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1 INTRODUCTION
1.1 Energy and quality of life

Quality of life is a general term for the quality of various domains in life. It is a standard level that
consists in the expectations of an individual or society for a good life. These expectations are
guided by the values, goals and socio-cultural context in which an individual lives. It is a subjective
and multidimensional concept that defines a standard level for emotional, physical, material and
social well-being.

This concept is hard to evaluate by a single indicator, anyway it is possible to try to describe quality
of life by a small number of variables. Infant mortality (IM, deaths per 1000 live births) and female
life expectancy (LE) are possibly the two best (unambiguous) indicators of the physical quality of
life. Infant mortality is a summary measure, which reflects excellently the complex effects of
nutrition, health care, and environmental exposures on the most vulnerable group in any population.
The female life expectancy includes long-term effects of these critical variables. At the beginning of
the 21" century the lowest IM rates were in the richest country (Japan, Western Europe, North
America and Oceania) and, on the other side, the highest IM rates (>100) were in the poorest
countries in the world (mainly in Africa). Acceptable IM rates (<30) corresponded to annual per
capita energy use of at least 30-40 GJ/year, but very low IM rates (<20) could be only found in
countries using at least 60 GJ/year per capita and the lowest rates (<10) were not found in any
countries using less than 110 GJ/year per capita. Increased energy use beyond this level is not
associated with any further declines of IM. Female life expectancy is in accordance with the first
variable: the lowest female LE (<45 years) is in African poorest countries, the highest (>80 years)
in Japan, Canada and several EU nations. Again, high female LE (>70 years) requires at least 45-50
GJlyear per capita and very high female LE (>80 years) requires at least 110 GJ/year per capita.

A third important variable, the Human Development Index (HDI), was studied by Smil (2008). The
HDI is more complex than the variables mentioned above: it is calculated from life expectancy at
birth, adult literacy, combined with education enrolment. Also in this case, we can observe a
correlation between HDI and annual per capita energy: high HDI (>0,8) can be reached with 65
GJlyear and there are no additional gains above 110 GJ/year. In conclusion, the quality of life grows

up by non-linear trend with increasing available energy until 110 GJ/year per capita. (Figure 1.1)x2
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Figure 1.1 Comparison among average per capita energy use and (a) infant mortality, (b) Human Development Index,
(c) female life expectancy at birth, [

Furthermore, it is easily seen a huge per capita energy consumption gap between the richest and the
poorest countries, after looking at Figure 1.1. Improving the access to energy for poorest countries,
increasing the quality of life and, in the end, reducing this gap should be a world goal. This target is
not simply based on philanthropic principles, but it replies to political and economic requests: in the
whole globe, people escape from misery and seek better living conditions and these increasing
flows generate tensions.

The ideal parameters for 2050 would be the following: with an estimated global population of 9
billions, the per capita consumption would be 2.8 toe/year (=117 GJ/year), the demands for primary
energy consumption should be 25.2 Gtoe™/year. Such amount of energy is twice as much as the
present level; this target is not impossible, if one considers that it is in line with the trend from 1980

to 2015, when the global energy demand was doubled.

Where can we find this energy?

This question is hard to answer. Fossil fuels are not a sustainable resource anymore, since their
combustion releases CO. and increases the greenhouse effect.® For this reason the possible
solutions to this problem must be directed towards the reduction of energy-use by rich countries and
improving the transformation efficiency of primary energy. The overall composition of the energy-
use and the proportions of the different energy sources must be changed; solar energy will play a

key role in this process of transformation.

*1 tonne of oil equivalent (toe) is a unit of energy defined as the amount of energy released by burning one tonne of
crude oil. 1 toe = 41.868 GJ



1.2 A Different use of Solar Energy

Where vegetation is rich, photochemistry may be left to the plants and by rational
cultivation, [ ... [solar radiation may be used for industrial purposes. In the desert regions, unadapt
to any kind of cultivation, photochemistry will artificially put their solar energy to practical uses.
On the arid lands there will spring up industrial colonies without smokes and without smokestack;
forest of glass tubes will extend over the plains and glass buildings will rise everywhere; inside of
these will take place the photochemical processes that hitherto have been guarded secret of the
plants, but that will have been mastered by human Industry.®!

The use of sun light as energy source has several advantages: it is abundant, inexhaustible and well-
distributed. However, it also has some disadvantages: the irradiation is not constant during the day
and the year. Moreover, electrical power produced in this way needs to be stored, so additional
materials must be exploited.¢ In the next paragraphs the problems will be discussed in details,
especially focusing on the different typologies of use of solar energy and the advantages and

disadvantages related to them.

1.2.1 Photovoltaic panels and electricity production

In a semiconductor such as silicon, the molecular orbitals interact to form energy bands. The
electronic structure of semiconductors is constituted by two bands: the lowest energy band is full of
electrons and it is called conduction band (VB), the highest energy band is empty and it is called
conduction band (CB), the energy gap between these two bands is called band-gap energy (EQ). If a
photon with Av=Eg is absorbed by semiconductor, electron will jump from VB to CB; as a
consequence of this, an electron vacancy is formed (h*, hole) on VB.

Small quantity of some elements are added to silicon to increase the conductivity of
semiconductors, varying the energy of their VB or CB; this technique is called doping. N-type
doping consists in impurity of five valence electrons (like As, P), the conductivity increases because
the CB is partly filled with electrons. On the other hand, P-type doping consists in impurity of three
valence electrons (like Ga, In), the conductivity increases because the VB is partly filled with holes.
Photovoltaic cells are made up by n-doped and p-doped silicon joined together by p-n junction. A
hole-electron pair is produced by photon absorption and, then, it is transported through an electrical

circuit where it can be used as electric energy. The p-n junction plays a key-role because it cannot



afford a charge recombination.” The use of photovoltaic panels has several advantages: easy scale-
up, N0 moving parts, very low maintenance costs, installation possible on existing platforms with no
land consumption, decentralization of the electricity production system, production in off-grid
isolated areas. The efficiency of energy conversion from light to electricity is 15-22% and it is
comparable or higher than successful devices (like cars or light bulbs). In 2014 PV technology
produce, only less than 1% of world energetic demand. [

The main materials are abundant and not toxic (e.g copper, silver, aluminium, silicon and plastics),
but a crucial issue is represented by the world stores of elements used to doping semiconductor
(these elements often have a concentration close to ppm). In fact In, Ga, Se, Te and Cd reserves are
less abundant than previous element and it will be not possible satisfy the world requests in a
possible world energy transition. I

In the last decades two new different photovoltaic technologies have been studied: dye-sensitized
solar cells (DSSC) or “Graetzel Cells” (from the name of the inventor)i9 and organic photovoltaics
(OPV). These technologies can be easily installed in “non-conventional” building positions (e.g.
windows and facades) and, more important, their production requires lower quantity and quality of
raw materials than traditional photovoltaic panels. The DSSC consist in a semiconductor covered
with a chromophoric organic dye. Although the semiconductor cannot absorb visible light, it has a
good stability (as TiO2). The organic dye absorbs visible light and transfers the excited electron to
the inorganic semiconductor. The electron flows to anode and the electronic lack is filled by an
electron from a redox mediator (I2/13); finally, the redox mediator is reduced back at the cathode
(figure 1.2). (4
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Figure 1.2 Schematic operating principles of DCCS. [



OPV are constituted by photoactive m-conjugated polymers and small organic molecules. The donor
material (polymers) absorbs a photon, thus, an electron is promoted to the lower unoccupied
molecular orbital (LUMO) of this material. The potential energy allows the diffusion of the
excitation to donor/acceptor interface. At the interface, the excited electron of the donor material is
transferred to the LUMO of the acceptor material, while a hole remains on the highest occupied
molecular orbital (HOMO) of the donor. When the charge transfer (CT) takes place, the hole is
collected at the anode and the electron is collected in the cathode (Figure 1.3). ©ii

Figure 1.3 Schematic operating principles of OPV. [}

Unfortunately, these technologies are still “young”: the efficiency of energy conversion from light
to electricity and lifetime are lower and the payback time is higher than traditional PV. No
significant amount of electricity is produced from these new technologies, but in the last two
decades these applications has been considerably improved. Anyway, the energetic efficiency and
resistance to deterioration should be improved and the cost should be reduced: hopefully these

targets will be reached in the next years. 4 (12

1.2.2 Photosynthesis

Nature uses solar energy through a process called photosynthesis. Some plants and microorganisms
produce carbohydrate and O from water and COz, photoautotroph organisms require sun-light as

energy source because the reaction is endergonic. (Figure 1.4).

sun-light
CO, + H,O ——— > Carbohydrate + O,

Figure 1.4 Simplified scheme of the reagent and products of a photosynthetic reaction
Photosynthesis can be divided in two different set of reactions. The first ones are called Light
reactions, where the light energy is converted in “chemical energy” and Oz is generated. The second
ones are called Dark reactions, where the “chemical energy” supplies the necessary energy in the

conversion CO> into carbohydrate. The organisms that are able to do photosynthetic reactions are



bacteria and plants and their processes have many similarities. However, in the next section only

plants photosynthesis will be discussed.

Light reactions are summarized in three steps:

Light harvesting: several hundreds of pigments act together as the photosynthetic unit,
which is formed from light-harvesting antennae and the reaction centre. Chlorophyll is the
main pigment used in green plants; these molecules are composed of a rigid, planar,
conjugated porphyrin ring which can absorb solar light. A hydrophobic phytol chain, which
can anchor the chlorophylls to photosynthetic membrane and Mg?* ion, is coordinated with
porphyrin ring (Figure 1.5). There are two different kinds of chlorophyll, a and b. Their
chemical structures are quite similar but they absorb sunlight in two different regions of the
spectrum. In order to use the whole sunlight spectrum, plants employ additional pigments,
like carotenoids. The light-harvesting antennae absorb photons and the energy is quickly
transferred through adjacent pigments (with a Coulombic long-range mechanism) to the

reaction centre. This step occurs in few femtoseconds.

