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"That all our knowledge begins with experience there can be no doubt. [...] In respect of time, therefore, no
knowledge of ours is antecedent to experience, but begins with it”

Immanuel Kant, from Critique of Pure Reason (1781)
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ABSTRACT

Photo-switchable molecules undergo configurational changes between two or more isomeric states
upon irradiation by light. One of those photo-switchable molecules is stiff-stilbene. It is used in many
applications in a wide range of fields from material science to biologic systems. In some of these
applications stiff-stilbene is the backbone of cyclic molecules. In this project, a model system was
designed introducing different length linkers between stiff-stilbene aromatic rings. The main aim is to
study the dependence of photo-isomerization properties on the linker length. A good synthetic route to
target molecules was planned and followed giving moderate to good yields. The photo-switching study
of the target molecules revealed that the linker length has a large impact on the photo-isomerization
process. NMR spectroscopy was used to follow the progress of the isomerization.
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A Absorption
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abs Absorbance
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ionization
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d Doublet
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Sn2
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TfOH
THF
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uv

vVC
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Intersystem crossing

Coupling constant

Leaving group

multiplet

Mass spectroscopy

Microwave
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Room temperature

Singlet

Electrophilic aromatic substitution
Nucleophilic substitution (first order
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order kinetics)

triplet
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1. INTRODUCTION

1.1 Background
1.1.1 Photochemistry

Photochemistry is the study of chemical reactions initiated by light.! This field of chemistry studies
interactions between molecules and light, which is energy as electromagnetic radiation. Some authors,
as J. Knowles? or A. Natarajan,® dated the origin of photochemistry to the 19t century when H.
Trommsdorff4 discovered and described a kind of reaction of crystals of the sesquiterpene santonin
upon interaction with sunlight. The establishment of quantum mechanical foundations during the first
half of the 20t century helped especially in this field since they explain the interaction between light and
molecules.5 A more extensive development of photochemistry started at the turn of 20t century when G.
Ciamician® described some of the nowadays well-known photochemical reactions, pericyclic reactions,
and introduced some fundamental concepts of this field. After the 1950s many examples of
photochemistry applications have been described such as photo-reductions and photo-cyclizations of
tryptophan,” Paterno-Blichi reactions,® Corey’s synthesis of carophyllene alcohol® or synthesis of the
anti-malaria drug Artemisinin.1® However, the most famous photochemical example is the natural
biologic process called photosynthesis. 1112

Quantum mechanics’ describes the dual nature of electromagnetic radiation. It behaves as a wave,
which explains how it propagates through the space, and it behaves as discrete particles (photons),
which allows us to understand how molecules and light interact. When a molecule absorbs a photon it is
electronically excited from its ground state, the minimum energy level, to an excited state of higher
energy. This happens when the molecule is irradiated with light that corresponds to the energy
difference between the ground state and an excited state. Jablonski diagrams'3 schematize the
transitions between the electronic states of a molecule as it is shown in Figure 1.

E

S,"

L)L

Sz

vC

So

Figure 1. Jablonski diagram showing excitation and relaxation routes. Radiative transitions are indicated as A (Absorption), F
(fluorescence) and P (Phosphorescence) whereas non-radiative transitions are represented with IC (Internal conversion), ISC (Intersystem
crossing) and VC (Vibrational cascade). So indicates the ground state while S1, S2 and Ty, singlet and triplet excited states.
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Direct transitions between So and T1 are forbidden by Franck-Condon principle which states that
molecular structure and spin state must remain unaltered during electronic transitions between ground
and excited states. 1415

Two additional laws have to be considered regarding photochemistry reactions: Grotthus-Draper and
Stark-Einstein laws. The first states that radiation has to be absorbed by a molecule in order to promote
a chemical change. Nevertheless, photon absorption does not necessarily mean that a chemical
reaction will occur, since it can also be followed by deactivation processes. Fluorescence and
phosphorescence are radiative deactivation processes whereas internal conversion, intersystem
crossing and vibrational cascade are non-radiative ones. Thus, it is important to measure the efficiency
of a photochemical process which is defined by the quantum yield, @, (1). The Stark-Einstein law states
that only one molecule can be activated with each photon absorbed by a chemical system.!

number of molecules reacting per unit volume per unit time (1 )
number of photons absorbed per unit volume per unit time

¢)=

1.1.2 Photo-switchable molecules

Photo-switchable molecules are those which undergo configurational changes between two or more
isomeric states upon irradiation by light.'6 The photo-switchable molecules studied in this project are
formed by two subunits linked by a double bound. The double bond provides the molecule with two
configurations: isomer frans, or E; and isomer cis, or Z. The studied photo-switchable molecules have
extended conjugated systems and high degrees of aromaticity which make them able to absorb
electromagnetic radiation at a wavelength corresponding to visible/UV light. Because of the absorbed
energy, they undergo isomerization from E to Z and from Z to E.

Discovered at the end of the 19t century, these compounds have been extensively investigated and
many applications have been suggested in such diverse areas as material science and biological
systems.17:18:19.20 Some photo-switchable molecules are shown in Figure 2.

10
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Figure 2. Some examples of photo-switchable units: (I) X=CH, stilbene (A1= 300nm, A2= 280nm); (I) X=N, azobenzene (A1= 350nm, A2=
450nm); (1l) thioaurone; (Ill) stiff-stilbene; (IV) enediyne.

/
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O O UV (A=340nm)
Vis (\=480nm) Vis (\=400nm)
Vis (A=400nm)

1.1.3 Stiff-stilbene

Stiff-stilbene is one of the photo-switchable molecules shown in Figure 2. It shows interesting
properties such as thermal, chemical and photochemical stability. Regarding its structure, it is a rigid
chromophore since the aromatic ring rotation is restricted by the cyclopentane ring. This results in a
larger difference between E and Z isomers absorption wavelengths which, in addition, are red-shifted
with respect to the stilbene molecule described above.2! Moreover, J.F. Xu compared the stiff-stilbene
with the azobenzene as a backbone. Photo-isomerization of stiff-stilbene derivatives proceeded with a
50 % quantum yield whereas azobenzene derivatives proceeded with a 20% ( A < 320nm) or 35% ( A
>400nm) quantum yield.22

Stiff-stilbene has been studied on many occasions as a photo-switchable molecule.23:24.25.26
Recently, M. Quick has done a comprehensive study of the photo-isomerization dynamics of stiff-
stilbene in solution.?” Furthermore, there are quite many applications of stiff-stilbene related with its
photo-isomerization ability in such diverse fields, as material science?® to biological systems.?® Stiff-
stilbene has been used as photo-switchable monomer in polymer synthesis,® it has been tested as a
backbone of Host-Guest systems3! and recent projects in our research group have demonstrated its
potential ability to be used as backbone of peptidomimetics for the inhibition of Mycobacterium
tuberculosis ribonucleotide reductase. Stiff-stilbene has been also used as backbone in cyclic
molecules, i.e. adding a linker between the two aromatic rings of the stiff-stilbene unit. These cyclic
molecules have been used as molecular force probes3z33:34 and in asymmetric catalysis.35

Force probes aim to measure reaction rates relating them with the restoring force in a molecule that
has been stretched or compressed.3 This stretch can be caused by microscopic force probes (AFM)
which are useful to study reactions involving structural changes at nanometer scale such as protein
unfolding. However, because of their surface roughness and thermal fluctuations, it is not suitable to

11
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study more localized chemical reactions. These issues can be overcome using molecular force probes.
They are molecular systems that have the same effect as microscopic force probes but at molecular
level, therefore they can be used to study localized chemical reactions (reacting group, blue spheres in
Figure 3). One example of molecular force probe are cyclic molecular systems with a stiff-stilbene
backbone. The reaction which is investigated or the corresponding functional groups are placed in the
linker between the two aromatic rings of stiff-stilbene. A photo-isomerization of stiff-stilbene backbone
from the Z to the E isomer causes a strain on the linker that gives rise to the restoring force. Restoring
forces can be calculated as the release of energy while the perturbed system returns back to
equilibrium. Then, reaction rates can be calculated by means of chemomechanical kinetics.32 Our target
molecules are model systems similar to that used as a molecular force probes. In Figure 3, both
systems, microscopic force probes and molecular force probes, are compared.

a. A AEM Lo

107 nm

S
- 1

O 0 © ‘2
N—

v

Figure 3. Representation of (a) microscopic force probe and (b) molecular force probe with stiff-stilbene as backbone. In both systems it is
shown the relaxed (left) and stretched (right) forms. Microscopic force probe system (a) is about 100 nm long whereas molecular force
probe (b) is 1 nm. Blue spheres represent reacting groups.

1.2 The project

Molecular tools is one of the research topics in our group. It consists of design, synthesis and
characterization of molecules that have some utility at molecular level, for example, as host-guest
systems.3! In this context, one of the most important challenges is to find out how to control those

12
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systems. Photo-switchable molecules are important tools that allow us to achieve this control. Irradiating
the molecule with light we can manipulate its cis/trans configuration, thereby changing its properties. As
we have presented in previous sections, we will focus on one of those photo-switchable units: stiff-
stilbene. A small library of molecules was designed as a model system introducing different length
linkers between stiff-stilbene aromatic rings. The main aim is to determine if the linker length has an
important effect on the photo-isomerization process.

