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Abstract

Over the course of evolution, Nature has elegantly learned to use light to drive
endergonic chemical reactions. On the other hand, humans have only recently started
learning how to play with and harness this powerful tool to carry out challenging
chemicalkransformations. In particular, a great leap forward was made with the advent
of moleculesandmaterialsghat are able to absorb light and explofbitriggera series

of energy or electron transfer processes ¢hatrive chemical transformations

However, heavy metals ascarceelementshave so fabeenextensivelyemployedin

the design ofmost of these compoundad considerations on their scarcity and toxicity
have sparked interest on the developmenaltdrnatives based on eadbundant
elements.In this framework, the focus ofhis thesis has therefore been the
development and employment of heawgtal free chromophores photosensitizers

andof earthabundant oxides as photoanades

Indeed, the first part of this thesis regartte functionalizaion of boron
dipyrromethene (BODIPY) derivative® as to allow access tbeir triplet excited
state ando simultaneously tuntheir redox potentialswhich was achieved thanks to
the design of orthogonal donacceptor dyadd he use oBODIPY dyadgo promote
photoredox reactions was demonstrated by carrying €litcGupling in the presence

of a palladium catalyst, and the mechanism of the reactisrclagfied

In the second part of the thesis, fully organic chromophores that display thermally
activated delayed fluorescence (TADF) westudied These were used as
photosensitizers to perform enantioselective allylation of aldehgpdbs presence of

a chiral nikel catalys, and a mechanistic investigatialowed to elucidate the fate

of the photosensitizer in the reaction conditiofbanks to their stronger reducing
power compared to BODIPY derivativest was possible to demonstrate the
employability of TADFdyes as photosensitizers in artificial photosynthesis for the
reduction of CQto CO and HCOOH in the presence of a manganese catsysell

Last,the oxidation of biomasderived compounds was studied at the anodic side of a
photoelectrochemical celkor this purpose, hematite photoanodes were synthesized
in collaboration with Prof. Cal(itadyyaod i 6 s

g



they were tested for the oxidationtlmbmassderived compoundis the presence of a
redox mediatorin additionto this,the possibility of repurposing a copper(ll) water
oxidation catalyst for the oxidation bfomasswvas investigatedh collaboration with

Prof . Ll obelt®@st igr wtu pC a i Quinmicae@@gaih)nvesti gaci
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1. Chapter |: Introduction

Since the beginning of the industrial revolution our Planet has suffered from an
insatiable largescale exploitation of its naturaksources with several negative

consequences dhe health of its ecosystems.

For example, overexploitation of the environment is leading to the loss of biodiversity,
deforestation and the depletion of critical resources such as minerals and oil.
Moreover the burning of fossil fuels has led to a strong increase in the atmospheric
concentration of greenhouse gases, consequently causing a rise in global temperatures
which is drivinganincreasen extreme weather evehit§ he past three years | spen
completing the PhD are quite representative of all of these problems. In fact, besides
the world facing a pandemigye have also experienced unprecedented heatwaves,

droughtsand more closely concerning this tli®san energy crisi

All of this calls forareflection on thdimits of our Planetind pushes for a change in
our supply and consumption modeisat shouldprioritize the sustainability of our
material and energyrovisiong. In fact, Nature is not designed for a linear expenditure
of its resources and is able to constantly regeneratethselks to a set of cycléor
instancecarbon, nitrogen, water or oxygehat are only fueled biyelight that comes

from the Sunwhich is considerednabundant and inexhaustildeergy source

1.1 Photosensitizers

Partly eproduced fronfiDesign of BODIPY dyes as triplet photosensitizers: electror

properties tailored for solar energgnversion, photoredox catalysis and photodynan

therapy CHem. Scj.2021,12, 6607 6628 with permission from the Royal Society of
Chemistry