Figure 1.5 Structures of chlorophyll: R=CHjs in chlorophyll a and R=CHO in chlorophyll b. The phytol chain is
represented in red.

Charge separation and transport: there are two different photosystems: PSII (reaction
centre is P680) and PSI (reaction centre is P700). After light-harvesting process, the reaction
centre P680 is in its excited state (P680*) acting as a very good electron-donor, so it reduces
the electron acceptor 1 (EA1). The reaction centre is oxidised (P680") and the EA: is
reduced (EA1). The process is similar for PSI: after light-absorption, the reaction centre
P700 is in its excited state (P700%), it can reduce the electron acceptor 2 (EA2). The reaction
centre is oxidised (P700") and the EA: is reduced (EA>") (Figure 1.6).



Water oxidation and energy storage: The electron lack in P680 is filled back by H>O
electrons (sacrificial electron donor: SED): water is oxidised and oxygen is produced as co-
product. This reaction is catalysed by Mn-complex catalyst. EA1” rapidly leaves its electron
to the first electron transport chain, this electron reduces P700* in P700. EA; is also
oxidised by a second electron transport chain, but, in the end, nicotinamide adenine
dinuclotide phosphate (NADP™) is reduced in the reduced species (NADPH) (Figure 1.6).
The electron flow between the electron transport chains produces an electrochemical
gradient, it is used by enzyme (ATP-synthase) to produce adenosine triphosphate (ATP).
ATP and NADPH are high energy molecules, plants produce these molecules from light-sun
and, later, they use it to realize other endergonic reactions (as CO> fixation). [ (3]

In the dark reactions, plants produce carbohydrate from CO., the energy input is furnished
from high-value energy compounds (NADPH and ATP), these molecules are produced on
previous step. In this moment, six CO> pathways are known, but the two most famous are

the Calvin-Benson-Bassham CBB cycle and the reductive acetic citric cycle. I

Intermediates and products of dark reactions, through anabolism processes, can became starch,
cellulose, oil, and so on. Every year, photosynthesis produces more than 100 billion tons of dry
biomass with energy conversion efficiencies between 0,1 and 1,0% (depends on origin). These
substances can be used as biomass and the mankind can obtain energy (and fuel) from biomass. 4
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Figure 1.6: (a) Light reaction scheme NADPH and ATP are produced from water oxidation using sun-light (b)

simplified scheme of Calvin cycle

1.2.3 Artificial photosynthesis

Since the beginning of 1970s a new pathway has been explored EI: the artificial photosynthesis. The
end of this way is a process, which can efficiently use and store the sun-light to produce fuels,
solvents and chemicals. An additional advantage of this concept is “close to zero CO2 emission”, in
fact the starting material is atmospheric CO>, so the artificial photosynthesis could highly reduce the
anthropic CO2 emission. Water is oxidised in Oz and the electrons are used to reduce CO- in higher
energy compounds as CHa, CH3OH, CO, formaldehyde, formate, oxalate or to reduce protons in Ho.
(Figure 1.7)



CO,+2e +2H" —> HCOOH
CO,+2¢ +2H" —> CO+H,0
2C0O,+2e +2H—> (CO,H),
CO,+4e +4H" —> CH,0 + H,0
CO,+6¢e +6 H —> CH;0H + H,0

CO,+8¢ +8H" —> CH,+2H,0

Figure 1.7: Summary scheme of CO; reduction reactions

With the purpose of make easier the study, the development and the improvement of this process,
artificial photosynthesis is divided in two half-reactions: H2O oxidising reaction and CO- reducing
reaction. To supply the absence of the other half reaction, in the oxidising reaction a sacrificial
electron acceptor (SEA) is used and, on the other side, in the reducing reaction a sacrificial electron
donor (SED) is used. In this thesis, only the CO> reducing reaction is going to be discussed. The
mechanism is summarised in Figure 1.8. A photosensitizer (PS) absorbs a photon, it goes in the
excited state (PS*) and it is quenched by SED to generate reduced photosensitizer (PS) and
oxidized SED (SED"). Now PS"can act as an excellent electron donor and it can reduce the catalyst

(cat) in the reduced catalyst species (cat). So the cat™ can active and reduce the CO,. (Figure 1.8).
[15]

CO2+ H(+)

CO,
formic acid,

Figure 1.8 Generic mechanism of artificial photosynthesis. PS absorb a photon, then it is reduced from SED and it cat
reduce the cat, cat” can reduce CO; in more energetic compounds. PS and cat can or cannot link together, sometimes a
single molecule can work as PS and cat



It is a hard task, because the CO- reduction is thermodynamically and Kkinetic disfavoured, so
several catalysts has been tested and studied. The catalysts can be divided in two categories:

homogenous and heterogeneous. B [29]

1.2.3.1 Heterogeneous catalysts: photoelectrochemical reduction and electrochemical
reduction

The first step of this process is the CO> activation, where it can be reduced in two different radicals
species::CO2" (1) or, if a protons source is available, in CO2H (2). In this step the CO2 changes its
structure from linear to bent and it is the most energetic expensive step. In Figure 1.9, the possible
mechanisms in different solvents are illustrated. In aprotic solvents the reaction involves in two
different pathways: (1) CO: is reduced and adsorbed to electrode surface to produce intermediate 1,
then it reacts with CO, to produce intermediate 3, finally it is reduced, CO and COs* are produced
through disproportionation; (2) oxalate is produced through self-coupling of 1. In protic solvents the
reaction involves, also, in two different pathways: (3) intermediate 1 is produced like previous step,
then it is reduced and reacts with 2 H*, after electronic-arrangement CO and H2O are produced; (4)
in aqueous solvents the intermediate 2a strips a proton from solvent and produce the intermediate
2b, then it is reduced and produce formate, which is protonated and produce formic acid. [®17,
Another important difference among solvents is the solubility of CO,, for example in aqueous
solutions CO- has 7-8 times lower solubility than methanol. In addition, CO2 in aqueous solution is
hydrated, COs* and HCOs; are generated and the study of CO: solubility became more
complicated.s]

Solvent is not the only variable that influence products distribution, also the electrode plays a
crucial role. The electrodes are divided in two categories: CO producer metals (like Cu, Au, Ag, Zn,
Pd, Ga) and HCOO" producer metals (Pb, Hg, In, Sn, Cd, TI). Some types of electrodes (like Ni, Fe,
Pt and Ti) cannot reduce CO- (or can reduce with very low selectivity) but in aqueous media can
produce efficiently Hz, which is a very common by-product using previous electrodes 1. H, can be

used to storage energy from sun ™ or to reduce COz in a different step. 81,

10
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Figure 1.9: Different mechanism of CO- reduction in different solvents (aprotic/agueous) and using different electrodes

CO, HCOO and oxalate are not the only possible products, in fact they can be further reduced in
H.CO i, CHzOH®I2, CH4 and other hydrocarbons?2.

These reactions can be conducted by a semiconducting photocathode or by an electrode powered by
PV devices. In the first case the light is absorbed by a semiconductor electrode or light harvesting
particles which are absorbed or covered on the electrode surface. The absorbed photon caused a
photoinduced electron transfer to catalyst, which can finally reduce CO2. In the other case a voltage
is applied in the electrode and then it can active CO.. The main disadvantages of this technique are

the use of high overpotentials and the poisoning and deactivation of the electrode surface. (512

11
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1.2.3.2 Homogeneous catalysis: photoactivated CO: reduction

One of the first homogeneous systems has been described from Lehn et al.[?4l, Lehn and co-worker
used a solution of Ru(byp*?)**s, CoCl, (respectively as PS and cat) with CO2 dissolved in a solution
of CH3CN/H0 to produce CO/H, mixture under Xe lamp irradiation, several different amines have
been tested as SED. The turnover numbers (TON*®) are 32 for Ru(bpy)?* and 9 for CoCl,, the
selectivity, expressed as CO/H: ratio, is strongly conditions dependent (from 0,02 to 24,9). After
this paper, several transition metals have been tested to produce mainly CO, H2 and HCOO" in
different conditions with the intent to increase performance. The photoactivated reduction
mechanism has been explained using Re(bpy)(CO)3Cl. Re(bpy)(CO)sCl absorbs light, an electron is
promoted in the excited state by metal to ligand charge transfer (MLCT) process and intermediate 6
is produced; now intermediate 6 is able to oxidase a SED in SED*. The intermediate 7 is in
equilibrium with 8, which can receive an H (from a hydrogen source) and produced hydride 9. At
this point, CO2 can be coordinate from intermediate 9 and CO> reduction is catalysed by Re-
complex. Then, HCOO" dissociates and intermediate 12 associates a Cl™ to regenerate the catalyst
(Figure 1.10) 1251,

Catalyst and photosensitizer can be the same molecule % two different and no-linked
compounds®! or two different metallic cores coordinated by the same polydentate ligand, but
systems with bridging ligand show better performance than separated systems.[?8! Several metals
have been tested as catalyst to reduce CO2, for example: Ni?*, Fe, Re*, Pd**, Ru?*, Rh®*, Co%*; using
mainly three class of ligands: phosphines, (di)imines and macrocylics .1*"]

Another important variable is SED, since the first paper Lehn and co-worker has been tested four
different amines as SED (triethanolamine, trimethylamine, triethylamine, tripropylamine). The
effect of SED on CO/H: ratio has been evident: using triethanolamine the selectivity is 500 times
higher than using trimethylamine. 24 Afterwards, numerous different compounds have been used as
SED, for example aromatic amine, 1-benzyl-1,4-dihydronicotinamide (BNAH), 1,3-dimethyl-2-
phenylbenzimidazolidene (BIH), ascorbic acid, carboxylic acids and thiols. Generally, amines have
furnished the best outcomes, but the SED effect can easily change with conditions, PS and cat.
Unfortunately, none of these SEDs can be used in an economic-sustainable artificial photosynthesis
process. 28] Ideally, water is the sacrificial electron donor, as in natural photosynthesis.