1.2.1 Target molecules

Stiff-stilbene is the photo-switchable unit chosen for this project. As can be seen in figure 3 a linker
can be introduced between the two aromatic rings. This kind of molecules are used in many applications
as described in the previous section, therefore, a fundamental study of this system will be useful for
those who are working with it. Thus, we have designed a small library of model molecules similar to the
previously described force probes systems3335 with the main purpose of studying its photo-switching
properties. We want to determine if photo-switchable properties depend on the linker length and how.

These designed molecules, as it is shown in Figure 4, are cyclic diethers containing a stiff-stilbene
backbone and different linkers between the two aromatic rings. These linkers are aliphatic unbranched
chains from six to twelve carbons.

Z
Z
Z
z

) ) L) L)
— e b e
2oow
T T
(o) &) B N V]

33 33

Figure 4. (a) Designed target molecules in this project. (b) Example of target molecule, Z-1b (n=4).

These molecules have not been previously reported in the literature. A Retrosynthetic analysis of
these target molecules is shown in Scheme 1.

13
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Scheme 1. Retrosynthetic analysis of the target molecules.

As the retrosynthetic analysis shows, starting from our target molecules, the double bond between
the cyclopentane rings can be broken leading to an open di-ketone compound. Then, the two ether
bonds can be broken and di-ketone compounds split into three parts, two units of 6-hydroxy-1-indanone
with a hydroxyl group where the ether oxygen were before; and an aliphatic unbranched chain as the di-
bromo analogue compound. From 6-hydroxy-1-indanone, a methyl group can be bonded to the hydroxyl
oxygen to get 6-methoxy-1-indanone. Finally, the bond between the carbonyl carbon and the aromatic
one can be broken to open the ring and get compound 6.

Therefore, the target molecules, Z-1, can be synthesized from di-ketone compounds via McMurry
coupling. Di-ketone compounds, 2, can be obtained from 6-hydroxy-1-indanone introducing the linkers
with different lengths via Williamson ether synthesis. 6-hydroxy-1-indanone can be prepared in two
steps from 3-(4-methoxyphenyl)propionic acid via an intramolecular Friedel-Crafts acylation followed by
a de-methylation reaction. The proposed synthetic route is presented in Scheme 2.

14
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Scheme 2. Designed synthetic route towards target molecules. (a) Intramolecular Friedel-Crafts acylation, (b) de-methylation, (c)
Williamson ether synthesis, (d) McMurry coupling.

1.2.2 Nuclear Magnetic Resonance spectroscopy

Developed in the late 1940s to study the properties of atomic nuclei,3” nuclear magnetic resonance
spectroscopy started to be used in 1951 to determine structures of organic compounds. Nowadays,
NMR spectroscopy is the most useful tool to determine structures of chemical compounds, pure or as
mixtures, solids or liquids.38

Basically, we can obtain information from NMR spectra about chemical shifts (6) and coupling
constants (J). By means of chemical shifts, one can determine the environment of the atom
corresponding to that signal and by analyzing coupling constants and splitting patterns, connectivity
between neighbouring atoms can be detected.

In this project, NMR spectroscopy will be used at two stages. First, we will work with NMR
spectroscopy to characterize the products, i.e. determine the chemical structure of the synthesized
compounds and check that we have obtained the correct ones. In the second part of the project, the
photo-switching analysis, we will use NMR to follow the course of the photo-isomerization. As the
isomerization from Z to E isomer causes a change on the environment of some atoms, especially those
corresponding to the linker and those of the aromatic ring, chemical shift and coupling pattern changes
can be used to monitor the reaction.

2D NMR techniques such as gCOSY,3%:40 TOCSY,# gHSQC*2 and gHMBC,43 will be used to assign
all the 'H and 3C NMR signals.38

15
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1.2.3 Summary

Photo-switching, i.e. isomerization by means of light stimulus, is an appreciated property of
molecules and many studies have been conducted around this topic. In this project, we study a small
library of cyclic molecules with a stiff-stilbene backbone and an aliphatic linker of varying lengths
between the aromatic rings. The main aim is to determine if different chain lengths affect photo-
switching and how they affect it. We will try to establish the limit of the linker, in term of length, to make
the molecule able to undergo photo-isomerization.

1.3 Reactions involved in this project
1.3.1 Friedel-Crafts acylation

Friedel-Crafts acylation was discovered by C. Friedel and J. M. Crafts in 1877.37 This reaction is one
of the most important electrophilic aromatic substitution (SeAr) reactions because it forms a carbon-
carbon bond. Through this reaction, an acyl group is linked to an aromatic carbon (Scheme 3).

o]
0 C
1. AICI
+ J’J\ —31- R + HCI
R Cl 2. H,0
acyl chloride

Scheme 3. Friedel-Craft acylation model reaction

The mechanism of Friedel-Crafts acylation (Scheme 4) can be divided into 3 steps:

- Formation of an acylium ion with AICl3, a Lewis acid.
- Electrophile attack on the ring
- Recovery of aromaticity by losing a proton caught by a base in the reaction mixture.

o) 5
@
)‘J\“/-_"'\Alcb e R_CEO®: -—» R-C=0: + A|C|4
R™ Qci: ] -
o]

Scheme 4. Friedel-Crafts acylation mechanism
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An important fact to consider is that the reaction product contains a carbonyl group which can form a
complex with the AICI3, therefore more than 1 mol eq. must be used in this reaction and water is added
as a last step to separate the Lewis acid from the product as it can be seen in Scheme 5.

. . © .
0: ®O—AICI3 0:

R R _3HO _ R+ 3HCI + AIOH)

+ ACl, —=—=

Scheme 5. Carbonyl-AICls complex formation during Friedel-Crafts reaction and hydrolysis.

In Friedel-Crafts acylations an acyl chloride or an acid anhydride can be used as starting materials.

Many applications of Friedel-Crafts acylation in organic synthesis have been described in the
literature since it was first presented, some of them last year.4445.46

1.3.2 De-methylation

A de-methylation reaction is a removal of a methyl group from a molecule. When an ether undergoes
a process of de-methylation an alcohol is the result. This kind of reactions is extensively applied in aryl
ethers using boron tribromide as a main reagent.4” Nevertheless, in this project we use AICI3 which is an
analogue reagent. A mechanism for this reactions was proposed by J.F.W. McOmie#8 and is shown in
Scheme 6.

Cl

|
e — | O e — IO, o
.. .. O
o ®0) :(b: < A(CI,

\A_/.

+3 H,0 m + AI(OH); + 2 HCl
OH

Scheme 6. De-methylation reaction mechanism.

0
= “AICl,
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1.3.3 Nucleophilic substitution

Nucleophilic substitution reactions (Scheme 7), as the name suggests, consist in replacing a part of
a molecule, which we call leaving group (LG), for another atom or group which we name nucleophile
(Nu).

R-LG + N ——= R-Nu + LG

Scheme 7. General nucleophilic substitution reaction.

E. Hughes and C. Ingold proposed two mechanisms for this reaction4® in 1937: Sn1 and Sn2, where
“S” means substitution, “N” nucleophilic and the number unimolecular (1) or bimolecular (2) and also the
kinetic order of the reaction.3” Sn2 is a concerted mechanism, i.e. the R-LG bond is broken at the same
time that R-Nu bond is formed, thus the reaction is bimolecular and the kinetics is affected by
concentration of both reactants. Hughes and Ingold described a backside attack of the nucleophile as it
is shown in Scheme 8a. On the other hand, Sn1 mechanism proceeds through the formation of an
intermediate carbocation. This is a unimolecular mechanism since reaction kinetic is only affected by the
substrate concentration. Sn1 mechanism is shown in Scheme 8b. If the substrate presents an
asymmetric center and it undergoes a nucleophilic substitution, which mechanism the reaction goes will
affect the product. In the Sn2 mechanism, a transition state where both LG and Nu are “semi-bonded” to
the center promotes an inversion of configuration and a single product with inverted stereochemistry will
be obtained. Alternatively, in the Sn1 mechanism, a planar carbocation is formed as intermediate so all
previous stereochemical information will be lost and the final product will be a racemic mixture of both
possible sterecisomers.

R! , o
/k'"Rz Lo — LG"YL?‘"NU L ST
N S o

R . RN R1 R
A _n\R2 @ + N e 2 + .\Rz
AT s Ko oel e ]
.. R3 u Nu R
N - 3

Scheme 8. Nucleophilic substitution reaction mechanism. (a) Sn2 mechanism through a transition state involving both LG and Nu and
leading to a racemic-pure product. (b) Sn1 mechanism through a plane carbocation what give to the nucleophile the chance to attack from
the top (solid line) or from the bottom (dashed line) giving a racemic mixture as products.
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Both mechanisms are always in competition and the observed product will be that which was most
favored by reaction conditions and reactant type. For example, a primary carbon substrate will react via
Sn2 because a primary carbocation is not much stable. On the other hand, in tertiary carbon substrates
we observe an Sy1 mechanism reaction since a tertiary carbocation is the most stable carbocation and
the substrate center is too sterically hidden to undergo an Sn2 reaction. However, this is not so simple
in all cases and more complicated scenarios have been described in the literature.50.51

1.3.4 Williamson ether synthesis

This reaction was discovered by Alexander Williamson in 1850.52 To synthesize an ether, an alkyl
halide reacts with an alkoxide ion as shown in Scheme 9.

