: MeOH). The residue was dissolved in water and HCI (6 M)
was added until a pH of two was obtained. The solvent was removed under reduced

pressure and indolium 24 was obtained as a red solid in 61 % (3.25 g, 11.6 mmol)

yield. )

5 8
M(C14H19NO3sS):  281.37 g-mol~". a2\t

6 s "N*
Habitus: Red solid. ! A
Yield: 3.25 g (11.6 mmol, 61 %). 0.8 "

3

R 0.2 (5:1, DCM:MeOH).
Mp.: 96 °C. Litl"71 242-243 °C
H-NMR: (500 MHz, DMSO-ds) 5 [ppm] = 8.10 — 8.02 (m, 1H, H-5/H-7),

7.88 -7.79 (m, 1H, H-4), 7.65 — 7.58 (m, 2H, H-6, H-5/H-7), 4.76
— 460 (m, 2H, H-9), 2.85 (s, 3H, H-12), 2.64 (t, 3JH11-H10 =
6.5 Hz, 2H, H-11), 2.21 — 2.13 (m, 2H, H-10), 1.54 (s, 6H, H-13).
13C-NMR: (126 MHz, DMSO-ds) & [ppm] = 197.1 (Cq, 1C, C-1), 142.4 (Cq,
1C, C-3), 141.7 (Cq, 1C, C-8), 129.8 (CHar, 1C, C-5/C-7), 129.4

(CHar, 1C, C-6), 123.9(CHar, 1C, C-4), 115.9 (CHar, 1C, C-5/C-7),
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54.6 (Cq, 1C, C-2), 47.9 (CHa, 1C, C-11), 47.1 (CHa, 1C, C-9),
24.2 (CH2, 1C, C-10), 22.5 (CHs, 2C, C-13), 14.3 (CHs, 1C, C-
12).

FT-IR (ATR): ¥ [em™'] = 3362 (br, w), 3022 (w), 2976 (w), 2934 (w), 2878 (w),
1715 (w), 1626 (w), 1607 (w), 1593 (w), 1479 (m), 1460 (m),
1420 (w), 1395 (w), 1369 (w), 1333 (w), 1300 (w), 1271 (w),
1215 (s), 1152 (s), 1124 (s), 1034 (s), 934 (m), 766 (s), 723 (s),
683 (s), 660 (s), 613 (s).

The NMR data are in agreement with the literaturel!€]

Synthesis of 3-(3',3'-dimethyl-6-nitrospiro[chromene-2,2'-indolin]-1'-
yl)propane-1-sulfonate
[VAG_10]

OH O —
/
; H £-O

+ MeOH,
reflux, 42 h
NO,

058 038
24 29 1b
Under argon atmosphere, indole 24 (1.69 g, 6.00 mmol, 1.0 eq.) and salicylic

aldehyde 29 (1.3 g, 7.8 mmol, 1.3 eq.) were suspended in dry methanol (35 mL) and
heated to reflux. After 42 h, the reaction was cooled to ambient temperature, the
solvent was removed under reduced pressure and the crude product was purified by
column chromatography over silica (5:1, DCM:MeOH). Spiropyran 1b was isolated a
yellow solid in 49 % (1.27 g, 2.96 mmol) yield.

M(C21H21N206S"):  430.48 g-mol-".

Habitus: Yellow solid.

Yield: 1.27 g (2.96 mmol, 49 %, Lit.:[''%1 83 %).
R 0.3 (5:1, DCM:MeOH).

Mp.: 285°C (decomp.).
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'"H-NMR:

13C-NMR:

FT-IR (ATR):

(500 MHz, DMSO-de) & [ppm] = 8.21 (d, 4Jizo411s = 2.9 Hz, 1H,
H-20), 7.99 (dd, 3JH1s17 = 9.0 Hz, 4Jiarir = 2.9 Hz, 1H, H-18),
7.21 (d, 3JH1a+13 = 10.4 Hz, 1H, H-14), 7.14 — 7.07 (m, 2H, H-4,
H-6), 6.86 (d, 3JH17-H18 = 9.0 Hz, 1H, H-17), 6.78 (t, 3JH5-H-4, H5-H-6
= 7.4 Hz, 1H, H-5), 6.70 (d, 3Jh7.e = 7.6 Hz, 1H, H-7), 5.98 (d,
3Jiaris = 10.4 Hz, TH, H-13), 3.22 (t, 3heio = 7.4 Hz, 2H. H-9),
2.48 — 2.37 (m, 2H, H-11), 1.92 — 1.78 (m, 2H, H-10), 1.20 (s,
3H, H-12/H-12’), 1.10 (s, 3H, H-12/H-12’).

(126 MHz, DMSO-ds) & [ppm] =159.3 (Cq, 1C, C-16), 146.9 (Ca,
1C, C-8), 140.4 (Cq, 1C, C-19), 135.5 (Cq, 1C, C-3), 128.1 (CHar,
1C, C-14), 127.6 (CHar, 1C, C-6), 125.7 (CHar, 1C, C-18), 122.8
(CHar, 1C, C-20), 121.8 (CHar, 1C, C-13), 121.6 (CHar, 1C, C-4),
118.9 (CHar, 1C, C-5), 118.8 (Cq, 1C, C-15), 115.5 (CHar, 1C, C-
17), 106.7 (CHar, 1C, C-7), 106.5 (Cq, 1C, C-1), 52.4 (CHar, 1C,
C-2), 49.0 (CHz, 1C, C-11), 42.3 (CHz, 1C, C-9), 25.8 (CHs, 1C,
C-12/C-12’), 24.8 (CHz, 1C, C-10), 19.5 (CHs, 1C, C-12/C-12").

7 [om~"] = 3065 (w), 2976 (w), 2932 (W), 2704 (w), 1605 (m),
1584 (w), 1539 (m), 1514 (w), 1489 (w), 1472 (w), 1435 (W),
1369 (w), 1339 (s), 1321 (w), 1298 (m), 1256 (m), 1233 (s), 1198
(), 1153 (s), 1128 (m), 1088 (m), 1078 (m), 1032 (s), 980 (m),
961 (w), 901 (w), 868 (m), 858 (m), 839 (m), 797 (W), 773 (M),
745 (s), 700 (w), 617 (w).

The analytic data are in agreement with the literature!''®]
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6.3 Derivatization of the Chromene
Synthesis of (E)-2-(3,5-dibromo-2-hydroxystyryl)-1,3,3-trimethyl-3H-indol-

1-ium iodide

INIH_P304]
OH O
Br
H
/ +
@i% o
\ reflux, 16 h
Br
33 34 35

Under argon atmosphere, indolium 33 (1.51 g, 5.00 mmol, 1.0 eq.) and salicylic
aldehyde 34 (1.40 g, 5.00 mmol, 1.0 eq.) were suspended in dry EtOH (20 mL) and
heated to reflux. After 16 h, full conversion was confirmed by TLC. The solution was
cooled to ambient temperature and the precipitated product was filtered of and dried
under reduced pressure. Indolium iodide 35 was obtained as a bright orange solid in
90 % (2.53 g, 4.49 mmol) yield.

M(C19H18Br2INO):  563.07 g-mol-".

Habitus: Bright orange solid.

Yield: 2.53 g (4.49 mmol, 90 %).

Mp.: 221-223 °C.

TH-NMR: (500 MHz, DMSO-ds) d [ppm] = 8.46 (d, *Jn16-H18 = 2.4 Hz, 1H,

H-16), 8.39 (d, 3Jn12-H11 = 16.5 Hz, 1H, H-12), 8.02 (d, *JH18-H16 =
2.4 Hz, 1H, H-18), 7.98 — 7.93 (m, 1H, H-7), 7.91 — 7.85 (m, 1H,
H-4), 7.76 (d, 3JH11-H12 = 16.5 Hz, 1H, H-11), 7.74 — 7.63 (m, 2H,
H-5, H-6), 4.18 (s, 3H, H-9), 1.77 (s, 6H, H-10).

13C-NMR: (126 MHz, DMSO-ds) & [ppm] = 181.7 (Cq, 1C, C-1), 153.8 (Cq,
1C, C-14), 145.1 (CH, 1C, C-12), 143.6 (Cq, 1C, C-3), 141.8 (Cq,
1C, C-8), 138.6 (CHar, 1C, C-16), 130.3 (CHar, 1C, C-18), 129.7
(CHar, 1C, C-5), 129.1 (CHar, 1C, C-6), 126.0 (Cq, 1C, C-13),
122.9 (CHar, 1C, C-4), 115.5 (CHa, 1C, C-7), 114.9 (CH, 1C,
C-11), 114.3 (Cq, 1C, C-15), 112.5 (Cq, 1C, C-17), 52.3 (Cq, 1C,
C-2), 34.9 (CHs, 2C, C-9), 25.5 (CHs, 2C, C-10).
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Spiropyran:

'"H-NMR:

13C-NMR:

FT-IR (ATR):

(500 MHz, DMSO-ds) d [ppm] = 7.58 (d, *Jn16-H18 = 2.4 Hz, 1H,
H16), 7.48 (d, *JH1s-H16 = 2.4 Hz, 1H, H-18), 7.16 — 7.09 (m, 2H,
H-4, H-6), 7.04 (d, 3Jn12-n11 = 10.3 Hz, 1H, H-12), 6.79 (otd, 3Jhs-
H4; H5-He = 7.4 Hz, 4Jusv7 = 1.0 Hz, 1H, H-5), 6.62 — 6.59 (m, 1H,
H-7), 5.92 (d, 3JH11-112 = 10.2 Hz, 1H, H-11), 2.65 (s, 3H, H-9),
1.22 (s, 3H, H-10/H-10’), 1.10 (s, 3H, H-10/H-10").

(126 MHz, DMSO-ds) 6 [ppm] = 149.6 (Cq, 1C, C-14), 147.4 (Cq,
1C, C-8), 135.9 (Cq, 1C, C-3), 133.9 (CHar, 1C, C-16), 128.6
(CHar, 1C, C-18), 128.0 (CHar, 1C, C-12), 127.5 (CHar, 1C, C-
6/4), 122.0 (Cq, 1C, C-13), 121.8 (CHar, 1C, C-11), 121.4 (CHar,
1C, C-6/4), 119.3 (CHar, 1C, C-5), 111.4 (Cq, 1C, C-15/C-17),
109.2 (Cq, 1C, C-15/C-17), 106.9 (CHar, 1C, C-7), 105.7 (Cq, 1C,
C-1), 51.7 (Cq, 1C, C-2), 28.5 (CH3, 1C, C-9’), 25.6 (CHs, 1C, C-
10/C-10), 19.9 (CHs, 1C, C-10/C-10’).

v [em™"] = 3092 (m), 3042 (m), 2968 (m), 2924 (m), 1605 (s),
1555 (s), 1476 (m), 1443 (s), 1396 (m), 1310 (s), 1292 (s), 1240
(s), 1229 (s), 1169 (s), 1117 (s), 1094 (s), 1045 (s), 1018 (s), 959
(s), 918 (m), 841 (s), 826 (s), 791 (s), 743 (s), 735 (s), 719 (s),
687 (s).
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Synthesis of 6,8-dibromo-1°,3",3'-trimethylspiro[chromene-2,2'-indoline]
[NIH_P308]

EtzN O
o d Ve
EtOH \

rt, 15 min Br

35 8
Indolium iodide 35 (1.12 g, 2.00 mmol, 1.0 eq.) and triethylamine (0.31 mL, 2.3 mmol,
1.1 eq.) were suspended in EtOH (7 mL, HPLC grade) and stirred for 15 min at
ambient temperature. The solvent was removed under reduced pressure and the
residue was refluxed for 15 min in water (25 mL). After cooling to ambient
temperature, the solvent was filtered of and dried under reduced pressure.

Spiropyran 8 was obtained as a beige solid in 75 % (0.66 g, 1.5 mmol) yield.

M(C19H17Br2NO):  435.16 g-mol-".

Habitus: Beige solid.

Yield: 0.66 g (1.5 mmol, 75 %).

Mp.: 117-119°C, turns blue upon melting.

H-NMR: (500 MHz, DMSO-ds) & [ppm] = 7.58 (d, *JH1e-H1s = 2.3 Hz, 1H,

H-16), 7.48 (d, “Jhrsnie = 2.3 Hz, 1H, H-18), 7.15 — 7.09 (m, 2H,
H-4, H-6), 7.03 (d, 3Jriz+11 = 10.3 Hz, 1H, H-12), 6.79 (td, 3Jss.
H4, H5-H6 = 7.4 Hz, *JnsH7 = 1.0 Hz, 1H, H-5), 6.60 (d, 3JH7-+H6 = 7.6
Hz, 1H, H-7), 5.92 (d, 3Jut1h12 =10.3 Hz, 1H, H-11), 2.65 (s, 3H,
H-9), 1.22 (s, 3H, H-10/H-10"), 1.10 (s, 3H, H-10/H-10").

13C-NMR: (126 MHz, DMSO-ds) & [ppm] = 149.6 (Cq, 1C, C-14), 147.4 (Ca,
1C, C-8), 135.9 (Cq, 1C, C-3), 134.0 (CHar, 1C, C-16), 128.6
(CHar, 1C, C-18), 128.0 (CHar, 1C, C-12), 127.5 (CHar, 1C, C-6),
122.0 (Cq, 1C, C-13), 121.8 (CHar, 1C, C-11), 121.4 (CHar, 1C,
C-4), 119.3 (CHar, 1C, C-5), 111.4 (Cq, 1C, C-17), 109.2 (Cq, 1C,
C-15), 106.9 (CHar, 1C, C-7), 105.7 (Cq, 1C, C-1), 51.7 (Cq, 1C,
C-2), 285 (CHs, 1C, C-9), 256 (CHs, 1C, C-10/H-10), 19.9
(CHs, 1C, C-10/H-10").
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FT-IR (ATR): V [em"] = 3057 (w), 2963 (w), 2864 (w), 1649 (w), 1607 (w),
1549 (w), 1485 (m), 1445 (s), 1420 (m), 1360 (m), 1302 (m),
1261 (s), 1209 (w), 1153 (m), 1101 (m), 964 (s), 887 (s), 856
(m), 824 (w), 743 (s), 708 (s).

HRMS (ESI): m/. calcd. for C19H17Bra2NO: 433.9749659 [M+H]*;
found: 433.97533.
m/. calcd. for C19H17Br2NO: 455.9569106 [M+Na]*;
found: 455.95697.

UV/Vis: Vv [nm]: Amax (MeOH, 0.025 mm): MC = 566, 384, 326, 296, 240;
SP = 326, 296, 240, 232.

Synthesis of (E)-2-(5-bromo-2-hydroxy-3-nitrostyryl)-1,3,3-trimethyl-3H-

indol-1-ium iodide

INIH_P306]
OH O
O5N H
/ +
N T EtOH
\ reflux, 16 h
Br
33 35 38

Under argon atmosphere, indolium 33 (1.51 g, 5.00 mmol, 1.0 eq.) and salicylic
aldehyde 35 (1.23 g, 5.00 mmol, 1.0 eq.) were suspended in dry EtOH (20 mL) and
heated to reflux. After 16 h, full conversion was confirmed by TLC. The solution was
cooled to ambient temperature and the precipitated product was filtered of and dried
under reduced pressure. Indolium iodide 38 was obtained as a red solid in 82 %
(2.16 g, 4.08 mmol) yield.

M(C19H18BrIN203): 529.17 g-mol-".

Habitus: Red solid.
Yield: 2.16 g (4.08 mmol, 82 %).
Mp.: Turns dark >170 °C, melts at 198-199 °C.
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'"H-NMR:

13C-NMR:

Spiropyran

"H-NMR:

13C-NMR:

(500 MHz, DMSO-ds) & [ppm] = 8.74 (d, *Jn1sH16 = 2.5 Hz, 1H,
H-18), 8.38 (d, 3Jn12-111 = 16.5 Hz, 1H, H-12), 8.31 (d, *JH16-H18 =
2.5 Hz, 1H, H-16), 7.99 — 7.94 (m, 1H, H-7), 7.90 — 7.89 (m, 1H,
H-4) 7.89 (d, 3Jn11-H12 = 16.5 Hz, 1H, H11), 7.70 — 7.64 (m, 2H,
H-5, H-6), 4.18 (s, 3H, H-9), 1.77 (s, 6H, H-10, H-10").

(126 MHz, DMSO-ds) & [ppm] = 181.7 (Cq, 1C, C-1), 151.8 (Cq,
1C, C-14), 143.6 (Cq, 1C, C-3), 143.5 (CHs, 1C, C-9) (CHar, 1C,
C-12), 141.8 (Cq, 1C, C-8), 139.3 (CHar, 1C, C-15), 136.9 (CHar,
1C, C-18), 131.0 (CHar, 1C, C-16), 129.8 (CHar, 1C, C-5), 129.1
(CHar, 1C, C-6), 127.9 (CHar, 1C, C-13), 122.9 (CHar, 1C, C-4),
115.6 (CHar, 1C, C-7), 115.5 (CHar, 1C, C-11), 110.0 (Cq, 1C, C-
17), 52.3 (Cq, 1C, C-2), 35.0 (CHs, 1C, C-9), 25.4 (CHar, 2C, C-
10).

(500 MHz, DMSO-ds) & [ppm] = 7.92 (d, %Jun = 2.4 Hz, 1H,
H16), 7.82 (d, v = 2.4 Hz, 1H, H18), 7.17 (d, 3Jn1z411 = 10.4
Hz, 1H, H-12), 7.15 - 7.10 (m, 2H, H-4, H-6), 6.81 (ptd, 3JH5Ha,
Hs-He = 7.4 Hz, *Jush7 = 1.0 Hz, 1H, H-5), 6.61 (dd, 3JH7-He = 8.2
Hz, 4Jn7-h5 = 1.0 Hz, 1H, H-7), 6.07 (d, 3JH11-112 = 10.4 Hz, 1H, H-
11), 2.67 (s, 3H, H-9), 1.25 (s, 3H, H-10/H-10"), 1.11 (s, 3H, H-
101/H-10’).

(126 MHz, DMSO-ds) & [ppm] = 147.0 (Cq, 1C, C-8), 146.2 (Ca,
1C, C-14), 135.7 (Cq, 1C, C-3), 133.6 (CHar, 1C, C-18), 127.7
(Cq, 1C, C-15), 127.6 (CHar, 1C, C-6), 126.5 (CHar, 1C, C-16),
123.3 (Cq, 1C, C-13), 122.4 (CHar, 1C, C-11), 121.4 (CHar, 1C,
C-12), 119.5 (CHar, 1C, C-5), 110.1 (Cq, 1C, C-17), 107.1 (CHar,
1C, C-7), 106.7 (Cq, 1C, C-1), 51.9 (Cq, 1C, C-2), 28.5 (CHs,
1C, C-9) 25.8 (CHs, 1C, C-10/C-10), 19.5 (CHs, 1C, C-10/C-10’).

C-10 and C-10’ are barely visible in the >*C-NMR but well detectable in the H,C-2D spectra
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FT-IR (ATR): V [em"] = 3086 (w), 3013 (w), 2982 (w), 2926 (w), 1612 (w),
1595 (w), 1551 (w), 1528 (s), 1450 (m), 1410 (m), 1398 (m),
1302 (s), 1261 (m), 1236 (m), 1204 (w), 1157 (m), 1107 (w),
1088 (w), 1020 (w), 955 (m), 935 (w), 878 (m), 762 (s), 746 (s),
719 (s), 696 (m), 673 (M), 633 (m).

Synthesis of 6-bromo-1°,3",3'-trimethyl-8-nitrospiro[chromene-2,2'-
indoline]
[NIH_P309]

Eth O -
EOH N O Q Br
rt, 15 min \
O,N
38 9
Indolium iodide 38 (1.06 g, 2.00 mmol, 1.0 eq.) and triethylamine (0.31 mL, 2.2 mmol,

1.1 eq.) were suspended in EtOH (7 mL, HPLC grade) and stirred for 15 min at

ambient temperature. The solvent was removed under reduced pressure and the
residue was refluxed for 15 min in water (25 mL). After cooling to ambient
temperature, the solvent was filtered of and dried under reduced pressure.

Spiropyran 9 was obtained as a dark blue solid in 95 % (0.76 g, 1.89 mmol) yield.

M(C19H17BrN203):  401.26 g-mol-".

Habitus: Dark blue solid.

Yield: 0.76 g (1.89 mmol, 95 %).

Mp.: 126-129°C.

Spiropyran

"H-NMR: (500 MHz, DMSO-ds) d [ppm] = 7.93 (d, *JH1e-H18 = 2.5 Hz, 1H,

H-16), 7.81 (d, *Jn1s-H1e = 2.5 Hz, 1H, H-18), 7.16 (d, 3JH12-H11 =
10.5 Hz, 1H, H-12), 7.15 — 7.11 (m, 2H, H-4, H-6), 6.81 (td,
3JH5-H4, H5-He = 7.4 Hz, *Jns.h7 1.0 Hz, 1H, H-5), 6.62 (d, 3JH7-Hs =
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13C-NMR:

FT-IR (ATR):

HRMS (ESI):

UV/Vis:

118

7.5 Hz, 1H, H-7), 6.07 (d, 3Jn11-112 = 10.5 Hz, 1H, H-11), 2.67 (s,
3H, H-9), 1.25 (s, 3H, H-10/H-10’), 1.11 (s, 3H, H-10/H-10’).

(126 MHz, DMSO-ds) & [ppm] = 147.0 (Cq, 1C, C-8), 146.2 (Cq,
1C, C-14), 137.3 (Cq, 1C, C-15), 135.7 (Cq, 1C, C-3), 133.6 (Cq,
1C, C-18), 127.7 (CHar, 1C, C-12), 127.6 (CHar, 1C, C-6), 126.5
(Cq, 1C, C-16), 123.3 (Cq, 1C, C-13), 122.4 (CHar, 1C, C-11),
121.4 (CHar, 1C, C-4), 119.5 (CHar, 1C, C-5), 110.1 (Cq, 1C,
C-17), 107.1 (CHar, 1C, C-7), 106.8 (Cq, 1C, C-1), 51.9 (Cq, 1C,
C-2), 28.4 (CHs, 1C, C-9), 25.8 (CHs, 1C, C-10/C-10’), 19.5
(CHs, 1C, C-10/C-10’).

v [em™"] = 3057 (w), 2974 (w), 2953 (w), 2870 (w), 1605 (w),
1530 (s), 1487 (s), 1456 (s), 1423 (m), 1358 (s), 1308 (m), 1267
(s), 1219 (m), 1175 (s), 1159 (m), 1101 (s), 1022 (s), 993 (m),
910 (s), 897 (s), 878 (s), 827 (m), 816 (s), 741 (s), 723 (s), 698
(s), 646 (m).

my/. calcd. for C19H17BrN203: 401.0495315 [M+H]";
found: 401.04956.

m/. calcd. for C19H17BrN203: 423.0314762 [M+Na]"*;
found: 423.03156.

¥ [nm]: Amax (MeOH, 0.025 mm): MC = 554, 365, 245, 218; SP =
361, 284, 242.
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Synthesis of 1',3',3'-trimethyl-8-nitrospiro[chromene-2,2'-indoline]

INIH_P311]

33

OH O O —
O,N
> + 2 H 1) EtOH, reflux, 16 h N o O
N* I 2) E3N, \

EtOH,rt, 15 min 02N

36 32

Under argon atmosphere, indolium 33 (903 mg, 3.00 mmol, 1.0 eq.) and salicylic
aldehyde 36 (501 mg, 3.00 mmol, 1.0 eq.) were suspended in EtOH (10 mL, HPLC

grade) and heated to reflux. After 16 h, the reaction was cooled to ambient

temperature and the precipitated was filtered of and dried under reduced pressure.
The hydroiodide salt of 32 was obtained as a red solid in 90 % (1.22 g, 2.71 mmol).
The salt was suspended in EtOH (10 mL) and triethylamine (0.41 mL, 3.0 mmol, 1.1

eq.) were added. After stirring for 15 min at ambient temperature, the purple solution

was concentrated to dryness under reduced pressure. The residue was recrystallised

from water and spiropyran 32 was obtained as colourless solid in 81 % (785 mg,

2.44 mmol) yield.
M(C19H18N203):
Habitus:

Yield:

Mp.:

'"H-NMR:

13C-NMR:

322.26 g'mol.
Colourless solid.

785 mg (2.44 mmol, 81 %).

Slowly turns blue >127°C, melts at 147-149 °C.

(500 MHz, DMSO-ds) & [ppm] = 7.70 (dd, 3Jieriz = 8.2 Hz,
4Jn16-H18 = 1.5 Hz, 1H, H-16), 7.54 (dd, 3JH1s-H17 = 7.5 Hz, *Jn1s-
Hie = 1.5 Hz, 1H, H-18), 7.17 (d, 3Jn12-n11 = 10.4 Hz, 1H, H-12),
7.00 (dd, 3JH17-116 = 8.2 Hz, 3JH17-H18 = 7.5 Hz, 1H, H-17) 7.14 —
7.10 (m, 2H, H-4, H-6), 6.80 (td, 3JHs-H4, H5-H6 = 7.4 HZ, *JHs-H7 1.0
Hz, 1H, H-5), 6.63 — 6.57 (m, 1H, H-7), 5.97 (d, 3JH11-H12 = 10.4
Hz, 1H, H-11), 2.67 (s, 3H, H-9), 1.26 (s, 3H, H-10/H-10"), 1.11
(s, 3H, H-10/H-10’).

(126 MHz, DMSO-ds) & [ppm] = 147.2 (Cq, C1, C-8), 147.0 (Ca,
C1, C-14), 136.7 (Cq, C1, C-15), 135.8 (Cq, C1, C-3), 131.5
(CHar, 1C, C-18), 128.6 (CHar, 1C, C-12), 127.5 (CHar, 1C, C-
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FT-IR (ATR):

HRMS (ESI):

UV/Vis:

120

4/6), 124.7 (CHar, 1C, C-16), 121.4 (CHar, 1C, C-4/6), 121.3 (Ca,
C1, C-13), 121.0 (CHar, 1C, C-11), 119.8 (CHar, 1C, C-17), 119.4
(CHar, 1C, C-5), 107.0 (CHar, 1C, C-7), 106.2 (Cq, 1C, C-1), 51.8
(Cq, 1C, C-2), 28.5 (CHs, 1C, C-9), 25.8 (CHs, 1C, C-10/C-10’),
19.6 (CHs, 1C, C-10/C-10").

V [em™'] = 2963 (w), 2866 (w), 1653 (w), 1607 (w), 1522 (m),
1454 (m), 1362 (m), 1302 (m), 1265 (s), 1177 (w), 1103 (m),
1074 (m), 1022 (m), 991 (w), 912 (s), 804 (s), 737 (s), 623 ().

m/. calcd. for C19H18N203: 323.1390190 [M+H]*;
found: 323.13858.

m/. calcd. for C19H18N203: 345.1209636 [M+Na]*;
found: 345.12058.

¥ [nm]: Amax (MeOH, 0.025 mm): MC = 543, 364, 245; SP = 353,
281, 245.
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Synthesis of 8-bromo-1',3',3'-trimethylspiro[chromene-2,2'-indoline]
[NIH_P296]

OH O —
+ Br H N
N EtOH \ 0]

\ reflux, 16 h

Br
43 44 40
Under argon atmosphere, indole 43 (1.06 mL, 6.00 mmol, 1.2 eq.) and salicylic
aldehyde 44 (1.05g, 5.00 mmol, 1.0 eq.) were dissolved in EtOH (10 mL, HPLC
grade) and heated to reflux. After 16 h, full conversion was confirmed by TLC. The
solvent was removed under reduced pressure and the crude product was purified by
column chromatography over silica gel (30:1, cHex:EtOAc). Spiropyran 40 was

obtained as colourless solid in 93 % (1.66 g, 4.66 mmol) yield.

M(C1oH1sBrNO):  356.26 g-mol-".

Habitus: Colourless solid. s

Yield: 1.66 g (4.66 mmol, 93 %). 6

Rt 0.53 (30:1, cHex:EtOAC).

Mp.: Slowly turns purple >125 °C, melts at 139-140 °C.

TH-NMR: (500 MHz, DMSO-ds) & [ppm] = 7.37 (dd, 3Ju16-H17 = 7.9 Hz,

4dnteH1s = 1.6 Hz, 1H, H-16), 7.20 (dd, 3JnisH17 = 7.5 Hz,
4Jn1s-H16 = 1.6 Hz, 1H, H-18), 7.13 — 7.08 (m, 2H, H-4, H-6), 7.03
(d, 3Jniz+11 = 10.2 Hz, 1H, H-12), 6.83 — 6.76 (m, 2H, H-5, H-17),
6.59 (d, 3Jn7-Hs = 7.6 Hz, 1H, H-7), 5.83 (d, 3Jn11-H12 = 10.2 Hz,
1H, H-11), 2.65 (s, 3H, H-9), 1.23 (s, 3H, H-10/H-10"), 1.10 (s,
3H, H-10/H-10’).

13C-NMR: (126 MHz, DMSO-ds) & [ppm] = 150.0 (Cq, 1C, C-14), 147.5 (Ca,
1C, C-8), 136.1 (Cq, 1C, C-3), 132.7 (CHar, 1C, C-16), 128.9
(CH, 1C, C-12), 127.5 (CHa,, 1C, C-4/C-6), 126.3 (CHar, 1C, C-
18), 121.4 (CHa, 2C, C-17, C-4/C-6), 120.5 (CH, 1C, C-11),
120.4 (Cq, 1C, C-13), 119.1 (CHar, 1C, C-5), 108.1 (Cq, 1C, C-
15), 106.8 (Cq, 1C, C-7), 105.2 (Cq, 1C, C-1), 51.5 (Cq, 1C, C-2),
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FT-IR (ATR):

HRMS (ESI):

UV/Vis:

122

28.5 (CHs, 1C, C-9), 25.6 (CHs, 1C, C-10/C-10°), 20.0 (CHs, 1C,
C-10/C-10).