With the intent of complete the description of the photoactivated CO- reduction mechanism, the

oxidative mechanism of trimethylamine is described. The intermediate 6 reduce a trimethylamine

*2 bpy:2,2'- bipyridine

"3 TON: moles product/moles catalyst

12



(TEA) to produce 7 and the positive charge radical 13, the radical 13 reacts with TEA to produce
new radical 14 and the ammonium salt 15. The radical 14 is the “proton source”, which furnish an

hydrogen atom at complex 8 to produce 9 and etenyldiethylamine.?!

cr
co
N
co
(12)
HCO, ﬁ
<
\\ CO,
o)
)\CO \ /// \\\CO
- Re(1)
\CO | o
Co
(1) 10)

Figure 1.10: Photoactivated mechanism to reduce CO, catalysed by Rebyp(CO)sCl

13
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Fig 1.11: Oxidative mechanism of triethylamine

Nowadays, the new systems have TONs in the order of hundreds, but this parameter should grow up
and also the stability of compounds have to increase. Compared to heterogeneous systems,
homogeneous systems suffer from a big restriction. In fact, using metal complexes, it is often
possible to transfer only 2 electrons (the limit is the oxidation state of metallic core). On the other
hand the electrode surface have not this limitation, so it is possible reduce furtherly CO- in higher
reduced compounds (up to CHa).[?°! Several of these systems use rare and expensive transition
metals (especially for PS), but with the purpose of development and scale-up models, cost-effective

and earth-abundant metals must substitute the rare metals in the new systems. [*°]
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1.3 Development of Cu(N~N)(P/P) based PS

A possible option is represented by Cu-based PS. Copper is cheaper and more abundant than Pd, Pt,
Ir, Os, Rh and Ru (the estimated world reserves for Cu are 830 000 000 tonne against 100 000 tonne
for all other metals).2@24 |n solution, the most common Cu oxidation states are +2 and +1. Cu?*
complexes have d° configuration and a planar square geometry. In this kind of complexes are, also,
observable d-d metal-metal centred transitions, which absorb radiations in the visible spectral
window and produce ultrafast non-radiative deactivation process. So, Cu?* excited states have very
short lifetime and it is not possible to used them as PS. On the other hand, Cu* complexes have d*°
configurations and a tetrahedral geometry. In this case the d-d metal-metal centred transition is not
observable, the electron can be excited from d metal orbitals to «~ ligand orbitals by MLCT or from
7 ligand orbitals to 7" ligand orbitals. Cu* complexes absorb light in UV-Visible window and have a
higher time life than relatives Cu?* complexes.®2 After light promoted excitation, Cu* complexes
became formally Cu?* and the geometry of the excited state changes from tetrahedral to similar
square-based pyramid by a pseudo Jahn-Teller distortion (PJT) (Figure 1.12). Now, a nucleophilic
species (as solvents) can react with metal centre and quench the MLCT, causing shorter time life of

excited state. This process can be reduced and using ligand with bulky substituents. 3134

X
light
Cu* g—> : ‘\\\\\\\Y
-:; X““““llllllllln-.Cu2+‘Z_
W
N Z

Figure 1.12 Cu* absorbs a photons and has a MLCT, the consequence is a molecular shape change from tetrahedral to

pseudo square-based pyramid. The excited state can be quenched by exciplex quenching

Chelating phosphines with high sterical hindrance are a good choice. In fact, it has been
demonstrated that the use of these ligands can increase the lifetime of the excited states in Cu*
complexes. In addition, the use of chelating ligands could suppress ligand dissociation, with an
additional lifetime increasing. Several different phosphines have been studied, but one of the best
options is bis[2-[(diphenylphosphino)phenyl]ether (POP) (Figure 1.13). BsI:el
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Figure 1.13 bis[2-[(diphenylphosphino)phenyl]ether (POP)

Another category has been studied to realize Cu* complexes: diimine bidentate ligand (N*N). Even
in this case, a chelating ligand could reduce ligand dissociation and it is possible reduce the
exciplex quenching process using bulkier lateral chains. The steric hindrance of lateral chains can
be used also to favour the heteroleptic Cu complexes.* In fact McMillin et al. have studied Cu(l)
complexes prepared from 1,10-phenanthroline derivatives and POP and they have discovered that
these kind of complexes show long lived MLCT excited states,®! afterwards numerous
Cu*(N~AN)(P"P) complexes has been developed, obtaining impressive performance. These
molecules can absorb light in two different regions of the spectral window: UV and visible.

The UV absorption bands (with extinction coefficient ¢ between 10*and 10° M cm™) is assigned to
n-n" ligand transitions centred; the electron is excited from ground state to n-n intraligand charge
transfert (*ILCT), which can change its spin multiplicity to produce 3ILCT by an intersystem
crossing process (ISC). The second band is centred at around 300 nm (with & between 2x10° and
4x10* M1 cm™) is assigned to MLCT transitions. The electron is excited from the ground state to
IMLCT, subsequently, by a PJT, the excited state can pass from a pseudo tetrahedral to pseudo
planar square geometry (!MLCTratenea State), this process can be inhibited using the right ligand.
The *MLCTrarened State can interconvert in SMLCT state by ISC process. Both ISC processes are
favoured by symmetry of the complex. Excited states return to ground state by thermal or
luminescent processes. 2 (Figure 1.14)
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Figure 1.14: Jablonski diagram for Cu(N*N)(P~P) complexes. The black arrows represent light excitation process, the
dashed arrows represent de-excitation luminescent processes: fluorescence (fl), phosphorescence (ph), the red arrows
represent de-excitation thermal processes

A useful PS has to show the following properties: visible light absorption, long-living excited state
lifetime (close to 1 ps) and be photostable. “9 Recently, Cu*(N~N)(P"P) complexes have been
generating interest because some of these compounds show excited state lifetime in the order of 1
ps and absorption band in the visible range. B With the intent of discover new and higher-
performance PS, several N*N ligand are studied and tested, among them, the most used are 1,10-
phenanthroline derivatives. However, other N-containing heterocycles have been under

investigation.

1.3 Substituted 1,2,3-triazoles as NN ligand

Heterocycles as 1,2,3-triazole can be easily synthesized by azides and ethynyl derivatives by 1,3-
Huisgen cycloaddition.*l More recently, one of the so-called click-reaction, Cu-azide-alkyne-
catalyzed reaction (CUAAC), discovered by Barry Sharpless, is one of the most used technique in
order to form 1,4-disubstituted-1,2,3-triazoles.*d Using this synthetic pathway, it is possible obtain
the desired product with high selectivity and high yield from organic azides and acetylene
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derivatives. Organic azides can be commercially available or synthesized by nucleophilic
substitution; in any case they must be carefully handled, because the azide group can easily
decompose, releasing N2 and generating explosions®l. Acetylene derivatives are also commercially
available or can be synthesized by Pd-catalysed coupling.*4 Bizzarri and co-workers synthesized
and studied three different Cu™(N~N)(POP) using 4,5 disubstituted triazoles as N*N. In particular,
they used 5-(6’-methyl--pyrid-2’-yl)-4-phenyl-1H-1,2,3-triazole and two derivatives of this ligand.
Compound 16 is the mononuclear complex produced with the simplest triazole, 17 and 18 are
dinuclear complexes produced using two “pyridyl-triazole unit” linked by a phenyl bridge (the two

substituents are respectively orientated in meta and para positions) (Figure 1.15)

(16)

Figure 1.15 Heteroleptic Cu* complexes synthesized by Bizzarri. [*°]

These complexes showed very interesting and motivating outcomes. They absorb light until 400 nm
and the excited state life times are 0,88 us (16), 1,21 us (17), 2,78 us (18). In addition, a second
metal centre could positively influence the excited state lifetime and this effect can be mediated by
n-conjugated system (as the phenyl ring). In the end, they confirmed the importance of sterical
hindrance to improve the excited state lifetime, in fact the presence of methyl group in aposition to
the N of the pyridine has a positive response.l

The photophysical and electronic properties of these complexes were promising for their use as PS
in photochemical CO- reduction. However, their lack of absorption in the visible range would be a

problem in view of a real application with solar irradiation. Therefore, different substituents have
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been under investigation, in particular using quinoline ring instead of pyridine. Recently, three
different 1,4-disubstituted triazole, with a quinoline as substituent, have been synthesized and
tested.

(19) (20)

21

(22)

Figure 1.16: Cu(N"N)(POP) ligands synthesized by Bizzarri and co-workers, these ligands have a quinoline as
substituent to improve the light absorption. !