Scheme 9. Model reaction in Williamson ether synthesis.

The conventional method to prepare an alkoxide ion for this reaction is using sodium metal or
sodium hydride (Scheme 10).

R-OH + Na —_— R—Oe + Na® +  aH,
R-OH + NaH —_— R—Oe + Naea + Hz

Scheme 10. Conventional method to prepare an alkoxide ion.

Williamson ether synthesis follows the Sn2 mechanism37 explained in the previous section.

1.3.5 McMurry coupling

The McMurry coupling reaction is named after one of its discoverers, John McMurry.5 However, this
reaction was discovered simultaneously by three independent research groups. J. McMurry’s, T.
Mukaiyama’s® and S. Tyrlik’s% groups. This reaction is basically a reductive coupling of ketones and
aldehydes to get olefins using low-valent titanium as a reagent (Scheme 11). The authors described
different reagent systems: TiCla/LiAlHs (McMurry), TiCls/Zn (Mukaiyama) and TiCls/Mg (Tyrlik).

o] 0]

"low-valent Ti" —
ST =<

R2 R3 TR R2 R4

RW

R', R?, R3 R*=H, alkyl or ary!
Scheme 11. McMurry coupling reaction.
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Mukaiyama and Tyrlik systems are limited to aromatic cases whereas McMurry reagent can be also
used with aliphatic substrates.® Some years later, a reagent system based on TiCl3/Zn-Cu showed
better results and with this reagent most couplings are now done. Afterwards, other different reagent
systems were also described.5

We can consider McMurry coupling an important reaction in organic synthesis since many published
synthetic procedures use it.56:58.59

The most accepted mechanism for the titanium catalyzed reaction is through pinacolate
intermediates as it is shown in Scheme 12. However, other reaction mechanisms involving carbenoid
intermediates when tungsten or molybdenum were used as reagents have been described in the
literature.56,60,61

zZn® Zn?*

TiCly / > [Ti® + 4cr

. R1 R1 R1 R1
: . g - X/
— [Tl]—o—{-’“ -}—o [Til =0 o—{[Ti
2 di Lol [Ti] 4—‘_ [Ti]

RZ R2

[Til°® [Til%~, [Ti]=0 ,/1
s R1 ..

&' 0: _b o [Ti]—o—{e &

R1

-~ r

R1dJ\ R? Re d R? Rhi#\g’_ o
R? R?

i\. [Ti]=0

R1 R1 R1 R2
— + —
R2>—< <

R? R R

Scheme 12. McMurry coupling reaction suggested mechanism mediated by titanium through Ti-pinacolate intermediate via 1 (a) or 2 (b)
electron transfer.
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2. OBJECTIVES

The aim of this project, as its title suggests, is to synthesize, characterize and study a small library of
stiff-stilbene based photo-switchable cyclic ethers with varying chain length, like those described in
chapter 1.2 (Figure 4). Two parts form this project: synthesis of the target molecules and a photo-
switching analysis of them in order to determine how much the differences of chain length affect photo-
switching.

2.1 Synthesis of the target molecules

All targeted products are new compounds that have not been previously reported in the literature,
neither have the products used as starting material in the last synthesis step. Thus, the synthesis route
planned was based on previous projects of our research groups (Scheme 13) and some other routes
described in the literature leading to similar compounds (Scheme 14).31.62

. COOEt

0 0
HOOC ' EtOOC . E1O0C /
0 "0 - D

Scheme 13. Synthetic route towards non-cyclic stiff-stilbene dimer reported by M. Blom;3! (i) HCI conc. (1 mol eq.), ethanol, reflux 12 h; (ii)
TiCls (3 eq.), Zn powder (6 eq.), THF, reflux 12 h.

oA @7 e U%

II. | X

BrCHQXCHgBr J . ! oJ
=C(0)O(CHz);

Scheme 14. Synthetic route towards a similar compound reported by T. Kucharski ;62 (i) TBAB (0.1 mol eq.), K2COs (2 eq.), DMF, 65-70 °C
12 h.; (ii) TICls (6 €q.), Zn (12 eq.), THF, reflux 9 h.

Di-ketone compounds are synthesized from 6-hydroxy-1-indanone via Williamson ether synthesis
introducing the linker between the two indanone units using dibromoalkane analogues. After that,
McMurry coupling is performed to reach the cyclic diethers. Kutcharski described the synthesis of
compounds similar to our target molecules. They contained a disulfide moiety in the linker between the
two aromatic rings of stiff-stilbene and were molecular force probes. Kutcharski's group determined the
reaction rates when their compounds underwent reduction reactions to form di-thiol products.62
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In order to synthesize 6-hydroxy-1-indanone several procedures have been described in the
literature®3.64.65.66 starting from 3-(4-methoxyphenyl)propionic acid which is the main starting material
available for this project. The designed synthetic route is presented in Scheme 2, section 1.2.1.

2.2 Photo-switching analysis

Once we have successfully prepared all the target molecules we will perform a photo-switching
study. The aim of this study is to compare the different photo-switching behavior of the target molecules
and to determine if it is related with the linker length between the two aromatics rings, i.e. to study how
switching is affected by conformational strain (Figure 5). We will try to establish the limit, in terms of
length, of the linker chain for this kind of systems. To achieve that, we will need to consider the strain
caused because of the stiff-stilbene backbone isomerization from Z to E isomer.

UV ( £=340nm) ‘
0N
S

UV (£2) / '

Z-1 E-1

Figure 5. Photo-isomerization of a model compound from isomer Z to E. It can be observed that in E isomers the linker chain is more
stretched with respect to Z isomers which is the relaxed form.

Firstly, we will analyze the UV-vis spectrum to determine which wavelength is the optimal to photo-
isomerize the molecule. Then, we will irradiate each compound with UV light of that wavelength. The
isomerization process will be followed by NMR and we also want to determine how the NMR-shifts for
the protons in the chain are affected during the photo-switching process.

Some photo-switching studies of stiff-stilbene have been conducted previously and reported in
literature®7:68 but not any study with the molecules involved in this project.
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3. RESULTS AND DISCUSSION

2016-06-22

In this chapter, the results of our project are presented. They are divided in two parts: Synthesis and

Photo-switching study.

3.1 Synthesis

3.1.1 Synthesis of the target molecules

O
n=3456 n=3,4,56
4 (a-d) 2a,n=3,77%
2b, n=4, 82%
2c, n=5, 80%
2d, n=6, 85 %

V4
z
V4
V4

n=345,6

-1a, n=3, 37%
-1b, n=4, 39%
-1¢, n=5, 53%
-1d, n=6, 52%

Scheme 15. Synthetic route towards target molecules. i. (1) TfOH (3 eq.), DCM (dry), Ar-atm, MW (110 °C, 1h), (2) H20 (0°C). ii. (1) AICI3
(3 eq.), toluene (dry), A 1.5h, (2) H20. iii. (1) K2COs (4 eq.), TBAB (0.2 eq.), DMF (dry), Ar-atm, MW (150°C, 20 min). iv. (1) TiCls (3 eq.),

Zn powder (6 eq.), THF, A 12h.

Synthesis was performed as planned initially and divided into four steps (Scheme 15). The first step
is a non-conventional intramolecular Friedel-Crafts acylation using methanesulfonic acid as a promoter
instead of the typical AICl3. Bregnsted acids have been used to promote Friedel-Crafts reactions as an
alternative to AICl; as described in literature.®9.70 The mechanism of this first reaction, scheme 16,
differs slightly from that with AICl3 shown in scheme 3 in the first chapter. The procedure followed to
carry out this reaction was described in literature™ and also was the reaction mechanism of Friedel-

Crafts acylation promoted by Brgnsted acids (Scheme 16).72
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Scheme 16. Friedel-Crafts acylation mechanism promoted by TfOH.

The low yields obtained in this step can be explained by the intramolecular nature of the reaction.
Since this reaction has been carried out in low solvent volume in MW vials, a high concentration of
starting material favored intermolecular side reactions leading to some by-products. In a more diluted
reaction mixture, intermolecular side reactions would have not been as numerous since reactant
molecules would have been farther away from each other. This statement is supported by the first test
reaction we performed where the initial reaction mixture was more diluted (six times) than later reactions
and we obtained a yield of 90%. Thus, this reaction could be optimized further.

The second step, the de-methylation process, was performed following the procedure described by
B. Wang™ without significant problems.