In order for Nature to be able to exploit electromagnetic radiation, a rich variety of
light-absorbing moledas haveappeareaver the course of evolutiaand, given that

the role of these molecules is that of promoting (or sensitizing) chemical reactions by
use of light, theyhave beeralled photosensitiz¢PS) The most famousnesamong

this class of compauds are certainly chlorophylls which are responsible for light
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absorption ineaves However, since they only absorb blue and red Yjghdture has
cleverly coupled them with molecules that are able to absorb complementary regions

of the visible spectrum, such as caroterfoids

On the other hand, humans have only recently started to leartol@ndle luminous

energy andour tools still havemuch room for improvementin fact, the earliest
photosensitizers thatvere able to absorb visible light mostly consisted in
organometallic species that contained heavy metals and rare elements, such as
rutheniumand iridiun®. Considerations regarding the
Eart hds cr us tconsequentljedioghe devetopment af compgounds that

contain more Earthbundant elementbut drawback regarding supply, efficiency or

toxicity still exisf. An alternative to metal complexes is that of using organic
compounds which, however, need to be carefully engineered in order to possess all the

requirements to be efficient ptosensitizers.

In Nature, photosensitizers are carefully spatially organized so as to minimize
excitation energy losses. This is achieved thanks to the presence of proteins, which
form a scaffoldthat is able to closely position chromophores so as not to require long
lived excited states. However, this level of complexity has not been reached yet
artificially and bimolecular interacti@nin solution are often exploitedywhich

necessitates the photosendived.i zer 6s exci t ¢

Indeed, ground states of organic compounds usually do not contain any unpaired
electrons, meaning that they have a clesteell configuration and that their ground
state is siglet in character (§. Upon absorption of a photon of suitable energy, an
electronic transition can take place, leading to the population of a singlet excited state
(Sv). Nonradiative deactivation (internal conversion) rapitbliows if this excited

state is not the lowest singlet excited statg. (Bypically, S in organic compounds

will then deactivatdack to g either nonradiatively or radiatively (fluorescence).
However, since fluorescence lifetimes are usually in the rang@0dt108 £,
interceptingS; states before they reach the ground state is diffi@dhsequently,
different strategies have been devised in otdgvopulatethe longerliving triplet
excitedstatein organic compound£®and, in this way, more efficiently intercept the

photosensitizewhile inits excited statéFigure 1.1).
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Figure 1.1 Jablonski diagram representing the main photophysical processes in an organic
compound.

Unfortunately, the transition that iseded in order to populatee desired triplet state
(intersystem crossing, 1SG@ forbidden by selection rulésecause of the different
spin possessed by the initial and final stated, the spin selection rule is valid only
to the extent to which spin and orbital functions barrigorously separated. In fact,
the selection rule is relaxed and the rate of ISC is strongly increased bgrbfiin
coupling (SOC), namely the interaction of electron spin with the orbital magnetic

moment™.

Oneoption that is commonly used to increase SOC is by use of heavy atoms, since
spin-orbit coupling is directly proportional to*Zwhere Z is the atomic numbdihe
presence of halogen atoms, particularly iodine or bromine in an organic molecule
strongly ingceases the spiorbit coupling by heavy atom effect, particularly when the
heavy halogen atom is part of the chromophoricltinds an example, hile
fluorescein is a recognizéidiorescence standard fL.uo = 97%)", the fluorescence
quantum yieldfor erythrosine B, its iodinated counterpart, is only8%nd this

indicates that the rate of ISC is high enoughffiwiently compete with fluorescence.

A second option that makes triplet excited states accessible is that of designing
scaffolds containing strongly twisted donor and acceptoieties®. In this way,
singlet andbr triplet excited states possesslargetransfercharacterand different
mechanisms exist that enable ISC to the triplet state. One of them-&ispicharge
transfer intersystem crossing (SOCIC), whichrequires the donor and acceptor units

to be orthogonalone compared to the othér An in-depth discussion on this

mechanismand related exampldsased on the boredipyrromethene unitan be
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found inChapter Il In a similar situationif the donor and the aqo®r areseparated
by a linker then radicapair intersystem crossing (RBC) is presumed to be active.
Moreover, a twisted doneacceptor structure generally guarastdet the overlap
between the HOMO and LUMO orbitals is limited and tieiduces thainglettriplet
energy gafgEsit1), which is also beneficial for increasing the intersystem crossing
rate(kisc) according to the following proportién