Compared to complexes 16, 17 and 18, the complexes in Figure 1.16 can absorb light in a wider
spectral window (until 450 nm).#d In fact, quinoline as a higher m-conjugation in respect to the
pyridine so that the LUMO of the final heteroleptic Cu complex is more stabilized, allowing blue-
light absorption of the *MLCT. Motivated by these results, we investigate further these particular

ligands and the complexes thereof.
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2 AIM OF MY THESIS

The interesting results obtained in the last years are stimulating the study of triazole derivatives as
diimine chelating ligands in heteroleptic Cu* used as photosensitizer. Using these ligands, the
heteroleptic Cu™ complexes have showed excited state life times in the order of ps, satisfying one of
requirement to be a photosensitizer. Another important feature to be a good photosensitizer is the
capacity of absorb light in the visible spectra. Several complexes absorb light until 400 nm, but
using quinoline as substituent it is possible absorb light until 450 nm

In view of encouraging data, the aim of my thesis has been the synthesis and the characterization of
derivatives of 1,4-disubstituted-1,2,3-triazoles and their use as ligand in heteroleptic Cu*
complexes, to produce mono-, di-, tri nuclear systems. The synthesis of these ligands can occur in
few steps and a large part of these steps can be classified as green chemistry reactions. With the

purpose to increase the absorption in the visible region, 2-quinolin derivatives are used.
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3 RESULTS AND DISCUSSION
My project can be divided in the following steps:
1. Synthesis 1,4-disubstituted-1,2,3 triazole derivatives (23 24, 25, 26, 27)

f&é5§@9@
8“aé§&a

Figure 3.1: Structures of ligands 23, 24, 25, 26, 27, 28

2. Synthesis of mono-, di-, tri- nuclear heteroleptic Cu®™ complexes from ligand 23, 24, 25, 26,

27, 28 and triphenylphospine (PPhs) or bis[2-[(diphenylphosphino)phenyl]ether

3. Ligands and complexes are characterized by *H-NMR, *C-NMR and, if it is possible by X-
ray

4. The following proprieties of ligands and complexes are studied: redox potentials (evaluated
by cyclic voltammetry), absorptivity coefficient, absorption and emission (by UV-Visible

spectrophotometry and spectrofluorimetry).
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3.1 Synthesis of ligands

3.1.1 Synthesis of 2,6-bis(1’-benzyl-1",2°,3’-triazol-4’-yl)pyridine (23)

The first step is a Sonogashira-coupling between 2,6-dibromopyridine (29) and two equivalents of
trimethylsilylacetylene (30), the product is the intermediate 31 (Y=52%). Pd(Ph3)s and Cul are,
respectively, catalyst and co-catalyst “4, a dry mixture of diisopropilamine (DIPA) and toluene is
used as solvent, the reaction is conducted in inert atmosphere. Instead of Pd(Phs)s, Pd(Phs).Cl has

been tested, obtaining lower yields (37%).

=
Z N Cul, Pd(PPhy), <
M= _C7 N Ce
Br N° "Br DIPA/toluene (1:4), Ar, t.r., 3 days \Sli// \\S/i— ©)
| |
29 30 31

Figure 3.2: Synthesis of 2,6-bis((trimethylsilyl)ethynyl)pyridine (31)

Trimethylsilyl group is indispensable, because it prevents the double C-C coupling of acetylene in
the previous step. Thus, it has to be removed to proceed with synthesis. The following step is the
deprotection of alkyl functionality using K-COz dissolved in methanol (MeOH). The intermediate

32 can easily degrade at room temperature.

| X
NN K,CO; »
\Si = A Si/ MeOH, 0°C, 1 h & N \\ (6)
-~ ~N
\ /
31 32

Figure 3.3: Synthesis of 2,6-biethynylpyridine (32)
The last reaction is a Cu-catalysed Azide Alkyne cycloaddition (CUAAC) between intermediates 32
and benzyl azide (33). The ligand 23 is obtained with a yield of 83%.
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Figure 3.4: Synthesis of ligand 23

3.1.2 Synthesis of 2,6-bis((4’-phenyl-1",2",3’-triazol-1’-yl)methyl)pyridine (24)

The ligand 24 can be easily produced in a one-pot reaction (Y= 60%). The organo-azide species is
generated in-situ by nucleophilic substitution (Sn2) between NaNsz and 2,6-dibromomethylpirydine
(34), where the NaNs is the nucleophilic specie. Afterwards, CUAAC reaction can occur between

organic-azides and ethynilbenzene (35).

| N CuSOy, sodium ascorbate, NaN; — A =
Br z Brt
N EtOH/H,0 (7:3), r.t, 3 days
34 35 24

Figure 3.5: Synthesis of ligand 24

3.1.3 Synthesis of 1(2-methylquinolinyl)-4-phenyl-1,2,3-triazole (25)

The first step is a bromination of the methyl group in quinaldine (36). This reaction occurs by a
radical process, where N-bromidesuccinamide (NBS) is the “Br source” and benzoyl peroxide
(PhCOy): is the termoactivated radical initiator.*! This reaction is affected of several by-reactions,
in fact poly-bromination reactions can easily promoted, increasing the reaction time. The reaction
was conducted at reflux in acetonitrile (ACN) for 13 h and the yield was 49%, with increase of time
to 25 h the yield of the desired product decreases to 14% (dibromomethylquinoline was produced

with a yield of 26%).
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SN ACN, reflux, 13 h SN Br ©)
36 37
Figure 3.6: Synthesis of 2-bromomethylquinoline (37)

The second step is a CUAAC between 2-azidomethylquinoline generate in-situ from 2-
bromomethylquinoline (37) and ethynilbenzene (35), (Yield=63%).

_ ]
Vi N
\/ | NaNj; CuSOy, sodium ascorbate, Na,CO; N\N/ (10)
N * EtOH/H,O (7:3), r.t., 36 h N
Br
37 35 25

Figure 3.7: Synthesis of ligand 25

Another new and interesting synthetic pathway to produce ligand 25 has been tested. Brandhofer et
al. have reported a one-pot reaction to produce triazole from an aliphatic group.” In the first step, a
methylic C-H bond in 36 is substituted by C-azide bond. The second step is a CUAAC reaction. In
the first step tert-butanolhydroperoxide (t-BuOOH), trimethylsilyl azide (TMSN3), CH3CN were
added, after 2 h sodium ascorbate, diisopropylethylamine (DIPEA), tert-butanol (t-BuOH) were
added. Unfortunately, this method did not give the expected result, in fact, the starting material 36

did not react.

_ 1) t-BuOOH, TMSN; CuBr, CH;CN, 50°C, 2 h 2
G:J\ 2) sodium ascorbate, Ph-CHCH, DIPEA, \N (11)
t-BuOH, 35, 50°C, 2 days N
N
N
36 25 Ph

Figure 3.8: Unsuccessful synthesis of ligand 25
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3.1.4 Synthesis of 2,6-bis(1’(2’’-methylquinolinyl)-1°,2°,3’-triazol-4’-yl)pyridine (26)

The intermediated 31 is produced as in reaction 5 and the intermediated 37 is produced as in
reaction 9. With the purpose of avoid the degradation of 32, a one-pot reaction has been tested.
Where the first reaction is a deprotection of acetylene group (the reaction 12a is similar at reaction
6, the only difference is the solvent). The second step is a standard CUAAC. The yield is 67%, so it
is a discrete yield, nevertheless it should be possible to improve using optimised conditions.

]
N
(12a) (12b) NN
N
= =
N | K,CO,4 - | 37, NaNj3, CuSOy, sodium ascorbate, Na,CO4 N
= N | N N >
~dZ N Eon,00c 7 > EtOH/H,0 (4:1), rt,, 2 days
! 31 | 32 ;f \
N
N
Y
26

Figure 3.9: One-pot synthesis of ligand 26
3.1.5 Synthesis of 2,6-bis((4’-quinolin-2’’-yl-1’,2”,3’-triazol-1’-yl)methyl)pyridine (27)

The intermediate 39 is synthesized by a Sonogashira cross-coupling reaction between 2-bromo-
pyridine (38) and trimethylsilane (30) (Y=16%)

=
m + = Cul Pd(Phy),Cl, DIPA, | (13)
SNTBr NN

r Ar, 1 day, 1.t

38 30 39
Figure 3.10: Synthesis of 2-(trimethylsilylethynyl)quinoline (39)
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With the purpose to avoid the degradation of 40, a one-pot reaction has been tested: the first
reaction is a deptrotection of the acetylene group, the second step is a standard CUAAC. The overall
yield is 34%.

]
(14a) (14b) N
o K,CO, < 34, NaN3, CuSO,, sodium ascorbate, NaCO; N N
N AN e N AN — TN
>si” EtOH, 0°C,2h EtOH/H,O (7:3), r.t., 2 days \ N N
|
39 40 27

Figure 3.11: One-pot synthesis of ligand 27

3.2 Synthesis of heteroleptic Cu* complexes

Heteroleptic Cu* complexes can be easily produced with the following procedure, independently of
ligands. Cu(CH3CN)4BF4 (41) and phospine (PPhs or POP) are dissolved in dry dicloromethane
(DCM) to produce the first intermediate (42 o 43), where one or two molecules of CH3CN are
substituted by (di)phospine. Then the diimine ligand (N*N) or triimine ligand (N*N”N) is added,
and chelate the Cu+ ion, producing the heteroleptic Cu* complex. Yields are collected in Table 3.1

// —
\\}\I N/// \\\N\ + 7 N/ N\\ ///N
+¢ﬁN _ PP ¢ gy N NN Qi 15a
N N P / N
/ N / N / _
// - N (Ph;);P N\ (Ph3);P BE,
BF, \
41 42
X = m
\\\ / P(Phy), P(Phy), \\N\ N NT o/
N 7 0 o M Vo
+(‘:ﬁ SN BF4 N N g:].\l+ BF4
I\f // \\ [ VAN 15b
\S / \ // \\
N / \
// _ \ (Ph3),P o) P(Phy), (Ph;),P P(Phs),
BF, o
41 43

Figure 3.12: Generic synthesis for heteroleptic Cu* based complexes
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Complex Yield (%) Ligand Number of Phospine
coordinated Cu*
44 86 23 1 PPhs
45 69 24 1 PPhs
46 / 25 1 POP
47 91 26 3 POP
48 35 27 3 POP
49 100 28 2 POP

Table 3.1: Summary table about yields and structures of complexes
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47 48

Figure 3.13a: Structure for heteroleptic Cu-based complexes (44, 45, 46, 47, 48)

49

Figure 3.13b: Structure for heteroleptic Cu-based complex (49)

3.3 Structure characterization of ligands and complexes
All ligands and complexes are characterized using *H-NMR and 3C-NMR. For complex 44 it is

also available the X-ray structure. All data are collected in Chapter 5.