Williamson ether synthesis was performed following a procedure described in literature$2 adapted to
use the microwave reactor as a heating source. The reaction mechanism in our case is a bit different
from that proposed in the first chapter. The reason is that a phenol is easier to deprotonate (pKa~10)
than an aliphatic alcohol (pka~16),37 thus a medium-strong base like potassium carbonate is enough to
deprotonate it and sodium or sodium hydroxide are not necessary. Moreover, in this reaction the use of
tetrabutylammonium bromide (TBAB) is necessary as a phase transfer catalyst to facilitate the solubility
of salts (potassium carbonate) into the solution medium. We obtained yields about 80%.
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Two different procedures in literature were tried for the last step reaction, McMurry coupling.7462 As
we figured out that the second option was better, it was an easier procedure and better yields were
obtained, we only followed the first procedure a couple of times. It is important to emphasize that this
step is an intramolecular McMurry reaction, thus additional aspects had to be considered when this
reaction was performed. To prevent the formation of intermolecular side products the starting material
was added slowly by syringe pump to keep the concentration very low. These additions were performed
overnight (12 h).

The McMurry reaction is a reductive coupling of ketones or aldehydes to get olefins and many
reduction systems have been described in the literature over the years. We choose the TiCls/Zn which
was reported to get compounds similar to our target molecules.$2 However, a reducing reagent system
composed by TiCl3(DME)+s and Zn-Cu couple was reported by J. McMurry’s as the best one giving
yields from 80% to 97% even in intramolecular reactions. We have not used it because its preparation is
complex taking several days and requiring argon atmosphere. But it can be investigated in future
projects if the purposed goal is to improve this reactions yield.

3.1.2 Conversion study of McMurry coupling step

A conversion study of the McMurry coupling step was performed to determine the effect of the chain
length on the yield of the reaction. To be sure that every compound reacts under the same conditions it
was performed as an additional synthetic experiment where all the compounds react at the same time in
the same flask. The relative composition of the crude reaction mixture was derived from a DOSY NMR
spectrum. Results are shown in Table 1.

Table 1. Results of the conversion study of McMurry coupling step.

Entry ne Starting material mixture  Crude reaction mixture Relative
Reactant mol% Product mol% conversion®)
1 3 2a 27.1 Z-1a 224 1
2 4 2b 24.0 Z-1b 211 1.1
3 5 2c 253 Z-1c 314 1.5
4 6 2d 23.6 Z-1d 25.1 1.3

(@) “n”is the number of (C2Ha) units in the linker between stiff-stilbene backbone.
(b) This is not absolute conversion, but the relative conversion with respect to the lowest (n=3 linker length) one.

As initially expected, the compounds with the shortest linker have lower conversion. This could be
explained by steric repulsion effects. In addition, the compound with the longest linker does not have the
best conversion rate and could be because of entropic effects since a larger ring was formed.®

Nevertheless, these are preliminary results and more experiments have to be performed in order to
confirm them.
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3.1.3 Alternative synthetic procedures

The MW instrument was only accessible for part of the project. Since the procedures of the first and
third step were based on this instrument we needed to find an alternative procedure and optimize it
again. For the first step we tried different procedures from the literature.”” These procedures are divided
into two steps: Firstly, to synthesize an acyl chloride intermediate using SOCI, as reagent and then to
obtain the compound 3 via a classical Friedel-Crafts acylation using AlCl3 as it is shown in Scheme 17.
However, several attempts have been made without success or with only poor vyields (25%).
Unsuccessful results can be explained by the high reactivity of acyl halides which could lead to a
numerous by-products.

o O
SOCI
on S, UL Ji:Q
(2H0  MeO
MeO MeO 0

6 7 5, 25%

Scheme 17. Alternative synthetic route towards compound 3.

Afterwards, the initial procedure was used with an oil bath as heating source instead of the
microwave instrument and similar results to the initial method, in terms of yield, were obtained.

In order to perform the third step reaction without microwave, a procedure similar to that followed
initially was performed. Instead of using the microwave as a heating source, the reaction mixture was
heated by means of regular reflux obtaining similar or better results in terms of yields. There is one
disadvantage setting up a regular reflux system: a large volume of DMF is needed (30-50 ml) and a
better and longer work-up is needed afterwards to get rid of all the DMF.

3.1.4 Synthesis of other compounds

1,8-Dibromooctane had to be prepared because only 1,8-octanediol was available as starting
material in our lab. Synthesis followed a procedure described in the literature™ without any problem
(Scheme 18). This reaction follows the conventional Sn2 mechanism explained in chapter 1. The mono-
brominated product could have been the main by-product obtained in this reaction if we had not left
refluxing long enough, but in our case it was not detected.

P Vo, —’HBr Br
HO Br/\/\/\/\/

8b 4b, 69%

Scheme 18. Synthetic route to 1,8-octanediol
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3.2 Photo-switching analysis

A preliminary photo-switching study was conducted. The isomer synthesized was the Z one. It was
determined by NMR spectroscopy since some signals are different in Z and E isomers. M. Bloom
described these signal changes when a similar compound underwent photo-isomerization and assigned
them to the different isomers by NOESY .31 A NOESY study can be performed in the future to verify this.

Firstly, a UV-vis spectrum of each compound was obtained in order to determine the irradiation
wavelength. Then, photo-isomerization from the Z isomers to the E ones was performed. Times stated
in this report might be longer than real ones as the lamp used is suspected to be at the end of its
lifetime. The photo-isomerization was followed by NMR spectroscopy. Decomposition was observed
when our compounds were irradiated with non-selective wavelength.

3.2.1 Stiff-stilbene

Firstly, a photo-switching study of stiff-stilbene was performed. Photo-isomerization course from E to
Z isomers was followed by UV-vis spectroscopy (Figure 6) and by NMR spectroscopy (Figure 7). The
sample was irradiated with UV light of 340 nm wavelength

UV-vis spectrum shows two clear isobestic points which means that a clean photo-isomerization
reaction happened without any simultaneous side reactions. Moreover, times are shorter than those
stated when photo-isomerization was followed by NMR since much lower concentration is needed for
UV-vis spectroscopy and the photo-isomerization process depends on the sample concentration.

NMR spectrum shows proton signal shifts when stiff-stilbene was photo-isomerized from E to Z
isomer.
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Figure 6. Photo-isomerization process of stiff-stilbene followed by UV-vis spectroscopy.
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Figure 7. Photo-isomerization process of stiff-stilbene followed by NMR spectroscopy.
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3.2.2 Compound Z-1a

2016-06-22

Compound Z-1a almost did not show any photo-isomerization. The NMR spectrum showed little
change after 7 hours of UV light radiation (360 nm). We have calculated a 2% conversion to isomer E
from the NMR spectrum. This is the expected result as it is the molecule with the shortest linker and the
E isomer is the most stretched. The irradiation course followed by NMR is shown in figure 8 and figure

9.
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Figure 8. Photo-isomerization process of compound Z-1a followed by NMR. Initial sample (top), after 2h (middle) and after 7h (bottom).
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Figure 9. Expansions of NMR spectra of figure 8 showing an aromatic proton shift (left) and the signals corresponding to the hydrogens

bonded to the first carbon of the linker between the two aromatic rings of stiff-stilbene (right).

3.2.3 Compound Z-1b

Although compound Z-1b was irradiated almost nine hours with UV light (A=340nm), few changes
were observed in the NMR spectra. After 5 hours, it had reached the stationary isomerization mixture
corresponding to 8% conversion from isomer Z to E. Moreover, the sample was left overnight without
light and no changes were observed in the NMR spectrum which suggests that these compounds are
thermally stable. The isomerization course followed by NMR can be seen in figure 10 and figure 11.
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Figure 10. Photo-isomerization process of compound Z-1b followed by NMR. Initial sample (top), after 1.5h (middle) and after 5h (bottom).
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Figure 11. Expansions of NMR spectra of figure 10 showing an aromatic proton shift (left) and the signals corresponding to the hydrogens

bonded to the first carbon of the linker between the two aromatic rings of stiff-stilbene (right).
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3.2.4 Compound Z-1¢

Compound Z-1c was irradiated with UV light of 340nm. After 10.5h irradiation of the sample, the
stationary isomerization mixture was reached. A conversion of 19% from Z to E isomers was obtained.
This compound shows a better conversion rate than the ones with shorter linkers (1a, 1b). In figure 12
and figure 13 the isomerization process followed by NMR spectroscopy is shown.
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Figure 12. Photo-isomerization process of compound Z-1c followed by NMR. Initial sample (top), mixture composition after 2.5h (middle)
and after 10.5h (bottom).
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Figure 13. Expansions of NMR spectra of figure 12 showing an aromatic proton shift (left) and the signals corresponding to the hydrogens
bonded to the first carbon of the linker between the two aromatic rings of stiff-stilbene (right).

3.2.5 Compound Z-1d

Compound Z-1d was irradiated with UV light, first with 340nm and, after 5h, with 360nm. It showed
the same behavior when it was irradiated by 340nm and 360nm as we expected studying the UV-vis
spectrum (Appendices, Figure 89). The stationary isomerization mixture was reached after 10 hours
irradiating the sample. A conversion of 38% from Z to E isomers was obtained. It was the best
conversion rate obtained with our target molecules. In previous projects of our group it was described a
55% conversion rate in isomerization processes of similar acyclic compounds, i.e. less restricted. Thus,
the conversion rate we obtained has to be considered good. In figure 14 and figure 15 the isomerization
process followed by NMR spectroscopy is shown.
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Figure 14. Photo-isomerization process of compound Z-1d followed by NMR. Initial sample (top), mixture composition after 5h (middle)
and after 12h (bottom).
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Figure 15. Expansions of NMR spectra of figure 14 showing an aromatic proton shift (left) and the signals corresponding to the hydrogens
bonded to the first carbon of the linker between the two aromatic rings of stiff-stilbene. (right).
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3.2.6 Study summary
A summary of the photo-switching results is presented in Table 2.
Table 2. Results of photo-switching analysis.