¥ [em"] = 3057 (w), 2963 (w), 2924 (w), 2868 (w), 1651 (w),
1607 (w), 1487 (m), 1443 (s), 1362 (w), 1302 (m), 1260 (m),
1209 (w), 1130 (w), 1103 (m), 1065 (w), 1022 (m), 966 (s), 876
(s), 858 (m), 795 (m), 743 (s), 718 (s), 619 (w).

M/, calcd. for C19H1sBrNO: 356.0644534 [M+H]*;
found: 356.06430.

my/. calcd. for C19H1sBrNO: 378.0463980 [M+Na]*;
found: 378.04631.

v [nm]: Amax (MeOH, 0.025 mm): MC = 566, 385, 293; SP = 293
231.
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Synthesis of 6-bromo-1',3',3'-trimethylspiro[chromene-2,2'-indoline]
[NIH_P298]

OH O
y —
©\); * ©/k EtOH O
N
\ reflux, 16 h N\ © O Br
Br
43 4 41

Under argon atmosphere, indole 43 (1.06 mL, 6.00 mmol, 1.2 eq.) and salicylic
aldehyde 41 (1.05g, 5.00 mmol, 1.0 eq.) were dissolved in EtOH (10 mL, HPLC
grade) and heated to reflux. After 16 h, full conversion was confirmed by TLC. The
solvent was removed under reduced pressure and the crude product was purified by
column chromatography over silica gel (50:1, cHex:EtOAc). Spiropyran 41 was

obtained as colourless solid in 90 % (1.59 g, 4.46 mmol) yield.

M(C1oH1sBrNO):  356.26 g-mol-".

Habitus: Colourless solid.

Yield: 1.59 g (4.46 mmol, 90 %).

Rt 0.35 (50:1, cHex:EtOAC).

Mp.: 90-93 °C.

H-NMR: (500 MHz, DMSO-ds) & [ppm] = 7.42 (d, *JH1s-H16 = 2.5 Hz, 1H,

H-18), 7.23 (dd, 3JH1eH15 = 8.6 Hz, “Jn16-H18 = 2.5 Hz, 1H, H-16),
7.3 — 7.08 (m, 2H, H-4, H-6), 7.02 (d, 3Juznn = 10.2 Hz, 1H,
H-12), 6.78 (t, 3JHs-H4; H5-He = 7.3 Hz, 1H, H-5), 6.65 (d, 3JH15-H16 =
8.6 Hz, 1H, H-15), 6.57 (d, 3Jur.ne = 7.7 Hz, 1H, H-7), 5.85 (d,
Stz = 10.2 Hz, 1H, H-11), 2.65 (s, 3H, H-9), 1.21 (s, 3H,
H-10/H-10’), 1.09 (s, 3H, H-10/H-10’).

13C-NMR: (126 MHz, DMSO-ds) & [ppm] = 153.2 (Cq, 1C, C-14), 147.7
(CHar, 1C, C-8), 136.1 (CHar, 1C, C-3), 132.0 (CHar, 1C, C-16),
129.1 (CHar, 1C, C-18), 128.3 (CHar, 1C, C-12), 127.5 (CHar, 1C,
C-6), 121.5 (CHar, 1C, C-4), 120.9 (Cq, 1C, C-13), 120.7 (CHa,
1C, C-11), 119.1 (CHa,, 1C, C-5), 116.6 (CHar, 1C, C-15), 111.2
(Cq, 1C, C-17), 106.8 (CHar, 1C, C-7), 104.3 (CHar, 1C, C-1),
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FT-IR (ATR):

HRMS (ESI):

UV/Vis:

124

51.5 (Cq, 1C, C-2), 28.5 (CHs, 1C, C-9), 25.6 (CH3, 1C, C-10/H-
10’), 19.8 (CHs, 1C, C-10/H-10).

V [em™'] = 3049 (w), 2963 (w), 2924 (w), 2866 (w), 2808 (w),
1639 (w), 1607 (W), 1474 (s), 1464 (s), 1420 (w), 1356 (m), 1298
(m), 1256 (s), 1213 (w), 1177 (m), 1124 (m), 1115 (m), 1103 (m),
1065 (w), 1020 (m), 951 (s), 924 (m), 874 (s), 829 (s), 814 (s),
746 (s), 710 (s), 677 (s), 621 (w).

m/. calcd. for C19H18BrNO: 356.0644534 [M+H]*;
found: 356.06438.

v [nm]: Amax (MeOH, 0.025 mm): MC = 526, 353, 265; SP = 337,
265, 242.
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Synthesis of 1',3',3'-trimethyl-6-nitrospiro[chromene-2,2'-indoline]
[NIH_P146, VAG_02]
OH O

@6% H (LK
+
N EtOH N o O NO,

\ reflux, 24 h
NO,

43 29 7
Under argon atmosphere, salicylic aldehyde 29 (3.40 g, 20.3 mmol, 1.0 eq.) and
Fischer base 43 (3.60 mL, 20.3 mmol, 1.0 eq.) were dissolved in dry EtOH (100 mL)

and the solution was heated to reflux. After 24 h, the solution was cooled to ambient

temperature and concentrated under reduced pressure to approximately 25 mL. The
mixture was cooled to 0 °C, the precipitated solid was filtered off and washed with
cold EtOH. After recrystallisation from EtOH, spiropyran 7 was obtained as a yellow
solid in 83 % (5.46 g, 16.9 mmol) yield.

M(C19H18N203): 322.36 g'mol".

Habitus: Yellow solid.

Yield: 5.46 g (16.9 mmol, 83 %).

Mp.: Turns blue >169 °C, melts at 176—-179 °C, Lit.:['341 182-183 °C.
H-NMR: (500 MHz, DMSO-dé) & [ppm] = 8.23 (d, “Jtis1s = 2.8 Hz, 1H,

H-18), 8.00 (dd, 3JH1eH15 = 9.0 Hz, 4Jn16-H18 = 2.8 Hz, 1H, H-16),
7.23 (d, 3hrznn = 10.4 Hz, 1H, H-12), 7.14 (m, 2H, H-4, H-6)),
6.89 (d, 3Jn1s-H1e = 9.0 Hz, 1H, H-15), 6.82 (td, 3JH5-H4, H5-H6 =
7.5 Hz, “Jusr = 1.0 Hz, 1H, H-5), 6.62 (br, d, 3Jur+s = 7.5 Hz,
1H, H-7), 6.00 (d, 3JH11-H12 = 10.4 Hz, 1H, H-11), 2.68 (s, 3H, H-
9), 1.22 (s, 3H, H-10/H-10"), 1.12 (s, 3H, H-10/H-10").

13C-NMR: (126 MHz, DMSO-ds) & [ppm] = 159.4 (Cq, 1C, C-14), 147.4 (Cq,
1C, C-8), 140.5 (Cq, 1C, C-17), 135.8 (Cq, 1C, C-3), 128.3 (CHar,
1C, C-12), 127.7 (CHar, 1C, C-4/C-6), 125.7 (CHar, 1C, C-16),
122.8 (CHar, 1C, C-18), 121.5 (CHar, 1C, C-4/C-6), 121.4 (CHar,
1C, C-11), 119.4 (CHar, 1C, C-5), 118.9 (Cq, 1C, C-13), 115.4
(CHar, 1C, C-15), 107.0 (CHar, 1C, C-7), 106.1 (Cq, 1C, C-1),
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FT-IR (ATR):

HRMS (ESI):

UV/Vis:

126

51.9 (Cq, 1C, C-2), 28.5 (CHs, 1C, C-9), 25.7 (CHs, 1C, C-10/C-
10’), 19.7 (CHs, 1C, C-10/C-10’).

v [em™] = 2963 (w), 2866 (w), 2816 (w), 1655 (w), 1609 (w),
1574 (w), 1508 (m), 1487 (m), 1477 (m), 1443 (m), 1423 (w),
1364 (w), 1331 (s), 1298 (m), 1269 (s), 1223 (w), 1184 (m), 1123
(m), 1088 (s), 1069 (w), 1015 (m), 949 (s), 912 (s), 837 (m), 806
(s), 781 (m), 748 (s), 716 (m), 681 (M), 627 (w).

my/. calcd. for C19H18N203: 323.1390190 [M+H]*;

found: 323.13872.

my/. calcd. for C19H18N203: 345.1209636 [M+Na]*;

found: 345.12097.

v [nm]: Amax (MeOH, 0.025 mm): MC = 529, 352, 307, 266, 243;
SP =339, 298, 266, 242.
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Synthesis of 8-bromo-1°,3',3'-trimethyl-6-nitrospiro[chromene-2,2'-

indoline]
[NIH_P171]
OH O
Br _
(j\); + H
~ o Uy
N\ EtOH \ ’
NO, reflux, 3 d Br
43 46 9

Under argon atmosphere, Fischer Base 43 (0.59 mL, 3.3 mmol, 1.0 eq.) and salicylic
aldehyde 46 (0.82 g, 3.3 mmol, 1.0 eq.) were dissolved in dry EtOH (60 mL) and
heated to reflux. After three days, the reaction was cooled to ambient temperature
and the precipitated solid was filtered off and washed with cold EtOH. Spiropyran 9

was obtained as green crystals in 88 % (1.2 g, 2.9 mmol) yield.

M(C19H17BrN203):  401.26 g-mol-".

Habitus: Green crystals.

Yield: 1.2 g (2.9 mmol, 88 %).

Mp.: Turns purple upon heating >240°C, melts at 253-254 °C.
"H-NMR: (500 MHz, DMSO-ds) & [ppm] = 8.28 — 8.25 (m, 2H, H-16, H-18),

7.25 (d, 312411 = 10.4 Hz, 1H, H-12), 7.17 — 7.10 (m, 2H, H-4,
H-6), 6.83 (td, 3JHs-4, H5He = 7.4 Hz, *Jns.v7 = 1.0 Hz, 1H, H-5),
6.65 (dd, 3Ju7.ns = 8.1 Hz, 3Jnrns = 1.0 Hz, 1H, H-7), 6.06 (d,
SJkirmr2 = 10.4 Hz, 1H, H-11), 2.68 (s, 3H, H-9), 1.23 (s, 3H, H-
10/H-10’), 1.13 (s, 3H, H-10/H-10’).

13C-NMR: (126 MHz, DMSO-ds) & [ppm] = 155.5 (Cq, 1C, C-14), 147.1 (Ca,
1C, C-8), 140.6 (Caq, 1C, C-17), 135.7 (Cq, 1C, C-3), 128.1 (CHar,
1C, C-12), 128.0 (CHar, 1C, C-16), 127.7 (CHar, 1C, C-4/C-6),
122.2 (CHar, 1C, C-11), 122.0 (CHar, 1C, C-18), 121.5 (CHar, 1C,
C-4/C-6), 119.9 (Cq, 1C, C-13), 119.6 (CHar, 1C, C-5), 108.4 (Cq,
1C, C-15), 107.8 (Cq, 1C, C-1), 107.1 (CHar, 1C, C-7), 52.0 (Ca,
1C, C-2), 28.5 (CHs, 1C, C-9), 25.7 (CHs, 1C, C-10/C-10"), 19.7
(CHs, 1C, C-10/C-10").

127



6 Experimental Part

FT-IR (ATR): v [em~"] = 3087 (w), 3051 (w), 3018 (w), 2980 (w), 2937 (w),
1587 (m), 1519 (s), 1434 (m), 1398 (m), 1323 (s), 1233 (s), 1116
(s),1069 (m), 1019 (m), 970 (m), 850 (M), 754 (s), 721 (m).
HRMS (ESI): my/. calcd. for C19H17BrN203: 401.0495315 [M+H]*;
found: 401.04996.
my/. calcd. for C19H17BrN203: 423.0314762 [M+Nal*;
found: 423.03187.

UV/Vis: v [nm]: Amax (MeOH, 0.025 mm): MC = 523, 367, 265, 229; SP =
330, 272, 242.

Synthesis of 1',3',3'-trimethyl-6,8-dinitrospiro[chromene-2,2'-indoline]
INIH_P172]

OH O

s
N H
N e
\ reflux, 2.5d
NO, OoN
43 47 19

Under argon atmosphere, salicylic aldehyde 47 (2.12 g, 10.0 mmol, 1.0 eq.) and
Fischer-Base 43 (1.77 mL, 10.0 mmol, 1.0 eq.) were dissolved in 100 mL EtOH and
heated to reflux. After 2.5 d, the reaction was cooled to ambient temperature. The
precipitated product was filtered of washed with cold EtOH. The filtrate was
concentrated to approximately 30 mL and the precipitated solid was filtered off and
washed with cold EtOH. The solids were combined and spiropyran 19 was obtained

as a dark, green solid in 66 % (2.44 g, 6.64 mmol) yield.

M(C19H17N30s): 367.36 g-mol".

Habitus: Green solid.
Yield: 2.44 g (6.64 mmol, 66 %). \9
Mp.: Turns dark red >175 °C,

decomp. at 248-250 °C, Lit.:5%>220 °C.
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'"H-NMR:

13C-NMR:

FT-IR (ATR):

HRMS (ESI):

UV/Vis:

(500 MHz, DMSO-ds) & [ppm] = 8.90 (d, *JH16-H1s = 3.3 Hz, 1H,
H-16), 8.57 (d, *Jn1s-H1e = 3.3 Hz, 1H, H-18), 8.53 (d, 3JH11-H12 =
15.8 Hz, 1H, H-11), 8.40 (d, 3Jn12-111 = 15.8 Hz, 1H, H-12), 7.87
—7.79 (m, 2H, H-4, H-7), 7.59 (td, 3JHe-H5, He-H7 = 7.5 HZ, *JHe-Ha =
1.5 Hz, 1H, H-6), 7.55 (td, 3JHs-He, H5-H4 = 7.5 Hz, *JnsH7 = 1.1 Hz,
1H, H-5), 3.98 (s, 3H, H-9), 1.77 (s, 6H, H-10).

(126 MHz, DMSO-ds) & [ppm] = 182.5 (Cq, 1C, C-1), 169.5 (Cq,
1C, C-14), 151.8 (CHar, 1C, C-12), 143.3 (Cq, 1C, C-3), 141.9
(Cq, 1C, C-8), 140.9 (Cq, 1C, C-15), 134.6 (CHar, 1C, C-16),
128.8 (CHar, 1C, C-6), 128.5 (CHar, 1C, C-5), 128.2 (Cq, 1C, C-
17), 126.3 (Cq, 1C, C-13), 125.3 (CHar, 1C, C-18), 122.7 (Cq, 1C,
C-4), 114.5 (Cq, 1C, C-7), 110.9 (CHar, 1C, C-11), 51.5 (Cq, 1C,
C-2), 33.7 (CHs, 1C, C-9), 25.9 (CHs, 2C, C-10, C-10’).

v [em™] = 3041 (w), 3023 (w), 2996 (w), 1623 (m), 1549 (w),
1522 (s), 1453 (m), 1438 (s), 1414 (m), 1281 (s), 1236 (s), 1164
(m), 1078 (s), 1024 (m), 978 (s), 927 (m), 855 (w), 777 (s),
743 (w).

m/. calcd. for C19H17N3Os: 368.1240971 [M+H]*;
found: 368.12396.

my/. calcd. for C19H17N3Os: 390.1060418 [M+Na]*;
found: 390.10612.

v [nm]: Amax (MeOH, 0.025 mm): MC = 507, 378, 360, 302, 263;
SP =339, 255.

The analytic data are in agreement with the literature>®
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6.4 Derivatisation of the Indole

Synthesis of 2,3,3-Trimethyl-5-methoxy-3H-indole
[NIH_P225, NIH_P250]

MeO 0
MeO
,NH3+ + )
N or AcOH, reflux 16 h N

125 126 52
Under argon atmosphere, 4-methoxy-phenylhydrazine hydrochloride (125) (8.73 g,
50.0 mmol, 1.00 eq.) and 3-methyl-2-butanone (126) (6.4 mL, 60 mmol, 1.2 eq.) were

dissolved in 50 mL acetic acid. The reaction was refluxed overnight. After full

conversion was indicated by TLC, the mixture was cooled to ambient temperature
and concentrated under reduced pressure. Water (30 mL) and DCM (50 mL) were
added to the residue. The mixture was neutralised with sat. Na2COs solution stirring
vigorously. The phases were separated and the aqueous phase was extracted with
DCM (3x30 mL). The combined organic phases were washed with brine (30 mL) and
dried over Na2SOs. After filtration, the solvent was removed under reduced pressure
and indole 52 was obtained as a brown solid in 96 % (9.07 g, 47.9 mmol) yield and

was used without further purification.

M(C12H1sNO): 189.26 g-mol". 4 10
05 3
. ) 1 2\

Habitus: Brown solid. 5 %

s N

7

Yield: 9.07 g (47.9 mmol, 96 %).
Rt 0.33 (2:3, cHex:EtOAC).
Mp.: 50-51 °C, Lit.:[3% 53-56 °C.
TH-NMR: (500 MHz, DMSO-ds) d [ppm] = 7.31 (d, 3JH7-He = 8.4 Hz, 1H,

H-7), 7.03 (d, “Jn4-He = 2.5 Hz, 1H, H-4), 6.81 (dd, 3JHe-H7 = 8.4,
4JHe-H4 = 2.6 Hz, 1H, H-6), 3.76 (s, 3H, H-11), 2.16 (s, 3H, H-9),
1.22 (s, 6H, H-10).

13C-NMR: (126 MHz, DMSO-ds) & [ppm] = 185.2 (Cq, 1C, C-1), 157.4 (Ca,
1C, C-5), 147.5 (Cq, 1C, C-3), 147.1 (Cq, 1C, C-8), 119.5 (CHa,
1C, C-7), 112.1 (CHa,, 1C, C-6), 108.1 (CHar, 1C, C-4), 55.4
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(CHs, 1C, C-11), 53.3 (Cq, 1C, C-2), 22.6 (CHs, 2C, C-10), 14.6
(CHs, 1C, C-9).

FT-IR (ATR): vV [em™'] = 2995 (w), 2961 (w), 2930 (w), 2833 (w), 1713 (w),
1686 (w), 1612 (w), 1578 (m), 1510 (m), 1462 (s), 1431 (s), 1377
(W), 1337 (w), 1288 (s), 1271 (s), 1246 (s), 1211 (s), 1198 (s),
1179 (s), 1144 (w), 1069 (s), 1030 (s), 943 (w), 866 (w), 824 (s),
735 (m), 698 (w), 615 (m).

GC-MS: w=11.64 min; M/, (%) = 189.1 [M]** (100), 188.1 [M, —H]* (19),
174.1 [M, —CHa]*, 159.1 [M, 2x —CHa]"* (19), 146.1 [M, 3x —
CHa]*, 131.1 (33), 115.2 (21), 77.0 [CeHs]™* (21), 51.1 [CaHa]*
(16).

The analytic data are in agreement with the literaturel35 13¢l
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Synthesis of 5-methoxy-1,2,3,3-tetramethyl 3H-indolium iodide
[NIH_P252]

/
N/ MeCN, reflux, 16 h N\+ I

52 56
Under argon atmosphere, indole 52 (9.00 g, 48.0 mmol, 1.0 eq.) was dissolved in
MeCN (60 mL, HPLC grade). lodomethane (15.0 mL, 240 mmol, 5.0 eq.) was added

and the reaction was refluxed overnight. After full conversion was confirmed by TLC,

the reaction was cooled to ambient temperature. The precipitated product was filtered
off and washed with Et2O. The indolium iodide 56 was obtained as pale-red crystals
in 66 % (10.5 g, 32.0 mmol) yield. By concentration of the filtrate and subsequent

filtration, another 1.21 g of product could be obtained.

M(C13H1sINO): 331.20 g'mol". A 12
0.5 3
. 13/ 2\
Habitus: Pale-red crystals. p— 10
6 s N*
|
Yield: 11.7 g (35.4 mmol, 74 %). ! \9
Mp.: 260-263 °C, decomp, Lit.:['3%1 226-228 °C.
TH-NMR: (500 MHz, DMSO-de) d [ppm] = 7.83 (d, 3Jn7-He = 8.8 Hz, 1H,

H-7), 7.50 (d, *Jua-rs = 2.5 Hz, 1H, H-4), 7.15 (dd, 3Jne7 = 8.8,
“Juera = 2.5 Hz, 1H, H-6), 3.96 (s, 3H, H-9), 3.87 (s, 3H, H-13),
2.74 (s, 3H, H-10), 1.53 (s, 6H, H-12).

13C-NMR: (126 MHz, DMSO-ds) & [ppm] = 193.0 (Cq,1C, C-1), 160.5 (Cq,
1C, C-5), 143.6 (Cq, 1C, C-3), 135.3 (Cq, 1C, C-8), 116.0 (CHar,
1C, C-7), 114.1 (CHar, 1C, C-6), 109.2 (CHar, 1C, C-4), 56.1
(CHs, 1C, C-13), 53.7 (Cq, 1C, C-2), 34.8 (CH3, 1C, C-9), 21.8
(CHs 2C, C-12), 14.0 (CH3, 1C, C-10).

FT-IR (ATR): vV [em™"] = 3011 (w), 2974 (w), 1618 (m), 1599 (m), 1481 (m),
1456 (m), 1441 (m), 1389 (m), 1364 (w), 1346 (w), 1290 (s),
1217 (s), 1184 (m), 1157 (m), 1065 (m), 1020 (s), 988 (w), 959
(w), 935 (w), 880 (s), 860 (s), 820 (s), 781 (w), 746 (m), 708 (m).

The analytic data are in agreement with the literature!'3%
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Synthesis of 8-bromo-5'-methoxy-1',3',3'-trimethyl-6-nitrospiro-
[chromene-2,2'-indoline]
[NIH_P255]
OH O
MeO Br ! Et3 MeO O
7 7 " EoH N © Q NO,
N ! reflux, 15 h
NO,
56 46 51

Under argon atmosphere, indolium 56 (3.31 g, 10.0 mmol, 1.0eq.) and salicylic
aldehyde 46 (2.71 g, 11.0 mmol, 1.1 eq.) were suspended in dry EtOH (60 mL) and
heated to reflux. After 15 h, full conversion was confirmed via TLC. After cooling to
ambient temperature, the precipitate was filtered off and washed with Et20. After
drying under reduced pressure, spiropyran 51 was obtained as black powder in 99 %
(4.28 g, 9.92 mmol) yield.

M(C20H19BrN204):  431.29 g-mol-".

Habitus: Black powder.

Yield: 4.28 g (9.92 mmol, 99 %). \

Mp.: 239-241 °C. 9

TH-NMR: (600 MHz, DMSO-ds) & [ppm] = 8.70 (d, *JH1e-H17 = 3.0 Hz, 1H,

H-19), 8.42 (d, 3J12130ans = 15.6 Hz, 1H, H-12), 8.32 (d, 3Jhs.
H12,trans = 15.6 Hz, 1H, H-13), 8.24 (d, *Jn17-H19 = 3.0 Hz, 1H,
H17), 7.69 (d, 3Jn7-He = 8.8 Hz, 1H, H-7), 7.46 (d, *JHe-H4 = 2.5
Hz, 1H, H-4), 7.10 (dd, 3JHe-H7 = 8.8 Hz, *JHa-Hs = 2.5 Hz, 1H, H-
6), 3.91 (s, 3H, H-9), 3.87 (s, 3H, H-11), 1.75 (s, 6H, H-10).
13C-NMR: (126 MHz, DMSO-ds) & [ppm] = 180.2 (Cq, 1C, C-1), 173.3 (Ca,
1C, C-15), 159.9 (Cq, 1C, C-5), 152.1 (CH, 1C, C-13), 145.0 (Ca,
1C, C-3), 135.3 (Cq, 1C, C-8), 132.2 (CHar, 1C, C-19), 130.6 (Ca,
1C, C-18), 129.4 (CHa,, 1C, C-17), 120.5 (Cq, 1C, C-14), 119.5
(Cq, 1C, C-16), 115.0 (CHar, 1C, C-7), 114.2 (CHar, 1C, C-6),
109.0 (CH, 1C, C-12), 108.7 (CHar, 1C, C-4), 56.0 (CHs, 1C,
C-11), 51.1 (Cq, 1C, C-2), 33.3 (CHs, 1C, C-9), 26.2 (CHs, 2C,
C-10).
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Spiropyran:

'"H-NMR:

3C-NMR:

FT-IR (ATR):

HRMS (ESI):

UV/Vis:

134

(600 MHz, DMSO-ds) & [ppm] = 8.26 (d, 4Jhir1e = 2.7 Hz, 1H,
H-17), 8.25 (d, “JH19-H17 = 2.8 Hz, 1H, H-19), 7.24 (d, 3JH13-H12 =
10.4 Hz, 1H, H-13), 6.81 (d, “Jhars = 2.6 Hz, 1H, H-4), 6.70 (dd,
3JHe-H7 = 8.4 Hz, *JneHa = 2.6 Hz, 1H, H-6), 6.56 (d, 3JH7-He =
8.4 Hz, 1H, H-7), 6.04 (d, 3Jr1z+13 = 10.3 Hz, 1H, H-12), 3.71 (s,
3H, H-11), 2.61 (s, 3H, H-9), 1.22 (s, 3H, H-10/H10"), 1.14 (s,
3H, H-10/H10’).

(126 MHz, DMSO-ds) & [ppm] = 155.7 (Cq, 1C, C-15), 153.8 (Ca,
1C, C-5), 141.2 (Cq, 1C, C-8), 140.5 (Cq, 1C, C-18), 137.3 (Cq,
1C, C-3), 128.1 (CHa,, 1C, C-12), 128.0 (CHar, 1C, C-17), 122.1
(CHar, 1C, C-19), 122.0 (CHar, 1C, C-13), 119.9 (Cq, 1C, C-14),
111.5 (CHar, 1C, C-6), 109.2 (CHar, 1C, C-4), 108.5 (Cq, 1C, C-
1), 108.4 (Cq, 1C, C-16), 107.4 (CHar, 1C, C-7), 55.4 (CHs, 1C,
C-11), 52.1 (Cq, 1C, C-2), 28.8 (CHs, 1C, C-9), 25.5 (CHs, 1C, C-
10/C10’), 19.6 (CHs, 1C, C-10/C10’).

7 [em-1] = 3078 (w), 3054 (w), 2997 (w), 2981 (w), 2970 (W),
2900 (w), 2836 (w), 1607 (m), 1586 (m), 1532 (s), 1431 (m),
1397 (w), 1297 (s), 1277 (s), 1238 (s), 1219 (s), 1137 (m), 1045
(w), 1018 (m), 846 (m), 742 (m).

my/. calcd. for C20H19BrN204: 431.0600962 [M+H]*;
found: 431.06046.

m/. calcd. for C20H19BrN204: 453.0420409 [M+Nal*;
found: 453.04249.

v [nm]: Amax (MeOH, 0.025 mm): MC = 521, 382, 320, 280, 272;
SP =346, 317, 272, 243.
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Synthesis of 5-carboxy-2,3,3-trimethyl-3H-indole
[NIH_P239, NIH_P242]

0O

0
HO 0 HO
NH;* +
N~ VHs AcOH, reflux 22 h %
H - N

Cl

127 126 53

Under argon atmosphere, 5-carboxy-phenylhydrazine hydrochloride (127) (6.2 g,
41 mmol, 1.0 eq.) and 3-methyl-2-butanone (126) (6.0 g, 70 mmol, 1.5 eq.) were
dissolved in 50 mL acetic acid. The reaction was refluxed overnight. After full
conversion was indicated by TLC, the mixture was cooled to ambient temperature
and concentrated under reduced pressure. Water (30 mL) and DCM (50 mL) were
added to the residue. The mixture was neutralised with sat. Na2COs solution while it
was stirred vigorously. The phases were separated and the aqueous phase was
extracted with DCM (3x60 mL). The combined organic phases were washed with
brine (30 mL) and dried over Na2SOas. After filtration, the solvent was removed under
reduced pressure and the crude product was recrystallised from EtOH. The product
was filtered off and washed with Et20. Indole 53 was obtained as a pale orange solid
in 86 % (7.4 g, 36 mmol) yield.

M(C12H13NO2): 203.24 g-mol". o, 10
Habitus: Pale orange solid. 12HO)1‘1?©3\)2§1— 9
Yield: 7.4 g (36 mmol, 96 %). 2

Rr: 0.15 (100 %, EtOAc).

Mp.: 209-212 °C, Lit.:['361208-210 °C.

H-NMR: (500 MHz, DMSO-ds) 5 [ppm] = 12.82 (s, br, 1H, H-12), 8.00 (d,

4dna-Hs = 1.7 Hz, 1H, H-4), 7.92 (dd, 3JHe-H7 = 8.0, *JneHs = 1.7
Hz, 1H, H-6), 7.51 (d, 3Ji7-He = 8.0 Hz, 1H, H-7), 2.26 (s, 3H, H-
9), 1.29 (s, 6H, H-10).

13C-NMR: (126 MHz, DMSO-d) & [ppm] = 191.7 (Cq, 1C, C-1), 167.5 (Cq,
1C, C-11), 157.4 (Cq, 1C, C-8), 146.1 (Cq, 1C, C-3), 129.6 (CHar,
1C, C-6), 127.3 (Cq, 1C, C-5), 122.7 (CHa,, 1C, C-4), 119.1
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(CHar, 1C, C-7), 53.5 (Cq, 1C, C-2), 22.3 (CHs, 2C, C-10), 15.4
(CHs, 1C, C-9).