Qo 3@#
One last relevant strategy to increase SOC is that of inducing a twist in aromatic
structureslin fact, the intersystem crossiafficiency for fullerene is almost unitafy
whereas that of graphene, which has a planar structure, is negligiidtestingly, this

approach has beerecently applied to borosdipyrrometh@e derivative®*” and
perylene isimides as well®,

SOC is not the onlysefulmechanism to promote ISElypeffine interaction, i.e. the
magnetic interactions between electronic and nuclear spirdsosan alternative
mechanisnwhichis particularly important in the case of radical centers well separated
in space or biradicals where SOC is not operativenother possibility is that
provided by singlet fission, which consists in a spliowed process that leads to the
formation of two correlated triplet statpessessing a net singlet character that upon
dissociation yield two free triplet statés

Besides intersystem crossing, there are more requirements that need to be met for a
compound to be a good photosensitizer.

First of all, its absorption spectrum should present broad bands that cover the whole
visible spectrunand the molar absorption coefficient should be as high as possible
fact, only in this way,light can be absorbed with the maximum efficier@ijuen that
reacton conditions of photosensitized processes obviously include irradiation, the
photostability of these compounds is also an important parameter to consider, together
with their chemical stability.Moreover, depending on the mechanism of the
photosensitizedeaction(see sectiord.2 for mechanistic details) the reduced form of

the photosensitizer (P9 or the oxidized one (P3 must also be chemically and

photochengally stable.



Finally, for the sake of completeness, alternatives to organic photosensitizers have also
been proposed. One is the use of colloidal nanomatédalehose absorption can be
tuned based on their dimensions, and another one is the use of semiconducting

materials, which will be discussed@hapter I\

1.2 Photoredox catalysis

Catalysis is generally defined as the increase in the rate of a chemical réaation
arises from th@resence of a compound called catalylsich is not consumed during
the course of the reactioln Nature, the role of catalysts is commonly played by
enzymes that have evolvad order to optimize both reaction$ rate and thie
selectivity.Althoughthis field of chemistnjhistoricallymainly concerned the study of
metals or metal complex&$® humans have recently learned how to develop organic

catalysts as wet.

Another step forwardvas taken with the advent of photocatalysis, which consists in
the utilization of a lightabsorbing molecule that is able to promote a chaiméaction.
Thanks to the energy possessed by the absorbed phdiesisles making a
thermodynamically favored reaction faster, it is also possibtafty out reactions
whoseGibbs free energy is greater than zewillustrated irrigure 1.2.

A) A *R B) A *R

E E yy

hv
hv

- P
Ac':":l'n=.|r111o<0 / IAGthanno>0
P R

Figure 1.2 Schematic representation of a thermodynamically allowga( forbidden B) reaction
fromreagents R to products P under irradiation (yellow $§ner in the dark (green lirg.
Whereas the first photochemical reactions mostly consisted in the irradiation of
substrategtypically colorless organic compoundsith UV light?®, the development
of photosensitizerPS)enabled the employment of less harmful visible light and the
avoidance of substrates photodegradatiotieed, photosensitizeican be selectively
excited and, once in their excited state, they aetivate other species present in

solution either via electron or energy transfer eventthe condition that they possess



a sufficiently longlived excited stat€Figure 1.3). In particular, in the event of an
electron transfer,PS can be quenched oxidatively (leading t&*P& reductively

(leading to PS) depending on the redox properties @&

ENERGY TRANSFER ELECTRON TRANSFER
A
*PS
A *PS A’ *PS
hv
*A PS”
PS
reductlve OXIdatlve
quenching quenching

Figure 1.3 Possible machanisminvolving an energy transfer (left) or an electron transfer (right)
between a photosensitizer (PS) angenericcompound A.