Entry Compound né Photo-stationary Photo-isomerization

2016-06-22

Photo-switchable

mixture ( Z:E) conversion [%] ©
1 1a 3 50 :1 2% -
2 1b 4 11:1 8 % +/-
3 1c 5 4.2:1 19 % +
4 1d 6 1.6:1 38 % +

(a) “n” is the number of (C2Ha) units in the linker between stiff-stilbene backbone.
(b) Conversion of the photo-isomerization process to the E-isomer.

The photo-stationary mixture compositions shown in Table 2 are represented in Figure 16. It can be
clearly seen that the longer the linker, the higher the isomerization rate obtained. In addition, in Figure
16 is represented as a reference the photo-stationary mixture composition of a diether acyclic similar

compound studied in a previous project of our research group (Figure 17).
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Figure 16. Diagram representing the photo-switching study results.
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Figure 17. Photo-isomerization of an acyclic diether compound similar to our target molecules. A photo-isomerization study of it was
performed in previous projects of our group.

3.2.7 Decomposition

Stiff-stilbene was irradiated with non-selective wavelength UV light, i.e. without filter. Photo-
isomerization was speeded up since more energy was provided to the stiff-stilbene molecules. However,
when our target molecules were irradiated with non-selective wavelength, they showed decomposition
after 1 hour of irradiation (Figure 18).
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Figure 18. NMR spectrum of compound Z-1a before (top) and after (bottom) 1 hour of irradiation with non-selective wavelength UV-light.
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4. CONCLUSIONS AND OUTLOOK

The aim of this project was to design and optimize a synthetic route towards the target molecules
and, once synthesized, study its photo-switching behavior. The designed target molecules aim to
simplify stiff-stilbene cyclic systems which have many applications related with their photo-switching
ability. They were designed to study the limits to photo-switching related to the chain length. Thus, a
study of this capacity would have a great significance for people who work with this system.

A good synthetic route to the target molecules was found in the first part of this project obtaining
moderate to good yields. All the target molecules were synthesized. However, a further optimization of
this route, especially the first and last steps, could be possible and it will be discussed in future projects.
A NOESY analysis will also be performed in order to verify that the synthesis lead to the Z-isomer only.

Conversion study of McMurry coupling step shows that the best compound for this step is the one
with ten-carbon length linker. Compounds with shorter linkers (six and eight carbons) showed lower
conversion rates probably because of steric repulsion effects. The compound with the longest linker
length (twelve carbons) also showed a lower conversion rate. In this case, we form a larger ring and a
lower conversion rate could be explained by entropy effects. The same study can be performed in a
future if another catalyst system is tested in the McMurry reaction step to compare the behavior of the
different reagent systems. It will also be repeated using the same reagent system to statistically confirm
the obtained results.

A preliminary photo-switching study was performed on compounds Z-1a, Z-1b, Z-1c and Z-1d.
Compound Z-1a showed almost no conversion. Compound Z-1b showed low photo-switching activity
since the conversion rate to the E isomer was only 8%. Isomers Z-1c and Z-1d gave higher conversion
rates (19% and 38% respectively). The photo-isomerization course was followed successfully by NMR
spectroscopy, which shows that it is an important characterization tool. It was demonstrated that the
linker length between the two aromatic rings of stiff-stilbene is directly related with photo-switching
properties of these cyclic compounds. However, an exact limit of the minimum linker length to make the
molecule able to undergo photo-switching can not be stated since above 6 carbon length all molecules
showed gradually incremented photo-isomerization activity. An in-depth photo-switching study should be
conducted in future projects in order to obtain more accurate data of the photo-isomerization processes,
calculating, for instance, quantum yields.

Furthermore, in future projects, DFT calculations of the compounds 1 can be done in order to
determine structural energies of both isomers and whether the photo-isomerization from Z to E is
favorable or not. We expect that we will be able to correlate the energies to the linker length.

The final stage will be to separate the isomer E from the mixture Z:E and perform a conformational
analysis of both isomers by means of NAMFIS analysis.
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5. EXPERIMENTAL

5.1 General

Starting materials, solvents and reagents were commercially available and used without further
purification except dichloromethane, ethyl acetate, pentane, tetrahydrofuran and toluene that were
distilled before use. N,N-dimethylformamide was used as supplied (biotech. grade, = 99.9%). Unless
stated differently, all reactions were carried out under atmospheric pressure and with argon atmosphere.
Microwave heating was carried out in a Biotage+ Initiator microwave instrument using 10-20 ml Biotech
MW vials, applying MW irradiation at 2.45 GHz, with a power setting up to 40 W and an average
pressure of 4-5 bar when DCM was the solvent and 90 W / 1 bar when it was DMF. Analytical TLC was
performed using Merck precoated silica gel 60 Foss plates and visualized with UV light and
Hannessian'’s stain (5% ammonium molybdate, 1% cerium sulfate and 10% sulfuric acid in water). Flash
chromatography was done over Matrex silica gel (60 A, 35-70 um) on a regular column or on Revelis
X2 Flash Chromatography System, GRACE.

H and 3C NMR spectra were recorded on Varian Mercury Plus ('H at 300.03 MHz), Agilent MR ('H
at 399.98 MHz, 13C at 100.58 MHz) or Varian Unity Inova ('H at 499.94 MHz) spectrometers at 25°C.
Chemical shifts (9) are reported in ppm referenced indirectly to tetramethylsilane using the residual
solvent signal (CDCls, 'H at 7.26 and '3C at 77.0 ppm) as internal standard. Signal assignments were
derived from 'H, 13C, gCOSY,39.40 gTOCSY 4 gHSQC42 and gHMBC# spectra.

Mass spectra were obtained on an Advion Expression-L CMS with APCI+ interface.

UV-vis spectra were recorded on a Shimadzu UV-1650PC spectrophotometer using 10mm quartz
cuvettes. Photo-isomerizations were performed using an Oriel 1000 W Xe ARC light source equipped
with a band pass filter 20BPF10-340 or 20BPF10-360.

5.2 Synthetic procedures
5.2.1 Synthesis of 6-methoxyindan-1-one, 5 (assisted by MW)

Compound 6 (2.523 g, 14.0 mmol) was dissolved in dry DCM (10 ml) in a flame-dried MW vial and
cooled in ice-bath. TfOH (3.7 ml, 41.9 mmol) was added dropwise. The vial was sealed, put under argon
and heated in the MW to 110°C, 5 bar, for 1 h. The reaction mixture was poured on ice. The water
phase was extracted three times with DCM (3x100 ml). The combined organic phases were dried over
MgSOs and solvent was removed by rotary evaporation. The crude product was purified by CC
(pentane/EtOAc 1:0 to 1:4). The solvent was evaporated, giving a light yellow solid, 1.204 g, 53% vyield.
H NMR (CDCl3, 500 MHz): 6 = 7.37 (m, 1H, Ar-H), 7.20 (m, 1H, Ar-H), 7.18 (m, 1H, Ar-H), 3.84 (s, 3H,
OCHjs), 3.07 (m, 2H, CH2CH2CO), 2.72 (m, 2H, CH2CO). 13C NMR (CDCls, 100.6 MHz): & = 207.0 (CO),
159.4 (C-OCHa), 148.0 (C, Ar), 138.2 (C, Ar), 127.3 (CH, Ar), 124.0 (CH, Ar), 104.9 (CH, Ar), 55.6
(OCHa), 37.0 (CH2CO), 25.1 (CH2CH2CO). APCI-MS: m/z calcd. for C1oH1002, [M+H]*: 163; found: 163.
In agreement with literature.”
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5.2.2 Synthesis of 6-methoxyindan-1-one, 5 (alternative procedure)

Compound 6 (2.551 g, 14.2 mmol) was dissolved in dry DCM (10 ml) in a flame-dried MW vial and
cooled in ice-bath. TfOH (3.8 ml, 43.0 mmol) was added dropwise. The vial was sealed, put under argon
and heated in oil bath to 110°C, 5 bar, for 1.5 h. The reaction mixture was poured on ice. The water
phase was extracted three times with DCM (3x100 ml). The combined organic phases were dried over
MgSO4 and solvent was removed by rotary evaporation. The black crude product was purified by CC
(pentane/EtOAc 1:0 to 1:4). The solvent was evaporated, giving a light yellow solid, 1.192 g, 52% vyield.
Characterization data is described in the previous section in agreement with literature.”