FT-IR (ATR): v [em™"] = 2968 (w), 2930 (br, w), 2536 (br, w), 1682 (s), 1616
(w), 1582 (m), 1570 (m), 1464 (w), 1420 (m), 1344 (w), 1296 (s),
1275 (m), 1256 (m), 1231 (s), 1211 (s), 1152 (w), 1111 (w), 995
(w), 943 (m), 905 (w), 891 (w), 843 (m), 791 (m), 779 (m), 758
(m), 748 (m), 669 (m).

The analytic data are in agreement with the literaturel'36 137]

6.3 Synthesis of 5-carboxy-1,2,3,3-tetramethyl-3H-indolium iodide
[NIH_P248, NIH_P251]

o )

Mel
HO HO \
N/ MeCN, reflux, 20 h N\+ -

53 57
Under argon atmosphere, indole 53 (2.03 g, 10.0 mmol, 1.0 eq.) was dissolved in
MeCN (100 mL, HPLC grade). lodomethane (5.0 mL, 80 mmol, 8.0 eq.) was added

and the reaction was refluxed overnight. After full conversion was confirmed by TLC,

the reaction was cooled to ambient temperature. The precipitated product was filtered
off and washed with Et2O. The indolium iodide 57 was obtained as colourless solid in
70 % (2.4 g, 7.0 mmol) yield. By concentration of the filtrate and subsequent filtration,

additional 1.0 g of product could be obtained.

M(C13H16INO2): 354.18 g'mol". o 11
5 3
Habitus: Beige solid. 13HO)1‘2\©%§7 10
6 ) N\+ |_
7
Yield: 3.4 g (9.7 mmol, 97 %). 9
Rs: 0.33 (100 %, EtOAc).
Mp.: 232-234 °C; >235 °C decomp.
TH-NMR: (500 MHz, DMSO-d6) & [ppm] = 13.13 (s, br, 1H, H-13), 8.38 (s,

1H, H-4), 8.19 (d, 3Jue7 = 8.2 Hz, 1H, H-6), 8.03 (d, 3Jh7.+s = 8.4
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Hz, 1H, H-7), 4.00 (s, 3H, H-9), 2.82 (s, 3H, H-10), 1.58 (s, 6H,
H-11).

13C-NMR: (126 MHz, DMSO-ds) & [ppm] = 199.0 (Cq, 1C, C-1), 166.5 (Ca,
1C, C-12), 145.2 (Cq, 1C, C-8), 141.9 (Cq, 1C, C-3), 131.6 (Caq,
1C, C-5), 130.4 (CHar, 1C, C-6), 124.2 (CHar, 1C, C-4), 115.4
(CHar, 1C, C-7), 54.2 (Cq, 1C, C-2), 35.0 (CHs, 1C, C-9), 21.5
(CHs, 2C, C-11), 14.6 (CHs, 1C, C-10).

FT-IR (ATR): vV [em=] = 2972 (w), 2876 (br, m), 2716 (br, w), 1715 (s), 1620
(m), 1593 (w), 1468 (w), 1433 (m), 1364 (s), 1333 (w), 1207 (s),
1169 (s), 1107 (m), 943 (m), 818 (s), 766 (m), 718 (s).

The analytic data are in agreement with the literature!'3!

Synthesis of 8-bromo-5'-carboxy-1',3",3'-trimethyl-6-nitrospiro[chro-

mene-2,2'-indoline]

[NIH_P254]
OH O
i Br EtsN
i ol Wi
/ EtOH N 0 O NO,
N* I reflux, 16 h
\ NO,
57 46 48

Under argon atmosphere, indolium 57 (1.50 g, 4.3 mmol, 1.0 eq.) was suspended in
dry EtOH (40 mL). Triethylamine (0.67 mL, 4.8 mmol, 1.1 eq.) and salicylaldehyde 46
(1.18 g, 4.8 mmol, 1.1 eq.) were added and the reaction was refluxed overnight. After
full conversion was confirmed by TLC, the reaction as cooled to ambient temperature
and the precipitated product was filtered off. After drying, spiropyran 48 was obtained
as a yellow solid in 98 % (1.88 g, 4.2 mmol) yield.

M(C20H17BrN20s):  445.27 g-mol-".

Habitus: Yellow solid.
Yield: 1.88 g (4.2 mmol, 98 %).
Mp.: Slowly turns dark >235°C, melts at 268-271 °C.
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'"H-NMR:

13C-NMR:

FT-IR (ATR):

HRMS (ESI):

UV/Vis:

138

(500 MHz, DMSO-ds) & [ppm] = 12.44 (s, br, 1H, H-20), 8.28 (s,
2H, H15, H17), 7.83 (dd, 3JHe-H7 = 8.2, *Jne-Ha = 1.8 Hz, 1H, H-6),
7.70 (d, 4JHare = 1.8 Hz, 1H, H-4), 7.29 (d, 3JH11-110 = 10.4 Hz,
1H, H-11), 6.74 (d, 3Jn7-He = 8.2 Hz, 1H, H-7), 6.10 (d, 3JH10-H11 =
10.4 Hz, 1H, H-10), 2.77 (s, 3H, H-9), 1.26 (s, 3H, H18/H18’),
1.15 (s, 3H, H18/H18).

(126 MHz, DMSO-ds) & [ppm] = 167.4 (Cq, 1C, C-19), 155.2 (Cq,
1C, C-13), 151.0 (Cq, 1C, C-8), 140.8 (Cq, 1C, C-16), 135.8 (Cq,
1C, C-3), 130.9 (CHar, 1C, C-6), 128.4 (CHar, 1C, C-11), 128.1
(CHar, 1C, C-15/C-17), 122.9 (CHar, 1C, C-4), 122.1 (CHa, 1C,
C-17/C-15), 121.8 (Cq, 1C, C-5), 121.7 (CHar,1C, C-10), 119.8
(Cq, 1C, C-12), 108.4 (Cq, 1C, C-14), 107.5 (Cq, 1C, C-1), 106.4
(CHar, 1C, C-7), 51.7 (Cq, 1C, C-2), 28.4 (CH3s, 1C, C-9), 254
(CHs, 1C, C18/C18’), 19.6 (CHs, 1C, C18/C18").

v [em™"] = 3092 (w), 2965 (w), 2874 (w), 2816 (br, w), 2639 (br,
w), 1668 (m), 1609 (m), 1512 (s), 1439 (m), 1366 (m), 1333 (s),
1290 (s), 1258 (s), 1090 (s), 1055 (m), 1024 (m), 968 (s), 918
(s), 860 (s), 758 (s), 743 (s), 721 (s).

m/. calcd. for C20H17BrN20s: 445.0393607 [M+H]*;
found: 445.03983.

v [nm]: Amax (MeOH, 0.025 mm): MC = 541, 371, 320, 271; SP=
332, 278, 228.
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Synthesis of 2,3,3,5-tetramethyl-3H-indole
[OC-WP, Kimia Niazkar]

\©\ o AcOH

_NHg*Cl + % - I I g
N . /
N 115 °C, 16 h N

128 126 55
Under argon atmosphere, 5-metyl-phenylhydrazine hydrochloride (128) (6.51 g,
41.0 mmol, 1.0 eq.) and 3-methyl-2-butanone (126) (7.50 mL, 70.5 mmol, 1.7 eq.)

were dissolved in AcOH (50 mL) and heated to 16 h. After 16 h, full conversion was

confirmed by TLC. The solvent was partially removed under reduced pressure and
the remaining solution was neutralised with sat. Na2COs solution. The phases were
separated and the aqueous phases was extracted DCM (3x60 mL, 2x20 mL). The
combined organic phases were washed with brine (40 mL) and dried over Na2SOa.
After filtration, the solvent was removed under reduced pressure and indole 55 was
obtained as a dark red liquid in 90 % (6.37 g, 36.8 mmol) yield.

M(C12H15N): 173.26 g-mol".

Habitus: Dark red liquid. e 10

Yield: 6.37 g (36.8 mmol, 90 %). L ZN/1 9

Rt 0.30(2:1, cHex:EtOAC). '

H-NMR: (500 MHz, CDCls) & [ppm] = 7.41 (d, 3Jk7-ns = 7.7 Hz, 1H, H-7),

7.12 — 7.06 (m, 2H, H-4, H-6), 2.39 (s, 3H, H-11), 2.25 (s, 3H,
C-9), 1.28 (s, 6H, C-10, C-10").

13C-NMR: (126 MHz, CDCl3) & [ppm] = 187.1 (Cq, 1C, C-1), 151.6 (Cq, 1C,
C-8), 145.9 (Cq, 1C, C-3), 134.9 (Cq, 1C, C-5), 128.2 (CHar, 1C,
C-4), 122.2 (CHar, 1C, C-6), 119.5 (CHar, 1C, C-7), 53.5 (Cq, 1C,
C-2), 23.3 (CHs, 2C, C-10, C-10°), 21.5 (CH3, 1C, C-11), 15.4
(CHs, 1C, C-9).

FT-IR (ATR): V [em™'] = 2961 (w), 2924 (w), 2862 (w), 1578 (m), 1460 (s),
1429 (m), 1377 (w), 1360 (w), 1248 (w), 1202 (w), 1140 (w),
1034 (w), 943 (w), 880 (w), 820 (s), 635 (w), 615 (w).
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GC-MS: w® = 10.21 min; M/, (%) = 173.1 [M]* (80), 158.1 [M, —CHj]
(100), 115.1 (37), 91.1 [C7H7* (20), 77.0 [CeHs]* (8), 51.1
[CaH3]™ (8).

The analytic data are in agreement with the literature!'3!

Synthesis of 1,2,3,3,5-pentamethyl-3H-indol-1-ium iodide
[OC-WP, Kimia Niazkar]

Mel
- /
N MeCN, reflux, 20 h N* I

\
55 59

Under argon atmosphere, indole 55 (1.73 g, 10.0 mmol, 1.0 eq.) and iodomethane

(1.20 mL, 19.2 mmol, 1.9 eq.) were dissolved in acetonitrile (50 mL) and heated to
reflux. After 20 h, full conversion was confirmed by TLC. The solvent was removed
under reduced pressure and the residue was recrystallised from ethanol. Indolium 59

was obtained a light-brown solid in 91 % (1.91 g, 6.34 mmol) yield.

M(C13H18IN): 315.20 g'mol". . 11
12
Habitus: Light-brown solid. NS
6 s N* |
Yield: 1.91 g (6.34 mmol, 91 %). 70\
9
Mp.: Turns dark >220°C, melts at 227-229 °C, Lit.:['401214-215 °C.
H-NMR: (500 MHz, DMSO-ds) & [ppm] = 7.78 (d, 3Jur-re = 8.2 Hz, 1H,

H-7), 7.64 (d, “Jrare = 1.5 Hz, 1H, H-4), 7.43 (dd, 3Jne7 = 8.2
Hz, “Jhe+a = 1.5 Hz, 1H, H-6), 3.94 (s, 3H, H-9), 2.73 (s, 3H, H-
10), 2.44 (s, 3H, H-12), 1.50 (s, 6H, H-11, H-11").

13C-NMR: (126 MHz, DMSO-ds) & [ppm] = & 194.8 (Cq, 1C, C-1), 141.7 (Cq,
1C, C-3), 140.0 (Cq, 1C, C-8), 139.5 (Cq, 1C, C-5), 129.2 (CHar,
1C, C-6), 123.7 (CHar, 1C, C-4), 114.7 (CHar, 1C, C-7), 53.6 (Ca,
1C, C-2), 34.6 (CH3, 1C, C-9), 21.8 (CH3, 2C, C-11, C-11’), 21.0
(CHs, 1C, C-12), 13.9 (CHs, 1C, C-10).
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FT-IR (ATR): V [em"] = 3024 (w), 2967 (w), 2930 (w), 2864 (w), 1632 (w),
1612 (w), 1597 (w), 1481 (m), 1464 (m), 1427 (w), 1391 (m),
1331 (w), 1236 (w), 1163 (w), 1144 (w), 1094 (w), 1036 (w), 991
(W), 947 (m), 876 (w), 818 (s), 704 (m).

GC-MS: R = 10.61 min; M/, (%) = 187.2 [M, —HIJ* (35), 172.1 [M, —HI, —
CHa]* (100), 157.1 [M, —HI, —2XCHs]* (15), 115.1 (10), 91.1
[C7H7]™ (7).

The analytic data are in agreement with the literature!'4

Synthesis of 8-bromo-1',3",3',5'-tetramethyl-6-nitrospiro[chromene-2,2'-
indoline]
[OC-WP, Kimia Niazkar]

Br EtsN -
. H
“an EtOH N O O NO,
N\ | \
Br

reflux, 17 h
NO,

59 46 59
Under argon atmosphere, indolium 59 (600 mg, 2.00 mmol, 1.0 eq.), salicylic
aldehyde 46 (490 mg, 2.20 mmol, 1.1 eq.) and triethylamine (0.30 mL, 2.2 mmol,
1.1 eq.) were dissolved in dry EtOH (50 mL) and heated to reflux. After 17 h, the
solution was cooled to ambient temperature and the precipitated solid was filtered off
and dried. Spiropyran 59 was obtained as a green solid in 98 % (820 mg, 1.96 mmol)
yield.

M(C20H19BrN203):  415.29 g-mol".

Habitus: Green solid.

Yield: 820 mg (1.96 mmol, 98 %).

Mp.: Turns dark purple upon heating >230 °C, melts at 245-248 °C.
TH-NMR: (500 MHz, DMSO-ds) d [ppm] = 8.72 (d, *JH17-H19 = 3.1 Hz, 1H,

H-17), 8.44 (d, 3Jn12-H13 = 15.5 Hz, 1H, H-12), 8.37 (d, 3JH13-H12 =

15.5 Hz, 1H, H-13), 8.32 — 8.20 (m, 1H, H-19), 7.65 (d, 3Jn7-H6 =
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13C-NMR:

8.3 Hz, 1H, H-7), 7.61 (d, *Jua+e = 1.6 Hz, 1H, H-4), 7.37 (dd,
3Une+7 = 8.3 Hz, “Jrera = 1.6 Hz, 1H, H-6), 3.90 (s, 3H, H-9),
2.44 (s, 3H, H-11), 1.74 (s, 6H, H-10, H-10"),

(126 MHz, DMSO-dé) 5 [ppm] = 181.2 (Cq, 1C, C-1), 173.4 (Cq,
1C, C-15), 153.2 (CHar, 1C, C-13), 143.1 (Cq, 1C, C-3), 139.9
(Cq, 1C, C-8), 138.0 (Cq, 1C, C-5), 132.6 (CHar, 1C, C-17), 130.8
(Cq, 1C, C-18), 129.5 (CHar, 1C, C-19), 129.1 (CHar, 1C, C-6),
123.2 (CHar, 1C, C-4), 120.5 (Cq, 1C, C-16), 119.6 (Cq, 1C, C-
14), 113.6 (CHar, 1C, C-7), 108.8 (CHar, 1C, C-12), 50.9 (Cq, 1C,
C-2), 33.2 (CHs, 1C, C-9), 26.2 (CH3, 2C, C-10, H-10’), 21.1
(CHs, 1C, C-11).

C-17 is barely visible in the '*C-NMR but well noticeable in the H,C-2D spectra

Spiropyran

H-NMR:

13C-NMR:

FT-IR (ATR):

142

(500 MHz, DMSO-ds) & [ppm] = 8.28 — 8.21 (m, 2H, H-19, H-17),
7.24 (d, 3Ju1an1a = 10.4 Hz, 1H, H-13), 6.97 (s, 1H, H-4), 6.95 —
6.93 (m, 1H, H-6), 6.54 (d, 3Ju7He = 7.8 Hz, 1H, H-7), 6.05 (d,
3Jn12+13 = 10.3 Hz, 1H, H-12), 2.64 (s, 3H, H-9), 2.26 (s, 3H, H-
11), 1.22 (s, 3H, H-10/H-10°), 1.12 (s, 3H, H-10/H-10°).

(126 MHz, DMSO-ds) & [ppm] = 155.6 (Cq, 1C, C-15), 145.0 (Ca,
1C, C-8), 140.5 (Cq, 1C, C-18), 135.8 (Cq, 1C, C-3), 128.2 (Ca,
1C, C-5), 128.1 (CHar, 1C, C-13), 128.0 (CHar, 1C, C-17), 127.8
(CHar, 1C, C-6), 122.3 (CHar, 1C, C-4), 122.2 (CHar, 1C, C-12),
122.0 (CHar, 1C, C-19), 119.9 (Cq, 1C, C-14), 108.4 (Cq, 1C, C-
16), 108.1 (Cq, 1C, C-1), 106.9 (CHar, 1C, C-7), 52.0 (Cq, 1C, C-
2), 28.6 (CHs, 1C, C-9), 25.7 (CHs, 1C, C-10/C-10"), 20.7 (CHa,
1C, C-11), 19.8 (CHs, 1C, C-10/C-10).

v [cm~"] = 3087 (w), 3055 (w), 2984 (w), 2973 (w), 2932 (w),
1586 (m), 1519 (s), 1432 (m), 1397 (m), 1355 (w), 1301 (m),
1276 (s), 1232 (s), 1167 (m), 1136 (w), 1119 (s), 1070 (m), 970
(m), 847 (m), 742 (m), 696 (m).
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HRMS (ESI): M/, calcd. for C20H19BrN203: 415.0651816 [M+H]*;
found: 415.06537.
m/. calcd. for C20H19BrN203: 437.0471263 [M+Nal*;
found: 437.04736.

UV/Vis: v [nm]: Amax (MeOH, 0.025 mm): MC = 521, 382, 318. 270; SP=
334, 307, 273, 243.

Synthesis of 5-bromo-2,3,3-trimethyl-3H-indole
[OC-WP, Rebecca Maier]

Br
\©\ Q AcOH Br
+ - +
N \HJ\ reflux, 22 h 7
N N

129 126 54
Under argon atmosphere, (4-bromophenyl)hydrazine hydrochloride (129) (9.20 g,
41.0 mmol, 1.0 eq.) and 3-methyl-2-butanone (126) (6.00 g, 70.0 mmol, 1.7 eq.) were

dissolved in acetic acid (50 mL) and heated to reflux. After 22 h, full conversion was

confirmed by TLC. The mixture was cooled to ambient temperature and concentrated
under reduced pressure. Water (30 mL) and DCM (50 mL) were added to the residue
and the mixture was neutralised with sat. Na2COs solution. The phases were
separated and the aqueous phase was extracted with DCM (4x60 mL). The
combined organic phases were dried over MgSO4 and filtered. After the solvent was
removed under reduced pressure, indole 54 was obtained as dark yellow oil in 98 %
(9.53 g, 40.0 mmol) yield.

M(C11H12BrN): 238.13 g'mol". Bros s

Habitus: Dark yellow oil. ] ! ;/1 9

Yield: 9.53 g (40.0 mmol, 98 %). '

TH-NMR: (500 MHz CDCI3) & [ppm] = 7.50 — 7.31 (m, 3H, H-4, H-6, H-7),
2.26 (s, 3H, H-9), 1.30 (s, 6H, H-10, H-10’).

13C-NMR: (126 MHz, CDCls) & [ppm] = 188.6 (Cq, 1C, C-9), 152.8 (Cq, 1C,

C-8), 148.0 (Cq, 1C, C-3), 130.8 (CHa, 1C, C-6), 125.0 (CHar,

1C, C-4/C-7), 121.4 125.0 (CHar, 1C, C-4/C-7), 119.0 (Cq, 1C,
143
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C-5), 54.3 (Cq, 1C, C-2), 23.1 (CHs, 2C, C-10, C-10"), 15.6 (CHs,
2C, C-9).

FT-IR (ATR): vV [em™'] = 2963 (w), 2926 (w), 2868 (w), 1690 (w), 1605 (w),
1574 (m), 1531 (w), 1462 (s), 1445 (s), 1427 (m), 1416 (m), 1362
(m), 1314 (w), 1256 (m), 1244 (m), 1219 (m), 1198 (m), 1148
(w), 1117 (w), 1084 (m), 1051 (w), 1007 (w), 937 (w), 874 (m),
820 (s), 808 (s), 760 (w), 706 (m), 677 (m), 633 (m).

GC-MS: R = 11.36 min; M/, (%) = 239.1 [M, 8'Br]* (92), 237.0 [M, °Br]*
(100), 224.0 [M, &Br, —CHa]™* (73), 222.0 [M, 7°Br, —CHa]"* (73),
158.1 [M, —Br]* (34), 143.1 [M,—Br, —CHa]* (41), 115.1 (97),
102.1 (29), 91.1 (23), 75.1 (21).

The analytic data are in agreement with the literaturel'4]

Synthesis of 5-bromo-1,2,3,3-tetramethyl-3H-indol-1-ium iodide
[OC-WP, Rebecca Maier]

Br Mel Br
/,
7 MeCN, reflux, 20 h Nt I
N \

54 58
Under argon atmosphere, indole 54 (2.38 g, 10.0 mmol, 1.0 eq.) and iodomethane

(5.0 mL, 80.0 mmol, 8.0 eq.) were dissolved in acetonitrile (100 mL) and heated to
reflux. After 20 h, full conversion was confirmed by TLC. The mixture was cooled to
ambient temperature, and the precipitate solid was filtered off and washed with

diethyl ether. Indolium 58 was obtained as a beige solid in 72 % (2.75 g, 7.24 mmol)

yield.
M(C12H1sBrNO):  380.07 g-mol". 4 1

Br5 3 ]
Habitus: Beige solid. ] :\11 10

8 I
7 \

Yield: 2.75 g (7.24 mmol, 72 %). 9
Mp.: 235-236 °C, Lit.: 1411245 °C.
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H-NMR: (500 MHz, DMSO-ds) & [ppm] = 8.17 (d, “Jnars = 1.8 Hz, 1H,
H-4), 7.88 (d, 3Ju7+e = 8.5 Hz, 1H), 7.85 (dd, 3Jue+7 = 8.5 Hz,
4Jnera 1.8 Hz, 1H), 3.96 (s, 3H, H-9), 2.76 (s, 3H), 1.54 (s, 6H).

13C-NMR: (126 MHz, DMSO-ds) & [ppm] = 196.5 (Cq, 1C, C-1), 143.8 (Ca,
1C, C-3), 141.4 (Cq, 1C, C-8), 131.7 (CHa,, 1C, C-6), 126.7
(CHar, 1C, C-4), 122.6 (Cq, 1C, C-5), 117.1 (CHar, 1C, C-7), 54.2
(Cq, 1C, C-2), 34.9 (CHs, 1C, C-9), 21.5 (CH3, 2C, C-11, C-11"),
14.3 (CHs, 1C, C-10).

FT-IR (ATR): vV [em™'] = 3040 (w), 3013 (w), 2967 (w), 2913 (w), 2868 (w),
1628 (w), 1607 (w), 1582 (w), 1466 (m), 1450 (m), 1406 (m),
1337 (w), 1319 (w), 1254 (w), 1233 (w), 1169 (w), 1134 (m),
1078 (m), 1036 (w), 935 (m), 880 (W), 824 (s), 795 (m), 638 ().

GC-MS: R =12.02 min; M/, (%) = 253.0 [M, 8'Br, —HI]"* (44), 251.1 [M,
79Br, —HI]* (45), 238.0 [M, 8'Br, -HI, —CHa]"* (95), 236.0 [M, 7°Br,
-HI, =CHa]* (100), 157.1 [M, —=HI,— CHs, —Br]* (45), 143.1 [M,—
Br, —CHa]™* (41), 142.1 (15), 128.1 (23), 115.1 (27).

The analytic data are in agreement with the literaturel'4]

Synthesis of 5',8-dibromo-1',3",3'-trimethyl-6-nitrospiro[chromene-2,2'-

indoline]
[OC-WP, Rebecca Maier]
OH O 5
Br Br H EtsN r O -
7 EtOH N O O NO,
N reflux, 17 h \
NOz Br
54 46 58

Under argon atmosphere, indolium 54 (1.14g, 3.00 mmol, 1.0 eq.), salicylic
aldehyde 46 (0.86 g, 3.50 mmol, 1.2 eq.) and triethylamine (0.44 mL, 3.2 mmol,
1.1 eq.) were suspended in dry EtOH (50 mL) and the mixture was heated to reflux.
After 17 h, the mixture was cooled to ambient temperature and the precipitated solid
was filtered off and washed with cold EtOH. After drying under reduced pressure,

spiropyran 58 was obtained as a dark-grey solid in 79 % (1.3 g, 2.7 mmol) yield.
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M(C19H16Br2N203): 480.16 g-mol-".

Habitus:
Yield:
Mp.:

'"H-NMR:

3C-NMR:

FT-IR (ATR):

HRMS (ESI):

UV/Vis:

Dark-grey solid.

1.3 9 (2.7 mmol, 79 %).

249°C, Lit.:['*11252 °C.

(500 MHz, DMSO-db) & [ppm] = 8.28 (d, 4Jheris = 2.7 Hz, 1H,
H-16), 8.27 (d, 4Jreris = 2.7 Hz, 1H, H-18), 7.35 (d, “Jrarie =
2.1 Hz, 1H, H-4), 7.30 (dd, 3Jne-H7 = 8.3, *JHe-H4 = 2.1 Hz, 1H,
H-6), 7.27 (d, 3Jn12111 = 10.4 Hz, 1H, H-12), 6.64 (d, 3JH7+e =
8.3 Hz, 1H, H-7), 6.06 (d, 3Jut1h12 = 10.4 Hz, 1H, H-11), 2.67 (s,
3H, H-9), 1.23 (s, 3H, H-10/H-10"), 1.14 (s, 3H, H-10/H-10").

(126 MHz, DMSO-dé) & [ppm] = 155.3 (Cq, 1C, C-14), 146.5 (Ca,
1C, C-8), 140.7 (Cq, 1C, C-16), 138.5 (Cq, 1C, C-3), 130.2 (CHar,
1C, C-6), 128.4 (CHar, 1C, C-12), 128.1 (CHar, 1C, C-16), 124.7
(CHar, 1C, C-4), 122.1 (Cq, 1C, C-18), 121.7 (CHar, 1C, C-11),
119.8 (Cq, 1C, C-13), 110.7 (Cq, 1C, C-5), 109.1 (CHar, 1C, C-7),
108.4, 107.6 (Cq, 1C, C-1), 52.1 (Cq, 1C, C-2), 28.5 (CHs, 1C, C-
9). 25.2 (CHs, 1C, C-10/C-10’), 19.4 (CHs, 1C, C-10/C-10").

7 [em'] = 3102 (w), 2983 (w), 2936 (w), 1598 (m), 1511 (s),
1441 (m), 1399 (m), 1291 (s), 1204 (s), 1167 (m), 1120 (m),
1081 (s), 960 (m), 823 (m), 745 (w), 730 (m).

M/ calcd. for C19H16BraN203: 433.9749659 [M+H]*;
found: 433.97533.

M/, calcd. for C19H16BraN203: 500.9419888 [M+Nal*;
found: 500.94274.

¥ [nm]: Amax (MeOH, 0.025 mm): MC = 532, 371, 320, 273, 239;
SP= 335, 313, 271, 247.

The analytic data are in agreement with the literature!'4']
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Synthesis of 1,2,3,3-tetramethyl-3H-indol-1-ium iodide

[NIH_P267]
N MeCN N\+ I
reflux, 16 h
25 33

Under argon atmosphere, indole 25 (15.9 g, 100 mmol, 1.0 eq.) and iodomethane
(18.7 mL, 300 mmol, 3.0 eq.) were dissolved in MeCN (80 mL, HPLC grade) and
refluxed for 16 h. After cooling to ambient temperature, the precipitate was filtered off
and washed with Et20. Indolium 33 was obtained as beige solid in 93 % (27.9 g,
92.5 mmol) yield.

M(C12H16IN): 301.17 g'mol-". - "
5
Habitus: Beige solid. 23— 10
6 ) N\+ I_
7
Yield: 27.9 g (92.5 mmol, 93 %). 9
Mp.: decomp. >248 °C, Lit.:l'"*ldecomp. >245 °C.
TH-NMR: (500 MHz, DMSO-ds) & [ppm] = 7.94 — 7.90 (m, 1H, H-7), 7.86 —

7.82 (m, 1H, H-4), 7.66 — 7.60 (m, 2H, H-5, H-6), 3.98 (s, 3H),
2.78 (s, 3H), 1.54 (s, 6H).

13C-NMR: (126 MHz, DMSO-ds) & [ppm] = 196.0 (Cq, 1C, C-1), 142.1 (Cq,
1C, C-8), 141.6 (Cq, 1C, C-3), 129.3 (CHa,, 1C, C-5), 128.8
(CHar, 1C, C-6), 123.3 (CHar, 1C, C-4), 115.1 (CHar, 1C, C-7),
53.9 (Cq, 1C, C-1), 34.7 (CHs, 1C, C-9), 21.7 (CHs, 2C, C-11),
14.2 (CHs, 1C, C-10).

FT-IR (ATR): V [em"] = 3026 (w), 2974 (w), 2965 (w), 2928 (w), 2864 (w),
1630 (w), 1595 (w), 1481 (m), 1456 (m), 1393 (w), 1356 (w),
1325 (w), 1296 (w), 1263 (w), 1236 (w), 1173 (w), 1092 (w), 989
(w), 937 (m), 883 (w), 818 (w), 777 (s), 768 (s).

GC-MS: = min 10.18; M/, (%) = 171.6 (33), 156.5 (100), 141.4 (17)
113.2 (13).