In fact, inthe case of a photoinduced electron trangfeotoredox catalysigJigure
13, the advantage of wusing a photosensiti
excited state’PS) is both a stronger oxidant and a stronger reductant compared to the
ground stateRS).As can be seen iRigure 1.4B, when an electron is promoted from
the HOMO to the LUMO, removal of this electron requires less energy compared to
when the molecule is in its ground state. Similarly, introduction of an extra electron is
more favored when the molecule is in its excited state compared to when it is in the
ground stateKigure 1.4B). Consideratios onthe properties of a photoredox sensitizer
both in its excited and ground statese therefore crucial to obtain the desired
reactivity, in addition to the requirementssdabed in Sectiod.l Given the ability
of absorbing visible lightpopulating the triplet state and possessing favorable redox
potentials, ruthenium and iridiumolypyridyl complexes have been extensively
investigated in the field of photoredox cataly$islowever, more recentlyhe more
sustainableand costeffective approach of usingrganic photosensitizersas also
begun to beommonly applied iphotoredox reactioress welf” %S,



A) A B) A
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2. e | AR
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ground excited
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Figure 1.4 Orbital representation of changesiwnization potentials (IP) and electronic affinity (EA)
of a molecule upon excitation.
In anattempt at combining the progress made in metadiated catalysis witthat of
photoredox catalysis, several synthetic protoeaiploying a photosensitizer coagl
to a dark catalytic cyclaave been reportdd recent time¥. For instanceprganic
photosensitizers have been coupled with nitkebppet?, gold®, pdladium?®*, iron®,
and titaniund®. In fact, an electron transfeeventbetweena PS and a catalystthat
would be endergonic in the dadgnbecome exergonicpon light excitation and this
can be exploitedn order tomodify the oxidationstateof organometallicspecies
(Figure 1.5A). Alternatively, thanksto the use of sacrificial electron donors or
acceptorsit is possible tgphotayenerate PSor PS which can then in turn go on to

reduce or oxidize the cataly@tigure 1.5B).
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“PS *PS M-
reductive oxidative
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hv quenching PS™
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oxidative
hV( quenching PS™
PS_“~

Ml-
Figure 1.5 Possible interactions between a photosensitizer (PS) and a metal catalyst (M) or a
sacrificial molecule (S).
Last, histype ofsynergistic interactigbetween photosensitizers and catalysts (called
metallaphotoredox catalysis) additionally facilitates the control of enantioselectivity
In fact, radical specieswhich are typical of photoredox catalysten be intercepted
for example by chiral organonadic compoundsvhich cancatalyzethe formation of

enantioenriched producss shown irChapter 11£”.

1.3 Artificial photosynthesis

The depletable nature of fossil fuels and the release of enormous amountsi@bCO

the atmosphere (about 34 Gt/yéarpan their combustion have prompted mankind

to devisesystemsfor solar energy accumulationndeed, it is now possible to
transform solar energy into thermal energy, and it is also possible to store the
electricity generated by solar panels thanks to theldpment of batterié® Another

less established option is that of converting solar energy into chkemergy, which

is the strategy adopted by Nature.

Plants, alongide dher organisms, are deedable to efficientlytransformCO, and
water into Q and carbohydrates thanks to a set of chemical reactions that are initiated
by the absorption of photonk the first step light-absorbing structures containing

chlorophyllscapture photons, which initiate a series of electron transfer etheaits



lead b charge separation in a second structure called reaction. d&fattexr oxidation
at the oxygerevolving complex and reduction of NADRBo NADPH can thus take
place, inducing a pH difference between the two sides of the membrane in which these

supramolecudr species are located armhsequentlylriving the synthesis of ATP.

Artificial photosynthesis therefore originates from the attemptdignsiststo seek
strategies that are able to mimic this complex series of mechaarsinsg by this
means, store sunlight into fuelhe operating principle of an artificial photoslyetic
system isvery similar to that described in the previous section as regards
metallaphotoredox catalysisince arartificial photosynthetic systems must comprise
at least a photosensitizer (designated to light absorption) and a catasighateda
carrying out the intended reactiohe difference lies in the fact that there are two
reactions of interest that should be promaii@sultaneouslyi) the oxidation of water

and ii) the reduction of water or G&®*2 Moreover, a further complicatiaronsiss in

the multielectron and mukproton nature of these reactions, as can be seen from the

following list*:

Oxidation:
2HO0A O2+4H +4¢€

Reduction:
2H" +2eA H>
CO;+2H +2eA CO+HO
CO;+2H+2eA HCOH
CO;+6H +6eA CHsOH + HO
CO,+8H +8€eA CHs+ 2 HO