3.4 Photophysical data
All solid samples are dissolved in spectroscopic dicloromethane (DCM), analysis are conducted in

quartz cuvettes, at room temperature and, only for complexes, under Ar atmosphere.
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3.4.1 Determination of absorptivity coefficient (¢)

Three solutions at different concentrations were done for each compound (between 5 pM and 50

UM). Absorbance (A) has been measured from 230 nm to 800 nm (increment of 1,0 nm), then,

using Beer law (s(4) = ﬁ ,where c is the concentration of the sample and b is the light path-

length of the cuvette, equal to 1 cm). The reported €(A) is the average of g(\) calculated with the

previous equation at different concentration.

Ligands 23 and 24 are tridentate ligands with very similar structure: the first one has two 1-benzyl-
1,2,3-triazoles bridged by a 2°,6’-pyridine in position 4 and the second one has two 4-phenyl-1,2,3-
triazoles bridged by a 2,6’-dimethylpyridine. They are isomers. However, their spectra are quite
different. In fact, while ligand 24 has a maximum absorption at 250 nm, ligand 23 presents a second
band with relative maximum at 300 nm. This might be due to an extended conjugation of the
pyridyl-bridging ring. When the phenyl ring is substituted by a quinolone, the ter-chelating ligands
26 and 27 are formed, which are isomers between each other. Their absorption is at longer
wavelength when comparing ligand 24 and 27. This difference is caused mainly by the presence of
quinoline that has a higher w-conjugation in respect to the phenyl. Both spectra of 24 and 27 exhibit
similar peaks in the high energy region (Amax(24)= 249 nm, Amax(27)= 257 nm) with similar shape,
it is should attributable to the pyridyl-triazole system. In spectrum of 24, no signals are visible over
290 nm. Instead ligand 27 absorbs light until 350 nm. Compared by ligands reported in literature
(16, 17, 18) 1 there are not significant difference, except for a peak present under 260 nm in
spectra 26 and 27. In fact, these two compounds show a higher absorptivity coefficient in this part
of spectra ( € 231 nm(26) = 8,4 x 10* Mt x cm™, & 257 1m(27) = 6,7 x 10* M! x cm'* compared with ¢
250nm (17) = 2,2 x 10* M1 x cm™)
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Figure 3.15a: Compared spectra for ligand 23 and complex 45
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Figure 3.15b: Compared spectra for ligand 24 and complex 45
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Figure 3.15c: Compared spectra for ligand 26 and complex 47
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Figure 3.15d: Compared spectra for ligand 27 and complex 48
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All heteroleptic Cu* complexes show high absorptivity coefficient between 250 nm and 350 nm.
These absorptions are caused by n-n* and n-n* intra-ligand transitions centred on the phosphines
and NN (or N*N”N). Comparing heteroleptic complexes with relative ligands it is possible see an
additional absorption region between 300 nm and 400/450 nm, so complexes can absorb light at
lower energy than ligands. This band is attributable to *MLCT 44, 45 and 49 absorb light until 400
nm, while 47 and 48 absorb light up to 450 nm. All these absorptions are caused by *MLCT from d
metal orbital to * ligand orbitals, but the different range is the result of different n-conjugates
substituents (quinolinyl compared to pyridinyl or phenyl).

The presence of three and two coordinate centres are easily visible comparison 48 and 49 with 44,
In 48 and 49 ¢ are three and two times higher than 44. No evident cooperativity effect is present in
complexes 47, 48, 49. 47 and 48, which show very similar spectra to 19, 20, 21, 221461,

In this discussion phosphines effect are not considered, because it was demonstrated that different

phosphines as ligands can shift the spectra only few nm 71,
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Figure 3.2: Collected UV-visible absorption spectra of complexes (44, 45, 47, 48, 49)
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3.4.2 Analysis of emission and excitation spectra

The analysed solutions have a concentration between 25 uM and 50 M. Ligand 24 has not shown
emission properties. Ligands 26 compared with 23, are affected by red-shift (figure 3.3). Another
time, it is a consequence of different lateral chains. In fact, quinoline have higher m-conjugates
system, which reduce the energy of LUMO, in add, the presence of heteroatom as nitrogen generate
a no bond orbital between 7 and n" orbitals.[®! Ligands 26 and 27 exhibit very similar values of

maximum peaks.

1,2
1
>
=
E 0,8
o ’
t 23 emission
o 06 23 exdtation
|
= 26 emission
g 0,4 = = =« )6 exdtation
= —— )] emission
0,2 = === 27 exdtation
0
250 300 350 400 450

Wavelenght (A) [nm]

Figure 3.16: Collected emission (full lines) and excitation (dashed lines) spectra of ligands (23, 26, 27). For emission
spectra: A excitation (23) = 310 NM,: A excitation (26, 27) = 300 nm. For excitation spectra: A emission (23) = 350 NM, A emission
(26, 27) =370 nm

Ligands 23, 26, 27 exhibit high emission intensity, high simmetry between excitation and emission
spectra and low Stoke shift (the gap, expressed in wavenumbers, between the maximum of the first
absorption band and the maximum of emission band), so the emission process can be described as
fluorsence process, where the electron return to a singlet ground state (So) from a singlet excited
state (S1). Compared with their relative chelating ligands, complexes 44, 45, 47, 48, 49 have a lower
intensity emission, lower simmetry between and higher gap between emission maxium and

excitation maximum (figure 3.17)
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Figure 3.17: Emission (full lines) and excitation (dashed lines) spectra for (26, 47). For emission spectra: A excitation
(26) = 300 nm, }\4 excitation (47) = 410 nm. FOf eXCItatIOI’I Spectra 7\. emission (26) = 370 nm, 7\. emission (47) = 580 nm

These differences are attributable to a different kind of emission. In fact, these features are typical
for phosporescence emissions. It is possible that electron from singlet excited state (S1) pass to a
triplet excite state (T1) by ISC process. Then it can return to Sg from T1 by another ISC, this step can
be accompained by light emission. The emitted radiation from phosporescence has a longer
wavelenght than emitted radiation from fluorescence, because T state has little lower energy than
S1. (All significant data are collected in Table 3.2)
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Emission Excitation
Ligand | Amax[nM] | ARmax [nm] | Ash [Nnm] | Amax[nM] | A Rmax [nm] | A sh [nm]
23 333 / / 265 300 /
26 348 365 335 321 / 331
27 353 338 370 333 325
319
44 399 / /
45 412 / 397 353 / /
47 642 / / 323 374 /
48 641 / / 336 382 /
49 628 / / 302 / 346
Table 3.2: Emission and excitation data for ligands and complexes. A R maxis a relative maximum peak and J.  is a
shoulder of a peak

To confirm that complexes emission comes from a triple state, an additional analysis was

performed. Oxygen ground state is triplet state and it is a very good triplet state quencher. It can

quench molecules that stay in a triplet state to singlet state.

All complexes have been measured in Argon atmosphere, then, the inert atmosphere have been
removed opening cuvette and the solutions have been shaken (for three times). The measurements
of emission spectra have been repeated in oxygen atmosphere under the same conditions. The ratio
between emission in the two different atmospheres are included from 0,3 to 0,56 so emission of

these complexes involves a triple state (Table 3.3 and Figure 3.18).

Complex A emission [NM] | Intensity emission in 0; atmosphere
Intensity emission in Ar atmosphere

45 412 0,556

47 642 0,555

48 641 0,303

49 628 0,492

Table 3.3: Intensity emission ratio in O, atmosphere and Ar atmosphere
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Figure 3.18: Compared spectra of 48 in Oz (orange line) and Ar (blu line) atmosphere. X excitation (48) = 410 nm

3.5 Electrochemical data

The electrochemical features of ligands and complexes are studied using cyclic voltammetry. All
analysis were performed using dry CH3sCN as solvent and tetrabutylammoniumhexafluorophosphate
(TBAPF¢) 0,1 M as supporting electrolyte. TBAPFg was crystalized twice in hot EtOH to increase
purity. Supporting electrolyte has two important roles: it reduces the solution resistance and avoids
analyte migration out of the measuring surface; solvent and support electrolyte must be
electrochemical and chemical inert in the experimental condition. Experiments are conducted in a
cylindrical cell with a three electrodes system: working electrode (WE), auxiliary electrode (AuxE)
and a pseudo reference electrode (QRE). Pt disk is used as WE, Pt wire is used as AuxE and Ag wire
is used as qRE. Unfortunately, the potential of Ag can change between experiments in different
conditions (for example: different electrolyte or solvent), to solve this problem ferrocene (Fc) is
added as internal standard. Ferrocene/ferrocenium couple (Fc/Fc™) have a solvent-independent
potential! and, using it is possible produce comparable outcomes. Fc is added with a concentration
of 5 mM and analytes with a concentration between 5 mM and 10 mM, the analysis was conducted
in Oz-free solutions. Unfortunately, during blank scan it is often observed two impurities peaks
between -1,5 V and 0 V (vs Fc/Fc*) and it was not possible removed them. All compounds are
studied at four different scan rates: 50, 100, 200, 500 mV/s. Scan rate can influence several data.