The analytic data are in agreement with the literature!'4?
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Synthesis of 2,3,3-trimethyl-5-nitro-3H-indole
[NIH_P273, NIH_P290]

HNO,
O,N
4 HySO4 /4
N <0°C,15h N

25 60
Indole 25 (9.6 mL, 60 mmol, 1.0 eq.) was added in small portions to conc. sulfuric

acid (40 mL) which was cooled to —10 °C. While addition the temperature was kept
below 10 °C. After the temperature was back at —10 °C, a solution of conc. nitric acid
(6.1 mL, 72 mmol, 1.2 eq.) in conc. sulfuric acid (40 mL) was added over 1.5 h while
the temperature was kept below 0 °C. The solution was stirred for further 1.5 h before
it was poured onto ice (150 g). The pH of the solution was adjusted to eight by
addition of conc. NaOH while keeping the temperature below 15 °C. The precipitated
solid was filtered of and washed with water. The wet product was dissolved in EtOH
and dried over Na2SQOs4. After the solvent was removed under reduced pressure,

indole 60 was obtained a yellow solid in 87 % (10.6 g, 51.9 mmol) yield.

M(C11H12N202): 204.23 g-mol".
10

Habitus: Yellow solid. O,N_5 :“ 3 X§1

2

/ 9
Yield: 10.6 g (51.9 mmol, 87 %). 6 g N

7

Rt 0.36 (1:2, cHex:EtOAC).
Mp.: 129-130 °C, Lit.:l'201130-131 °C.
TH-NMR: (500 MHz, CDCl3) & [ppm] = 8.25 (dd, 3JHe-H7 = 8.4 Hz, 3JHe-Ha =

2.3 Hz, 1H, H-6), 8.15 (d, 3Jha-+s = 2.3 Hz, 1H, H-4), 7.61 (d, 3Ji7-
46 = 8.5 Hz, 1H, H-7), 2.35 (s, 3H, H-9), 1.36 (s, 6H, H-10, H-10").

13C-NMR: (126 MHz, CDCl3) & [ppm] = 194.2 (Cq, 1C, C-1), 159.1 (Cq, 1C,
C-8), 146.8 (Cq, 1C, C-3), 145.8 (Cq, 1C, C-5), 124.7 (CHar, 1C,
C-6), 120.2 (CHar, 1C, C-7), 117.3 (CHar, 1C, C-4), 54.6 (Cq, 1C,
C-2), 22.9 (CHs, 2C, C-10, C-10’), 16.1 (CHs, 1C, C-9).

FT-IR (ATR): v [em™'] = 3094 (w), 3032 (w), 2976 (w), 1599 (w), 1564 (m),
1514 (s), 1464 (w), 1450 (w), 1420 (m), 1389 (w), 1335 (s), 1315
(s), 1288 (m), 1240 (m), 1206 (m), 1152 (w), 1111 (m), 1055 (w),
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1036 (w), 997 (w), 945 (w), 912 (m), 899 (w), 847 (s), 802 (s),
773 (m), 739 (s), 710 (w), 681 (w), 635 ().

GC-MS: R = 12.35 min; M/, (%) = 204.1 [M]* (100), 189.0 [M, —CHa]"*
(81), 174.1 [M, 2x=CHs]* (31), 159.1 [M, NO2]* (33), 143.1 (36),
115.1 (78), 91.1 (34), 77.0 [CeHs]™* (17).

The analytic data are in agreement with the literature!'2°]

Synthesis of 1,2,3,3-tetramethyl-5-nitro-3H-indol-1-ium iodide
[NIH_P275, NIH_P291]

O5N
OzN\Cfgi Mel 2 \©\)§7
/
Y/ R
N MeCN N\+ '

reflux, 16 h

60 63
Under argon atmosphere, indole 60 (4.43 g, 22.0 mol, 1.0 eq.) and iodomethane
(4.1 mL, 66 mmol, 3.0 eq.) were suspended in MeCN (40 mL, HPLC grade) and
heated to reflux. After 16 h, the solvent and excess iodomethane were removed
under reduced pressure. The residue was suspended in Et20 and filtered.

Indolium 63 was obtained as a beige powder in 91 % (7.1 g, 20 mmol) yield.

M(C12H15IN202):  346.17 g-mol". 1

O,N_5 ‘ 3
Habitus: Beige powder. 23 1o
6 A N\+ I-

7

Yield: 7.1 g (20 mmol, 91 %). 9
Mp.: Turns dark >180°C, melts at 198—200 °C, Lit.:['201 205-208 °C.
H-NMR: (500 MHz, CD3CN) & [ppm] = 8.59 (d, *Jra-ns = 2.2 Hz, 1H, H-4),

8.50 (dd, 3JueH7 = 8.8 Hz, 3Jheta = 2.3 Hz, 1H, H-6), 7.94 (d,
3Jnz+e = 8.8 Hz, 1H, H-7), 3.99 (s, 3H, H-9), 2.80 (s, 3H, H-10),
1.63 (s, 6H, H-11, H-11").

13C-NMR: (126 MHz, CD3CN) & [ppm] = 202.4 (Cq, 1C, C-1), 149.7 (Cq, 1C,
C-5), 147.1 (Cq, 1C, C-8), 143.9 (Cq, 1C, C-3), 126.3 (CHar, 1C,
C-6), 120.1 (CHar, 1C, C-4), 117.2 (CHar, 1C, C-7), 56.2 (Cq, 1C,
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C-2), 36.6 (CH3, 1C, C-9), 22.1 (CH3, 1C, C-10), 16.0 (CH3, 2C,

C-11, C-11").
C-1, C-5 and C8 are barely visible in the "*C-NMR but well noticeable in the H,C-2D spectra
FT-IR (ATR): vV [cm~1] = 3464 (w), 3092 (w), 3067 (w), 3028 (w), 2978 (w),

2947 (w), 1632 (w), 1595 (w), 1530 (s), 1474 (m), 1462 (m),
1341 (s), 1265 (w), 1113 (w), 1053 (w), 984 (w), 945 (w), 920
(W), 824 (w), 781 (s), 733 (m).

GC-MS: R = 13.54 min; M/, (%) = 218.1 [M]* (59), 203.0 [M, —CHa]™*
(100), 197.9 [M, 2x—CHzs]™* (13), 173.0 [M, 3x—CHzs]* (20), 157.1
[M, —CHs, —NO2]* (73), 115.1 (27), 91.1 [C7H7]* (17), 77.0
[CeHs]™* (22), 51.1 [C4H3]™ (27).

The analytic data are in agreement with the literature!“¢ 1201

Synthesis of 8-bromo-1',3',3'-trimethyl-5',6-dinitrospiro[chromene-2,2'-

indoline]
[NIH_P278]
OH O ON _
O,N : S</ Br ’ Et;N O
/ + EtOH N O Q NO
N\* I reflux, 16 h \ 2
N02 Br
63 46 61

Under argon atmosphere, indolium 63 (0.69 mg, 2.0 mmol, 1.0 eq.) and salicylic
aldehyde 46 (0.54 g, 2.2 mmol, 1.1 eq.) were suspended in EtOH (10 mL, HPLC
grade) and heated to reflux. After 16 h, the solution was cooled to ambient
temperature and the precipitated product was filtered of and washed with Et20.
Spiropyran 61 was obtained a yellow solid in 85 % (0.75 g, 1.7 mmol) yield.

M(C19H16BrN3Os):  446.26 g-mol".

Habitus: Yellow solid.
Yield: 0.75 g (1.7 mmol, 85 %).
Mp.: Slowly turns dark >190 °C, melts at 222—-224 °C.
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'"H-NMR:

13C-NMR:

FT-IR (ATR):

HRMS (ESI):

UV/Vis:

(500 MHz, DMSO-de) & [ppm] = 8.31 (s, 2H, H-16, H-18), 8.17
(dd, 3Jrer7 = 8.7 Hz, *Jrera = 2.4 Hz, 1H, H-6), 8.08 (d, *Jhare =
2.4 Hz, 1H, H-4), 7.32 (d, 3Jna+12 = 10.4 Hz, 1H, H-12), 6.87 (d,
3Jn7-He = 8.7 Hz, 1H, H-7), 6.12 (d, 3JH12-113 = 10.4 Hz, 1H, H-11),
2.85 (s, 3H, H-9), 1.31 (s, 3H, H-10/H-10’), 1.19 (s, 3H, H-10/H-
10').

(126 MHz, DMSO-ds) & [ppm] = 154.7 (Cq, 1C, C-14), 152.7 (Ca,
1C, C-8), 141.1 (Cq, 1C, C-17), 140.1 (Cq, 1C, C-7), 136.8 (Ca,
1C, C-3), 128.6 (CHar, 1C, C-12), 128.2 (CHar, 1C, C-15), 126.2
(CHar, 1C, C-6), 122.2 (CHar, 1C, C-18), 121.1 (CHar, 1C, C-11),
119.7 (Cq, 1C, C-13), 118.1 (CHar, 1C, C-4), 108.5 (Cq, 1C, C-
15), 107.2 (Cq, 1C, C-1), 106.3 (CHar, 1C, C-7), 51.7 (Cq, 1C, C-
2), 28.5 (CHs, 1C, C-9), 25.0 (CHs, 1C, C-10/C-10"), 19.3 (CHs,
1C, C-10/C-10").

v [cm-1] = 3078 (w), 2968 (w), 2938 (w), 1603 (m), 1516 (s),
1491 (s), 1441 (m), 1312 (s), 1287 (s), 1269 (s), 1260 (s), 1225
(M), 1206 (w), 1177 (m), 1123 (m), 1107 (s), 1090 (s), 1051 (m),
1020 (s), 968 (s), 930 (s), 905 (s), 868 (s), 843 (M), 814 (s), 772
(m), 760 (m), 719 (s).

M/, calcd. for C19H16BrN3Os: 446.0346097 [M+H]*;
found: 446.03503.

m/. calcd. for C19H16BrN3Os: 468.0165544 [M+Nal*;
found: 468.01708.

¥ [nm]: Amax (MeOH, 0.025 mm): MC = 559, 370, 245; SP= 365,
246. 226.
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Synthesis of 2,3,3-trimethyl-3H-indol-5-amine
[NIH_P284]

O,N SnCl,-2H,0 H,N
/ /
[ I NE HCI, reflux, 3 h [ :[ NE
60 64

Indole 60 (3.65g, 17.9 mmol, 1.0eq.) and tin(ll)chloride dihydrate (22.2 g,
98.4 mmol, 5.5 eq.) were suspended in 6 M HCI (40 mL) and heated to reflux. After

3 h, full conversion was confirmed by TLC. The solution was cooled to 0 °C and
neutralised (pH 7) with conc. NaOH-solution. After extraction with EtOAc (3x100 mL),
the combined organic phases were dried over Na2SO4 and filtered. The solvent was
removed under reduced pressure and indole 64 was obtained a beige solid in 88 %
(2.76 g, 15.8 mmol) yield.

M(C11H14N2): 174.25 g-mol-". s s “’1
Habitus: Beige solid. m i

7

Yield: 2.76 g (15.8 mmol, 88 %).

Rt 0.30 (1:3, cHex:EtOAC).

Mp.: 182-185°C.

"H-NMR: (500 MHz, DMSO-ds) d [ppm] = 7.06 (d, 3Ju7-Hs = 8.1 Hz, 1H,

H-7), 6.57 (d, “JHanvs = 2.2 Hz, 1H, H-4), 6.44 (dd, 3JHe-H4 =
8.1 Hz, 3Jne-v7 = 2.2 Hz, 1H, H-6), 4.97 (s, 2H, H-11), 2.10 (s,
3H, H-9), 1.16 (s, 6H, H-10, H-10").

13C-NMR: (126 MHz, DMSO-ds) & [ppm] = 181.5 (Cq, 1C, C-1), 147.1 (Cq,
1C, C-3), 146.5 (Cq, 1C, C-5), 143.9 (Cq, 1C, C-8), 119.3 (CHa,
1C, C-7), 112.1 (CHar, 1C, C-6), 107.7 (CHar, 1C, C-4), 52.5 (Cq,
1C, C-2), 23.0 (CHs, 2C, C-10, C-10’), 14.7 (CHs, 1C, C-9).

FT-IR (ATR): v [em™"] = 3333 (w), 3194 (m), 2959 (m), 2922 (w), 2862 (w),
1651 (w), 1616 (m), 1589 (m), 1576 (m), 1476 (s), 1460 (s), 1422
(m), 1377 (m), 1346 (m), 1306 (m), 1288 (m), 1248 (w), 1223
(w), 1196 (m), 1115 (m), 1063 (w), 945 (w), 860 (s), 822 (s), 768
(m), 708 (s), 679 (s), 613 (s).
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GC-MS: wR = 11.74 min; M/, (%) = 174.1 [M]"* (100), 159.1 [M, —CHa]**
(88), 132.1 (12), 91.1 (9), 77.0 [CeHs]™ (9).

Synthesis of N,N,N,1,3,3-hexamethyl-2-methyleneindolin-5-aminium
iodide
[NIH_P285]

N/ EtOH, reflux, 44 h N
64 65
Under argon atmosphere, indole 64 (1.74 g, 10.0 mmol, 1.0 eq.), iodomethane
(2.80 mL, 45.0 mmol, 45eq.) and K2COs (6.22g, 45.0 mmol, 4.5eq.) were

suspended in dry EtOH (90 mL) and heated to reflux. After 18 h and after 38 h,

additional iodomethane (2x2.8 mL, 20 mmol, 2.0 eq.) was added to the reaction. The

reaction was stopped after in total 44 h. The reaction mixture was filtered and the
solution was washed with water (100 mL). The organic phase was dried over
Naz2SO0q, filtered and the solvent was removed under reduced pressure. The crude
product was purified by column chromatography over silica gel (7:1->5:1,
DCM:MeOH). Indolium 65 was obtained as a red solid in 29 % (0.76 g, 2.9 mmol)
yield.

M(C15H23IN2): 385.27 g'mol". ., 11
I N* 5 3

. . . // 2\ 1

Habitus: Red solid. 12 10
6 sN

Yield: 0.76 g (2.0 mmol, 20 %). T\
Rr: 0.23 (5:1, DCM:MeOH).
Mp.: decomp. >110°C.
TH-NMR: (500 MHz, DMSO-ds) & [ppm] = 7.86 (d, *JHa-Hs = 2.9 Hz, 1H,

H-4), 7.64 (dd, 3Juen7 = 8.8 Hz, *Jusra = 2.8 Hz, 1H, H-6), 6.81
(d, 3Jn7H6 = 8.8 Hz, 1H, H-7), 4.03 — 3.94 (m, 2H, H-10), 3.57 (s,
9H, H-12), 3.06 (CH3, 1C, H-9), 1.34 (s, 6H, H-11, H-11").
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13C-NMR: (126 MHz, DMSO-ds) & [ppm] = 161.2 (Cq, 1C, C-1), 146.6 (Ca,
1C, C-8), 138.8 (Cq, 1C, C-5), 138.6 (Cq, 1C, C-3), 119.9 (CHar,
1C, C-6), 114.6 (CHar, 1C, C-4), 104.7 (CHa,, 1C, C-7), 76.3
(CHz, 1C, C-10), 56.8 (CHs, 3C, C-12), 43.8 (Cq, 1C, C-2), 29.5
(CHs, 2C, C-11, C-11°), 28.8 (CH3, 1C, C-9).

FT-IR (ATR): V [em™'] = 3406 (m), 3011 (w), 2957 (w), 2922 (w), 2899 (w),
2864 (w), 1655 (m), 1611 (s), 1495 (s), 1470 (s), 1460 (s), 1385
(s), 1364 (m), 1344 (m), 1304 (s), 1285 (m), 1238 (m), 1227 (m),
1161 (w), 1140 (m), 1119 (s), 1099 (s), 1061 (m), 937 (s), 918
(s), 874 (s), 864 (s), 797 (s), 762 (s), 706 (m), 681 (m), 650 (s),
619 (s), 606 (s).

GC-MS: wR = 13.05 min; M/, (%) = 230.2 [M=HI]* (73), 215.2 [M, —HI, —
CHs]™* (100), 200.2 [M, —HI, 2x—CHa]* (31), 188.1 (15), 173.2 [M,
—INMes]™* (14), 115.1 (13), 77.1 [CeHs]™* (10).

Synthesis of 8-bromo-N,N,N,1',3',3'-hexamethyl-6-nitrospiro-[chromene-

2,2'-indolin]-5'-aminium iodide

INIH_P287]
OH O
I ,L+ Br DIPEA
AL e
EtOH N o O NO,
N\ reflux, 24 h
NO,
65 46 62

Under argon atmosphere, indole 65 (500 mg, 1.40 mmol, 1.0 eq.), salicylic
aldehyde 46 (615 mg, 2.50 mmol, 1.8 eq.) and diisopropylethylamine (0.40 mL,
2.3 mmol, 1.6 eq.) were suspended in EtOH (15 mL, HPLC grade) and heated to
reflux. Full conversion was confirmed by TLC after 24 h. All volatile components were
removed under reduced pressure and the residue was recrystallised from EtOH.

Spiropyran 62 was obtained as a pale red solid in 71 % (609 mg, 1.04 mmol) yield.
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M(C22H25BrIN3O3):
Habitus:

Yield:

Mp.:

'"H-NMR:

3C-NMR:

FT-IR (ATR):

HRMS (ESI):

UV/Vis:

586.27 g-mol".

Pale red solid.

609 mg (1.04 mmol, 71 %).
turns dark >160 °C, melts at 196-198 °C.

(500 MHz, DMSO-de) & [ppm] = 8.30 (s, 2H, H-17, H-19), 7.83
(d, “JHa-+e = 2.8 Hz, 1H, H-4), 7.70 (dd, 3Jne-H7 = 8.7 Hz, *JHe-H4 =
2.8 Hz, 1H, H-6), 7.29 (d, 3Ju1ar12 = 10.3 Hz, 1H, H-13), 6.81 (d,
3Jn7-H6 = 8.8 Hz, 1H, H-7), 6.08 (d, 3JH12-H13 = 10.3 Hz, 1H, H-12),
3.58 (s, 9H, H-11), 2.75 (s, 3H, H-9), 1.30 (s, 3H, H-10/H-10"),
1.17 (s, 3H, H-10/H-10’).

(126 MHz, DMSO-ds) & [ppm] = 155.5 (Cq, 1C, C-15), 148.2 (Ca,
1C, C-8), 141.4 (Cq, 1C, C-18), 140.7 (Cq, 1C, C-5), 137.8 (Cq,
1C, C-3), 128.8 (CHar, 1C, C-13), 128.6 (CHar, 1C, C-17), 122.6
(CHar, 1C, C-19), 122.1 (CHar, 1C, C-12), 120.6 (CHar, 1C, C-6),
120.3 (Cq, 1C, C-14), 114.9 (CHar, 1C, C-4), 108.8 (Cq, 1C, C-
16), 107.8 (Cq, 1C, C-1), 107.0 (CHar, 1C, C-7), 57.2 (CHs, 3C,
C-11), 52.7 (Cq, 1C, C-2), 28.9 (CHs, 1C, C-9), 26.0 (CHs, 1C, C-
10/C-10"), 20.1 (CHs, 1C, C-10/C-10").

7 [cm-"] = 3080 (w), 3007 (w), 2963 (w), 1655 (w), 1614 (w),
1589 (w), 1520 (s), 1497 (m), 1449 (w), 1437 (w), 1375 (w), 1341
(s), 1312 (m), 1275 (m), 1206 (w), 1092 (m), 1022 (w), 972 (m),
951 (w), 924 (w), 862 (s), 806 (w), 743 (m), 721 (m), 696 (W),
679 (w).

My, calcd. for C22H25BrIN3Os: 458.1073808 [M, —I]*;
found: 458.10800.

¥ [nmJ: Amax (MeOH, 0.025 mm): MC = 544, 376, 309, 250; SP =
388, 336, 252.
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Synthesis of 5-hydroxy-2,3,3-trimethyl-3H-indole
[NIH_P240]

/ ° /
N DCM,0°Ctort, 16 h N

52 70
Indole 52 (1.70 g, 9.00 mmol, 1.0 eq.) was dissolved in dry DCM (40 mL) and cooled

to 0 °C. A solution of BBr3 in heptane (1 M, 10 mL, 10 mmol,1.1 eq.) was added over

a period of 10 min. After the addition was completed, the reaction was stirred for
further 30 min at 0 °C and then warmed to ambient temperature. After 16 h, full
conversion was confirmed by TLC. Water (60 mL) was added to the solution and
pH~6 was adjusted by the addition of a sat. solution of Na2COs. The phases were
separated, the aqueous solution was extracted with DCM (2x50 mL) and the
combined organic phases were dried over Na2SOas. After filtration, the solvent was
removed under reduced pressure and indole 70 was obtained as a pale brown solid
in 88 % (1.4 g, 7.88 mmol) yield.

M(C11H13sNO): 175.21 g-mol". 11 4 10
HO. & ~3 X,
2
Habitus: Pale brown solid. 6\©\)N§7 o
8

7

Yield: 1.38 g (7.88 mmol, 88 %).

Rr: 0.29 (1:3, cHex:EtOAC).

Mp.: 175-177 °C.

"H-NMR: (500 MHz, DMSO-ds) & [ppm] = 9.29 (s, 1H, H11), 7.19 (d, 3Jnr-

H6 = 8.2 Hz, 1H, H7), 6.79 (d, 3Jna-ne = 2.4 Hz, 1H, H-4), 6.65 (dd,
3UneH7 = 8.2, 4Ukera = 2.4 Hz, 1H, HB), 2.14 (s, 3H, HO), 1.20 (s,
6H, H10).

13C-NMR: (126 MHz, DMSO-ds) & [ppm] = 184.2 (Cq, 1C, C-1), 155.4 (Ca,
1C, C-5), 147.4 (Cq, 1C, C-3), 145.5 (Cq, 1C, C-8), 119.4 (CHar,
1C, C-4), 113.5 (CHar, 1C, C-6), 109.2 (CHar, 1C, C-7), 53.1 (Ca,
1C, C-2), 22.8 (CH3, 2C, C-10), 14.8 (CH3, 1C, C-9).

FT-IR (ATR): vV [em™'] = 3022 (w), 2967 (w), 2928 (w), 2837 (w), 2681 (w),
2631 (w), 2561 (w), 1620 (w), 1582 (m), 1460 (s), 1429 (m),
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1387 (s), 1358 (s), 1292 (s), 1269 (m), 1190 (s), 1111 (w), 1061
(m), 945 (w), 847 (m), 816 (s), 764 (M), 621 (W).

Synthesis of 5-(2-(2-(2-methoxyethoxy)ethoxy)ethoxy)-2,3,3-tri-methyl-
3H-indole
[NIH_P232, NIH_P246]

HO K,CO 0]
O. 23
\O\)gi ¥ \60/\%3 Tos —_— %O% /
N acetone N

reflux, 3 d
70 72 4
Under argon atmosphere, indole 70 (0.28 g, 1.6 mmol, 1.0 eq.) and K2CO3 (0.66 g,
4.8 mmol, 3.0 eq.) were dissolved in acetone (20 mL, HPLC grade). Tosylate 72
(mPEG3-Tos) (0.61 g, 1.9 mmol, 1.2 eq.) was added and the reaction was heated to
reflux. After 3 d, the reaction was cooled to ambient temperature. Water (25 mL) was
added and the phases were separated. After extraction with DCM (4x50 mL) the
combined organic phases were washed with brine (1x50 mL) and dried over Na2SOa.
The solvent was removed under reduced pressure and the crude product was
purified by column chromatography over silica gel (1:3, cHex:EtOAc). Indole 71 was

obtained as an orange resin in 75 % (0.38 g, 1.2 mmol) yield.

M(C18H27NOa4): 321.42 g'mol.

13 12 0.5 4 3 10
14 N
. . (@) 2\ 1
Habitus: Orange resin. ﬁs " Ve
\15/\0/17 6 : s N

Yield: 0.38 g (1.2 mmol, 75 %).
Rt 0.11 (1:3, cHex:EtOAC).
"H-NMR: (500 MHz, CDCIz) & [ppm] 7.42 (d, 3Jne-H7 = 8.4 Hz, 1H, H-7),

6.88 (d, “JHa-+e = 2.4 Hz, 1H, H-4), 6.83 (dd, 3JHe-H7 = 8.4, *JHe-H4
= 2.4 Hz, 1H, H-6), 4.15 (m, 2H, H1-1), 3.91 — 3.84 (m, 2H, H-
12), 3.75 (m, 2H, H-13), 3.69 (m, 2H, H-14), 3.66 (m, 2H, H-15),
3.55 (m, 2H, H-16), 3.38 (s, 3H, H-17), 2.26 (s, 3H, H-9), 1.28 (s,
6H, H-10, H-10’).
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13C-NMR: (126 MHz, CDCl3) & [ppm] = 186.2 (Cq, 1C, C-1), 157.4 (Cq, 1C,
C-5), 147.2 (Cq, 2C, C3, C-8), 120.1 (CHa, 1C, C-7), 112.9
(CHar, 1C, C-4), 109.2 (CHar, 1C, C-6), 72.1 (CH2, 1C, C-16),
71.0 (CH2, 1C, C-13), 70.8 (CHz, 1C, C-14), 70.7 (CHz, 1C, C-
15), 70.0 (CHz2, 1C, C-12), 68.1 (CH2, 1C, C-11), 59.2 (CHs, 1C,
C-17), 53.9 (Cq, 1C, C-2), 23.3 (CHs, 2C ,C-10), 15.4 (CHs, 1C,
C-9).

FT-IR (ATR): V [em"] = 2959 (w), 2866 (w), 1612 (w), 1593 (w), 1578 (w),
1460 (s), 1435 (w), 1377 (w), 1287 (m), 1248 (w), 1196 (s), 1105
(s), 1070 (s), 1030 (m), 995 (w), 957 (m), 932 (m), 849 (m), 822
(m), 758 (w).

GC-MS: wrR=15.97 min; M/, (%)=321.3 [M]*, 175.1 [M,
—(CH2CH20)2CHs, +H]™* (81), 174.2 [M, —(CH2CH20)2CH3]™* (27),
160.1 [M,—(CH2CH20)2CHs, —CHs, +H]™* (47), 147.1 (26) 131.1
(15), 115.2 (23), 77.0 [CeHs]* (11), 59.1 [C3H7O]™* (93).

Synthesis of 5-(2-(2-(2-methoxyethoxy)ethoxy)ethoxy)-1,2,3,3-tetra-
methyl-3H-indol-1-ium iodide
[NIH_P234, NIH_P253]

oIS e %o«%o@\)%

reflux, 16 h \

A 73
Under argon atmosphere, indole 71 (0.72 g, 2.2 mmol,1.0 eq.) was dissolved in
MeCN (10 mL, HPLC grade). lodomethane (0.65 mL, 11 mmol, 5.0 eq.) was added
and the reaction was heated to reflux. After 16 h full conversion was confirmed by
TLC and the reaction was cooled to ambient temperature. Solvent and excess
iodomethane were removed under reduced pressure. lodolium 73 was obtained as a

brown solid in quantitative (1.0 g, 2.2 mmol) yield.
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M(C19H30INOa): 463.36 g-mol". 3 12 . 10
14(/\O/§F/o J 3 N\
Habitus: B lid. 79
abitus rown solid O\ﬁ\o/w ] :8 N;_l_
15 7
Yield: 1.0 g (2.2 mmol, quant.). 8
"H-NMR: (500 MHz, DMSO-ds) & [ppm] = 7.80 (d, 3JH7-Hs = 8.8 Hz, 1H,

H7), 7.49 (d, *Jna-He = 2.5 Hz, 1H, H4), 7.16 (dd, 3JHe-H7 = 8.8,
4Jne-H4 = 2.5 Hz, 1H, H6), 4.23 — 4.16 (m, 2H, H11), 3.93 (s, 3H,
H18), 3.84 — 3.73 (m, 2H, H12), 3.60 (dd, 3JH13-H14 = 5.9 Hz,
4113112 3.5 Hz, 2H, H13), 3.56 — 3.48 (m, 4H, H14, H15), 3.45 —
3.41 (m, 2H, H16), 3.23 (s, 3H, H17), 2.69 (s, 3H, H9), 1.50 (s,
6H, H10).

13C-NMR: (126 MHz, DMSO-ds) © [ppm] = 193.1 (Cq, 1C, C-1), 159.8 (Cq,
1C, C-5), 143.6 (Cq, 1C, C-3), 135.4 (Cq, 1C, C-8), 116.0 (CHar,
1C, C-7), 114.4 (CHar, 1C, C-6), 109.9 (CHar, 1C, C-4), 71.3
(CH2, 1C, C-16), 70.0 (CH2, 1C, C-13), 69.8 (CH2, 1C, C-14),
69.6 (CH2, 1C, C-15), 68.8 (CH2, 1C, C-12), 68.0 (CHz, 1C, C-
11), 58.1 (CHs, 1C, C-17), 53.7 (Cq, 1C, C-2), 34.6 (CHs, 1C, C-
18), 21.8 (CHs, 2C, C-10), 13.7 (CHs, 1C, C-9).

HRMS (ESI): my/, calcd. for C19H30INOa: 336.2169349 [M-I]*;
found: 336.21663.

Synthesis of 8-bromo-5'-(2-(2-(2-methoxyethoxy)ethoxy)ethoxy)-1',3',3'-

trimethyl-6-nitrospiro[chromene-2,2'-indoline]

[NIH_P274]
OH O
% /\/>O Br H EtN %OA%’*O O ~
° 3 D * EtOH N 0 O NO,
N* I reflux, 15 h \
\ NO, Br
73 46 69

Under argon atmosphere, indolium 73 (0.91g, 2.7 mmol, 1.0eq.), salicylic
aldehyde 46 (1.1 g, 3.0 mmol, 1.1 eq.) and triethylamine (0.42 mL, 3.0 mmol, 1.1 eq.)
were suspended in EtOH (20 mL, dry) and heated to reflux. After 16 h, full conversion
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was confirmed by TLC and all volatile components were removed under reduced

pressure. The crude mixture was dissolved in DCM (100 mL) and water (70 mL)

under vigorous stirring. The phases were separated and the aqueous phase was

extracted with DCM (2x40 mL). The combined organic phases were dried over

Naz2S0s4, filtered and the solvent was removed under reduced pressure. The crude

product was recrystallised from EtOH and spiropyran 69 was obtained as a black

powder in 40 % (0.61 g,1.1 mmol) yield.