In order to investigate such systeRSs and catalysts can be couped wibrificial
electron dona or acceptas, which are irreversibly oxidized or reduces inert
compoundsrespectively(Figure 1.6)*3. By this means, it has been possibléaicus
the study on only one of the two hadfactions, facilitating the study of the kinetics of
the relevant processes as well as of the platd chemical stability of the different
componentsln particular, as for the oxidation of water, research hasséxton the
development of catalysts that mimictlye MnsCa cluster that is used by Nature
reaching efficiencies that even outperforrif# On thereduction side, given the

higher number of possible products, catalyst selectivity hasdoesarely investigated

9



asped®*®4” A combination of PS, catalyst and sacrificial electron domitlr be
described irthis thesis irChapter Il

A) B)

e

hv e’ h
- v
/\ /& /-\ /\@CHZO
CO.
@ CA z @ CATALYST
PHOTOSENSITIZER Co, PHOTOSENSITIZER

CH;OH,
CATALYST  etc.

Figure 1.6 Schematic representation of threemponent systems for the study of reductgrof
oxidation @) reactions.

Given that sacrificial reagents are an impractical waste from an environmental and
economigerspectivethe development of integratee@viceshat are able to carry out
both reactions is strongly neededthough some homogeneous systems have been
reported, the development of heterogeneooses is more desirable for the
implementation of an industrigicale photoreactor given the easier sepmarabf
products and recycling of materialsOne type of such devices consists in
photoelectrochemical cells (PE€}° (discussed inChapter 1\j, whose different

designsare shown irFigure 1.7.

A) & B) & C)

hv hv hv hv'

w
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DARK CATHODE
PHOTOANODE
PHOTOCATHODE
DARK ANODE

PHOTOANODE

H,0 or CO, H,0 or CO,
REDUCTION REDUCTION
CATALYST CATALYST

Figure 1.7 Differentpossibledesigns of PEC devices.

The first two optionsKigure 1.7 A andB) a lightabsorbing material (photoelectrode)

is coupled to a dark electrod@epending on the type of material, the photoelectrode
can be used to perform the oxidation reaction (photoanode) or the reduction reaction
(photocathode)However,one ofthe disadvantagef this design lies in the fact that

the energyof only one photoris exploitedto generate photocurrent. A maemplex

but potentially more efficient strategy is therefore that of combining a photoanode

(able of absorbing photons with E®twith a photocathode (able of absorbing photons

10



with Egchng (Figure 1.7C). In fact, this is the same strategy used by Natuhech

uses a doublexcitation systerknown as Zschemeé!, illustrated inFigure 1.8.

NADP*
NADP* C
reductase ™NADPH

[ ]
REDUCTION
H,0 Mn,Ca o
cluster ——
0, —

OXIDATION

Figure 1.8 Schematic representation of theszheme in the natural photosynthetic system,

In all of these cases, application of an external bias provided by a photovoltaic module
is often needed in order to sustain high photocurrents, but the development of PECs

that are able to work unassisted is currently a topic of research.

A secondchallengethat is currently widely studied is that of replacing the water
oxidation reaction with wre useful onedn fact, water oxidatiorto O; is often the
limiting factor in PECs performances becausé af sluggish kinetics compared to
CQO; or H* reduction andii) becauseof the fact thabxygen is not a commercially
valuable product Therefore, alternative oxidation reactions have recently been
proposed. For example, plastic reformt¢he breakdown of plastic into organic
products) has been suggested as an optias, well aswith municipal waste
reforming®>4 Last, the oxidation of biomasterived compounds, which is coveiiad
detailin Chapter IVof this thesisalso holds promise to improve the performances and

economic viability of PEC devices
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2. Chapter I1: BODIPYs

Partly eproduced fronfiDesign of BODIPY dyes as triplet photosensitizers: electror
properties tailored for solar energy conversion, photoredox catalysis and photodyr
therapy CHem. Scj.2021,12, 6607 6628 with permission from the Royal Society of
Chemistry  aMedo2-MethoxyNaphthalenyBODIPY as Efficient Organic Dye for
Metallaphotoredox catalysisdof.org/10.1002/cctc.202201380 2022Wiley
VCHGmbH)