First of all: intensity current. In fact, increasing scan rata the gradient concentration between the
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surface of electrode and the bulk of solution (6C/0x) increase and current intensity is linear
dependent by 6C/6x (until limit current). Another consequence Of increasing scan rate is to shift the
maximum intensity potential toward higher value, for cathode (Ec), and lower, for anode (Ea). The
reversible grade is also influenced by scan rate (SR). Some reactions are reversible at low SR, but
they became irreversible at higher SR. This phenomenon takes place because the reaction rate (RR)

is dependent by SR. At low SR the reaction rate are lower then transfer matter rate at high SR is the
opposite. o151
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Figure 3.18: Cyclic voltammetry for 24 at (50, 100, 500 mV/s)

Complexes 44 and 45 exhibit a reversible peak, respectively, at -0,318 V and -0,613 V (vs Fc/Fc?),
these peaks are attributable to free P(Ph3)s.152 P(Phs)s can be substituted by solvents with Lewis
basis properties as ligand in Cu complexes. 71

All compounds have shown irreversible processes. Ligands exhibit oxidation processes between 1,4
V and 1,7 V (vs Fc/Fc*) and reduction processes between -2,0 V and -2,6 V (vs Fc/Fc").
Unfortunately, in the electrochemical window used, it was not possible to observe all the potentials
forseveral ligands. It might be possible to detect these signals using different solvent/supporting

analyte solutions with a different electrochemical window. Complexes show oxidation processes
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between 0,95 V and 1,45 V (vs Fc/Fc*), complexes 47, 48, 49 exhibit two peaks. The first peaks is
attributable to copper oxidation, the second peaks should concern a POP oxidation. In reduction, all
signals are included from -2,8 V to -2,0 V (vs Fc/Fc*), these processes are attributable to ligand

reduction. 4

E ox [V] E red [V] HOMO (eV) | LUMO (eV) | A HOMO-LUMO (eV)
23| 1,64 Not detected | -6,44 / /
24 11,38 -2,08; -2,33 -6,18 -2,72 3,46
26 | 1,55 Not detected | -6,35 / /
27 | Not visible -2,52 / -2,28 /
44 11,35 -2,06; -2,33 -6,15 -2,74 3,41
451,30 Not detected | -6,10 / /
47 | 1,35; 1,21 -2,80 -6,01 -2,00 4,00
48 1 1,28; 0,95 * -2,40 -5,75 -2,40 3,35
49 |1,/43;1,24 -2,43 -6,04 -2,37 3,67

Table 3.4: Electrochemical properties for ligands (23, 24, 26, 27) and complexes (44, 45, 47,48, 49) at 100 mV/s * For
complex 48, the oxidation potentials are referred at 200 mV/s

HOMO and LUMO levels are in relation with oxidation and reduction potential. Fc/Fc* potential is
equal at 4,8 eV versus zero vacuum level, HOMO and LUMO values are estimated by adding the
oxidation and reduction potential .55

Unfortunately, it was possible calculated HOMO-LUMO gap only for complexes 47, 48, 49. No
significant differences have been found with literature data. #5491 HOMO-LUMO gap for complex
47 is suspicious, because it is higher than 49 HOMO-LUMO gap. It should be lower because, it
exhibits higher absorption wavelength. All the electrochemical properties are reported in Table 3.4.
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4 CONCLUSION

In this work five different heteroleptic Cu(l) complexes have been synthesized. Complexes 44 and
45 are mono-nuclear complexes composed by triimine ligand and P(Phs)s, complexes 47 and 48 are
tri-cationic complexes composed by bi-diimine mono-triimine ligand and POP and 49 is a di-
nuclear complex composed by bi-diimine ligand and POP.

To take into consideration the employment of these complexes as photosensitizers, the following
properties have been studied: redox potentials evaluated by cyclic voltammetry and absorptivity
coefficient, absorption and emission evaluated by UV-Visible spectrophotometry and
spectrofluorimetry. The synthesized complexes have shown good emission features and concordant
outcomes with previous study. ¥4 It was confirmed that quinoline instead of pyridine increase the
n-conjugation of diimine ligand with the red shift of absorption in visible region.

The collected data are encouraging but they are not enough. To confirm the employment of these
products as PS, different analysis should be done in future as excited time life, quantic yield and
bimolecular quenching study.

AN
| _
YT N
:/,/N‘N\ AR\
M ,Cu’N —

124 \

P

50 51

Figure 4.1: Hypothetical heteronuclear complexes (50, 51) (M = metallic ion).

Ligands 26 and 27 have interesting structures, in fact they possess two different coordination sites.
So, it should be possible produces heteronuclear complexes (50, 51) where a coordination site host
Cu* heteroleptic complexes with a photosensitizer function and in the other coordination site are
situated another metallic ion (as Fe°, Ni%*, Co®). The aim of these product is the synthesis of a

complex, which have PS and catalyst functionalities linked together.

40



5 Experimental section

5.1 Analytical Resources and Apparatus

The synthesized compounds were characterized by nuclear magnetic resonance (NMR). The NMR
spectra were recorded using Bruker Avance 300 NMR, Bruker Avance 400 NMR and Bruker
Avance 500 NMR. The NMR spectra were recorded at room temperature in deuterated solvents.
The chemical shift § is displayed in parts per million [ppm] and the references used were the *H and
13C peaks of the solvents themselves: d1-chloroform (CDCls): 7.26 ppm for *H and 77.0 ppm for
13C, methylene chloride (CDCI): 5.32 ppm for *H and 54.00 ppm for 3C and d3-acetonitrile
(CD3CN):1.93 ppm for *H and 1.3 ppm for 3C. When describing couplings, the following
abbreviations were used: d = doublet, t = triplet, m = multiplet, dd = doublet of doublet, ddd =
doublet of doublet of doublet. Coupling constants “J” are given in Hertz [Hz] with the largest value
first.

The absorption spectra were recorded with a PerkinElmer Lambda 750 UV/Vis spectrometer. The
measurements were performed at 20 °C. A correction of spectra was made automatically by the
instrument with the absorption of the pure solvent (blank).

Luminescence properties were measured at room temperature using a Horiba-Fluoromax 13456

with integration time of 0.8 s.

5.2 Synthesis of ligands and complexes

5.2.1 Synthesis of 2-bromomethylquinoline 4

= | NBS, (PhCO»), = |

> X Br
\N ACN, reflux, 13 h N
26 27

2-methylquinoline (95 mg, 0.664 mmol, 1 eq.), NBS (124 mg, 0.697 mmol, 1.05 eq), (PhCO,): (7
mg, 0.0266 mmol, 0.04 eqg.), ACN (10 mL) were stirred at reflux for 4 h at reflux, afterwards NBS
(50 mg), (PhCO2)2 (4 mg), ACN (2 mL) were added and the reaction was stirred at reflux for other
9 h. Then, the solvent was removed by rotatory evaporation, the crude was dissolved in
dicloromethane (DCM) and the organic phase was washed with H.O (x 3), brine (x 1) and dried

over anhydrous Na>SOs. The product was purified by silica gel chromatographic column (CC)
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(ethyl acetate/cyclohexane from 1:20 to 1:10). The product was a white crystal, but it could became
dark purple after 2 days (72 mg, 0.332 mmol Y= 49%).

IH-NMR (300 MHz, CDCls) § 8,08 (m, 2H), 7,72 (dd, 1H), 7,67 (m, 1H), 7,48 (m, 1H), 7,47 (s,
2H).

5.2.2 Synthesis of 2,6-bis((trimethylsilyl)ethynyl)pyridine 15

=
Z | . N Cul, Pd(PPhs), o
& _ = C N C N
Br N Br / DIPA/toluene (1:4), Ar, t.r., 3 days \Sli// \\S/i—
l I
29 30 31

The glassware was dried under Argon flow and heat. Pd(PPhz)4(731.7 mg, 0.20 mmol, 0.2 eq.) and
Cul (120.6 mg, 0.63 mmol, 0.3 eq.) were added to a solution of 2,6-dibromopyridine (500 mg, 2.11
mmol) in dry DIPA (3 mL) and dry toluene (13 mL) under Ar, then trimethylsilylacetilene (2.4 mL,
12.9 mmol, 8 eq) was added. The resulting mixture was stirred for 3 days at room temperature in Ar
atmosphere. The solvent was removed by rotatory evaporation. The crude was purified by CC
(cyclohexane/ethyl acetate 20:1). The product was a white crystal, it could degrade in air) (295 mg,
1,09 mmol, Y =52 %).

IH-NMR (300 MHz, CDCls) 8: 7,59 (m, 1H), dd (7,38, 2H), 0,26 (s, 18H)

5.2.3 Synthesis of 2,6-biethynylpyridine

l X
P K,CO; [
i N/ MeoH,0°C,1h 2 NN
-~ ~N
\ /
31 32

The product 31 (240 mg, 0.884 mmol) was dissolved in MeOH (15 mL), then the mixture reaction
was cooled down at 0°C for 30 minutes in ice bath. Afterwards K.CO3 (367 mg, 2.65 mmol, 3 eq.)
and the resulting mixtures was stirred for 1 h at 0°C. The solvent was removed by rotatory

evaporation. The crude was dissolved in DCM and the organic phase was washed with H2O (x 3)
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and brine solution (x 1). The product was a yellow solid, but it was very instable and the yield was

not calculated, so it was used quickly and completely in the next reaction.
'H-NMR (300 MHz, CDCls) &: 7,65 (m, 1H), dd (7,46, 2H), 3,15 (s, 1H)

5.2.4 Synthesis of 2,6-bis(1’-benzyl-1°,2°,3’-triazol-4’-yl)pyridine &0

N, N
X
| N CuSO, sodium ascorbate
P “N
= N EtOH/H,0 (7:3), 40°C, 24 ho 1\r =N N=N

To a stirred solution of 32 (112 mg, 0.884 mmol) in EtOH /H>O 7:3 was added benzyl azide (0.331
uL, 1.768 mmol 2 eq.), CuSO4 -5 H20 (120 mg, 0.442 mmol, 0.5 eq.), sodium ascorbate (87.6 mg,
0.442 mmol 0.5 eq). The resulting solution was stirred at 40°C for 21 h. After 21 h benzyl azide (70
uL), CuSOs-5 H20 (26 mg), sodium ascorbate (20 mg) were added. The resulting solution was

32 33

stirred at 40°C for 3 h more. The solvent was removed by rotatory evaporation, the crude was
dissolved in DCM and the organic phase was washed with NHsOH in 25 %) (x 3), brine (x 1) and
then it was dried over by Na>SOa, The product was crystallized in a solution of DCM/cyclohexane.
The product was a white solid. (289 mg, 0,734 mmol, Y=83%)

IH-NMR (300 MHz, CD:Cly) § 8.10 (s, 2H), 8.07 (s, 2H), 7.90 — 7.82 (m, 1H), 7.41 — 7.25 (m,
10H), 5.56 (s, 4H).