M(C26H31BrN207):

Habitus:
Yield:
Mp.:

'H-NMR:

13C-NMR:

160

563.45 g-mol".

Black powder.

0.61 g (1.1 mmol, 40 %).
115-117 °C.

(500 MHz, DMSO-ds) & [ppm] = 8.69 (d, 4Jrza+2s = 3.0 Hz, 1H,
H-23), 8.41 (d, 3Jn19-H18 = 15.6 Hz, 1H), 8.31 (d, 3JH1sH19 =
15.5 Hz, 1H), 8.24 (d, *Jn2s-+24 = 3.0 Hz, 1H, H-25), 7.68 (d, 3JH7-
vs = 8.8 Hz, 1H, H-7), 7.48 (d, *Jnans = 2.5 Hz, 1H), 7.11 (dd,
3Jre-H7 = 8.8 Hz, *JHe-H4 = 2.4 Hz, 1H, H-6), 4.26 — 4.17 (m, 2H,
H-11), 3.90 (s, 3H, H-9), 3.81 — 3.72 (m, 2H, H-12), 3.60 (dd,
3JH13-H14 = 5.9 Hz, *JH13-H12 =3.4 Hz, 2H, H-13), 3.58 — 3.50 (m,
4H, H-14, H-15, ), 3.45 — 3.41 (m, 2H, H-16), 3.24 (s, 3H, H-17),
1.74 (s, 6H, H-10, H10").

(126 MHz, DMSO-ds) & [ppm] = 180.2 (Cq, 1C, C-1), 173.3 (Ca,
1C, C-21), 159.0 (Cq, 1C, C-5), 152.1 (CHar, 1C, C-18), 145.0
(CHar, 1C, C-3), 135.3 (CHar, 1C, C-8), 132.3 (CHar, 1C, C-23),
130.6 (CHar, 1C, C-24), 129.4 (CHar, 1C, C-18), 120.5 (CHar, 1C,
C-20), 119.5 (CHar, 1C, C-22), 115.0 (CHa, 1C, C-7), 114.6
(CHar, 1C, C-6), 109.3 (CHar, 1C, C-4), 109.1 (CHar, 1C, C-19),
71.3 (CHz, 1C, C-16), 70.0 (CH2, 1C, C-13), 69.8 (CHz, 1C, C-
14/C-15), 69.6 (CH2, 1C, C-14/C-15), 68.9 (CH2, 1C, C-12), 68.0
(CHa, 1C, C-11), 58.1 (CHs, 1C, C-17), 51.1 (Cq, 1C, C-2), 33.3
(CHs, 1C, C-9), 26.2 (CHs, 2C, C-10, C-10’).
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Spiropyran

'"H-NMR:

3C-NMR:

FT-IR (ATR):

HRMS (ESI):

(500 MHz, DMSO-ds) & [ppm] = 8.26 (d, *JH23-H2s = 3.0 Hz, 1H,
H-23), 8.25 (d, *JH25-H23 = 3.1 Hz, 1H, H-25), 7.24 (d, 3JH19-H18 =
10.3 Hz, 1H, H-19), 6.84 (d, *Jna-1e = 2.5 Hz, 1H, H-4), 6.71 (dd,
3JHe-H7 = 8.4 Hz, *JHe-H4 = 2.5 Hz, 1H, H-6), 6.55 (d, 3JH7-He = 8.3
Hz, 1H, H-7), 6.04 (d, 3Jn1sH10 = 10.3 Hz, 1H, H-18), 4.03 (t,
3Jn11-H12 = 4.7 Hz, 2H, H-11), 3.73 (t, 3JH12H11 = 4.7 Hz, 2H, H-
12), 3.63 — 3.57 (m, 2H, H-13), 3.57 — 3.41 (m, 6H, H-14, H-15,
H-16), 3.25 (s, 3H, H-17), 2.61 (s, 3H, H-9), 1.22 (s, 3H, H-
10/H-10), 1.14 (s, 3H, H-10/H-10").

(126 MHz, DMSO-ds) & [ppm] = 155.7 (Cq, 1C, C-21), 152.9 (Cq,
1C, C-5), 141.2 (Cq, 1C, C-8), 140.5 (Cq, 1C, C-24), 137.3 (Cq,
1C, C-3), 128.1 (CHar, 1C, C-18), 128.0 (CHar, 1C, C-23), 122.1
(CHar, 1C, C-25), 122.0 (CHar, 1C, C-19), 119.9 (Cq, 1C, C-20),
112.0 (CHar, 1C, C-6), 109.9 (CHar, 1C, C-4), 108.5 (Cq, 1C, C-
1), 108.4 (Cq, 1C, C-22), 107.4 (CHar, 1C, C-7), 71.3 (CH2), 70.0
(CH2), 69.8 (CH2), 69.6 (CH2, 1C, C-13), 69.2 (CH2, 1C, C-12),
67.5 (CHz, 1C, C-11), 58.1 (CHs, 1C, C-17), 52.1 (Cq, 1C, C-2),
28.8 (CHs, 1C, C-9), 25.1 (CHs, 1C, C-10/C10’), 19.6 (CHs, 1C,
C-10/C10).

v [em~1] = 3078 (w), 2972 (w), 2868 (w), 1585 (s), 1522 (s), 1481
(m), 1437 (s), 1398 (m), 1369 (m), 1271 (s), 1234 (s), 1206 (s),
1171 (s), 1123 (s), 1086 (s), 1069 (s), 1024 (s), 961 (s), 926 (s),
889 (s), 866 (s), 849 (s), 799 (s), 773 (s), 745 (s), 725 (s), 692
(s), 629 (m).

m/. calcd. for C26H31BrN207: 563.1387404 [M+H]*;
found: 563.13864.

m/. calcd. for C26H31BrN207: 585.1206850 [M+Nal*;
found: 585.12071.
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6.5 Substitution at the Geminal Methyl Groups

Synthesis of dimethoxydiphenylmethane
[NIH_P191; NIH_P199]

O HC(OMe), MeO_ OMe
Fe(OTs);
O O MeOH, reflux, 30 h O O
76 17

Under argon atmosphere, benzophenone (76) (18.2 g, 100 mmol, 1.00 eq.) and
Fe(OTs)s (1.7 g, 3.0 mmol, 0.03 eq.) were dissolved in 500 mL dry MeOH. Trimethyl
orthoformate (32.8 mL, 300 mmol, 3.00 eq.) were added and the reaction was
refluxed for 30 h. After cooling down to ambient temperature, the solution was
concentrated to 150 mL under reduced pressure. After adding saturated NaHCOs
solution (200 mL) the mixture was extracted with Et20 (3x200 mL) and the combined
organic phases were washed with brine (1x100 mL) and dried over Na2SOa4. After
filtration, the solvent was removed under reduced pressure and ketal 77 was

obtained as colourless crystals in 97 % yield (22.2 g, 97.2 mmol).

Habitus: Colourless crystals. 6
MeO_ OMe
M(C15H1602): 228.29 g-mol-.
5 3
Yield: 22.2 g (97.2 mmol, 97 %) Lit.: 99 %['24, 4
Mp.: 107-108 °C, Lit.: 106 °Cl'431,
TH-NMR: (500 MHz, CDCIs) & [ppm] = 7.53 — 7.46 (m, 4H, H-3), 7.32 —
7.24 (m, 4H, H-4), 7.23 — 7.18 (m, 2H, H-5), 3.12 (s, 6H, H-6).
13C-NMR: (75 MHz, CDCI3) 6 [ppm] = 142.4 (Cq, 2C, C-2), 128.0 (Car, 2C,
C-4), 127.4 (Car, 2C, C-5), 126.9 (Car, 2C, C-3), 49.3 (CHs, 2C,
C-6).
FT-IR (ATR): v [em™"] = 3082 (w), 3065 (w), 3022 (w), 2959 (w), 2936 (w),

2889 (w), 2828 (w), 1487 (w), 1450 (w), 1431 (w), 1312 (w),
1288 (w), 1240 (w), 1213 (m), 1186 (w), 1171 (m), 1084 (m),
1059 (s), 1028 (m), 991 (s), 908 (w), 772 (m), 745 (s), 694 (s),
652 (m), 642 (M), 617 (w).
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GC-MS: w®=11.69 min; M/, (%) = 197.1 [M, —OMe]* (100), 151.1 [M,
—CeHs]™* (23), 105.0 [PhCOJ* (43), 77.1 [CeHs]™* (44), 51.1 (15).

The analytic data are in agreement with the literaturel'?4 143

Synthesis of diethyl 2,2-diphenyl-1,3-dioxane-5,5-dicarboxylate
[NIH_P202]

(@] (0]
MeO_ OMe @ Q camphorsulfonic
o EtO OEt
O O +  EtO OFEt
toluene, reflux, 2.5 d (0] (e}
OH OH ~
Ph Ph
77 78 79

Under argon atmosphere, dimethyl ketal 77 (14.8 g, 65.0 mmol, 1.10 eq.), diethyl
malonate 78 (13.0 g, 59.0 mmol, 1.00 eq.) and camphor sulfonic acid (1.37 g,
5.90 mmol, 0.10 eq.) were dissolved in 300 mL dry toluene and heated to reflux. After
2.5d, the rection mixture was cooled down, washed with sat. NaHCOs solution
(3x150 mL) and brine (1x150 mL) and dried over Na2SOa. After filtration, the solvent
was removed under reduced pressure and dioxane 79 was obtained as colourless
solid in 90 % yield (20.3 g, 52.8 mmol).

Habitus: Colourless solid. 6/5\0420 ! i o
M(C12H240s): 384.43 g'mol. , 030

Yield: 20.3 g (52.8 mmol, 90 %). ?

Rs: 0.14 (20:1, cHex/EtOAC). i

Mp.: 102-105 °C.

H-NMR: (500 MHz, CDCl3) & [ppm] = 7.45 — 7.41 (m, 4H, H-8), 7.36 —

7.30 (m, 4H, H-9), 7.30 — 7.25 (m, 2H, H-10), 4.38 (s, 4H, H-2),
4.22 (q, 3Jusre = 7.1 Hz, 4H, H-5), 1.25 (t, 3Jus-He = 7.1 Hz, 6H,
H-6).

13C-NMR: (75 MHz, CDCI3) & [ppm] = 167.6 (Cq, 2C, C-4), 140.6 (Cq, 2C,
C-7), 128.4 (Car, 2C, C-9), 128.3 (Car, 2C, C-10), 126.9 (Car, 2C,
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C-8), 101.7 (Cq, 1C, C-3), 64.0 (CH2, 2C, C-2), 62.0 (CHz, 2C, C-
5), 53.5 (Cq, 1C, C-1), 14.0 (CH3, 2C, C-6).

FT-IR (ATR): ¥ [em™"] = 3059 (w), 3030 (w), 2986 (w), 2941 (w), 2903 (w),
2866 (W), 1749 (m), 1728 (s), 1487 (w), 1476 (w), 1452 (m),
1387 (w), 1366 (w), 1317 (w), 1271 (w), 1248 (s), 1217 (s), 1198
(s), 1148 (s), 1109 (s), 1055 (s), 1026 (s), 999 (s), 974 (s), 947
(m), 937 (m), 908 (m), 866 (w), 851 (m), 827 (w), 773 (s), 748
(s), 708 (s), 694 (s), 631 (m), 588 (w).

GC-MS: wR=16.47 min; M/, (%) = 355.2 [M, —E{]"* (3), 339.2 [M, —OE{]*
(4), 307.1 [M, —CeHs]* (100), 182.1 [Ph2COJ* (12), 105.1
[PhCOJ* (67).

Synthesis of 2,2-diphenyl-1,3-dioxane-5,5-dicarboxylic acid
[NIH_P179; NIH_P206]

o o o o
c0” < "ot i 0" < or
1 M NaOH/EtOH (1:1)

OO reflux, 3 h OO
Ph Ph Ph Ph
79 80

Diethyl dicarboxylate 79 (20.0 g, 52.0 mmol, 1.00 eq.) was suspended in 300 mL 1 ™
NaOH and 300 mL water and heated to reflux. After 3 h, full conversion was indicated
by TLC. The ethanol was removed under reduced pressure and the solution was
acidified to pH 3—4. The mixture was extracted wit Et2O (3x150 mL) and the
combined organic phases were washed with brine (1x150 mL), dried over Na2S0Oa4
and filtered. After removing the solvent under reduced pressure, dicarboxylic acid 80

was obtained as a colourless solid in quantitative yield (17.0 g, 51.8 mmol).
Habitus: Colourless solid. O O

M(C18H160s): 328.32 g'mol. 2

Yield: 17.0 g (51.8 mmol, quant.). .
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Mp.: 141-143 °C.

H-NMR: (500 MHz, DMSO-de) & [ppm] = 7.47 — 7.41 (m, 4H, H-7), 7.40 —
7.32 (m, 4H, H-8), 7.32 — 7.24 (m, 2H, H-9), 4.24 (s, 4H, H-2).

13C-NMR: (75 MHz, DMSO-ds) & [ppm] = 169.0 (Cq, 2C, C-4), 141.1 (Cq,

2C, C-6), 128.4 (Car, 2C, C-8), 128.0 (Car, 2C, C-9), 126.0 (Car,
2C, C-7), 100.4 (Cq, 1C, C-3), 63.6 (CH2, 2C, C-2), 52.8 (Cq, 1C,
C-1).

FT-IR (ATR): V [em™1] = 3474 (w, br), 2889 (w, br), 2615 (w, br), 1699 (s), 1452
(m), 1248 (s), 1198 (s), 1163 (m), 1113 (s), 1059 (m), 1030 (m),
999 (s), 976 (m), 951 (m), 932 (s), 908 (m), 791 (w), 773 (m),
735 (s), 706 (s), 692 (s), 646 (m), 621 (m)

GC-MS: Not detected. Only decomposition to benzophenone observed.

Synthesis of 2,2-diphenyl-1,3-dioxane-5-carboxylic acid
[NIH_P180; NIH_P198; NIH_P208]

o o Oy OH
HO%OH Cuz0 2

Oo. .0 MeCN, reflux, 1 h o o)

Ph Ph Ph>< Ph
80 81
Under argon atmosphere, dicarboxylic acid 80 (4.13 g, 12.6 mmol, 1.00 eq.) was
dissolved in 60 mL MeCN. After the addition of Cu20 (0.09 g, 0.63 mmol, 0.05 eq.),
the reaction as refluxed resulting in a blue solution. Full conversion was indicated by
TLC after one hour. The reaction was cooled to ambient temperature and the solvent
was removed under reduced pressure. The residue was suspended in 150 mL water
and 150 mL Et20. A few drops of conc. HCI were added until pH 2 was obtained. The
phases were separated, the aqueous phase was extracted with Et2O (3x150 mL) and
the combined organic phases were dried over Na2S0Oa4. After filtration, the solvent of
the blue solution was removed under reduced pressure and the residue was
suspended in 200 mL Etz2, 20 mL water and 0.01 mL pyridine. After separation, the

organic phase was dried over Na2SO4 and filtered. The solvent of the colourless
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solution was removed under reduced pressure and carboxylic acid 81 was obtained

as a colourless solid in 81 % yield (2.92 g, 10.2 mmol).

M(C17H160a4):

Habitus:
Yield:
Mp.:

'"H-NMR:

13C-NMR:

FT-IR (ATR):

GC-MS:

166

284.31 g-mol". HO.__O
5 4
1
Colourless solid. 2
0.3 .0
2.92 g (10.2 mmol, 81 %). !

6
OO
203-206 °C. 9

(500 MHz, DMSO-ds) & [ppm] = 12.71 (br, s, 1H, H-5), 7.51 —
7.41 (m, 4H; H-7, H-T"), 7.41 — 7.31 (m, 4H, H-8, H-8"), 7.31 —
7.23 (m, 2H, H-9, H-9"), 4.11 (dd, ?JH2eq-H2ax = 11.5 Hz, 3JH2eqH1 =
4.5 Hz, 2H, H-2¢q), 4.06 (dd, 2JH2ax-Hzeq = 11.4 Hz, 3JH2ax-H1 = 6.9
Hz, 2H, H-2ax), 2.81 (tt, 3Jn1-H2ax = 7.0 Hz, 3JH1-H2eq = 4.5 Hz, 1H,
H-1).

(75 MHz, DMSO-ds) & [ppm] = 172.0 (Cq, 1C, C-4), 142.0 (Ca,
1C, C-6/C-6'), 141.5 (Cq, 1C, C-6/C-6"), 128.4(7) (Car, 1C, C-8/C-
8), 128.3 (Ca, 1C, C-8/C-8'), 127.7(4) (Ca, 1C, C-9/C-9'),
127.7(0) (Ca, 1C, C-9/C-9'), 126.1 (Car, 1C, C-7/C-T), 125.8
(Car, 1C, C-7/C-T"), 100.1 (Cq, 1C, C-3), 61.6 (CHz, 2C, C-2),
39.1 (CH, 1C, C-1).

v [em1] = 3022 (w), 2945 (w), 2886 (w), 1697 (s), 1487 (w), 1449
(W), 1423 (), 1294 (m), 1256 (w), 1246 (W), 1194 (s), 1171 (W),
1146 (w), 1130 (w), 1096 (s), 1086 (s), 1026 (m), 1015 (w), 997
(s), 966 (M), 955 (m), 937 (m), 922 (m), 908 (m), 899 (M), 853
(W), 814 (W), 772 (s), 746 (s), 696 (s), 675 (m), 650 (m), 637 (W),
619 ().

Not detected. Only decomposition to benzophenone observed.
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Synthesis of N-methoxy-N-methyl-2,2-diphenyl-1,3-dioxane-5-
carboxamide
[NIH_P182; NIH_P209]

-
O« OH _ H, ?
HBTU, DIPEA
0__0O ’
><ph MeCN. i, 16 h o><o
Ph t,
Ph” Ph
81 82

Carboxylic acid 81 (0.91 g, 3.2 mmol, 1.0 eq.) and diisopropylethylamine (1.7 mL,
9.9 mmol, 3.1 eq.) were dissolved in 35 mL MeCN. After the addition of HBTU
(1.46 g, 3.85 mmol, 1.20 eq.), the reaction was stirred for five minutes at ambient
temperature before N,O-dimethyl hydroxylamine hydrochloride (0.34 g, 3.5 mmol,
1.1 eq.) were added. After stirring for 16 h the reaction was concentrated and purified
by column chromatography over silica gel (10:1, DCM/MeOH). The obtained product
was still contaminated with DIPEA and tetramethyl urea. Therefore, the residue was
dissolved in DCM and water and acidified with conc. HCI until pH 4 was obtained.
The phases were separated, the organic phase was dried over Na2SO4 and filtered.
After purification by column chromatography over silica (100 %, DCM), the Weinreb

amid 82 was obtained as a colourless solid in 70 % yield (0.74g 2.3 mmol).

Habitus: Colourless solid. 6
O/
M(C1eH21NO4):  327.38 g'mol-". 0 4&1\5
1

Yield: 0.74 g (2.3 mmol, 70 %). 2

, 030
Rt 0.26 (100 %, DCM) o O
Mp.: 114-115 °C. 10
TH-NMR: (300 MHz, DMSO-ds) 6 [ppm] = 7.53 — 7.39 (m, 6H, H-8, H-8', H-

9/H-9%), 7.36 — 7.19 (m, 4H, H-10, H-10‘, H-9/H-9°), 4.13 ( dd,
2JH2eq-H2ax = 11.5 Hz, 2JH2eqH1 4.7 Hz, 2H, H-2¢q), 3.92 (br, ot,
2JH2ax-Hzeq = 11.5 Hz, 3JnH2ax-H1 = 11.5 Hz, 2H, H-2xx), 3.73 (s, 3H),
3.45-3.33 (m, 1H, H-1), 3.05 (s, 3H).
13C-NMR: (75 MHz, DMSO) & [ppm] = 174.6 (Cq, 1C, C-4), 144.0 (Cq, 1C,
C-7/C-7"), 139.7 (Cq, 1C, C-7/C-7"), 129.0 (CHar, 2C, C-9/C-9/C-
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FT-IR (ATR):

GC-MS:

168

8/C-8’), 127.9(1) (CHar, 1C, C-10/C-10%), 127.8(8) (CHar, 2C, C-
9/C-9%), 127.6 (CHar, 1C, C-10/C-10%), 126.8 (CHar, 2C, C-8/C-
8°), 125.0 (CHar, 2C, C-8/C-8°), 100.1 (Cq, 1C, C-3), 62.1 (CHz2,
2C, C-2), 61.5 (CHs, 1C, C-6), 37.4 (CH, 1C, C-1), 31.5 (CHs,
1C, C-5).

v [em™"] = 3379 (w), 3063 (W), 2968 (w), 2941 (w), 2884 (w),
2868 (w), 1651 (s), 1489 (w), 1450 (m), 1423 (m), 1393 (w),
1377 (m), 1356 (w), 1298 (w), 1242 (m), 1204 (s), 1175 (m),
1153 (s), 1119 (m), 1096 (s), 1072 (s), 1022 (s), 984 (s), 964 (s),
955 (m), 912 (m), 905 (m), 833 (M), 772 (s), 756 (s), 696 (s), 669
(s), 640 (m), 613 (m)

w = 16.15min; M/, (%) = 250.1 [M, —CeHs]* (99), 182.0
[PhCOPh]* (20), 105.1 [PhCOJ* (100), 77.1 [CeHs]™* (67), 55.1
(33)
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Synthesis of 1-(2,2-diphenyl-1,3-dioxan-5-yl)ethanone

INIH_P183]
-
Q o
O N
;/H MeMgBr g\;
THF, 0 °Ctort, 18 h
’ ’ o_ _O
o__O <
Ph><Ph Ph" Ph
82 15

Under argon atmosphere, Weinreb amide 82 (0.70g, 2.1 mmol, 1.0 eq.) was
dissolved in 15 mL dry THF and cooled to 0 °C. A 3 M solution of MeMgBr in Et20
(1.1 mL 3.2 mmol, 1.5 eq.) was added and the reaction was stirred for one hour at
0 °C. The solution was then allowed to warm to ambient temperature and stirred for
18 h. The reaction mixture was cooled to 0 °C again and 30 mL Et2O and 50 mL of
sat. NH4Cl solution were added. The phases were separated and the aqueous phase
was extracted with Et20 (3x30 mL). The combined organic phases were washed with
brine (1x30 mL), dried over Na2SO4 and filtered. After the solvent was removed
under reduced pressure, ketone 15 was obtained as a colourless solid in quantitative
yield (0.60 g, 2.1 mmol). s

0.4
Habitus: Colourless solid. 29\;

M(C1sH1803): 282.34 g-'mol". .00
6
8
Yield: 0.60 g (2.1 mmol, quant.). O O
9
"H-NMR: (500 MHz, CDCls) & [ppm] = 7.57 — 7.46 (m, 4H, H-7, H-7’), 7.43

— 7.32 (m, 4H, H-8, H8’), 7.32 — 7.26 (m, 2H, H-9, H-9’), 4.26
(dd, 2JH2eqH2ax = 11.6, 3JH2eqH1 = 4.5 Hz, 2H, H-2¢q), 4.17 (dd,
2JH2ax-H2eq = 11.6 Hz, 3Jn2ax-H1 = 8.0 Hz, 2H, H-2ax), 2.94 (it
3JH1-H2ax = 8.1 HZ, 3JH1-H2eq = 4.5 Hz, 1H, H-1), 2.23 (s, 3H).

13C-NMR: (75 MHz, CDCIs) & [ppm] = 206.6 (Cq, 1C, C-4) 140.4 (Cq, 2C,
C-6), 128.7 (CHar, 2C, C-7/C-8/C-7’IC-8’), 128.3 (CHar, 2C, C-
7/C-8/C-7°/C-8’), 128.1 (CHar, 2C, C-9/C-9’), 128.0 (CHar, 2C, C-
9/C-9°), 126.8 (CHar, 2C, C-7/C-8/C-7’/C-8’), 126.0 (CHar, 2C, C-
7/C-8/C-7’/C-8), 101.2 (Cq, 1C, C-3) 62.2 (CHz, 2C, C-2), 47.9
(CHs, 1C, C-1), 29.0 (CHs, 1C, C-5).

C-3 and C-4 are not detectable by '*C-NMR but well detectable in the H,C-2D spectra.
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Synthesis of Boc-isonipecotic acid
[NIH_P188]

o 0O

Boc,O
OH OH
HN 1™ NaO1I_-:.tBuOH N

0°Ctort, 16 h Boc
88 89
Isonipecotic acid (88) (12.9 g, 100 mmol, 1.00 eq.) was dissolved a mixture of 120
mL tBuOH and 120 mL 1M NaOH and cooled to 0 °C. Boc20 (24.0 g, 110 mmol.

1.10 eq.) was added and the reaction was stirred for 30 min at 0 °C and then at

ambient temperature. After stirring for 16 h, the solution was concentrated to 40—
50 % under reduced pressure. The remaining solution was acidified with 10 % HCI
until pH 4 was obtained and the formed precipitated was filtered off. After drying the
solid in a desiccator over CaClz2, Boc-Inp-OH 89 was obtained with 97 % yield (22.2 g

97.0 mmol) as colourless powder.

2
M(C11H1eNOs):  229.28 g-mol-". 1 Ofﬂ)}OH
5
8.7 .0.6_N
Habitus: hif
>( I

Colourless powder.

Yield: 22.2 g (97.0 mmol, 97 %) Lit.: 98 %[144]
Mp.: 150-151 °C, Lit.: 149-152 °Cl145],
H-NMR: (500 MHz, DMSO-ds) 5 [ppm] = 12.23 (s, 1H, H-5), 3.83 (d,

2dn1-11 = 13.2 Hz, 2H, H-1, H-1"), 2.81 (s, 2H, H-1, H-1")), 2.40 (i,
3JHa-H2ax = 11.0 Hz, 3JH3-H2ax = 3.8 Hz, 1H, H-3), 1.89 — 1.68 (m,
2H, H-2, H-2’), 1.43 — 1.34 (m, 2H, H-2, H-2’), 1.39 (s, 9H, H-8).

13C-NMR: (75 MHz, DMSO-ds) 8 [ppm] = 175.6 (Cq, 1C, C-4), 153.9 (Cq,
1C, C-6), 78.6 (Cq, 1C, C-7), 42.8 (br, CHz, 2C, C-1, C-1"), 40.1
(CH, 1C, C-3), 28.1 (CHs, 3C, C-8), 27.8 (CHz, 2C, C-2, C-2)).

FT-IR (ATR): v [em="] = 3188 (w), 2972 (w), 2930 (w), 2860 (w), 1732 (s), 1655
(m), 1472 (w), 1429 (s), 1391 (w), 1366 (m), 1279 (m), 1240 (m),
1206 (w), 1153 (s), 1130 (s), 1107 (m), 1078 (m), 1032 (s), 945
(w), 922 (m), 860 (m), 831 (m), 816 (m), 764 (m), 721 (m), 646
(w), 631 (W). The analytic data are in agreement with the literaturel'44
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Synthesis of 1-(tert-butoxycarbonyl)piperidine-4-carboxylic acid
[NIH_P189]

0]

O
HCI HBTU, DIPEA 0
oH + f NTTS
N ~No” MeCN, rt, 24 h N |

Boc

Boc
89 130 90
Boc-Inp-OH 89 (16.3 g, 71.0 mmol, 1.00 eq.) and DIPEA (38.3 mL, 220 mmol,
3.10 eq.) were dissolved in 500 mL acetonitrile. After the addition of HBTU (32.3 g,
85.2 mmol, 1.20 eq.) the reaction was stirred for 5 min at ambient temperature before
N,O-dimethyl hydroxylamine hydrochloride (130) (7.77 g, 78.1 mmol, 1.10 eq.) was
added. Full conversion was obtained after 1 d indicated by TLC. The solvent was
removed under reduced pressure. The residue was dissolved in 150 mL water and
200 mL DCM. The mixture was stirred vigorously and the pH was adjusted to four by
the addition of HCI. The phases were separated, the aqueous phase was extracted
with DCM (3x100 mL) and the combined organic phases were dried over Na2S0Os.
After filtration and removal of the solvent under reduced pressure, the crude residue
was purified by column chromatography over silica gel (1:1, chex:EtOAc). Since the
product was obtained HOBT impurities, it was dissolved in 100 mL DCM and 100 mL
water and the pH was adjusted to 9—-10 by the addition of sat. Na2COs solution. The
aqueous phase was extracted with DCM (2x75 mL) and the combined organic
phases were washed with brine (1x100 mL) and dried over Na2SOa4. The drying agent
was filtered off and the solvent was removed under reduced pressure. The obtained
oil slowly crystallised overnight and Weinreb amide 90 was obtained with 81 % vyield

(15.7 g, 57.6 mmol) as a colourless solid.