5.2.3 Synthesis of 6-hydroxyindan-1-one, 3

Compound 5 (1.367 g, 8.4 mmol) and AICI3 (3.483 g, 26.1 mmol) were dissolved in dry toluene (50
ml) and refluxed for 1.5 h. The reaction was cooled to RT. H.O (70 ml) was added and the organic
phase collected. The water phase was extracted three times with EtOAc (3x50 ml). The combined
organic phases were washed with brine two times (2x75 ml) and dried over MgSQ4. The solvent was
removed by rotary evaporation. The orange crude product was purified by CC (pentane/EtOAc 1:0 to
1:4). The solvent was evaporated, giving a light orange solid, 1.103 g, 81% yield. 'TH NMR (CDCl3, 500
MHz): & = 7.36 (d, J = 8.3 Hz, 1H, Ar-H), 7.22 (d, J = 2.4 Hz, 1H, Ar-H), 7.16 (dd, J = 2.4, 8.3 Hz, 1H,
Ar-H), 5.67 (bp s, 1H, OH), 3.08 (m, 2H, CH.CH2CO), 2.73 (m, 2H, CH2CO). 13C NMR (CDCls, 100.6
MHz): 6 = 207.4 (CO), 155.4 (C-OH), 147.8 (C, Ar), 138.3 (C, Ar), 127.6 (CH, Ar), 123.4 (CH, Ar), 108.7
(CH, Ar), 37.0 (CH2CO), 25.1 (CH2CH2CO). APCI-MS: m/z calcd. for CoHgO2, [M+H]*: 149; found: 149.
In agreement with literature.”

5.2.4 General procedure A: Williamson ether synthesis (assisted by MW)

Compound 3 (2 eq.), dibromoalkane 4 (1 eq.), TBAB (0.2 eq.) and K2COs (4 eq.) were dissolved in
dry DMF (15 ml) in a flame-dried MW vial. The vial was sealed, put under argon and heated in the MW
to 150°C for 15 min (the reaction was followed by NMR). The reaction mixture was cooled to RT and
poured on DCM (40 ml), filtered and washed with water four times (4 x 50 ml) and brine three times (3x
50 ml). The organic phase was dried over MgSO4 and solvent removed by rotary evaporation. The
product was dried under high vacuum overnight.

5.2.5 General procedure B: Williamson ether synthesis (alternative procedure)

Compound 3 (2 eq.), dibromoalkane 4 (1 eq.), TBAB (0.4 eq.) and K.COs3 (6 eq.) were dissolved in
dry DMF (35 ml) and refluxed for 1 h. The reaction mixture was cooled to RT and poured on DCM (100
ml), filtered and washed with water four times (4 x 100 ml) and brine three times (3x 100 ml). The
organic phase was dried over MgSO4 and solvent removed by rotary evaporation. The product was
dried under high vacuum overnight.
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5.2.6 Synthesis of 6-[2-(3-oxoindan-5-yl)oxyhexoxy]indan-1-one, 2a

The synthesis followed General procedure A with compound 3 (0.201 g, 1.4 mmol) and 1,6-
dibromohexane 4a (0.11 ml, 0.7 mmol) as starting materials, giving a brown solid which was sufficiently
pure for subsequent steps, 0.176 g, 69% yield. TH NMR (CDCls, 500 MHz): & = 7.36 (m, 2H, H-7), 7.20-
7.16 (m, 4H, H-4 H-6), 4.00 (t, J = 6.6 Hz, 4H, CH2-1"), 3.07 (m, 4H, CH2>1), 2.72 (m, 4H, CH»-2), 1.84
(m, 4H, CH>-2'), 1.54 (m, 4H, CH>-3’). 3C NMR (CDCls, 100.6 MHz): & = 207.1 (C, C-3), 158.8 (C, C-
5), 147.8 (C, C-3a), 138.2 (C, C-7a), 127.3 (CH, C-7), 124.4 (CH, C-6), 105.6 (CH, C-4), 68.2 (CHz, C-
1), 37.0 (CHz, C-2), 29.0 (CHz, C-2'), 25.8 (CHz, C-3), 25.1 (CH, C-1). APCI-MS: m/z calcd. for
C24H2604, [M+H]*: 379; found: 379. UV-vis (CH2Cl2) Amax: 320, 249 nm. Not previously reported.

Q 4 /1\/3\/\/0@
3a (0] > 0
aP;
7a 6
! 7
Figure 19. Product 2a
Alternatively, the synthesis followed General procedure B with compound 3 (0.364 g, 2.5 mmol) and

1,6-dibromohexane 4a (0.19 ml, 1.2 mmol) as starting materials, giving a red solid which was sufficiently
pure for subsequent steps, 0.417 g, 77% yield (calculated from 'H NMR spectrum).

5.2.7 Synthesis of 6-[2-(3-oxoindan-5-yl)oxyoctoxy]indan-1-one, 2b

The synthesis followed General procedure A with compound 3 (0.115 g, 0.8 mmol) and 1,8-
dibromooctane 4b (0.07 ml, 0.4 mmol) as starting materials, giving an orange solid which was
sufficiently pure for subsequent steps, 0.121 g, 78% yield. 'TH NMR (CDCls, 500 MHz): 6 = 7.36 (m, 2H,
H-7), 7.20-7.16 (m, 4H, H-4 H-6), 3.98 (t, J = 6.6 Hz, 4H, CH»>-1'), 3.06 (m, 4H, CH>-1), 2.71 (m, 4H,
CH2-2), 1.80 (dt, J = 6.6, 14.8 Hz, 4H, CH>-2'), 1.47 (m, 4H, CH2-3'), 1.40 (m, 4H, CH>-4’). 13C NMR
(CDCls, 100.6 MHz): & = 207.1 (C, C-3), 158.8 (C, C-5), 147.8 (C, C-3a), 138.2 (C, C-7a), 127.3 (CH, C-
7), 124.4 (CH, C-6), 105.6 (CH, C-4), 68.3 (CHz, C-1’), 37.0 (CHz, C-2), 29.2 (CHy, C-4), 29.1 (CHy, C-
2'), 25.9 (CHa, C-3)), 25.1 (CH2, C-1). APCI-MS: m/z calcd. for C2sH3004, [M+H]*: 407; found:407. UV-
vis (CH2Cl2) Amax: 320, 249 nm. Not previously reported.
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Figure 20. Product 2b

40



Oscar Benito Pérez 2016-06-22
Project in Chemistry, 30 credits

Department of Chemistry - BMC

Uppsala University

Alternatively, the synthesis followed General procedure B with compound 3 (0.197 g, 1.3 mmol) and
1,8-dibromooctane 4b (0.12 ml, 0.7 mmol) as starting materials, giving a black solid which was
sufficiently pure for subsequent steps, 0.242 g, 82% yield (calculated from 'H NMR spectrum).

5.2.8 Synthesis of 6-[2-(3-oxoindan-5-yl)oxydecoxy]indan-1-one, 2¢

The synthesis followed General procedure A with compound 3 (0.397 g, 2.7 mmol) and 1,10-
dibromodecane 4¢ (0.405 g, 1.3 mmol) as starting materials, giving a light brown solid which was
sufficiently pure for subsequent steps, 0.471 g, 80% yield. 'TH NMR (CDCls, 500 MHz): & = 7.34 (m, 2H,
H-7), 7.20-7.16 (m, 4H, H-4 H-6), 3.98 (t, J = 6.8 Hz, 4H, CH»>-1’), 3.07 (m, 4H, CH2-1), 2.71 (m, 4H,
CH2-2), 1.79 (dt, J = 6.8, 15.0 Hz, 4H, CH»-2"), 1.46 (m, 4H, CH>-3'), 1.40-1.30 (m, 8H, CH2>-4' CH>-5).
13C NMR (CDCl3, 100.6 MHz): 6 = 207.1 (C, C-3), 158.9 (C, C-5), 147.8 (C, C-3a), 138.2 (C, C-7a),
127.3 (CH, C-7), 124.4 (CH, C-6), 105.6 (CH, C-4), 68.4 (CHz, C-1), 37.0 (CHz, C-2), 29.4 (CH, C-5)),
29.2 (CHa, C-4'), 29.1 (CHy, C-2), 26.0 (CHa, C-3'), 25.1 (CH2, C-1). APCI-MS: m/z calcd. for C2gHz404,
[M+H]*: 435; found:435. UV-vis (CH2Cl2) Amax: 320, 248 nm. Not previously reported.

Figure 21. Product 2¢

5.2.9 Synthesis of 6-[2-(3-oxoindan-5-yl)oxydodecoxy]indan-1-one, 2d

The synthesis followed General procedure A with compound 3 (0.102 g, 0.7 mmol) and 1,12-
dibromododecane 4d (0.112 g, 3.5:-102 mmol) as starting materials, giving a light brown solid which
was sufficiently pure for subsequent steps, 0.112 g, 71% yield. '"H NMR (CDCls, 500 MHz): & = 7.36 (m,
2H, H-7), 7.20-7.17 (m, 4H, H-4 H-6), 3.98 (t, J = 6.8 Hz, 4H, CH>-1"), 3.07 (m, 4H, CH2-1), 2.71 (m, 4H,
CH2-2), 1.79 (dt, J = 6.8, 14.8 Hz, 4H, CH2>-2'), 1.45 (m, 4H, CH>-3), 1.39-1.27 (m, 12H, CH2>-4’ CH2>-5’
CH2-6). 13C NMR (CDCl3, 100.6 MHz): & = 207.1 (C, C-3), 158.9 (C, C-5), 147.7 (C, C-3a), 138.2 (C, C-
7a), 127.3 (CH, C-7), 124.4 (CH, C-6), 105.6 (CH, C-4), 68.4 (CH,, C-1'), 37.0 (CH2, C-2), 29.5 (CHa,
4C, C-5 C-6), 29.3 (CHo, C-4'), 29.1 (CHa, C-2), 26.0 (CHy, C-3), 25.1 (CH., C-1). APCI-MS: m/z
calcd. for CsoHagO4, [M+H]": 463; found: 463. UV-vis (CH2Cl2) Amax: 320, 248 nm. Not previously
reported.
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Figure 22. Product 2d

Alternatively, the synthesis followed General procedure B with compound 3 (0.308 g, 2.1 mmol) and
1,12-dibromododecane 4d (0.341 g, 1.0 mmol) as starting materials, giving a light brown solid which
was sufficiently pure for subsequent steps, 0.437g, 85% yield (calculated from "H NMR spectrum).