13C-NMR (300 MHz, CD:Cl,) & 150,953 (C), 149,408 (C), 138,487 (CH), 135,780 (C), 129,485
(CH), 129,450 (CH), 128,834 (CH), 122,935 (CH), 119,798 (CH), 55,035 (CHy).
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5.2.5 Synthesis of 2,6-bis(1°(2’-methylquinolinyl)-1’,2°,3’-triazol-4’-yl)pyridine

=
o
N
(12a) (12b) N
= =
N | K,CO;4 - | 37, NaN;, CuSOy,, sodium ascorbate, Na,CO;
=~ N7 XL ———— N\ >
~dZ N Eon, 00c Z ¥ EtOH/H,0 (4:1), rt., 2 days
! 31 | 32 IEI \
N
N\
7
26

The product 31 (197 mg, 0.727 mmol) was dissolved in EtOH (15 mL), then the mixture reaction
was cooled down at 0°C for 30 minutes in ice bath. Afterwards K.CO3 (502 mg, 4.42 mmol, 5 eq.)
the resulting mixtures was stirred for 2 h at 0°C. Then, the ice bath was removed and, in stirred
conditions, bromoquinaldine (323 mg, 1.454mmol 2 eq.), NaNsz (189 mg, 2.908 mmol, 4 eq.),
CuSO04-5 H20 (181 mg, 0,727mmol, 1 eq.), sodium ascorbate (144mg, 0.727 mmol 1 eq.), Na.COs
(85 mg, 0.727 mmol, 1 eq) was added. The resulting solution was stirred at room temperature for 30
h. After 30 h CuSO4 -H,O (62 mg), sodium ascorbate (40 mg), NaNs (50 mg) was added. The
resulting solution was stirred at room temperature for other 18 h. The solvent was removed by
rotatory evaporation the crude was dissolved in DCM and the organic phase was washed with
NH4OH (25%) (x 3), brine (x 1); the aqueous phases were collected and extracted with DCM, in the
end all organic phases were dried over Na>SOas, The product was recrystallized from a solution of
DCM/cyclohexane. The product was a white solid. (241 mg, 0,487 mmol, Y=67%)

IH-NMR (300 MHz, CD:Cly) & 8.31 (s, 2H), 8.15 (d, J = 8.5 Hz, 2H), 8.03 (t, J = 9.0 Hz, 4H), 7.88
—7.77 (m, 3H), 7.72 (ddd, J = 8.5, 6.9, 1.7 Hz, 2H), 7.56 (ddd, J = 8.3, 6.9, 1.4 Hz, 2H), 7.31 (s,
2H), 5.85 (s, 4H).

13C-NMR (300 MHz, CD2Cly): 155,445 (C), 150,998 (C), 149,438 (C), 148,554 (C), 138,453 (CH),
138,354 (CH), 130,833 (CH), 129,961 (CH), 128,505 (CH), 127,808 (CH), 123,817 (CH), 120,363
(CH), 119,781 (CH), 100, 827 (C), 57,192 (CHy)

44



5.2.6 Synthesis of 2,6-bis((4’-phenyl-1",2°,3’-triazol-1’-yl)methyl)pyridine

\/m\/ CuSO,, sodium ascorbate, NaN3 — A ==
+ -
Br N/ Br EtOH/H,0 (7:3), .t, 3 days
34 35 24

To a stirred solution of 2,6- bis(bromomethyl)pyrdine (662 mg, 2.5 mmol) in EtOH /H,O 7:3 (20
mL) was added NaN3 (650 mg, 10 mmol 4 eq.), CuSOs- 5 H20 (624 mg, 2.5 mmol, 1 eq), sodium
ascorbate (495 mg, 1 mmol, 1 eq), Na.COz (249 mg, 3.0 mmol, 1,2 eq), ethynylbenzene (548 uL, 5
mmol, 2 eq.). The resulting solution was stirred at room temperature for 3 days. The solvent was
removed by rotatory evaporation, the product was washed in DCM, cyclohexane, ethyl acetate, it
was not soluble in these solvents, so it was filtered by Buchner's filtering funnel. The product was a
white crystal.(0,588 g, 1,495 mmmol, Y=60%.)

IH-NMR (300 MHz, CD:Cl) & 7.92 (s, 2H), 7.83 — 7.68 (m, 5H), 7.45 — 7.26 (m, 6H), 7.22 (d, J =
7.7 Hz, 2H), 5.68 (s, 4H).

13C-NMR (300 MHz, CD,Cl,) & 155,109 (C), 148,667 (C), 139,558 (CH), 131,482 (C), 129,633
(CH), 128,896(CH) 126,361 (CH), 122,687 (CH), 121,275 (CH), 56,097 (CH2)

5.2.7 Synthesis of 2-(trimethylsilylethynyl)quinoline

=
m + \j— Cul Pd(Phy),Cl, DIPA, g

Ar, 1 day, tr

28 20 29

The reaction enviroment was dried by Argon flow and warm. PdCIz(PPhs)2 (84 mg, 0.12 mmol,
0.05 eq.) and Cul (69mg, 0.63 mmol, 0.15 eq.) were added to a solution of 2-bromoquinoline (500
mg, 2,4 mmol) in dry DIPA (25 mL) under Ar, then trimethylsilylacetilene (1.66 mL, 12 mmol, 5
eq) was added. The resulting mixture was stirred for 1 day at room temperature in Ar atmosphere.

The solvent was removed by rotatory evaporation. The product was purified by silica gel CC
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(cyclohexane/ethyl acetate from 25:1 to 10:1). The product was a white crystal (85,3 mg, 0,379
mmol, Y = 16%).

IH-NMR (300 MHz, CDCls): § 8.11 (1H, d), 8.08 (1H, d,), 7.77 (1H, d,), 7.69 (1H, dd,), 7.54 (1H,
dd,), 7.52 (1H, d), 0.29 9H, s,).

5.2.8 Synthesis of 2,6-bis((4’-quinolin-2’-yl-1°,2° 3’-triazol-1’-yl)methyl)pyridine

/
~ Z \ N
o K,CO;4 < 34, NaN3, CuSO,, sodium ascorbate, NaCOj; N
N" N
>si” EtOH, 0°C,2h EtOH/H,0 (7:3), r.t., 2 days \ N
|

39 40

The product 39 (78.2 mg, 0.347 mmol, 1 eq) was dissolved in EtOH (21 mL), then the mixture
reaction was cooled down at 0°C for 30 minutes in ice bath. Afterwards K>COz (144 mg, 1.04
mmol, 3 eq) the resulting mixtures was stirred for 2 h at 0°C. Then, the ice bath was removed and in
stirred conditions 2,6-dibromomethylpyridine (46 mg, 0.173 mmol, 0.5 eq.), NaNs (45 mg, 0.694
mmol, 2 eq), CuS04-5H,0 (43 mg, 0.173 mmol, 0.5 eq.), sodium ascorbate (35 mg, 0.173 mmol 0.5
eq), Na2COs (18 mg, 0.173 mmol, 0.5 eq) were added. The resulting solution was stirred at room
temperature for 2 days. The solvent was removed by rotatory evaporation, the crude was dissolved
in DCM and the organic phase was washed with NH4sOH (25%) (x 3), brine (x 1); the aqueous
phases were collected and extracted with DCM, the collected organic phases were dried over
Na2SOs. The product was crystallized in a solution of DCM/cyclohexane. The product was a green
solid (29 mg, 0.0586 mmol Y=34%).

IH-NMR (500 MHz, CDCl3) & 8.50 (s, 2H), 8.30 (d, J = 8.5 Hz, 2H), 8.18 (d, J = 8.6 Hz, 2H), 8.01
(d, J = 8.5 Hz, 2H), 7.80 (dd, J = 8.1, 1.5 Hz, 2H), 7.72 — 7.64 (m, 3H), 7.51 (ddd, J = 8.0, 6.8, 1.2
Hz, 2H), 7.24 (d, J = 7.8 Hz, 2H), 5.78 (s, 4H).