M(C13H2aN204):  272.35 g'mol-". : 9
3 o}
1 4 N/ ~ 6
Habitus: Colourless solid. o N L

8 O 7
Y

Yield: 15.7 g (57.6 mmol, 81 %).
Mp.: 65-68 °C, Lit.: 6872 °Cl146],
TH-NMR: (500 MHz, CDCIl3) & [ppm] = 4.15 (d, 2JH1-+1 = 12.9 Hz, 2H, H-1,

H-1"), 3.72 (s, 3H, H-6), 3.19 (s, 3H, H-5), 2.93 — 2.70 (m, 3H, H-
3, H-1, H-1"), 1.83 — 1.61 (m, 4H, H-2, H-2"), 1.46 (s, 9H, H-9).
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13C-NMR: (75 MHz, CDCl3) & [ppm] = 175.6 (Cq, 1C, C-4), 154.7 (Cq, 1C,
C-7), 79.4 (Cq, 1C, C-8), 61.5 (CHs, 1C, C-6), 43.2 (CHz, 2C, C-
1, C-1), 38.1 (CH, 1C, C-3), 32.2 (CH3, 1C, C-5), 28.4 (CHs3, 3C,
C-9), 27.9 (CHz, 2C, C-2, C-2)).

FT-IR (ATR): V [em=1] = 2974 (w), 2961 (w), 2932 (w), 2901 (w), 1684 (s), 1651
(s), 1452 (m), 1420 (s), 1387 (m), 1354 (m), 1287 (m), 1231 (s),
1163 (s), 1128 (s), 1074 (s), 1057 (m), 1032 (m), 1001 (s), 978
(s), 937 (m), 870 (m), 816 (w), 766 (M), 712 (W), 629 (w).

GC-MS: 1rR=13.84 min; M/, (%) = 215.3 [M, —tBu]™* (21), 199.3 [M,
—tBuO]™* (17), 171.2 [M, —Boc]* (100), 141.2 [M, —-Boc, —-MeO]*
(35), 112.1 [M, —Boc, —-MeONMe]* (34), 82.2 [tetrahydropyridine,
—H]*(99), 57.1 [tBu]™ (71).

The analytic data are in agreement with the literature!'46]

Synthesis of 4-acetylpiperidine-1-(tert-butyl-carboxylate
[NIH_P190]

o
MeMgBr
N/O\ 9 >
N | THF, 0°Ctort, 19 h N
Boc

90 91
Under argon atmosphere, Weinreb-amide 90 (13.6 g, 50.0 mmol, 1.00 eq.) was
dissolved in 50 mL dry THF and cooled to 0 °C. A solution 3m of MeMgBr (25 mL,
75 mmol, 1.5 eq.) in Et2O was added dropwise over 30 min. After full addition, the

solution was stirred for additional 30 min at 0 °C and then stirred at ambient
temperature. After 19 h, full conversion was indicated by TLC. The solution was
cooled to 0 °C and 100 mL Et2O were added. The reaction was quenched with sat.
NH4Cl solution (100 mL). The phases were separated and the aqueous phase was
extracted with Et2O (2x100 mL). The combined organic phases were washed with
brine (1x100 mL), dried over Na2SOa4 and filtered. After removing the solvent under
reduced pressure, ketone 91 was obtained in 96 % vyield (10.9 g, 47.9 mmol) as

slightly yellow oil.
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M(C12H21NO:s3):
Habitus:
Yield:

Rr:

'"H-NMR:

3C-NMR:

FT-IR (ATR):

GC-MS:

227.30 g-mol". 0

2
- . 1 3 45
Slightly yellow oil. 8. 7 0_6_N
>y
0]

10.9 g (47.9 mmol, 96 %).
0.37 (1:1, chex:EtOACc).

H NMR (500 MHz, CDCls) & [ppm] = 4.10 (br, d, ZJteqHrax =
13.2 Hz, 2H, H-leq, H-T'eq), 2.78 (td, 2Jtaxtiteq = 13.3 Hz,
3UH1ax-H2ax = 12.8 Hz, 3JH1ax-H2ax = 2.8 Hz, 2H, H-1ax, H-1"ax), 2.46
(tt, 3JHa-H2ax = 11.6 Hz, 3UH3-H2eq = 3.7 Hz, 1H, H-3), 2.16 (s, 3H,
H-5), 1.83 (br, d, 2JHzeqtizax = 12.5 Hz, H-2eq, H-2'aq), 1.52 (dtd,
2JH2ax-H2eq = 13.4 Hz, 3JH2ax-H3 = 11.6 Hz, 3J=4.4 Hz, 2H, H-2ax,
H-2'ax), 1.46 (s, 9H, H-8).

(75 MHz, CDCls) & [ppm] = 210.1 (Cq, 1C, C-4), 49.2 (CH, 1C,
C-3), 43.2 (CHz, 2C, C-1, C-1'), 28.4 (CH3, 3C, C-8), 27.9 (CHs,
1C, C-5), 27.4 (CHz, 2C, C-2).

v [cm~"] = 2974 (w), 2932 (w), 2857 (w), 1686 (s), 1447 (w), 1418
(s), 1364 (M), 1354 (w), 1306 (), 1277 (m), 1236 (s), 1157 (s),
1124 (s), 1084 (w), 1030 (m), 961 (w), 930 (w), 889 (), 862 (W),
768 (W), 640 (W).

wR = 12.22 min; M/, (%) = 170.1 [M, —tBu]* (31), 154.2 [M, —
tBUOJ™ (22), 126.2 [M, —Boc]™* (10), 84.1 [piperidine, —H]'* (28),
57.1 [tBu]™ (100).
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Synthesis of 4-acetylpiperidine hydrochloride
[NIH_P196]

(0]
HCI
Cr
N EtOH, rt, 40 h H2N+
Boc

91 94
Boc-protected piperidine 10 (1.0 g, 4.4 mmol, 1.0 eq.) was dissolved in 15 mL EtOH
and 1 mL conc. HCI (~12M, 12 mmol, 2.7 eq.) was added. After 24 h still traces of
substrate were detected by TLC. Therefore, 1 mL conc. HCI was added. After further

16 h full conversion was indicated by TLC. The solvent was removed under reduced
pressure and hydrochloride 13 was obtained in quantitative yield (725 mg, 4.4 mmol)

as beige solid.

M(C7H14CINO): 163.65 g-mol". , 9
3
. . . . (ol 1 4 5
Habitus: Beige solid. HNY
6
Yield: 725 mg (4.4 mmol, quant.).
H-NMR: (500 MHz, DMSO-ds) & [ppm] = 9.38 (s, 1H), 9.15 (s, 1H), 3.27 —

3.12 (m, 2H, H-1ax, H-T'ax), 2.87 (br, m, 2H, H-1eq), 2.69 (tt,
3natzax = 11.2 Hz, 3JnaHzeq = 3.7 Hz, 1H, H-3), 2.14 (s, 3H, H-5),
2.06 — 1.86 (m, 2H, H-2), 1.72 — 1.62 (m, 2H, H-2).

13C-NMR: (126 MHz, DMSO) & [ppm] = 209.2 (Cq, 1C, C-4), 45.3 (CH, 1C,
C-3), 42.2 (CHz, 2C, C-1), 27.8 (CHs, 1C, C-5), 23.7 (CHz, 2C,
C-2).

FT-IR (ATR): V [cm™"] = 2938 (w), 2930 (w), 2793 (m), 2766 (m), 2720 (m),

2629 (W), 2563 (w), 2492 (w), 1697 (s), 1611 (w), 1595 (w), 1454
(m), 1437 (m), 1420 (w), 1396 (w), 1358 (m), 1315 (m), 1265
(m), 1188 (m), 1144 (w), 1074 (w), 1036 (w), 991 (w), 955 (w),
920 (w), 899 (w), 611 (m).

GC-MS: R = 8.88 min; M/, (%) = 127.0 [M, —HCI]"* (16), 91 (18), 84.1 [M,
—HCI, ~COCHa]* (35), 77.8 (35), 68.3 (24), 55.1 (100).

174



6 Experimental Part

6.6 Peptide Synthesis
Synthesis of Fmoc-Pro-Cys(trt)-OMe

[NIH_P003]
Ph
Ph Ph.|_Ph
HBTU, DIPEA \s'/
N 0
Lm STy @ALNO
N 7o
Fmoc
100 101 102

H2N-Cys(trt)-OMe 101 (10.2 g, 26.9 mmol, 1.0 eq.) was dissolved in DMF (150 mL)
and DIPEA (10.0 mL, 56.8 mmol, 2.1 eq.) and HBTU (12.3 g, 32.3 mmol, 1.2 eq.)
were added subsequently. After 5 min, Fmoc-N-Pro-OH 100 (9.99 g, 29.6 mmol.
1.1 eq.) was added and the reaction was stirred at ambient temperature. After 2 d full
conversion of H2N-Cys(trt)-OMe 101 was observed via TLC. Water (150 mL), EtOAc
(150 mL) and brine (50 mL) were added and the phases were separated. The
aqueous phase was extracted with EtOAc (3x150 mL) and the combined organic
phases were washed with brine (100 mL), dried over MgSO4 and filtered. After
removing the solvent under reduced pressure, a dark oil containing a significant
amount of DMF was obtained. Et2O (100 mL), water (100 mL) and brine (100 mL)
were added and the phases were separated. After extraction with Et20 (3x100 mL)
the combined organic phases were dried over MgSO4 and filtered. The after the
solvent was removed under reduced pressure, the remaining residue was purified by
column chromatography over silica gel (3:1 - 1:1, cHex:EtOAc). The desired
dipeptide 102 was obtained as a colourless solid in

75 % (14.0 g, 14.1 mmol) yield.

Habitus: Colourless, foam-like solid o 10 s
M(CasHaoN205S):  696.86 g-mol-". %’(O\
Yield: 14.0 g (14.0 mmol, 75 %). . o ?

R 0.62 (1:1, cHex:EtOAC).

Mp.: 92-93°C.
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'"H-NMR:

3C-NMR:

(500 MHz, DMSO-ds) d [ppm] =8.66 (d, J = 8.1 Hz, 1H, NH),
8.40 (d, J = 7.7 Hz, 0.5H, NHminor), 7.91 (d, J = 7.5 Hz, 1H,
Fmocminor), 7.87 (d, J = 7.5 Hz, 2H, Fmocmajor), 7.67 (t, 3J = 7.5
Hz, 2H, Fmocmajor), 7.54 (d, J = 7.5 Hz, 1H, FmocCminor), 7.45 —
7.37 (m, 3H, Fmocmajor+minor), 7.37 — 7.09 (m, 26H, FmMoCmajor+minor,
trtmajor+minor), 4.44 (dd, J = 8.7, 3.2 Hz, 1H, H-5major), 4.32 — 4.20
(m, 4H, H-5minor, H-17, H-18), 4.15 (t, J = 7.6 Hz, 2H, H-18, H-7),
3.96 (dd, J = 10.1, 8.1 Hz, 1H, H-17), 3.53 (s, 2H, H-9minor), 3.49
(s, 3H, H-9major), 3.48 — 3.32 (m, 3H, H-2major+minor), 2.58 — 2.52
(m, 1.5H, H10major+minor), 2.43 — 2.32 (m, 1.5H, H10’major+minor)
2.24 (dq, J = 11.8, 8.4 Hz, 1H, C-8/H-9), 2.13 — 1.78 (m, 6H, H-
8major+minor, H-9major+minor).

(126 MHz, DMSO-ds) & [ppm] = 172.3 (Cq 1C, C-8/C-6), 170.6
(Cq 1C, C-8/C-6), 153.8 (Cq 1C, C-16), 143.9(9) (Cq, 1C, Fmoc),
143.9 (Cq, 3C, C-12, 143.5 (Cq, 1C, Fmoc), 140.7(4) (Cq, 1C,
Fmoc), 140.7(2) (Cq, 1C, Fmoc), 128.9 (CHar, 6C, C-13/C-14) ,
127.9 (CHar, 6C, C-13/C-14), 127.6 (CHar, Fmoc), 127.1 (CHa,
2C, C-15), 125.7 (CHar, Fmoc), 125.1 (CHar, Fmoc), 120.0 (CHar,
Fmoc), 67.1, 66.2, 59.2 (CH, 1C, C-5), 52.1 (CHs, 1C, C-9), 51.5,
47.1 (CHz, 1C, C-2), 46.6, 32.5 (CHar, 1C, C-10), 31.2 (CHar, 1C,
C-3/C-4), 22.9 (CHar, 1C, C-3/C-4).

Full assignment was not possible due to the superimposition of the signals of the isomers. For

the "*C-NMR only the signals of the major isomer are reported

FT-IR (ATR):

GC-MS:

176

v [cm~"] = 3300 (br, w), 3049 (w), 2972 (w), 2949 (w), 2886 (w),
2876 (w), 1744 (w), 1676 (m), 1593 (w), 1508 (w), 1489 (w),
1477 (w), 1443 (m), 1412 (m), 1348 (m), 1335 (m), 1319 (w),
1240 (w), 1198 (m), 1175 (m), 1115 (m), 1086 (m), 1032 (w), 986
(w), 939 (w), 918 (w), 885 (w), 872 (w), 849 (w), 758 (m), 739 (s),
698 (s), 675 (m), 621 (m).

Not detectable.
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Synthesis of Fmoc-Cys(trt)-Pro-Cys(trt)-OMe
[NIH_P008]

Ph
o Ph\i/Ph
Ph

1) HNEt,, MeCN, o S
S rt, 45 min
S ’ O.
i /EH/O ' 103 C’)\”/(ﬂ/ CHs
N 2) HBTU, DIPEA
Fmoc . OH : ~ ’ N
O)L” CHs  TMOGNy DMF, rt, 3 d o ©
H Ph
N, O o) S

Fmoc Ph%/ N/Fmoc

Ph N

102 103 99

Dipeptide 102 (3.00 g, 4.30 mmol, 1.00 eq.) was dissolved in MeCN (20 mL) and
diethylamine (5.00 mL, 48.3 mmol, 11.2 eq.) was added. After 45 min full conversion
was indicated by TLC. The solvent was removed under reduced pressure and the
residue was dissolved in 50 mL MeCN and DIPEA (1.53 mL, 9.00 mmol, 2.1 eq.) and
HBTU (1.97 g, 5.20 mmol, 1.2 eq.) were added subsequently. After 5 min, Fmoc-
Cys(trt)-OH 103 (2.77 g, 4.70 mmol, 1.1 eq.) was added and the reaction was stirred
at ambient temperature. After 3 d full conversion was indicated via TLC. The reaction
mixture was concentrated under reduced pressure and the residue was dissolved in
Et20 (100 mL), water (50 mL) and brine (100 mL). The phases were separated and
the aqueous phases was extracted with Et2O (2x100 mL). The combined organic
phases were washed with water (100 mL) and brine (100 mL). The solvent was
removed under reduced pressure. The pale-brown solid was purified by column
chromatography over silica gel (3:1 2> 1:1; cHex:EtOAc) to give 3.72 g of tripeptide
as a white solid. Since the NMR and TLC still indicated impurities, the product was
again purified by column chromatography over silica gel (cHex - 1:1 cHex:EtOAc) to

give the desired tripeptide 99 as a colourless solid in 73 % (3.27 g, 3.14 mmol) yield.

Yield: 3.27 g (3.14 mmol, 73 %).

See next procedure for analytic data
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One-Pot Synthesis of Fmoc-N-Cys(trit)-Pro-Cys(trt)-OMe
[NIH_P013]

Ph./"Ph Ph."Ph

w

S

HCI Ph PhPh
O. N
H,N CHs Fmoc N OH \i/
o) H o o S
101 103 o
N “CHj
NP

1) 101, HBTU, DIPEA, MeCN, rt, 3 h

0
O\(O 2) HNEt, MeCN, rt, 40 min Ph S\I
N - Ph%/ N-Fmoc

Fmoc OH 3) 103, HBTU, DIPEA, DMF, rt, 12 h Ph N

Fmoc-Pro-OH 100 (815 mg, 2.42 mmol, 1.0 eq.) and DIPEA (0.83 mL, 7.50 mmol,
3.1 eq.) were dissolved in MeCN (20 mL). HBTU (1.10 g, 2.90 mmol, 1.2 eq.) was
added and the mixture was stirred for 5 min before H2N-Cys(trt)-OMe
hydrochloride 101 (1.00 g, 2.42 mmol, 1.0 eq.) was added. After stirring for 4 h at
ambient temperature, full conversion was observed via TLC. Diethylamine (2.00 mL,
19.3 mmol, 8.0 eq.) was added and the reaction was stirred ambient temperature.
The conversion was monitored by TLC. After 40 min full conversion was obtained. All
volatiles were removed under reduced pressure and the residue was dissolved in
20 mL MeCN. HBTU (1.10 g, 2.90 mmol, 1.2 eq.) and DIPEA (0.83 mL, 7.5 mmol,
3.1 eq.) were added and the mixture was stirred for 5 min at ambient temperature
before Fmoc-Cys(trt)-OH 103 (1.55 g, 2.66 mmol, 1.1 eq.) was added. After stirring
for 12 h at ambient temperature, all volatiles were removed. The residue was purified
by column chromatography over silica gel (10:1>1:1, cHex:EtOAc) and tripeptide 99

was obtained as colourless solid in 61 % (1.55 g, 1.48 mmol) yield.
Habitus: Colourless, foam-like solid

Yield: 1.55 g (1.48 mmol, 61 %).

M(Ce5Hs59N306S2):  1042.32 g-mol".

R 0.63 (1:1, cHex:EtOAC).
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'"H-NMR:

13C-NMR:

LR-ESI-MS:

(500 MHz, DMSO-ds) & [ppm] = 8.20 (d, J = 7.7 Hz, 1H, NH),
7.88 (dd, J = 8.3, 4.7 Hz, 4H, Fmoc), 7.74 (dd, J = 7.7, 3.3 Hz,
2H, Fmoc), 7.43 — 7.19 (m, 32H, Fmoc+ trt), 4.37 — 4.19 (m, 4H,
H-7, H-26, H-27), 4.19 — 4.08 (m, 2H, H-10, H-2), 3.50 (s, 3H, H-
12), 3.21 — 3.11 (m, 1H, H-4), 2.79 (dt, J = 9.6, 5.8 Hz, 1H, H-4),
2.72 (dd, 2J = 12.7 Hz, 3J = 10.1 Hz, 1H, H-13/H-19), 2.43 — 2.33
(m, 3H, H, H-13/H-19), 1.96 — 1.88 (m, 1H, H-6), 1.79 — 1.65 (m,
3H, H-6, H-5).

(75 MHz, DMSO-ds) & [ppm] = 171.3 (Cq, 2C, CO), 168.1 (Ca,
1C, CO), 155.8 (Cq, 1C, C-25), 144.3 (Cq, 3C, C-21/C-15), 144.0
(Cq, 3C, C-21/C-15), 143.7 (Cq, 2C, C-33/C-28), 140.7 (Cq, 2C,
C-33/C-28), 129.2 (Car, 4C, C-16/C-17/C-22/C-23), 129.0 (Car,
4C, C-16/C-17/C-22/C-23), 128.1 (Ca,, 4C, C-16/C-17/C-22/C-
23), 128.0 (Ca, 4C, C-16/C-17/C-22/C-23), 127.6(Car, 2C,
Fmoc), 127.0 (Car, 2C, Fmoc), 126.8 (Car, 2C, C-18/C-14), 126.7
(Car, 2C, C-18/C-14), 125.3 (Car, 2C, Fmoc), 120.0 (Car, 2C,
Fmoc), 66.4 (Cq, 1C, C-14/C-20), 66.3 (Cq, 1C, C-14/C-20), 65.7
(CHz, 1C, C-26), 59.0 (CH, 1C, C-7), 52.5 (CH, 1C, C-2/C-10),
52.0 (CHs, 1C, C-12), 51.4 (CH, 1C, C-2/C-10), 46.6 (CH, 1C,
C-27), 46.3 (CHz, 1C, C-4), 32.8 (CHz, 1C, C-13/C-19), 32.6
(CHz, 1C, C-13/C-19), 28.9 (CHz2, 1C, C-6), 24.0 (CHz, 1C, C-5).
m/z: 1064.3 [M+Na]*.

179



6 Experimental Part

Synthesis of H:N-Cys(tBu)-OH hydrochloride

[NIH_P053]

SH

HCI oH
HoN

o)

95

tEfu
S
, reflux
H5N
(0]
96

Cysteine hydrochloride (95) (20.0 g 127 mmol, 1.0 eq.) and tertiary butanol (15.5 mL,
165 mmol, 1.3 eq.) were dissolved in 60 mL 2 M HCI and refluxed. After 1 d, full

conversion was observed via TLC. After removing the solvent and excessive tertiary

butanol under reduced pressure, protected cysteine 96 was obtained as a colourless
solid in 96 % (25.9 g, 121 mmol) yield.

Habitus:

Yield:
M(C7H16CINO2S):
Mp.:

'"H-NMR:

13C-NMR:

FT-IR (ATR):

GC-MS:

7
Colourless solid. \%

5 S
25.9 g (121 mmol, 96 %, lit.:['39190 %). cr s on®
,THaN"2
213.72 g'mol". o}

197-200 °C, lit.:1301204 °C.

(300 MHz, MeOD-ds) & [ppm] = 4.20 (dd, 3Juz-Hsb = 7.4, 3Jrtisa =
4.3 Hz, 1H, H-2), 3.21 (dd, 2JHsa-Hsb = 13.8, 3Jnsatz = 4.3 Hz, 1H,
H-5a), 3.07 (dd, 2Jnsb-Hsa = 13.8, 3Jnsb-H2 = 7.4 Hz, 1H, H-5b),
1.39 (s, OH, H-7).

(75 MHz, MeOD-d4) & [ppm] = 170.2 (Cq, 1C, C-3), 54.2 (CH, 1C,
C-2), 44.3 (Cq, 1C, C-6), 31.1 (CHz, 1C, C-5), 29.5 (CHs, 3C,
C-7).

7 [em'] = 3086 (w, br), 2967 (m), 2953 (m), 2926 (m), 2891 (m),
2862 (m), 2752 (W), 2693 (w), 1736 (s), 1595 (w), 1485 (s), 1468
(M), 1437 (m), 1410 (m), 1366 (M), 1346 (m), 1312 (w), 1223 (s),
1190 (s), 1161 (m), 1144 (m), 1098 (m), 1049 (M), 966 (w), 881
(m), 841 (m), 806 (m), 758 (m), 696 (W), 604 (W).

Not detectable.

The analytic data are in agreement with the literature!'3
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Synthesis of Boc-Cys(tBu)-OH

[NIH_P056]
tBlu tBI;u
HCI S Boc,0 S
HoN OH MeCNéZM)NaOH Boc\H OH
1:1
© rt, 50 h (@]
96 97

Cysteine hydrochloride 96 (12.8 g, 60 mmol, 1.0 eq.) was dissolved in 100 mL MeCN
and 100 mL of 2 M NaOH. Boc20 (17.0g, 78 mmol, 1.3 eq.) was added and the
reaction was tired for 50 h at ambient temperature. The MeCN was removed under
reduced pressure and the solution was cooled to 0 °C. After adjusting the pH to 3—4
with conc. HCI, 100 mL brine and 100 mL DCM were added. The phases were
separated and the aqueous phase was extracted with DCM (2x100 mL). The residue
was dissolved in 200 mL Et20 and 200 mL water. The phases were separated, the
aqueous phase was extracted with Et2O (2x100 mL) and the combined organic
phases were dried over Na2SO4 and filtered. After removing the solvent under
reduced pressure, double protected cysteine 97 was obtained as colourless, honey-
like oil in 68% (11.25 g, 41 mmol) yield. The NMR showed traces of solvent which

might prevent the product from solidifying.

Yield: 11.25 g (41 mmol, 68%). \kg
8
Habitus: Colourless oil. o T¢° .
| y 5%0)9]\N%3(0H
M(C12H23sNO4S):  277.38 g-mol~". Ho §
1
H-NMR: (300 MHz, CDCls) & [ppm] = 11.31 (s, 1H, H-4), 5.37 (d, J = 8.0

Hz, 1H, H-1), 4.59 (dt, J = 8.8, 5.1 Hz, 1H, H-2f)), 3.01 (m, 2H, H-
7), 1.44 (s, 9H, H-5/H-9), 1.31 (s, 9H, H-5/H-9).

13C-NMR: (75 MHz, CDCl3) & [ppm] = 175.5 (C-3), 155.4 (C-9), 80.4 (C-6),
53.1 (C-2), 42.7 (C-8), 30.8 (C-5/C-9), 30.5 (C-7), 28.3 (C-5/C-9).

LR-ESI-MS: miz: 276.1 [M, —H~, 312.0 [M+CI]~.

FT-IR: 3327 (w, br), 2972 (w), 2932 (w), 2901 (w), 2866 (w), 1717 (m,

br), 1506 (m), 1458 (w), 1395 (m), 1368 (m), 1337 (w), 1300 (w),
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1248 (w), 1215 (w), 1161 (s), 1053 (w), 1026 (w), 934 (w), 858
(W), 777 (w).

Synthesis of Boc-Cys(tBu)-Pro-OMe

INIH_P077]

Boc. /EI(OH

97

tEfu
S
O- HBTU, DIPEA
CHs Boc.. N
N MeCN, rt, 5 h ﬁ
o)
Cl o’ 9
CH,
98 94

Cysteine 97 (11.4 g, 41.0 mmol, 1.0 eq.) and DIPEA (22.1 mL, 127 mmol, 3.1 eq.)
were dissolved in 150 mL MeCN. HBTU (18.7 g, 49.2 mmol, 1.2 eq.) was added and

the reaction mixture was stirred for 5 min before proline 98 (7.47 g, 45.1 mmol,

1.1 eq.) was added. Full conversion was observed by TLC after 24 h and the reaction

mixture was concentrated. After purification by column chromatography over silica
(5:1, cHex/EtOACc), dipeptide 94 was obtained as a colourless oil in 73 % (12.6 g,

32.4 mmol) yield.

Habitus:

Yield:

M(C18H32N20s5S):

Mp.:

'"H-NMR:

13C-NMR:

182

12 11

Colourless solid.

0
14 3 N
12.6 g (32.4 mmol, 73 %). 15 )(O)Hs\ 2 3

N
i rog,0%
388.52 g'mol.

75-76 °C.

(500 MHz, DMSO-de) & [ppm] = 7.15 (d, 3J = 8.4 Hz, 1H, NH),
4.36 —4.17 (m, 2H, H-7, H-2), 3.69 — 3.54 (m, 2H, H-4), 3.61 (s,
3H, H-9), 2.74 (dd, 2?Ju1o-H10 = 13.0 Hz, 3Jn10-H2=5.6 Hz, 1H,
H-10), 2.64 (dd, 2Jn1oH10 = 13.0 Hz, 3Jn10-H2 =8.2 Hz, 1H,
H-10"), 2.21 — 212 (m, 1H, H-5/H-6), 1.97 — 1.79 (m, 3H, H-
5/H-6), 1.37 (s, 9H, H-15), 1.27 (s, 9H, H-12).

(75 MHz, DMSO-ds) 6 [ppm] = 172.1 (Cq, 1C, C-8), 169.2 (Cq,
1C, C-3), 155.2 (Cq, 1C, C-13), 78.2 (Cq, 1C, C-14), 58.6 (CH,
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1C, C-7), 52.7 (CH, 1C, C-2), 51.7 (CHs, 1C, C-9), 46.5 (CH,
1C, C-4), 41.9 (Cq, 1C, C-11), 30.7 (CHs, 3C, C-12), 29.3 (CHy,
1C, C-10), 28.5 (CHz, 1C, C5/C-6) 28.2 (CHs, 3C, C-15), 24.6
(CHz, 1C, C5/C-6).

FT-IR (ATR): vV [cm™'] = 3385 (w), 2978 (w), 2959 (w), 2940 (w), 2897 (w),
1749 (m), 1707 (s), 1639 (s), 1508 (s), 1433 (s), 1391 (w), 1362
(m), 1337 (w), 1319 (w), 1304 (m), 1281 (m), 1238 (m), 1198
(m), 1157 (s), 1096 (w), 1063 (w), 1042 (w), 1018 (m), 997 (w),
901 (m), 868 (w), 849 (w), 766 (m), 752 (w), 729 (w), 706 (w),
667 (w), 602 (m).

LR-ESI-MS: m/z: 411.1 [M, +Na]".

Synthesis of Boc-Pro-OH

INIH_P074]
Boc,O
0 0]
N 1 M NaOH/dioxane N
H (4:1) ! OH
o 0°Ctort 62 h Boc
118 105

Proline (118) (15.0 g, 130 mmol, 1.0 eq.) was dissolved in 260 mL 1 M NaOH and
65 mL dioxane and the solution was cooled to 0 °C. Boc20 (34.0 g, 156 mmol,
1.2 eq.) was added in small portions. After complete addition, the solution was stirred
at 0 °C for 30 min and then at ambient temperature over the weekend. After 62 h full
conversion was observed by TLC. The dioxane was removed under reduced
pressure and the solution was cooled to 0 °C. The pH was adjusted to 4-5 by adding
conc. HCI and 150 mL EtOAc and 100 mL brine were added to the solution. The
phases were separated and the aqueous phase was extracted with EtOAc
(3x100 mL). The combined organic phases were washed with brine (1x100 mL),
dried over Na2S0O4 and filtered. After removing the solvent under reduced pressure,
protected proline 105 was obtained as a colourless solid in 75 % (20.87 g, 97 mmol)

yield.
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Yield:

Habitus:

M(C10H17NOa4):

Mp.:

'"H-NMR:

13C-NMR:

3C-NMR:

FT-IR (ATR):

184

20.87 g (97 mmol, 75 %).

Colourless solid.

215.25 g-mol".

132-134 °C, lit.:"1133-135 °C. )\ /& OH

(300 MHz, CDCI3) d [ppm] =11.53 (s, 1H, H-6), 4.29 (dd, 3JH1-H2
= 8.5 Hz, 3JH1H2 = 3.9 Hz, 1H, H-1), 3.66 — 3.27 (m, 2H, H-4),
2.41-1.79 (m, 4H, H-3, H-2), 1.44 (s, 9H, H-7).