5.2.10 General procedure C: McMurry coupling.

Zinc powder previously grounded (12 eq.) was suspended in dry THF (30 ml). The suspension was
cooled to 0°C in ice bath and TiCls (6 eq.) added over 10 minutes. The resulting slurry was refluxed for
1.5 h. A solution of compound 2 in dry THF (50-100 ml) was added over 5-7 h period by syringe pump to
the refluxing reaction mixture. The reflux was continued 40 min more after the addition was complete.
The reaction mixture was cooled to RT and poured on a saturated aqueous solution of NH4Cl. The
water phase was extracted three times with DCM (3x100 ml). The combined organic phases were
washed two times with brine (2x100 ml) dried over MgSO4 and solvent was removed by rotary
evaporation. The obtained yellow oil was purified by CC (pentane/DCM 1:0 to 1:1). The obtained
product was dried under high vacuum overnight.

5.2.11 Synthesis of product Z-1a

The synthesis followed General procedure C with compound 2a (0.279 g, 0.7 mmol) as starting
material and gave the pure product as a light yellow solid, 0.093g, 37% yield. "H NMR (CDCl3;, 500
MHz): 8 = 7.75 (d, J = 2.3 Hz, 2H, H-4), 7.19 (d, J = 8.0 Hz, 2H, H-7), 6.80 (dd, J = 2.3, 8.0 Hz, 2H, H-
6), 4.07 (t, J = 6.5 Hz, 4H, CH>-1’), 2.94 (m, 4H, CH2-1), 2.82 (m, 4H, CH2-2), 1.80 (m, 4H, CH2>-2’), 1.59
(m, 4H, CH2-3'). 3C NMR (CDCls, 100.6 MHz): & = 157.6 (C, C-5), 141.6 (C, C-7a), 141.1 (C, C-3a),
135.2 (C, C-3), 125.5 (CH, C-7), 116.2 (CH, C-6), 111.9 (CH, C-4), 69.7 (CH, C-1’), 35.0 (CHz, C-2),
30.0 (CHz, C-1), 28.8 (CHg, C-2), 24.4 (CHa, C-3'). APCI-MS: m/z calcd. for CasH2602, [M+H]*: 347;
found: 347. UV-vis (CH2Cl2) Amax: 350, 298, 253 nm. Not previously reported.
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Figure 23. Product Z-1a

5.2.12 Synthesis of product Z-1b

The synthesis followed General procedure C with compound 2b (0.105 g, 0.3 mmol) as starting
material and gave the pure product as a light yellow solid, 0.038g, 39% vyield. "H NMR (CDCls, 500
MHz): 6 =7.69 (d, J = 2.5 Hz, 2H, H-4), 7.18 (d, J = 8.2 Hz, 2H, H-7), 6.74 (dd, J = 2.5, 8.2 Hz, 2H, H-
6), 3.97 (t, J = 6.1 Hz, 4H, CH>-1"), 2.93 (m, 4H, CH2>-1), 2.82 (m, 4H, CH»-2), 1.82 (dt, J = 6.1, 12.8 Hz,
4H, CH2-2'), 1.56 (m, 4H, CH2-3'), 1.45 (m, 4H, CH»-4"). 13C NMR (CDCls, 100.6 MHz): 6 = 157.6 (C, C-
5), 141.6 (C, C-7a), 140.5 (C, C-3a), 135.4 (C, C-3), 125.4 (CH, C-7), 113.9 (CH, C-6), 110.0 (CH, C-4),
68.1 (CH2, C-1'), 35.4 (CHa, C-2), 29.8 (CH., C-1), 28.1 (CHy, C-2'), 27.6 (CHy, C-4'), 25.3 (CH., C-3)).
APCI-MS: m/z calcd. for CaH3002, [M+H]*: 375; found: 375. UV-vis (CH2Cl2) Amax: 361, 349, 300, 253
nm. Not previously reported.

Figure 24. Product Z-1b

5.2.13 Synthesis of product Z-1c

The synthesis followed General procedure C with compound 2¢ (0.350 g, 0.8 mmol) as starting
material and gave the pure product as a light yellow solid, 0.171g, 53% vyield. '"H NMR (CDCls, 500
MHz): 6 = 7.66 (d, J = 2.4 Hz, 2H, H-4), 7.19 (d, J = 8.3 Hz, 2H, H-7), 6.75 (dd, J = 2.4, 8.3 Hz, 2H, K-
6), 3.92 (t, J = 5.9 Hz, 4H, CH>1"), 2.93 (m, 4H, CH2-1), 2.82 (m, 4H, CH»-2), 1.79 (dt, J = 5.9, 12.6 Hz,
4H, CH>-2), 1.55 (dt, J = 5.9, 12.6 Hz, 4H, CH>-3'), 1.45-1.37 (m, 8H, CH2-4’ CH2-5’). 13C NMR (CDCl3,
100.6 MHz): & = 157.7 (C, C-5), 141.7 (C, C-7a), 140.4 (C, C-3a), 135.5 (C, C-3), 125.4 (CH, C-7),
113.6 (CH, C-6), 109.5 (CH, C-4), 67.1 (CH., C-1’), 35.6 (CHz, C-2), 29.8 (CHz, C-1), 28.4 (CH., C-2)),
26.9 (CHz, C-4), 26.4 (CHy, C-5'), 24.8 (CHz, C-3'). APCI-MS: m/z calcd. for C2gH3402, [M+H]*: 403;
found: 403. UV-vis (CH2Cl2) Amax: 361, 349, 301, 252 nm. Not previously reported.
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Figure 25. Product Z-1¢

5.2.14 Synthesis of product Z-1d

The synthesis followed General procedure C with compound 2d (0.312 g, 0.7 mmol) as starting
material and gave the pure product as a light yellow solid, 0.152g, 52% yield. "H NMR (CDCls, 500
MHz): 6 = 7.64 (d, J = 2.4 Hz, 2H, H-4), 7.19 (d, J = 8.3 Hz, 2H, H-7), 6.76 (dd, J = 2.4, 8.3 Hz, 2H, H-
6), 3.91 (t, J = 6.3 Hz, 4H, CH>1"), 2.93 (m, 4H, CH2-1), 2.82 (m, 4H, CH»-2), 1.76 (dt, J = 6.3, 15.0 Hz,
4H, CH2>-2'), 1.49 (m, 4H, CH2>-3), 1.44-1.26 (m, 12H, CH>-4 CH2>-5" CH2-6). 13C NMR (CDCl3, 100.6
MHz): & = 157.8 (C, C-5), 141.6 (C, C-7a), 140.5 (C, C-3a), 135.4 (C, C-3), 125.4 (CH, C-7), 114.1 (CH,
C-6), 109.3 (CH, C-4), 68.4 (CHz, C-1'), 35.5 (CHz, C-2), 29.8 (CHz, C-1), 29.6 (CHz, C-2'), 27.4 (CHy,
C-4'), 271 (CHz, C-5)), 26.2 (CHz, C-6"), 25.1 (CHz, C-3'). APCI-MS: m/z calcd. for C3oHss02, [M+H]*:
431; found: 431. UV-vis (CH2Cl2) Amax: 359, 349, 298, 252 nm. Not previously reported.

Figure 26. Product Z-1d

5.2.15 Synthesis of 1,8-dibromooctane, 4b

1,8-octanediol 8b (4.023 g, 27.5 mmol) was dissolved in HBr (48%, 50 ml) and refluxed for 48h. The
reaction was cooled to RT. DCM (50 ml) was added and the organic phase collected. The water phase
was extracted two times with DCM (2x50 ml). The combined organic phases were washed two times
with brine (2x50 ml) and saturated NaHCO3 aqueous solution (2x50 ml) and dried over MgSOs. The
solvent was removed by rotary evaporation, giving a brown oil which was sufficiently pure for
subsequent steps, 6.449g, 86% yield. 'H NMR (CDCls, 500 MHz): 6 = 3.42 (t, J = 7.0 Hz, 4H, BrCH.),
1.86 (m, 4H, BrCH2CH.), 1.44 (m, 4H, Br(CH2)2CHz) 1.34 (m, 4H, Br(CH2)sCHz). 3C NMR (CDCls,
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100.6 MHz): & = 33.9 (BrCH>), 32.7 (BrCH2CH>), 28.6 (Br(CH2)3CHz), 28.0 (Br(CH2)2CH>). In agreement
with literature.80

5.2.16 Conversion study of the last step: McMurry coupling.

The synthesis followed General procedure C without with compounds 2a (0.112 g, 0.3 mmol), 2b
(0.100 g, 0.2 mmol), 2¢ (0.102 g, 0.2 mmol) and 2d (0.101 g,0.2 mmol) as starting materials and gave a
mixture of products Z-1a, Z-1b, Z-1¢ and Z-1d, which was analyzed without purification by NMR
spectroscopy (DOSY).