13C-NMR (500 MHz, CDCls) § 153,713 (C), 150,406 (C), 149,196 (C), 148, 088 (C), 138,918
(CH), 137,054 (CH), 129,888 (CH), 129,173 (CH), 127,931 (C), 127, 894 (CH), 126,539 (CH),
123,644 (CH), 122,230 (CH), 118,805 (CH), 55,703 (CH.).
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5.2.9 Synthesis of 1-(methylquinol-2’-yl)-4-phenyl-1,2,3-triazole

]
Vi N
\/ | NaN; CuSOy, sodium ascorbate, Na,CO; NN/
N * EtOH/H,O (7:3), r.t., 36 h N
Br
37 35 25

To a stirred solution of 2-bromomethylquinoline (60 mg, 0.271 mmol 1 eq) in EtOH /H20 7:3 (10
mL) were added NaNs (35,2 mg, 0,542 mmol,2 eq.), CuSO4-H.O (34 mg, 0.136 mmol, 0.5 eq.),
sodium ascorbate (27 mg, 0.136 mmol, 0.5 eq), Na:COs (14 mg, 0.163 mmol, 0.6 eq),
ethynylbenzene (30 pL, 0.271 mmol, 1 eq.). The resulting mixture was stirred at room temperature
for 36 h. The solvent was removed by rotatory evaporation, the crude was dissolved in DCM and
the organic phase was washed with NH4OH 25 %) (x 3), brine (x 1) and then it was dried over by
Na2SOs. The product was purified by a gel CC (from ethyl acetate/cyclohexane 1:10 to 100% ethyl
acetate. The product was a white solid (49 mg, 0,171 mmol, Y=63%).

IH-NMR (300 MHz, CDCls) 5 8.16 (dd, J = 8.5, 0.8 Hz, 1H), 8.09 (dd, J = 8.2, 0.9 Hz, 1H), 7.93 (d,
J=1.7 Hz, 1H), 7.85 — 7.78 (m, 3H), 7.78 — 7.72 (m, 1H), 7.58 (ddd, J = 8.2, 6.9, 1.3 Hz, 1H), 7.44

—7.35(m, 2H), 7.36 — 7.27 (M, 2H), 5.89 (s, 2H).

5.2.10 Synthesis of 44

NS
Nﬁ/(j\f
= N

/ﬁ/@@ Cu(CH,CN),BF, PPh, d
; N N:N,N Z DCM, Ar, 8 h

23 44

+

Z,

\
ol N

7

ZJ‘Z

g----

The reaction was conducted with a Schlenk technique. The glassware was dried by Ar flow and
heat. Cu(CH3CN)4BF4 (77 mg, 0.95 mmol, 0.95 eq) and PPhs (63 mg, 0.241 mmol, 0.95 eq) were

47



dissolved in dry DCM (6 mL), the mixture stirred for 30 minutes. Then, the product 23 (100 mg,

0.254 mmol, 1 eq) in 3mL of dry DCM was added. After 8 h the solvent was removed by rotatory

evaporation. The product was crystallized in a solution of DCM/ cyclohexane. The product is solid
(167 mg, 0,208 mmol, Y=86%).

IH-NMR (300 MHz, CD,Cly) § 7,38 (m, 10H), 7,20 (m, 13H), 6,94 (m, 7H), 5,29 (s, 4H)

13C-NMR (300 MHz, CD,Cl,) & 147,242 (C), 139,010 (CH), 134,120 (CH), 133,913 (CH), 133,551
(C), 133,112 (C), 130,784 (CH), 130,113 (CH), 130,012 (CH), 129,934 (CH), 129,389 (CH),

129,262 (CH), 124,184 (C), 55,875 (CH>)

Figure 5.1 X-ray structure for complex 44

Atom Atom Length/A Atom Atom Atom Angle/
Cul P1 2.1999 N3 Cul P1 122.81
Cul N3 2.141 N4 Cul P1 119.56
Cul N4 2.109 N4 Cul N3 78.67
Cul N13 2.060

Table 5.1 Some relevant data for X-ray structure of complex 44
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5.2.11 Synthesis of 45

/ _
= ) BF,
o N
N

N~ N CU(CH3CN)4BF4 PPh3 \ \\ //
N N /

\ N N /) DCM, Ar, 8 h N Cu+
24 45

The reaction was conducted with a Schlenk technique. The glassware was dried by Ar flow and
heat. Cu(CH3CN)4BF4 (77 mg, 0.95 mmol, 0.95 eq) and PPhs (63 mg, 0.241 mmol, 0.95 eq) were
dissolved in dry DCM (6 mL), the mixture stirred for 30 minutes. Then, the product 24 (100 mg,
0.254 mmol, 1 eq) in 3mL of dry DCM was added. After 8 h the solvent was removed by rotatory
evaporation. The product was crystallized in a solution of DCM/ cyclohexane. The product is solid
(134 mg, 0,166 mmol, Y=69%).

IH-NMR (300 MHz, CD:Cly) & 8,35 (s, 2H), 7,83(m, 7H), 7,38 (m, 21H), 5,53(s, 4H)

13C-NMR (300 MHz, CD2Cly) & 152,757 (C), 149,146 (C), 141,507 (CH), 134,013 (CH), 133,815
(CH), 133,331 (C), 132,855 (C), 131,384 (CH), 130,002 (CH), 129,873 (CH), 129,692 (CH),
129,573 (CH) 129,657 (CH), 54,650 (C).

5.2.12 Synthesis of 47
| X
NN
~( NN NN TN Cu(CH;CN),BF, POP
\ N N_ i >~
DCM, Ar, 8 h
26

47

The reaction was conducted with a Schlenk technique. The glassware was dried by Ar flow and
heat. Cu(CH3CN)4BF4 (311 mg, 0.988 mmol, 3.28 eq) and POP (487 mg, 0.904 mmol, 3 eq) were
dissolved in dry DCM (6 mL), the mixture stirred for 30 minutes. Then, the product 26 (149 mg,
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0.301 mmol, 1 eq) in 3mL of dry DCM was added. After 8 h the solvent was removed by rotatory
evaporation. The product was crystallized in a solution of DCM/ cyclohexane. The product is solid
(134 mg, 0,166 mmol, Y=91%)

1H NMR (300 MHz, CD3CN) & 8.64 (s, 2H), 8.20 (d, J = 8.4 Hz, 2H), 7.91 (d, J = 8.0 Hz, 5H),
7.79 (d, J = 8.5 Hz, 3H), 7.69 (t, J = 7.5 Hz, 3H), 7.59 (t, J = 7.4 Hz, 3H), 7.40 — 7.11 (m, 83H),

6.89 (d, J = 7.1 Hz, 13H), 6.73 (d, J = 5.1 Hz, 6H), 5.57 (s, 4H).

5.2.13 Synthesis of 48

| XN
=
N
N. N
\ /N I\I\\ /
N N N Cu(CH;CN),BF, , POP
\N N/ DCM, Ar, 8 h
\ / e
27 48

The reaction was conducted with a Schlenk technique. The glassware was dried by Ar flow and
heat. Cu(CH3CN)4BF4 (94 mg, 0.299 mmol, 5.10 eq) and POP (84 mg, 0.156 mmol, 2,66 eq) were
dissolved in dry DCM (6 mL), the mixture stirred for 30 minutes. Then, the product 27 (29 mg,
0.0586 mmol, 1 eq) in 3mL of dry DCM was added. After 8 h the solvent was removed by rotatory
evaporation. The product was crystallized in a solution of DCM/ cyclohexane. The product is solid
(52,7 mg, 0,0207 mmol, Y= 35%).

IH-NMR (500 MHz, CD2Cly) 5 8.99 (s, 2H), 8.47 (d, J = 8.5 Hz, 2H), 8.14 (d, ] = 8.5 Hz, 2H), 7.94

(d, J = 8.6 Hz, 2H), 7.84 (d, J = 8.2 Hz, 2H), 7.65 (d, J = 7.8 Hz, 1H), 7.49 (d, J = 6.3 Hz, 8H), 7.46
—7.20 (m, 36H), 7.10 (d, J = 8.0 Hz, 11H), 6.90 (m, 19H), 6.77 (s, 3H), 6.64 (m, 11H), 5.77 (s, 4H).
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5.2.14 Synthesis of 49

® (o)
\/ ] Z \
N
N

N
CNONMY cueHsenyBE,  POP N — N
N - P’\”(;/u NN N N--Cul.
— G DCM, Ar, 8 h ; TP
\ /N N_\ P \ /
P
28 49

The reaction was conducted with a Schlenk technique. The glassware was dried by Ar flow and
heat. Cu(CHsCN)4BF4 (147 mg, 0.468 mmol, eq) and POP (252 mg, 0.468 mmol, 2,66 eq) were
dissolved in dry DCM (6 mL), the mixture stirred for 30 minutes. Then, the product 28 (98 mg,
0.248 mmol, 1 eq) in 3mL of dry DCM was added. After 8 h the solvent was removed by rotatory
evaporation. The product was crystallized in a solution of DCM/ cyclohexane. The product is a
yellow solid (445 mg, 0,248 mmol, Y=100%)

IH-NMR (500 MHz, CD,Cl,) § 8.81 (s, 2H), 8.00 — 7.95 (m, 4H), 7.88 (td, J = 7.8, 1.5 Hz, 2H),
7.75 (s, 1H), 7.45 — 7.36 (m, 8H), 7.33 (g, J = 5.3, 3.7 Hz, 5H), 7.30 — 7.22 (m, 14H), 7.20 (d, J =
1.4 Hz, 8H), 7.09 (ddd, J = 7.6, 5.2, 1.2 Hz, 3H), 7.06 — 6.92 (m, 17H), 6.78 — 6.69 (m, 12H), 5.58
(s, 4H)

13C-NMR (500 MHz, CD,Cl,) & 158,352 (C), 149,465 (CH), 147,362 (C), 146,234 (C), 138,983
(C), 135,572 (CH), 134,683 (CH), 132,614 (CH), 132,210 (CH), 130,730 (CH), 129,953 (CH),
128,875 (CH), 125,262 (CH), 124,859 (CH), 124,146 (CH), 122,402 (CH), 121,987 (CH), 55,032
(CH>).
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