Major: (75 MHz, CDCI3) & [ppm] = 178.8 (Cq, 1C, C-5), 153.9
(Cq, 1C, C-9), 80.3 (Cq, 1C, C-8), 59.0 (CH, 1C, C-1), 46.3 (CHz,
1C, C-4), 30.8 (CH2, 1C, C-2), 28.3 (CHs, 3C, C-7), 23.6 (CHz,
1C, C-3).

Minor: (75 MHz, CDCls) & [ppm] = 176.1 (Cq, 1C, C-5), 155.9
(Cq, 1C, C-9), 81.0 (Cq, 1C, C-8), 59.0 (CH, 1C, C-1), 46.9 (CHz,
1C, C-4), 29.0 (CH, 1C, C-2), 28.4 (CHs, 3C, C-7), 24.3 (CHz,
1C, C-3).

v [em™'] = 2968 (w), 2932 (w), 2895 (W), 2884 (w), 1734 (s), 1632
(s), 1477 (m), 1423 (s), 1410 (s), 1389 (m), 1362 (m), 1333 (w),
1269 (w), 1254 (w), 1242 (w), 1207 (s), 1186 (m), 1159 (s), 1128
(s), 1088 (m), 1057 (w), 1032 (w), 978 (w), 897 (m), 853 (m), 829
(w), 791 (w), 773 (m), 760 (w), 729 (w), 640 (w).
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Synthesis of Boc-Pro-Cys(trt)-OMe

[NIH_P061]
tr gt
@) S HBTU, DIPEA o)
N + HCl o o.
Boc OH H,N “CHs MeCN, rt, 22 h ” CHj
(0] N 0]
Boc
105 101 106

Protected proline 105 (2.37 g, 11.0 mmol, 1.1 eq.) was dissolved in 40 mL MeCN and
DIPEA (5.4 mL, 31 mmol, 3.1 eq.) and HBTU (4.55¢g, 12.0 mmol, 1.2 eq.) was
added. The solution as stirred for 5 min at ambient temperature before cysteine 101
(4.14 g, 10.0 mmol, 1.0 eq.) was added. After 22 h, full conversion was observed by
TLC. The reaction mixture was concentrated and purified by column chromatography
over silica (2:1, cHex/EtOAc). Dipeptide 106 was obtained as a colourless solid in
90 % (5.17 g, 9.0 mmol) yield.

h14

Habitus: Colourless solid. T
15

Yield: 5.17 g (9.0 mmol, 90 %).
CH39

w
o:gn,,
@)

/

M(C14H23N205S):  574.74 g-mol-".
4 1@?0

Mp.: 59-60 °C. >ﬂ
12

1H-NMR: (500 MHz, DMSO-ds) & [ppm] = 8.34 (d, J = 8.1 Hz, 1H, H-6),
742 — 7.18 (m, 15H, H-15, H-16, H-17), 4.20 — 413 (m, 1H,
H-1), 4.10 —4.03 (m, 1H, H-7), 3.54 (s, 3H, H-9), 3.42 — 3.34 (m,
1H, H-4), 3.30 — 3.19 (m, 1H, H-4"), 2.60 (dd, 2Jn10-10' = 12.3 Hz,
3Jn10-H7 = 8.8 Hz, 1H), 2.42 (dd, 2Jn1o-v10= 12.4, 3JnioH7 =
5.8 Hz, 1H- H-10’), 2.20 — 1.98 (m, 1H, H-3/H-2), 1.90 — 1.66 (m
3H, H-2, H-3), 1.28 (s, 9H, H-12).

13C-NMR: (126 MHz, DMSO-ds) & = 172.5 (Cq, 1C, C-5), 170.6 (Cq, 1C,
C-8), 153.3 (Cq, 1C, C-10), 144.1 (Cq, 3C, C-14), 129.0 (CHar,
6C, C-15/C-16), 128.1 (CHar, 6C, C-15/C-16), 126.8 (CHar, 3C,
C-17), 78.4 (Cq, 1C, C-11), 66.3 (Cq, 1C, C-13), 59.3 (CH, 1C,
C-7), 52.1 (CHs, 1C, C-9), 51.3 (CH, 1C, C-1), 46.4 (CHz, 1C,
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LR-ESI-MS:

FT-IR (ATR):

C-4), 32.6 (CH2, 1C, C-10), 30.9 (CH2, 1C, C-2/C-3), 28.0 (CHs,
1C, C-12), 22.9 (CHz, 1C, C-2/C-3).
miz: 597.2 [M, +Na]*.

v [em"] = 3294 (br, w), 3055 (w), 2976 (w), 2928 (w), 1746 (w),
1670 (m), 1489 (w), 1443 (w), 1391 (m), 1366 (m), 1319 (w),
1244 (w), 1206 (m), 1161 (m), 1121 (m), 1086 (w), 1034 (w), 984
(W), 920 (w), 885 (w), 853 (w), 766 (w), 743 (m), 698 (s), 675 (m),
617 (m).

Synthesis of Boc-Pro-Cys(trt)-OH hydrochloride

[NIH_P065]

Ft
S
(0]
0]
Ok :
N H (0]
Boc

106

0.5 M HCI/MeOH 0
> O\
“CH, rt, 22 h C,)L” CH;
NH

108

Dipeptide 106 (2.87 g, 5.0 mmol, 1.0 eq.) was dissolved in 0.5M HCI in MeOH

(20 mL, 10 mmol, 2.0 eq.) and stirred at ambient temperature. Full conversion was

observed by TLC after 8 h. The solvent was removed under reduced pressure and

dipeptide 108 was obtained as a colourless solid in quantitative yield (2.55 g,

5.0 mmol) yield.
Habitus:

Yield:
M(CoH16CIN203S):
Mp.:

'"H-NMR:

186

16
, Ph 13
Colourless solid. Ph - 15
14
o S
2.55 g (5.0 mmol, quant.). 3
2 9 O\
4C,)6\H 8 CH3
NH,* 7 O
* ' er

511.08 g'mol".
119-121 °C.

(500 MHz, MeOD-ds) & [ppm] = 7.39 — 7.35 (m, 6H, H-14), 7.31 —
7.26 (m, 6H, H-15), 7.25 — 7.19 (m, 3H, H-16), 4.33 (dd, 3Jrz.ts =
8.8 Hz, 3JH2H3 = 6.0 Hz, 1H, H-2), 4.22 (dd, 3JHs-H11 = 8.9 Hz,
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13C-NMR:

FT-IR (ATR):

3Jns-H11 = 4.9 Hz, 1H, H-8), 3.61 (s, 3H, H-10), 3.41 — 3.32 (m,
3H, H-5), 2.72 (dd, 2Jn11-H11 = 12.9 Hz, 3JH11-vs = 8.9 Hz, 1H,
H-11), 2.61 (dd, 2Jn11-H11 = 12.9 Hz, 3JH11-18 = 4.9 Hz, 1H, H-11),
2.49 -2.38 (m, 1H, H-3), 2.09 — 1.94 (m, 3H, H-3, H-4).

(75 MHz, MeOD-d4) & [ppm] = 171.6 (Cq, 1C, C-9), 169.7 (Cq,
1C, C-6), 145.6 (Cq, 3C, C-13), 130.6 (CHar, 6C, C-14), 129.0
(CHar, 6C, C-15), 128.0 (CHar, 3C, C-16), 68.2 (Cq, 1C, C-12),
60.8 (CH, 1C, C-2), 53.6 (CH, 1C, C-8), 53.0 (CHs, 1C, C-10),
47.5 (CH2, 1C, C-5), 34.0 (CHz, 1C, C-11), 31.0 (CHz, 1C, C-3),
249 (CHz, 1C, C-4).

v [cm"] = 3181 (w, br), 3055 (w), 2972 (w), 2951 (w), 2891 (w),
2822 (w), 1736 (w), 1676 (m), 1593 (w), 1535 (w), 1489 (w),
1443 (m), 1387 (w), 1341 (w), 1317 (w), 1213 (m), 1180 (m),
1113 (w), 1082 (w), 1034 (w), 1001 (w), 976 (w), 847 (w), 743
(m), 698 (s), 675 (m), 615 (m).
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Synthesis of Boc-Cys(trt)-Pro-Cys(trt)-OMe
[NIH_P085, NIH_P159]

i I 0
S o S HBTU, DIPEA /g(o
Boc., OH * O~ MeCN, t, 24 h b ot
N N CHs eCN, t, N__ o ©
Ho TR 73 % \I
_s
HCI trt Boc

107 108 104

Dipeptide 108 (7.67 g. 15.0 mmol, 1.0 eq.) and DIPEA (8.10 mL, 46.5 mmol, 3.1 eq.)
were dissolved in MeCN (250 mL). HBTU (6-83 g, 18.0 mmol, 1.2 eq.) was added
and the solution was stirred for five minutes at ambient temperature. After
cysteine 107 (7.65 g. 16.5 mmol, 1.1 eq.) was added, the solution was stirred for 24 h
at ambient temperature. The solvent was removed under reduced pressure and the
product was purified by column chromatography over silica gel (2:1>1:1,
cHex:EtOAc). After the solvent was removed under reduced pressure, tripeptide 104

was obtained as a colourless solid in 73 % (11.0 mmol, 10.1 g).

M(Cs5Hs57N306S2):  919.37.17 g-mol".

Habitus: Colourless solid.

Yield: 10.1 g (11.0 mmol, 73 %).

Mp.: 95-96 °C

"H-NMR: (500 MHz, DMSO-ds) & [ppm] = 8.18 (d, J = 7.6 Hz, 1H, NH),

7.47 —7.21 (m, 30H, H-16, H-17, H-21, H-22, H-22, H-23), 4.33
— 4.20 (m, 1H, H-7), 4.18 — 3.95 (m, 2H, H10, H-2), 3.50 (s, 3H,
H-12), 3.20 — 3.10 (m, 1H, H-4), 2.75 — 2.65 (m, 1H, H-4"), 2.59
(dd, 2Jn19-H19 = 12.7 Hz, 3Jn19-H2 = 9.8 Hz, 1H, H-19), 2.46 (dd,
2JH13-H13 = 12.4 Hz, 3JH13-H10 = 8.1 Hz, 1H, H-13), 2.35 (dd, 2JH13-
H13 = 12.4 Hz, 3Jn13-H10 = 5.4 Hz, 1H, H-13’), 2.30 (dd, 2JH19-H19 =
12.7 Hz, 3JH19-H2 = 4.5 Hz, 1H, H-19), 1.97 — 1.65 (m, 4H, H-5,
H 6), 1.38 (s, 9H, H-27).
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13C-NMR:

FT-IR (ATR):

HRMS (ESI):

(126 MHz, DMSO-ds) & [ppm] = 171.4 (Cq, 1C, C-8), 170.6 (Ca,
1C, C-11), 168.3 (Cq, 1C, C-3), 155.2 (Cq, 1C, C-24), 144.4 (Ca,
3C, C-15/C-21), 144.0 144.4 (Cq, 3C, C-15/C-21), 129.2 144.4
(CHar, 6C, C-H16/C-17/C-22/C-23), 129.0 (CHar, 6C, C-H16/C-
17/C-22/C-23), 128.1 (CHar, 6C, C-H16/C-17/C-22/C-23), 128.0
(CHar, 6C, C-H16/C-17/C-22/C-23), 126.8 (CHar, 6C, C-H18/C-
24), 126.7 (CHar, 6C, C-H18/C-24), 78.2 (Cq, 1C, C-26), 66.4
(Cq, C1, C-14/C-20), 66.3 (Cq, C1, C-14/C-20), 58.9 (CH, 1C, C-
7), 52.3 (CH, 1C, C-2/C-10), 52.0 (CHs, 1C, C-12), 51.4 (CH, 1C,
C-2/C-10), 46.2 (CHz, 1C, C-4), 32.6 (CH2, 2C, C-13, C-19), 28.9
(CHz, 1C, C-5/C-6), 28.2 (CHs, 3C, C-27), 24.1 (CH2, 1C, C-5/C-
6).

v [em™'] = 3412 (w, br), 3296 (w, br), 3055 (w), 2974 (w), 2949
(W), 2928 (w), 2874 (w), 1744 (w), 1686 (w), 1649 (m), 1595 (w),
1582 (w), 1489 (m), 1441 (m), 1391 (w), 1366 (W), 1344 (w),
1317 (w), 1304 (w), 1246 (w), 1206 (w), 1161 (s), 1082 (w), 1032
(W), 1001 (w), 922 (w), 883 (w), 853 (w), 741 (s), 696 (s), 675
(m), 617 (M), 604 (w).

my/. calcd. for CssHs7N3OeS2: 920.3761543 [M+H]*;
found: 920.37676.

my/. calcd. for CssHs7N3OeS2: 942.3580990 [M+Na]*;
found: 942.35879.

o 1 S
6 4 1.0
5 8 N0 2

H

) N 0° (0]

Ph s 3 1
Ph—); 2
22 21 19 NH

24
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Synthesis of H2N-Cys(Bzl)-OMe hydrochloride

[NIH_P040]
SH IT%ZI E|’>zl
S socl S
BzB 2
y N/EH/OH il ~ Hcl
2(: 5 EtOH/2N NaOH H,N OH  MeOH, rt, 20 H,N OcH,
HCI (1:1) o o
rt, 30 min
112 113 110

Cysteine hydrochloride (112) (12.61 g, 80 mmol, 1.0 eq.) was dissolved in 150 mL
EtOH and 75 mL 2N NaOH and benzyl bromide (9.50 mL,80 mmol, 1.0 eq.) was
added under vigorous stirring. After full addition, the reaction was stirred for further
30 min before neutralisation by the addition of conc. HCI. The precipitate was filtered
off, washed with water, EtOH and Et2O and dried under reduced pressure to yield
benzyl protected cysteine 113 as a colourless solid which was directly used without
further purification.

Benzyl protected cysteine was suspended in 150 mL MeOH and thionyl chloride
(8.7 mL, 120 mmol, 1.5 eq.) was slowly added over a dropping funnel. After stirring
for 4 h, additional thionyl chloride (2.9 ml, 40 mmol, 0.5 eq.) was added and the
reaction was stirred overnight. After full conversion as detected via TLC, all volatile
parts were removed under reduced pressure to yield 12.52 g (48 mmol, 60 %) of

hydrochloride 110 as colourless solid.

Yield: 12.52 g (48 mmol, 60 %, lit.:[31185 %). "
6 7 9
Habitus: 8

Colourless solid.

5
cr
M(C11H14CINO3S): 261.76 g-mol". +H3N/2E;(O\4
1
(0]
Mp.: 147-149 °C, lit.:['311 148-150 °C.
1H-NMR: (500 MHz, MeOD-ds) & [ppm] = 7.40 — 7.35 (m, 2H, H-8), 7.33 (t,

3JHo-H8, Ho-H10 = 7.5 Hz, 2H, H-9), 7.29 — 7.23 (m, 1H, H-10), 4.22
(dd, 3ars = 7.9 Hz, 3z = 4.5 Hz, 1H, H-2), 3.83 (s, 2H, H-6),
3.82 (s, 3H, H-4), 3.05 (dd, 2Jns+s = 14.8 Hz, 3JnsH2 = 4.5 Hz,
1H, H-5), 2.93 (dd, 2JHs-H5 = 14.8 Hz, 3JHs-H2 =7.9 Hz, 1H, H-5).
13C-NMR: (75 MHz, MeOD-ds) & [ppm] = 169.6 (Cq, 1C, C-3), 138.6 (Ca,

1C, C-7), 130.2 (CHar, 2C, C-8), 129.7 (CHar, 2C, C-9), 128.4
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(CHar, 1C, C-10), 53.9 (CHs, 1C, C-4), 53.3 (CH, 1C, C-2), 36.8
(CHz, 1C, C-6), 32.0 (CHz, 1C, C-5).
FT-IR (ATR): vV [em™'] = 3130 (w), 2999 (w), 2860 (w), 2801 (m), 2752 (w),
2720 (w), 2669 (w), 2639 (w), 2567 (w), 2494 (w), 1736 (s), 1578
(W), 1493 (m), 1445 (m), 1418 (w), 1383 (m), 1287 (w), 1234 (s),
1200 (m), 1182 (m), 1153 (m), 1101 (m), 1069 (w), 1038 (m),
1003 (w), 937 (m), 912 (w), 839 (M), 756 (w), 702 (s), 658 (W).

LR-ESI-MS: miz: 226.0 [M, +HJ*, 248.0 [M, +NaJ*.

The analytic data are in agreement with the literature!'3"]
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Synthesis of Boc-Cys(Bzl)-OH

[NIH_P042]
Bzl Bzl
SH BzIBr . & Boc,0, Et;N 4
HN OH EtOH/2N NaOH OH Dixane/H,0 Boc. OH
Hcl O (1:1) HoN (1:1) N
rt, 30 min o rt, 16 h H o
112 113 111

Cysteine hydrochloride (112) (12.61 g, 80 mmol, 1.0 eq.) was dissolved in 150 mL
EtOH and 75 mL 2N NaOH and benzyl bromide (9.50 mL,80 mmol, 1.0 eq.) was
slowly added over a dropping funnel under vigorous stirring. After full addition, the
reaction was stirred for further 30 min before neutralisation by the addition of conc.
HCI. The precipitate was filtered off, washed with water, EtOH and Et2O and dried
under reduced pressure to yield 14.78 g (70 mmol, 86%) of benzyl protected
cysteine 113 as a colourless solid which was directly used without further purification.
Benzyl protected cysteine was dissolved in 140 mL dioxane/water (1:1) and EtsN
(16.7 mL, 120 mmol, 1.5 eq.). Boc20 (17.46 g, 80 mmol, 1.0 eq.) were added and the
reaction was stirred for 16 h. The major part of dioxane was removed under reduced
pressure and the reaction was cooled to 0 °C. After adjusting the pH to 4-5, the
solution was extracted with EtOAc (3x100 mL), dried over Na2SO4 and filtrated. After
drying for more than 7 d, double protected cysteine 111 was obtained in 78 % yield

(19.52 g, 62.7 mmol) as a colourless oil containing traces of solvent.
13

Habitus: Colourless oil. o 12
1
Yield: 19.52 g (62.7 mmol, 78 %, lit.:['*193 %). o 8¢°
)ﬁ M /EF(OH“
: Mol 5 07 N2
M(C1sH19NOsS):  325.38 g-mol~. Ho
1
'H-NMR: (300 MHz, CDCls) & [ppm] = 10.78 (s, 1H, H-4), 7.33 — 7.20 (m,

5H, H-Ph), 5.37 (d, J = 7.8 Hz, 1H, H-1), 4.50 (d, J = 6.8 Hz, 1H,
H-2), 3.73 (s, 2H, H-9), 2.92 (dd, J = 14.0, 4.8 Hz, 1H, H-8), 2.84
(dd, J = 14.2, 5.9 Hz, 1H, H-8), 1.44 (s, 9H, H-5).

13C-NMR: (75 MHz, CDCls) & [ppm] = 175.6 (C-3), 155.5 (C-7), 137.7 (C-
10), 129.0 (C-11/C-12), 128.6 (C-11/C-12), 127.2 (C-13), 53.2
(C-2), 36.7 (C-9), 33.4 (C-8), 28.3 (C-5).
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Synthesis of Fmoc-Pro-Cys(Bzl)-OMe

[NIH_P044]

O
N +
H

Fmoc O

100

I_I%zl
S HBTU, DIPEA o)
HCl o . o
H,N “CH, MeCN, rt, 6 h ” CH,
o N o)

110 114

Fmoc-Pro-OH 100 (2.84 g, 8.4 mmol, 1.1 eq.) was dissolved in 40 mL MeCN and
DIPEA (4.1 mL, 23.7 mmol, 3.1 eq.). After the addition of HBTU (3.48 g, 9.2 mmol,

1.2 eq.), the reaction mixture was stirred for 5 min before double protected cysteine

hydrochloride 110 was added. After stirring at ambient temperature for 6 h, full

conversion was observed via TLC. All volatile parts were removed and the reaction

mixture was purified by column chromatography over silica gel (1:1, cHex/EtOAc).

Dipeptide 114 was obtained as a colourless oil in 90 % (3.74 g, 6.9 mmol) yield.

Yield:
Habitus:
M(C31H30N206S):

'"H-NMR:

13C-NMR:

3.74 g (6.9 mmol, 90 %).

Colourless oil.

558.65 g-mol".

(500 MHz, CDCl3) & [ppm] = 7.75 (d, J = 7.5 Hz, 2H), 7.61 — 7.50
(m, 2H), 7.38 (t, J = 7.5 Hz, 2H), 7.32 — 7.17 (m, 7H), 4.76 (dt, J
= 7.8, 5.6 Hz, 1H, H-7), 4.50 — 4.29 (m, 3H), 4.29 — 4.18 (m, 1H),
3.70 (s, 2H), 3.65 (s, 2H, H-20), 3.63 — 3.41 (m, 3H), 2.92 (dd, J
= 13.8, 4.9 Hz, 1H, H-19), 2.84 — 2.70 (m, 1H, H-19), 2.41 — 1.79
(m, 4H, H, H-2, H-3).

13C NMR (75 MHz, CDCI3) & 171.6, 171.1, 143.8, 141.3, 137.6
129.0, 128.6, 127.8, 127.3, 127.1, 125.2, 125.2, 120.1, 67.9,
60.5, 52.7, 51.9 (C-7), 47.3, 47.1, 36.5 (C-20), 33.4 (C-19), 24.7.

Could not be assigned properly due to superimposed signals of isomers
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FT-IR (ATR):

194

V [em1] = 3314 (w, br), 3063 (w), 3028 (w), 2951 (w), 2884 (w),
1744 (w), 1674 (m), 1518 (w), 1450 (m), 1414 (m), 1350 (m),
1335 (m), 1240 (w), 1204 (m), 1175 (m), 1115 (m), 1088 (m),
1030 (w), 986 (w), 908 (m), 878 (w), 758 (m), 727 (s), 702 (m),
646 ().
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Synthesis of Boc-Cys(Bzl)-Pro-Cys(Bzl)-OMe
[NIH_P055]

?zl

S

Boc- /('(OH Bz
N $
H o 0
Bzl 111 O.
. N CHj
o S 1) HNEt,, MeCN, N H 8
o rt, 1.5 h 0
N “CHj >
L 2) 111, HBTU, DIPEA, N-Boc

\Fmoc MeCN, rt, 3.5d Bz|/s H

114 109

Fmoc-Pro-Cys(Bzl)-OMe 114 (3.75g, 6.9 mmol, 1.0 eq.) was dissolved in 30 mL
MeCN and diethylamine (7.1 mL, 69 mmol, 10 eq.) was added. After stirring for 1.5 h
complete cleavage of the Fmoc-protecting group was observed via TLC. The Solvent
and excess diethylamine were removed under reduced pressure and the crude
residue was dissolved in 30 mL MeCN. Boc-Cys(Bzl)-OH 111 (2.72 g, 8.7 mmol,
1.5 eq.) was dissolved in 30 mL MeCN and DIPEA (3.8 mL, 21.8 mmol, 3.2 eq.).
HBTU (3.93 g, 10.4 mmol, 1.5 eq.) was added and the reaction was stirred for 5 min
at ambient temperature before the solution of dipeptide was added. After 3.5 d, the
solution was concentrated under reduced pressure and 100 mL DCM and 100 mL
water were added. After adjusting the pH to 3—4, the phases were separated and the
aqueous phase was extracted with DCM (2x100 mL). The combined organic phases
were washed with brine (1x100 mL), dried over Na2SO4 and filtered. The crude
product was purified by column chromatography over silica (10:1 to 1:1,
cHex/EtOAc). Tripeptide 109 was obtained as a slightly yellow tare in 62% (2.62 g,

4.3 mmol) yield. The NMR showed impurities which could not be removed by column

chromatography.
Habitus: Slightly yellow tare.
Yield: Crude: 2.62 g (4.3 mmol, 62 %).

M(C31H41N30eS2): 615.80 g-mol-".
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Synthesis of H2N-Pro-OMe hydrochloride

[NIH_P060]

Q\(O

H  OH

118

socl, O\(O
N

H  0O-
MeOH, rt, 14 h hep O CHs

119

Proline 118 (5.76 g, 50 mmol, 1.0 eq.) was dissolved in 50 mL MeOH and cooled to
0 °C. Thionyl chloride (7.3 mL, 100 mmol, 2.0 eq.) was slowly added over a dropping

funnel. The reaction was warmed up to ambient temperature. After 14 h full

conversion was observed by TLC and MeOH and excessive thionyl chloride were

removed under reduced pressure. Proline methyl ester hydrochloride 119 was

obtained as colourless solid in 98 % (8.11 g, 49 mmol) yield.

Habitus:

Yield:
M(CsH12CINO2):
Mp.:

'"H-NMR:

13C-NMR:

FT-IR (ATR):

LR-ESI-MS:

196

Colourless solid.

5 0
3 +
8.11 g (49 mmol, 98 %). W, ‘o
CHs;
Ccr
165.62 g-mol".
72-75 °C.

(300 MHz, MeOD-d4) & [ppm] = 3.18 (dd, J = 8.7, 6.9 Hz, 1H, H-
5), 2.57 (d, J = 0.6 Hz, 3H, H-7), 2.21 — 2.04 (m, 2H, H-3), 1.22 —
1.05 (m, 2H, H-1), 0.97 — 0.71 (m, 3H, H-1, H-2).

(75 MHz, MeOD-d4) & [ppm] = 169.0 (Cq, 1C, C-6), 59.2 (CH, 1C,
C-5), 52.5 (CHs, 1C, C-7), 45.7 (CHz, 1C, C-3), 27.8 (CHz, 1C, C-
1), 23.1 (CHz, 1C, C-2).

v [em=] = 2862 (m, br), 2812 (m), 2727 (m), 2668 (m), 2615 (W),
2558 (m), 2465 (w), 2440 (w), 1744 (s), 1447 (m), 1422 (w), 1389
(w), 1369 (m), 1352 (m), 1321 (m), 1304 (w), 1248 (s), 1207 (s),
1157 (w), 1088 (m), 1059 (m), 1038 (m), 1005 (m), 959 (w), 918
(m), 889 (M), 692 (w).

m/z: 130.1 [M, +H, —CIJ*.
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Synthesis of Boc-Cys(trt)-Pro-OMe
[NIH_P067, NIH_P061]

|
s
S O\(O HBTU, DIPEA
+ N
Boc. /E'(OH H MeCN, rt, 5 h BOC\N N
” H CH

107 119 120

Cysteine 107 (1.29 g, 2.8 mmol, 1.1 eq.) were dissolved in 40 mL MeCN and DIPEA
(1.35 mL, 7.8 mmol, 3.1 eq.). HBTU (1.14 g, 3.0 mmol, 1.2 eq.) was added and the
solution was stirred for 5 min before proline 119 (414 mg, 2.6 mmol, 1.0 eq.) was
added. After stirring for 5 h at ambient temperature, full conversion was observed by
TLC. The Reaction mixture was concentrated under reduced pressure and purified by
column chromatography over silica (5:1 to 1:1, cHec:EtOAc). Dipeptide 120 was
obtained as colourless solid in 88 % (1.42 g, 2.5 mmol) yield. The NMR-spectra

shows two rotamers and traces of EtOAc. 17
16 18
Habitus: Colourless, foam-like solid. PhPh »
14
Yi . 0 13 S 70
ield: 1.42 g (2.5 mmol, 88 %). @) ]
11
10)\0)112\N 2N VNG 9
M(C14H23N205S):  574.74 g-mol". Ho § _CHj
1 0 8 @)
Mp.: 60-62 °C.
TH-NMR: Major: (500 MHz, CDCI3) & [ppm] = 7.47 — 7.34 (m, 6H, H-16),

7.31-7.23 (m, 6H, H-17), 7.23 — 7.16 (m, 3H, H-18), 5.05 (d, J =
9.1 Hz, 1H, H-1), 4.43 (dd, J = 8.4, 3.9 Hz, 1H, H-4), 4.34 — 4.26
(m, 1H, H-2), 3.62 (s, 3H, H-9), 3.51 — 3.40 (m, 1H, H-7), 3.15 —
3.05 (m, 1H, H-7), 2.50 (d, J = 6.8 Hz, 2H, H-13), 1.57 — 1.33 (s,
9H, H-10).

13C-NMR: Major: (75 MHz, CDCI3) & [ppm] = 172.1 (Cq, 1C, C-8), 169.6
(Cq, 1C, C-3), 155.3 (Cq, 1C, C-12), 144.63 (Cq, 3C, C-15), 129.8
(CHar, 6C, C-16), 128.0 (CHar, 6C, C-17), 126.8 (CHar, 3C,
C-18), 79.9 (Cq, 1C, C-11), 67.2 (Cq, 1C, C-14), 59.0 (CH, 1C,
C-4), 52.2 (CHs, 1C, C-9), 51.7 (CH, 1C, C-2), 46.7 (CH2, 1C,
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C-7), 34.2 (CH2, 1C, C-13), 29.0 (CH2, 1C, C-5), 28.4 (CHs, 3C,
C-10), 24.9 (CHz, 1C, C-6).

13C-NMR: Minor: (75 MHz, CDCls) & [ppm] = 172.3 (Cq, 1C, C-8), 169.2
(Cq, 1C, C-3), 155.3 (Cq, 1C, C-12), 144.6 (Cq, 3C, C15), 129.8
(CHar, 6C, C-16), 128.0 (CHa, 6C, C-17), 126.8 (CHar, 3C,
C-18), 79.9 (Cq, 1C, C-11), 67.2 (Cq, 1C, C-14), 59.1 (CH, 1C,
C-4), 52.3 (CHs, 1C, C-9), 51.4 (CH, 1C, C-2), 46.9 (CH2, 1C,
C-7), 34.6 (CH2, 1C, C-13), 29.1 (CHz, 1C, C-5), 28.4 (CHs, 3C,
C-10), 24.7 (CH2, 1C, C-6).