2.1 Introduction

BODIPYs (abbreviation forboron dipyrromethene, or 4;difluoro-4-borata3a
azoniadaazas-indacene) are a class of organoboron compounds characterized by
high molar absorption coefficienitsthe visible regiorf10*-10° M-1cm!) andexcellent
photostabity. Moreover, they are generally highly emissive and posatasst
unitary fluorescence quantum yieldsTherefore, hanks to these outstanding
properties, BODIPY dyes haveaditionally beenemployedas fluorescent sensérs

and label¥. However, a great interest has recently emerged for BODIPY dyes that
exhibit efficient intersystem crossirfgpm S to T:*’, sincecoupling of the above
mentioned favourable optical properties watipuation of their longlived triplet state

will allow to expand their applicability to fields such as photodynamic th&tapy
photocatalysi®®.

Among tripletpopulating BODIPY dyes, those comprising two iodine atoms directly
connected to the BODIPY co(Eigure 2.1) were the first ones to be propo%eaind,

so far, the most widely used. In fakt;BDP has a molar absorption coefficient (110
000 Mlcm? at <ags= 534 nm) similar to that d8DP (120 000 Mcmi! at <ags = 502
nm), but displays a much lower fluorescence quantum vietd,6= 2%) compared

to BDP (U rLuo= 70%) and is able to generamglet oxygen with a quantum yield
1.34 times higher than the benchmark photosensitizer Rose Bengal thanksrio

efficientheavyatom effect.

The fieldhasalsomore recentlymoved on to the development of two new classes of
triplet-populatingBODIPYs, namely dyads and dimers the case of dimers, two
parent BODIPY units are coupled together covalestig intersystem crossing can be
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favoured by either symmetiyreaking charge transfer statésr singlet fissiof® to
produce singlet oxygen with quantum yields up to ca. 5O#te case oBDP-BDP®
(Figure 2.1). However, this class of dyes is the least explored one and detailed studies
on the exact mechanisms that lead to the population of the triplet statidl aeeded.
Another strategy to induce triplet population in BODIPYs is that of constructing dyads,
which consist in a boron dipyrromethene unit covalently linked with an electron
donating oneThis class ofdyesand their applications will be discussedgreater
detailin the following sectioa

It is finally worth mentioning that thiophe+fasedBODIPYs®®” and,very recently,
twisted BODIPYs!'®1” have been reported as efficient triplet sensitizers as avedl

development of these novel classes of BODIPY @dyesxpected in the future

“\.\\\

BDP
Amax: 502 nm

®,: n.d.
!

OMe

= TR N\
\ N N
/B\
F F
1,-BDP
Imax: 534 nm
Orpyo: 2%
@,: 93%
BDP-BDP
BDP-Ph(OMe), Amax: 514 nm
7\'I\»'IAX: 203 nm (I)FLUO: 31 0/0
D - 0.5% D, 51%

D,: 36%

Figure 2.1 Timeline with representative examples of the types of BODIPY dyes and their main
photophysical properties.
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2.2 BODIPY dyads

As described in the introduction to this chapter, an innovative strategy to doeess t
triplet state of otherwise fluorescent BODIPY dyes is that of buildingyad
constituted by an electrestonating unit (D) orthogonally and covalently linked to an

electroraccepting one (Af.

This geometry can be ebsobtained byusing the standard procedure for the synthesis
of boron dipyrromethene derivatives which consists in aneatialyzed condensation

of two pyrroic units with an aldehydfllowed by oxidation and insertion of the BF
unit, as schematized Figure 2.2. If the aldehyde of the chosen electadwonating unit
and 2,4dimethyl pyrroleareused, then one obtains a dyad in which the orthogonal
geometry is guaranteed by the steric hindrance broalgbiit by the presence of
methyl groups around the BODIPY core, as demonstrated-tay Miffractior?® and

computational studiesn the rotational barrier between the two (fits

NH |
CHO
2eq.
base
S . X
\ \ BF,Et,0 \ \
/\
F F

Figure 2.2 Standard procedure for the synthesis of BODIPY derivatives.