5.2.17 Photo-isomerizations

CDCl; solutions of products Z-1a, Z-1b, Z-1¢ and Z-1d were irradiated after they were degassed by
argon bubbling for 15 min. As reaction vessels, 5mm NMR-tubes, Type SHp, 178 mm were used.
Isomerization course were assessed by NMR spectroscopy (Varian Unity Inova 500 MHz NMR
spectrometer, 'H at 499.94 MHz.).
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8. POPULAR SUMMARY

Photochemistry is the field of Chemistry that studies the relationship between light and chemical
reactions. Light is energy as electromagnetic radiation. Some chemical reactions can be initiated by the
energy provided by light. Quantum mechanics describes that electromagnetic radiation, like light, has a
dual nature. On the one hand, it behaves as a wave which explains how it propagates through space.
On the other hand, it also behaves as discrete particles called photons. When we say that molecules
absorb light we mean that they absorb photons and these photons give extra energy to these molecules
letting them, sometimes, undergo chemical reactions.

One type of photochemical reactions is photo-isomerizations. Some molecules have different
isomers. Isomers are molecules with the same molecular formula (the proportion of atoms that
constitute the molecule) but with different structures. In our project a kind of isomers, sterecisomers, are
involved. In addition to have the same proportion of atoms, stereoisomers have the same connectivity
between the atoms but they differ in the way their atoms are arranged in space. In Figure A, the two
stereoisomers of stiff-stilbene are shown.

Figure A. Stiff-stilbene isomers, E or trans (left) and Z or cis (right).

Isomerization is a chemical process where a molecule change its shape from one isomer to the other
but this process requires energy. If a molecule gets this energy from light (it absorbs a photon) the
process is called photo-isomerization. It has many applications in science, basically because it allows us
to control molecule shapes with light, an easy and clean way. Sometimes, these photo-switchable
molecules are only the backbone of more complex molecular system what can be used in a wide range
of fields from material science to biology. Some of these systems are cyclic molecules and when they
undergo isomerization they twisted themselves as it can be seen in figure B.

UV (£=340nm) ‘
BN
NV (42) /
P )
Z-1

Figure B. Photo-isomerization of a model compound.
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Now, we set out this question: Does the ring size affect the photo-isomerization process? In other
words, is there a minimum size to let these systems overcome the strain caused when they twist
themselves during the photo-isomerization process? To answer these questions, we designed a small
library of cyclic molecules composed by a stiff-stilbene backbone (photo-switchable unit) and different
linkers with different lengths (Figure C). They aim to be model systems of those more complex ones
described above. A photo-switching study of these molecules would let us establish the limit, in term of
length, of the linker to make the molecule able to undergo photo-isomerization processes.

Figure C. Target molecules.

The target molecules were synthesized successfully and a good synthetic route was found from
starting materials available in our lab. Then, we tested all the molecules exposing them to UV light. We
used a characterization technique called NMR spectroscopy to follow the isomerization course. This
technique gives us a signals pattern unique and different for each molecule and also different for each
isomer, so we knew how the isomerization process was going studying the differences in NMR signal
patterns. The molecules with the shortest linkers (6 and 8 carbons) showed quite low conversion from
the relaxed to the twisted isomer whereas the molecule with 10 carbons linker showed moderate
conversion and the molecule with 12 carbon linker showed the best conversion rate. These are the
expected results since the shorter the linker was, the more strained the molecule were in its twisted
isomer so isomerization was less favorable and lower conversion rates were obtained.

Coming to the initial questions, the ring size (which depends on the linker length) affects the photo-
switching properties of this kind of molecules and it was determined that a minimum of ten carbons
length is necessary to get appreciable photo-isomerization.

In future projects, an in-depth photo-switching study of these systems will be performed together with
a conformational analysis of both isomers. Conformational analysis will describe how the atoms of both
isomers are arranged in space and structural energies of the different conformers.

54



Oscar Benito Pérez 2016-06-22
Project in Chemistry, 30 credits

Department of Chemistry - BMC

Uppsala University

9. APPENDICES
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Figure 97. COSY NMR spectrum of 1,8-dibromooctane.
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Figure 32. MS spectrum of compound 5.
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Figure 44. MS spectrum of compound 2a.
Figure 51. MS spectrum of compound 2b.
Figure 58. MS spectrum of compound 2c.
Figure 65. MS spectrum of compound 2d.

2016-06-22

56



Oscar Benito Pérez 2016-06-22
Project in Chemistry, 30 credits

Department of Chemistry - BMC

Uppsala University

Figure 72. MS spectrum of compound Z-1a.
Figure 79. MS spectrum of compound Z-1b.
Figure 86. MS spectrum of compound Z-1c.
Figure 93. MS spectrum of compound Z-1d.

UV-vis:

Figure 45. UV-vis spectrum of compound 2a.
Figure 52. UV-vis spectrum of compound 2b.
Figure 59. UV-vis spectrum of compound 2c.
Figure 66. UV-vis spectrum of compound 2d.

Figure 73. UV-vis spectrum of compound Z-1a.
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Figure 87. UV-vis spectrum of compound Z-1c.
Figure 94. UV-vis spectrum of compound Z-1d.
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Figure 27. '"H-NMR spectrum of compound 5.
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Figure 28. 13C-NMR spectrum of compound 5.
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Figure 29. COSY NMR spectrum of compound 5.
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Figure 30. HSQC NMR spectrum of compound 5.
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Figure 31. HMBC NMR spectrum of compound 5.
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Figure 34. 13C-NMR spectrum of compound 3.
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Figure 36. HSQC NMR spectrum of compound 3.

67



Oscar Benito Pérez 2016-06-22
Project in Chemistry, 30 credits

Department of Chemistry - BMC

Uppsala University

6-06-10

Plot date 201

eter MR400-vnmrs400

[¢]
3]
=
I
(=]
§

ted 2016-05-21

Q
[+
=
xz
I
@
<
a
@
o

o

5

OBP-037-HMBC

E 2
T ©
wa

20160521_01/0BP-037-HMBC_gHMBC_01.fid

ys/data/OBP-037-HMBC

S
2
5
@

o
e
<

(]

68

Figure 37. HMBC NMR spectrum of compound 3.
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Figure 38. MS spectrum of compound 3.
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Figure 39. 'H-NMR spectrum of compound 2a.
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Figure 40. '*C-NMR spectrum of compound 2a.
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Figure 43. HMBC NMR spectrum of compound 2a.
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Figure 45. UV-vis spectrum of compound 2a.
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Figure 47. 13C-NMR spectrum of compound 2b.
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Figure 49. HSQC NMR spectrum of compound 2b.
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Figure 50. HMBC NMR spectrum of compound 2b.
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Figure 51. MS spectrum of compound 2b.
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Figure 52. UV-vis spectrum of compound 2b.
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Figure 54. 13C-NMR spectrum of compound 2c.
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Figure 55. COSY NMR spectrum of compound 2c.
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Figure 56. HSQC NMR spectrum of compound 2c.
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Figure 57. HMBC NMR spectrum of compound 2c.
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Figure 58. MS spectrum of compound 2c.
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Figure 59. UV-vis spectrum of compound 2c.
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Figure 61. 13C-NMR spectrum of compound 2d.
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Figure 62. COSY NMR spectrum of compound 2d.
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Figure 67. '"H-NMR spectrum of compound Z-1a.
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Figure 68. 13C-NMR spectrum of compound Z-1a.
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Figure 70. HSQC NMR spectrum of compound Z-1a.
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Figure 71. HMBC NMR spectrum of compound Z-1a.
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Figure 72. MS spectrum of compound Z-1a.
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Figure 73. UV-vis spectrum of compound Z-1a.
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Figure 77. HSQC NMR spectrum of compound Z-1b.
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Figure 78. HMBC NMR spectrum of compound Z-1b.
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Figure 83. COSY NMR spectrum of compound Z-1c.
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Figure 84. HSQC NMR spectrum of compound Z-1c.
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Figure 86. MS spectrum of compound Z-1c.
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Figure 87. UV-vis spectrum of compound Z-1c.
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Figure 89. 13C-NMR spectrum of compound Z-1d.
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Figure 90. COSY NMR spectrum of compound Z-1d.
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Figure 91. HSQC NMR spectrum of compound Z-1d.
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Figure 92. HMBC NMR spectrum of compound Z-1d.
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Figure 93. MS spectrum of compound 2d.
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Figure 94. UV-vis spectrum of compound Z-1d.
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Figure 96. 13C-NMR spectrum of 1,8-dibromooctane.
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Figure 98. HSQC NMR spectrum of 1,8-dibromooctane.
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Figure 99. HMBC NMR spectrum of 1,8-dibromooctane.
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