FT-IR (ATR): v [em™'] = 3412 (w, br), 3298 (w, br), 3055 (w), 2976 (w), 2953
(W), 2930 (w), 2882 (w), 1746 (m), 1709 (m), 1647 (m), 1489 (m),
1443 (m), 1366 (m), 1341 (w), 1277 (w), 1248 (m), 1167 (s),
1043 (w), 1022 (w), 910 (w), 866 (w), 766 (w), 733 (s), 700 (s).

Synthesis of Boc-Cys(trt)-Pro-OH

[NIH_P073]
tll't tlrt
S 1 M NaOH S
Boc\H Q o MeOH. rt. 40 h BOC\H/EH/Q
7 3
0 g0 O 4/ OoH
120 116

Dipeptide 120 (1.42 g, 2.5 mmol, 1.0 eq.) was dissolved in 30 mL MeCN and 1 m
NaOH (25 mL, 25 mmol, 10 eq.) was added. The reaction was stirred at ambient
temperature. After 40 h full conversion was observed by TLC. The MeCN was
removed under reduced pressure and 50 mL water were added. The pH was
adjusted to 3—4 by adding conc. HCI. The solution was extracted with EtOAc
(3x50 mL) and the combine organic phases were dried over Na2SOa4. After column
chromatography over silica (20:1, DCM/MeOH), dipeptide 116 was obtained as a
colourless solid in 64% (875 mg, 1.6 eq.) yield.
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Habitus:

Yield:

M(C13H21N20s5S):

Mp.:

'"H-NMR:

H-NMR:

13C-NMR:

FT-IR:

GC-MS:

Colourless, foam-like solid. . 17 .
875 mg (1.6 mmol, 64%). PhPh
560.71 g-mol-". )\ /('( ?
O 12N 2
Brought range.
19 g 5 OH?

Major: (500 MHz, CDCI3) & [ppm] = 7.49 — 7.33 (m, 6H, H-16),
7.29 —7.25 (m, 6H, H-17), 7.22 — 7.17 (m, 3H, H-18), 5.13 (d, J =
8.6 Hz, 1H, H-1), 4.48 (dd, 3JHa-H5 = 8.4 Hz, 3JH4a-ns = 3.5 Hz, 1H,
H-4), 4.26 (dd, 3Jn2-H13 = 14.8 Hz, 3JH2-H13 = 7.4 Hz, 1H, H-2),
3.51 — 3.40 (m, 1H, H-7), 3.06 (dt, J = 10.5 Hz, J = 6.0 Hz, 1H.
H-7), 2.52 — 2.42 (m, 2H, H-13), 2.24 — 2.11 (m, 1H, H-5), 2.05 —
1.97 (m, 1H, H-5), 1.94 — 1.80 (m, 2H, H-6), 1.41 (s, 9H, H-10).
Minor: (500 MHz, CDCls) & [ppm] = 7.49 — 7.33 (m, 6H, H-16),
7.29 - 7.25 (m, 6H, H-17), 7.22 = 7.17 (m, 3H, H-18), 5.22 (d, J =
8.7 Hz, 1H,H-1), 4.44 (dd, 3JHa-vs = 8.2 Hz, 3JH4-ns = 3.2 Hz, 1H,
H-4), 4.38 — 4.32 (m, 1H, H-2), 3.64 — 3.52 (m, 1H, H-7), 3.18 —
3.09 (m, 1H, H-7), 2.44 (dd, 2Jn13-H13 = 13.0 Hz, 2JH13-H2 = 6.9 Hz,
2H, H-13), 2.25 — 2.08 (m, 1H, H-5), 2.05 — 1.97 (m, 1H, H-5),
11.94 — 1.84 (m, 2H, H-6), 1.39 (s, 9H, H-9).

(75 MHz, CDCl3) & [ppm] = 173.8 (Cq, 1C, C-8), 171.7 (Cq, 1C,
C-3), 155.3 (Cq, 1C, C-12), 144.5 (Cq, 3C, C-15), 129.7 (CHar,
6C, C-16), 128.1 (CHar, 6C, C-17), 127.0 (CHar, 3C, C-18), 80.3
(Cq, 1C, C-11), 67.4 (Cq, 1C, C-14), 59.8 (CH, 1C, C-4), 51.7
(CH, 1C, C-2), 47.3 (CHz, 1C, C-7), 34.0 (CHz, 1C, C-13), 28.4
(CHs, 3C, C-10), 27.9 (CH2, 1C, C-5), 24.8 (CH2, 1C, C-6).

¥ [om~1] = 3420 (w, br), 3296 (w, br), 3055 (w), 3011 (w), 2976
(W), 2930 (w), 2884 (w), 1711 (m), 1645 (w), 1618 (w), 1489 (w),
1443 (m), 1393 (w), 1368 (), 1346 (w), 1319 (w), 1298 (w),
1271 (w), 1246 (w), 1217 (w), 1161 (m), 1034 (w), 1022 (w), 862
(W), 854 (w), 743 (s), 700 (s), 675 (), 665 (W), 621 (W).

Not detectable.
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Synthesis of H:N-Cys(Acm)-OME hydrochloride

[NIH_P066]

Acm

S

MeOH, rt, 5 h S
HCI
Boc. OH O.
oc N 2) SOC'Z’ MeOH H2N CH3
H rt, 16 h

0]

121

1) 4 M HCl/dioxane Aem

122

A 4 m Solution of HCI in dioxane (24 mL, 96 mmol, 6.4 eq.) was added to protected

cysteine 121 (4.39 g, 15 mmol, 1.0 eq.) and stirred for 3 h at ambient temperature.

Due to the bad solubility, additional 4 m HCI in dioxane (6 mL, 24 mmol, 1.6 eq.) and

60 mL MeOH were added. After 2 h full conversion was observed and the reaction

mixture was concentrated to dryness. The residue was dissolved in 50 mL MeOH

and cooled to 0 °C. Thionyl chloride (3.6 mL, 30 mmol, 2.0 eq.) was slowly added

and the reaction was warmed to ambient temperature. After 16 h full conversion was

observed and the reaction mixture was dissolved to dryness. The product was

purified by column chromatography over silica (10:1, DCM/MeOH). Protected

cysteine 122 was obtained as colourless solid in 66% (2.45 g, 10 mmol) yield.

Habitus:

Yield:
M(C7H15CIN203S):
Mp.:

H-NMR:

13C-NMR:

Colourless solid.

9

2.45 g (10 mmol, 66%). J%; T
242.72 g-mol-". o

131-133 °C, lit.:1 130-132 °C.

(300 MHz, MeOD-ds) & [ppm] = 4.49 (d, J = 13.9 Hz, 1H, H-6),
4.40 (dd, J = 8.0, 4.6 Hz, 1H, H-2), 4.28 (d, J = 13.8 Hz, 1H, H-
6), 3.87 (s, 3H, H-4), 3.41 — 3.21 (m, 1H, H-5), 3.07 (dd, J = 14.9,
8.0 Hz, 1H, H-5), 2.01 (s, 3H, H-9).

(75 MHz, MeOD-ds) & [ppm] = 53.9 (CHs, 1C, C-4), 53.7 (CH,
1C, C-2), 41.7 (CHz, 1C, C-6), 31.8 (CHz, 1C, C-5), 22.6 (CHs,
1C, C-9).

C-3 and C-8 were not detected.
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FT-IR (ATR): v [cm~"] = 3385 (w, br), 3244 (w, br), 2953 (w), 2930 (w), 2855
(W), 2621 (w),1746 (s), 1638 (s), 1530 (s), 1437 (m), 1418 (m),
1373 (m), 1250n (s), 1084 (m), 1005 (w), 934 (w), 708 (w).

LR-ESI-MS: m/z: 207.0 [M, +H, —CIJ*, 229.0 [M, +Na, —CIJ*.

Synthesis of Boc-Phe-Pro-Cys(Acm)-OMe
[NIH_P072, NIH_P140]

Ph fom 0
S HBTU, DIPEA Boc.-. /Q(NQJ\ _CHj
Boc\N/EWOH + HCl /([(O N E
H § HoN “CHj
o)

MeCN, rt, 41 h H § i

S
|

Acm

123 122 124

Phenylalanine 123 (1.46 g, 5.5 mmol, 1.1 eq.) was dissolved in 30 mL MeCN and
DIPEA (2.70 mL, 15.5 mmol, 3.1 eq.), before HBTU (2.28 g, 6.0 mmol, 1.2 eq.) was
added. After stirring for 5 min at ambient temperature, cysteine 122 (1.21 g, 5 mmol,
1.0 eq.) was added and the reaction was stirred over the weekend. Full conversion
was obtained after 41 h by TLC. The reaction was concentrated and purified by
column chromatography over silica (1:1 to 1:2 to 0:1, cHex/EtOAc). Dipeptide 124

was obtained as a colourless solid in 76% (1.72 g, 3.79 mmol) yield.
12
10

Habitus: Colourless solid. o 8 yt 0
20 7
ald- 0 21 )\O%N N N\?)@J\O/
Yield: 1.72 g (3.79 mmol, 76%). H : 24
1 O 1uNg g
. . -1
M(C21H31N306S):  453.55 g-mol. 15kH)17K18
Mp.: 100-102 °C, lit.:099-102 °C. 16
TH-NMR: (500 MHz, CDCIs) & [ppm] = 7.63 — 7.41 (m, 1H, H-4), 7.31 —

7.25 (m, 2H, H-11), 7.23 (m, 3H, H-10, H-12), 5.45 — 5.28 (m,
1H, H-1), 4.78 (g, J = 6.4 Hz, 1H, H_5), 4.46 (g, J = 7.3 Hz, 1H,
H-2), 4.38 — 4.26 (m, 2H, H-15), 3.79 — 3.67 (m, 3H, H-7), 3.18
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13C-NMR:

FT-IR (ATR):

GC-MS:

(dd, J = 13.9, 5.9 Hz, 1H), 3.09 — 2.97 (m, 2H), 2.92 (dd, J =
14.6, 6.9 Hz, 1H), 2.05 - 2.00 (m, 3H), 1.43 — 1.34 (m, 9H).

(75 MHz, CDCIs) & [ppm] = 172.0 (Cq, 1C, C-3), 170.9 (Cq, 1C,
C-17), 170.7 (Cq, 1C, C-6), 155.6 (Cq, 1C, C-19), 136.6 (Cq, 1C,
C-9), 129.4 (CHar, 2C, C-10), 128.6 (CHar, 2C, C-11), 126.9
(CHar, 1C, C-12), 80.2 (Cq, 1C, C-20), 55.9 (CH, 1C, C-2), 53.2
(CH, 1C, C-5), 52.8 (CHs, 1C, C-7), 42.2 (CH2, 1C, C-15), 38.3,
(CH2, 1C, C-8), 33.4 (CH2, 1C, C-14), 28.3 (CHs, 3C, C-21), 23.2
(CHs, 1C, C-18).

v [em™"] = 3345 (w), 3250 (w), 3032 (w), 2990 (w, br), 2909 (w,
br), 2889 (w), 2803 (w), 2760 (w), 2642 (w), 2588 (w), 1734 (s),
1645 (s), 1537 (s), 1481 (s), 1456 (m), 1429 (s), 1404 (m), 1368
(m), 1356 (m), 1344 (m), 1321 (m), 1310 (s), 1271 (m), 1234 (s),
1221 (s), 1207 (s), 1192 (s), 1159 (m), 1126 (w), 1109 (m), 1086
(m), 1045 (m), 1024 (m), 995 (s), 984 (m), 959 (m), 947 (m), 885
(m), 768 (m), 741 (s), 727 (s), 704 (s), 675 (m), 627 (w), 602 (m)

Not detectable.

Synthesis of H:N-Phe-Cys(Acm)-OMe

[NIH_P083]

Ph

H oo

124

rt, 42 h

Ph
e b 0
< . 5 M HCI/MeOH N _CH
Boc. N\:)J\O CH, 0.5 M HCI/MeO e :Qko 3
_\ =

Hoo O g
|

Acm Acm

117

Dipeptide 124 (1.72 g, 3.8 mmol, 1.0 eq.) was dissolved in 0.5m HCI in MeOH
(30 mL, 15 mmol, 4.0 eq.) and stirred at ambient temperature. Full conversion was

observed by TLC after 42 h. The solvent was removed under reduced pressure and

dipeptide 117 was obtained as a colourless solid in 95 % (1.43 g, 3.6 mmol) yield.

Habitus:

Yield:
202

Colourless solid.

1.43 g (3.6 mmol, 95%).
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M(C16H24CIN304S): 389.90 g-mol-".

Mp.:

'"H-NMR:

13C-NMR:

FT-IR (ATR):

LR-ESI-MS:

166-168 °C.

(500 MHz, MeOD-ds) & [ppm] = 7.44 — 7.21 (m, 5H, H-10, H-11,
H-12), 4.77 (dd, 3Jus.14 = 7.7 Hz, 3Jusn=4.9 Hz, 1H, H-5), 4.46
(d, 2h1satiish = 13.8 Hz, 1H, H-153), 4.27 — 4.13 (m, 2H, H-15b),
3.73 (s, 3H, H-7), 3.35 — 3.26 (m, 1H, H-8), 3.13 — 3.03 (m, 2H,
H,-8, H-14), 2.94 (dd, 2JH14a-H14b = 14.3 Hz, 3Jn14-H5 = 7.7 Hz, 1H,
H-14), 1.99 (s, 3H, H-18).

(75 MHz, MeOD-ds) & [ppm] = 173.6 (Caq, 1C, C-17), 171.7 (Cq,
1C, C-6), 169.7 (Cq, 1C, C-3), 135.5 (Cq, 1C, C-9), 130.6 (CHar,
2C, C-10), 130.1 (CHar, 2C, C-11), 128.8 (CHar, 1C, C-12), 55.6
(CH, 1C, C-2), 54.3 (CH, 1C, C-5), 53.0 (CHs, 1C, C-7), 42.0
(CHa, 1C, C-15), 38.5 (CHz, 1C, C-8), 32.7 (CHa, 1C, C-14), 22.7
(CHs, 1C, C-18).

v [em-1] = 3345 (w), 3250 (w), 3032 (w), 2988 (w), 2957 (W),
2882 (W), 2795 (), 2691 (w), 1734 (m), 1647 (s), 1597 (w), 1537
(s), 1481 (m), 1456 (), 1429 (M), 1404 (m), 1368 (m), 1356 (M),
1344 (m), 1310 (m), 1271 (w), 1234 (m), 1221 (m), 1209 (m),
1194 (m), 1159 (m), 1109 (m), 1088 (w), 1026 (m), 995 (m), 984
(W), 947 (m), 885 (), 864 (W), 829 (w), 768 (m), 743 (m), 727
(m), 704 (s), 675 (m), 602 (m).

m/z: 354.1 [M, +H, —CIJ*.
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Synthesis of Boc-Cys(trt)-Pro-Phe-Cys(Acm)-OMe

[NIH_P084]
PhH o
H,N N%O/CH:"

HCI @) \S o Ph o
trt Acm H\)J\
N_ oo e
Boc., N HBTU, DIPEA Boc //v/ |
H 5 SN Acm
o OH

MeCN, rt, 24 h

\

116 115

Dipeptide 116 (817 mg, 1.50 mmol, 1.0 eq.) and DIPEA (0.81 mL, 4.65 mmol,
3.1 eq.) were dissolved in 30 mL MeCN. After the addition of HBTU (683 mg,
1.80 mmol, 1.2 eq.), the reaction was stirred for 5 min before dipeptide 117 was
added. The reaction was stirred for 24 h and then solvent was removed under
reduced pressure. The crude product was purified by column chromatography over

silica. The product 115 was obtained as colourless solid in 49 % (650 mg, 0.73 mmol)

yield
Habitus: Colourless, glassy solid.
Yield: 650 mg (0.73 mmol, 49 %).

M(C4sHs57N508S2):  896.13 g-mol".

TH-NMR: (500 MHz, DMSO-ds) d [ppm] = "H NMR (500 MHz, DMSO-ds) &
8.52 (t, J = 6.5 Hz, 1H), 8.41 (d, J = 7.8 Hz, 1H), 7.38 — 7.14 (m,
20H, Hrrt, Hen), 4.47 (td, J = 8.3, 5.6 Hz, 2H, CHcys), 4.29 — 4.16
(m, 3H, CHpro, CHAcm ), 4.12 — 4.04 (m, 0.3 H, Hcys, minor), 4.04 —
3.94 (m, 1H, 0.6 Hcys, mayor), 3.62 (s, 3H, OMe), 3.31 — 2.28 (m,
8H, CHz2, pro, CHz2, phe 2XCH2, cys) 1.85 (s, 3H), 1.91 — 1.53 (m, 4H,
2XCHz, pro), 1.37 (s, 3H, CH3, acm), 1.36 (s, 6H, CH3, Boc).

13C-NMR: (75 MHz, DMSO-ds) & [ppm] = 170.9, 170.8, 170.6, 169.5, 168.8,
164.6, 155.1, 144.4, 137.4, 129.2(3), 129.1(5), 128.1, 128.0,
126.7, 126.2, 78.2, 66.4, 59.4, 53.5, 52.4, 52.0, 46.3, 40.5, 37 4,
32.6,31.4,28.6, 28.2,24.1, 22.6.
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Full assignment was not possible. For all signals a major and a minor isomer could be
observed. In the 3*C-NMR only the mayor peaks are depicted. The NMR-data agree with the
literaturel"]
FT-IR (ATR): v [em~'] =3287 (w), 3057 (w), 3022 (w), 2974 (w), 2949 (w), 2934
(w), 2884 (w), 1744 (w), 1636 (s), 1508 (s), 1441 (m), 1410 (m),
1368 (m), 1304 (w), 1248 (m), 1209 (m), 1163 (s), 1084 (w),
1028 (m), 1001 (w), 941 (w), 914 (w), 854 (w), 743 (s), 698 (s),
675 (m), 646 (m), 615 (m).
HRMS (ESI): m/z calcd. for C4sHs57N508S2: 896.37211315 [M+H]";
found: 896.37369.
M/, calcd. for CasHs7N50sS2: 918.3540762 [M+Na]*;

found: 918.35467.
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8 Appendix
8.1 Abbreviations

°C
A
abs.
Ac
Acm
ATR
a.u.
Boc
Bz
conc.
cHex

Cys

DCM
DFT
DIPEA
DMF
DMSO
DNA

eq.
et al.
ESI
Fmoc
FT-IR
GGA

HBTU
Hz
hv

degree celsius
absorption

absolute

acetyl

acetamidomethyl
attenuated total reflectance
arbitrary unit
tert-butyloxycarbonyl
benzyl

concentration
cyclohexane

cysteine

day

debye

dichlormethane

density functional theory
N, N-diisopropylethylamine
dimethylformamide
dimethyl sulfoxide
deoxyribonucleic acid
energy

equivalents

and others

electron spray ionisation

fluorenylmethoxycarbonyl

fourier-transform infrared spectroscopy

generalized gradient approximations

hour

hexafluorophosphate benzotriazole tetramethyl uronium

Hertz

photon energy

221



8 Appendix

LDA
Lit.
MC
min
Mp.
MS
nm
NMR
Phe
ppb
ppm
Pro

Rs

{Bu

SP
TEG
THF
TLC
Tos
trt
uv
Val
Vis
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local-density approximation
literature

merocyanines

minute

melting point

mass spectrometry

nano meter

nuclear magnetic resonance
phenylalanine
parts-per-billion

parts per million

proline

rest

retention factor

room temperature
tert-butyl

second

spiropyran

triethylengycol
tetrahydrofurane

thin layer chromatography
toluol sulfonyl

trityl (triphenylmethane)
ultraviolet

valine

visible

watt
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8.2 DFT-Calculations

Table 14: List of the calculated dipole moments for chromene substituted spiropyran and merocyanine isomers.

Substituents

Dipole Moments of the Isomers [D]

Para Ortho Spiro TTC TTT CTT CTC
NMe: NMe: 3.01 2.96 4.74 3.61 3.87
NMe: OMe 4.18 4.91 6.41 5.70 5.73
NMe: H 3.41 4.42 6.61 5.52 5.34
NMe: Br 4.34 6.89 8.80 7.81 7.7
NMe2 COOH 7.16 12.53 14.06 13.30 12.76
NMe: CN 6.86 10.54 12.67 11.74 11.41
NMe2 NO: 6.70 10.61 12.84 11.76 11.52
OMe NMe: 1.68 2.50 5.20 2.49 4.66
OMe OMe 2.64 4.64 7.37 4.86 4.89
OMe H 2.49 5.71 5.70 4.70 4.57
OMe Br 3.88 7.99 7.98 7.10 7.02
OMe COOH 6.52 14.07 15.34 14.73 14.64
OMe CN 6.79 10.15 13.48 11.22 12.43
OMe NO: 6.65 11.68 13.51 12.68 12.53
H NMe:2 1.08 4.63 5.35 4.70 4.95
H OMe 1.67 6.42 7.61 7.02 4.94
H H 1.38 5.91 7.36 6.61 6.47
H Br 2.64 8.40 9.80 9.10 8.98
H COOH 5.30 14.43 13.97 15.17 14.96
H CN 5.52 11.95 13.73 13.00 12.61
H NO2 5.37 12.82 13.97 13.77 12.78
Br NMe:2 1.59 6.35 5.69 5.63 6.12
Br OMe 2.51 8.20 7.64 7.57 5.72
Br H 1.40 7.39 7.73 7.36 7.50
Br Br 2.4 9.41 9.97 9.53 9.65
Br COOH 4.35 15.36 16.10 15.73 15.73
Br CN 5.07 12.64 13.84 13.31 13.10
Br NO: 5.02 13.57 14.61 14.13 13.32
COOH NMe: 5.03 6.89 8.37 7.41 8.66
COOH OMe 5.83 8.58 8.58 9.10 8.39
COOH H 4.39 9.46 11.72 8.28 7.72
COOH Br 6.08 9.64 12.54 10.08 12.16
COOH COOH 6.18 15.97 15.91 19.59 19.38
COOH CN 7.98 12.54 16.20 13.23 15.39
COOH NO: 7.85 12.67 16.28 13.70 13.70
CN NMe: 5.09 10.27 8.58 8.91 9.74
CN OMe 6.13 12.06 10.59 10.90 9.16
CN H 4.87 11.15 10.24 10.33 10.88
CN Br 5.07 12.74 12.20 12.19 12.62
CN COOH 4.97 18.09 18.09 17.96 18.18
CN CN 6.19 15.31 15.59 15.37 15.46
CN NO: 6.30 15.52 15.80 15.52 15.69
NO2 NMe: 5.37 11.28 9.55 9.91 10.74
NO2 OMe 5.94 12.93 9.37 9.55 10.25
NO: H 5.17 12.18 11.23 11.35 11.89
NO2 Br 5.30 13.64 13.07 13.08 13.49
NO: COOH 5.09 18.67 18.69 18.56 18.77
NO: CN 6.36 16.07 16.35 16.17 16.13
NO2 NO: 6.44 16.19 16.52 16.28 16.41
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Table 15: List of the calculated dipole moments for indole substituted spiropyran and merocyanine isomers

Indol Sub Spiro TTC TTT CTT CTC
NMes 24.25 34.40 37.72 38.74 38.70
NO> 6.91 7.76 7.52 6.24 6.86
COOH 7.40 10.81 10.57 9.02 9.66
H 5.30 13.64 13.07 13.08 13.49
Br 3.04 11.72 11.19 10.96 11.42
OMe 6.60 16.14 15.49 15.15 15.58
OTEG 8.05 17.74 16.61 16.61 17.19
NMes 6.60 18.20 17.54 17.61 18.01
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8.3 UV/Vis Analysis and Kinetics

Table 16: Table with the absorption maxima of all chromene substituted spiropyrans and merocyanines.

R R’ SP MC

H NO. 339 | 298 | 266 | 242 | 529 | 352 307 | 266 | 243
NO. H 353 | 281 245 | 543 | 364 245

Br Br 326 | 296 | 240 | 232 | 566 | 384 326 | 296 | 240
Br NO; 330 | 272 243 | 523 | 367 265 | 229
NO: Br 361 | 284 242 | 554 | 365 245 | 218
NO. NO. 339 255 507 | 378 | 360 | 302 | 263

R —
oy
\
Br

Table 17: Table with the absorption maxima of all indoles substituted spiropyrans and merocyanines.

R SP MC

OMe 346 | 317 | 272 | 243 | 521 | 382 | 280 | 272

Me 334 | 307 | 273 | 243 | 521 | 371 | 318 | 270

H 330 272 | 243 | 523 | 367 265 | 229
Br 335 | 313 | 271 | 247 | 632 | 371 | 320 | 273 | 239
COOH | 332 278 | 228 | 541 | 371 | 320 | 271

NMe; 388 | 336 252 | 5644 | 376 | 309 | 250

NO; 365 246 | 559 | 370 245
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Scheme 92: Comparison of the kinetics of system 19 using 60% conversion (left) and 30% conversion(right)
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8.4 'H-NMR Ratios of SP/MC
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Scheme 93: '"H-NMR-Spectra (600 MHz) of system 69 before (top) and after irradiation with visible light (bottom)
in DMSO-ds.
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Scheme 94: '"H-NMR-Spectra (600 MHz) of system 48 before (top) and after irradiation with visible light (bottom)

in DMSO-ds.
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Scheme 95: '"H-NMR-Spectra (600 MHz) of system 51 before (top) and after irradiation with visible light (bottom)
in DMSO-db.
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Scheme 96: "H-NMR-Spectra (600 MHz) of system 9 before (top) and after irradiation with visible light (bottom) in
DMSO-ds.

230



8 Appendix

| All i “ I l A I
N e rRPonn & b
T ETTT OO ~ —
S oo oo A H -

. . . . . . . . : . . . . . . .
14 13 12 11 10 9 8 7 5 4 3 2 1 0 1
f1 (ppm)

Br : —
N\ © Q N2
Br
. ||| ‘
s & &
aae Ao N
oo - — ~—
T T T T T T T T T T T T T T T T
14 13 12 11 10 9 8 7 6 5 4 3 2 1 0 1
f1 (ppm)

Scheme 97: "H-NMR-Spectra (600 MHz) of system 5 before (top) and after irradiation with visible light (bottom) in

DMSO-ds.
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Scheme 98: '"H-NMR-Spectra (600 MHz) of system 49 before (top) and after irradiation with visible light (bottom)
in DMSO-db.
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Scheme 99: 'H-NMR-Spectra (600 MHz) of system 62 before (top) and after irradiation with visible light (bottom)
in DMSO-db.
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Scheme 100: "H-NMR-Spectra (600 MHz) of system 61 before (top) and after irradiation with visible light (bottom)
in DMSO-db.
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8.5 Peptide Experiments

In the following the 'H-NMR-spectra described in chapter 4.6 are shown. A stock
solution of SP/MC 69 in DMSO-ds was used at a concentration of 10 mm. This
solution was kept in the dark for at least 72 h to ensure a proper equilibration. In the
dark, 500 pyL of the stock solution were used to directly dissolve 5 uymol of the
respective peptide. After the 'H-NMR of the sample was recorded (black), the same
sample was irradiated with visible light until the decolourisation of the purple solution
was observed (approximately 1 min). The second spectrum was recorded

immediately after (red).

o0 O =
N o O NO,

Br

SP 69

O\KO\
N

Ao ©

T T T T T T T T T T
9.5 9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0

T T T T T T T T T T
4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0 -0.!
f1 (ppm)

Scheme 102: "H-NMR (600 MHz) of Ac-Pro-OMe and photoswitch 69 in the dark (black) and after irradiation with
visible light (red) in DMSO-ds
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Scheme 102: 'H-NMR (600 MHz) of Boc-(Cys(trt)-Pro-Cys(trt)-OMe and photoswitch 69 in the dark (black) and
after irradiation with visible light (red) in DMSO-d6.
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Scheme 103: 'H-NMR (600 MHz) of Boc-Cys(tBu)-Pro-OMe and photoswitch 69 in the dark (black) and after
irradiation with visible light (red) in DMSO-d6.
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Scheme 104: 'H-NMR (600 MHz) of Boc-Pro-Cys(trt)-OMe and photoswitch 69 in the dark (black) and after

irradiation with visible light (red) in DMSO-d6.
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Scheme 105: 'H-NMR (600 MHz) of Fmoc-Pro-Cys(trt)-OMe and photoswitch 69 in the dark (black) and after

irradiation with visible light (red) in DMSO-d6.
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Scheme 106: 'H-NMR (600 MHz) of Boc-Cys(trt)-Pro-Phe-Cys(Acm)-OMe and photoswitch 69 in the dark (black)
and after irradiation with visible light (red) in DMSO-d6.
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8.6 NMR-Spectra of Proline-based Peptides
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Scheme 109: '"H-NMR of Boc-Cys(tBu)-Pro-OMe in DMSO-db.
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Scheme 112: '3C-NMR of Boc-Pro-Cys(trt)-OMe in DMSO-ds.
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Scheme 114: '3C-NMR of Boc-Cys(trt)-Pro-Cys(trt)-OMe in DMSO-db.
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Scheme 116: '3C-NMR of Boc-Cys(trt)-Pro-Phe-Cys(Acm)-OMe in DMSO-ds.

243



8 Appendix

244



9 Erklarung zur Dissertation

9 Erklarung zur Dissertation

Hiermit versichere ich an Eides statt, dass ich die vorliegende Dissertation
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