Given this characterist@0° geometrythe donor and the acceptme weakly coupled

and absorption of photons with suitable energies can popthlatecally-excited

lowest singlet excited statéS;) of either A(seearrow«1'» in Figure 2.3) or D (arrow

«law). Whent he donor6s singlet excited state
BODIPY one, efficient energy transfer from D togMickly follows («1b»). Once $

of BODIPY is mpulated,a photoinduced electron transfer (PeT) from D to A can
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occur(«2»), resulting in the formationf a chargeransfer singlet excited stateC(T)
from which it is possible to accebg longlived triplet excited states eftherD or A
(T1) thanks to &harge recombination proces®r ths latter process, two mechanisms
are possibleradicatpair intersystem crossing (RBC) («3a»), which populateSCT
atfirst and then 1, or direct population of /by spiri orbit charge transfer intersygsh
crossing (SOCTISC) («3').

A

==
A
PeT S
1CT ‘/\/e-g\/\/
3CT
T,
o)
2@ T
o| .
S| o
Il wn
I @
Sy Sy
ELECTRON
DONATING
GROUP

Figure 2.3 Jablonski diagram representing the most important steps in the formation of the triplet
state in BODIPY dyad#\BS= absorption; ET= energy transfer; PeT= photoindde&lectron
transfer; ISC= intersystem crossing; RBC= radicalpair ISC; SOCHSC= spirorbit charge
transfer ISC; IC= internal conversion; PHOS= phosphorescence.

The radicalpair intersystem crossing (RBC)" is effective when the two radical
centers are webeparated in space by the presenca lafiker, so that the electronic
exchange interaction between the donor and the acceptor is minimized and the energy
gap betweeACT and'CT becomes very small. The hyperfine interaction between the
electronic and nuclear spins favors intersystem crodsstgeen these two charge
transfer states and, oné€T is populated, spiallowed charge recombination can
selectively produce the lowest triplet excited state of A or D, depending on which one
lies lower in energi«3b» in Figure 2.3). This mechanism has been widely used in the
design of artificial charge separation systems that mimic photosynthetic reaction

ceners’t72

16



The spiri orbit charge transfer intersystem crossing (SO8CT)*"3is favored bya

high degree of charge separation, perpendicular orientation of the orbitals involved in
the charge transfer, arallarga magnitude of the electronic coupling between the
donor and acceptor. This situation is facilitated by direct linkage of the donor and
acceptor moieties in an orthogonal arrangement. Thanks to their perpendicular
orientation, the change in spin multiplicity is accompanied by a change in the orbital

angula momentum which facilitates ISC to form directly. T

For example,Nagano's group reporteBDP-Ph(OMe)s’* (Figure 2.4), whose
fluorescence quantum vyield is sifgjoantly reduceddue to the abowvenentioned
photoinduced electron transfer from the eleciionating trimethoxybenzene moiety
to the electron accepting BODIPY cof®DP-Ph(OMe)s is also able to generate
singlet oxygefP, suggesting that the recombination of the chargesfer state

populates the lontived triplet excited statecated on the BDIPY core

If we compare dyads comprising different electrmi moieties combined with the

same BODIPY coreHigure 2.4 and Table 2.1)"¥77, we can notice that the lowe

energy absorption band and the fluorescence band are unaffected by the nature of the
donating unit and no chargensfer band islzserved in UWVis spectra, implying

that no significant electronic coupling exists between the two moieties in the ground
state. Quantum yields of singlet oxygen formation are, conversely, dependent on the
electrondonating ability of themesosubstituentand the solvent polarity. Indeed, an

increase of the solvent polarity or electdonating ability of the substituent is
expected to stabil i zepoftBDRPTLZIE 67%tinaapotar Wher
toluene, that oBBDP-ANPhi s j ust IrnQd%s 8HMm ghotoindused @lectron

transfer is rather inefficient in this solvent fBDP-ANPh, which features a less

electron donating unitANPh) compared tdPTZ On the @bdfBBR- hand,
ANPh increases to 95% in more polar DCM solution.
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OMe

BDP-Ph(OMe); BDP-ANPh BDP-PTZ

Figure 2.4 BODIPY dyads characterized by the same BODIPY core and different elecinating
units.

|max |ma>3:
Molecule hes "% Frw  Fo  E(AIARRE  E(AM/A)
(nm) (nm)
+1.11;
BDP-Ph(OMe): 7" 503 514  05% 36% -1.2F e
+1.

1% 9594

BDP-ANPh"® 506 51& -1.2¢ +1.24
819%¢ @ 109

+0.82;

+1.30

Table2.1 Photophysical and electrochemical properties of BODIPY dyads containing different
electrondonating groups3V vs. SCEPIn THF. ¢In MeCN.4%n DCM. €n toluene.

BDP-PTZ"’ 502 51C 279 679¢  -1.23F

On the contrary tiis interesting to analgzthe photophysical properties of a series of
pyreneBODIPY dyads in which the number of alkyl substituents on the BODIPY core
ranges from zero to si¥igure 2.5 and Table 2.2)%. Stokes shift is small for all
compounds, except fdBDP-Pyr, which is characterized by a consideralywér
fluorescence quantum yield. The larger Stokes shift observedBE®-Pyr is
consistent with the formation of an emissive chdrgasfer stateSnglet oxygen
quantum yields can reach values of Obih U  declines with the number of alkyl
groups presnt on the BODIPY core. Alkylation, in fact, increases the electronic
density of the BODIPY core and moves the CT state to higher eneagiéshis
inducesa reduction of the PeT efficiency.

18



BDP-Pyr R,-BDP-Pyr R4-BDP-Pyr Re-BDP-Pyr

Figure 2.5 BODIPY dyads characerized by the same eleettomating unit and different BODIPY
cores.

| "ps | ™fLuo
Molecule FrLuo Fo
(nm) (nm)
BDP-Pyrs8 503 660 0.3% 75%
R,-BDP-Pyr68 512 511,652 1.7% 25%
R4-BDP-Pyr68 502 511 65.1% 34%
Re-BDP-Pyr©8 534 542 69.5% 4%
Table 2.2 Photophysical properties of pyrefBODIPY dyadswith increasing degree of alkylation, in
EtOH.

The energy of the CT state, in relation to the energy ah8 T, states otheBODIPY

core is a crucial parameter to maximize the efficiency ppdpulation, as described

in detailin a recent paper on BODIPY dydéldn order to maximize the efficiency of

T1 population(Figure 2.6 A, blue line3, the spinforbiddencharge recombination
from ICT to T: (CRr1) should be as fast as possible, i.e. an activationless process at
the top of the Marcus parabola, while the free energy associated to the recombination
from1CT to S ( G (sd) Bhould be so negative that the psxcties in the Marcus
inverted region, and its kinetics is sldtigure 2.6 B, blue point}. Contrarily, if the
initially -formed charge transfer sta@T were located at lower energy valuEgy(ire

2.6 A, yellow lineg, the free energies associated to both charge recombination
processesg @ma(rGMBduld tecrease. The kinetic constant for charge
recombination to the ground state could then increase and compete with th
recombination to the triplet excited stakegure 2.6 B, yellow point3: this would be
detrimental for the efficient population of the triplet stéteorder to djust the energy

of 1CT in donot acceptor dyads it is therefore necessary to choose elettirating

and accepting units with appropriate redox properties. Alternatively, one can tune the

energy of the chargeansfer state by changing the solvent pofarit

19



A) S B) &

\'\-\ 'CT
o N —
I CR;
T

CRs

logk,

ABS

CRy, CRs,

Sy :
Sre, 61, 0
R0l R

AG®

Figure 2.6 A) Jablonski diagram illustrating the main processes taking place in a d@)adarcus
diagramshowingther relative kinetics.

One last remark regards the electrochemical properties of this class dbihgesthe
electron donor and the electron acceptor units are electronically decoupled, redox
potentials of BODIPY dyads correspond to those of the constituent units and can be
assigned by comparison with appropriate model compounds. Reduction potentials of
dyadsBDP-Ph(OMe)s’4, BDP-ANPh’® andBDP-PTZ’’ are similar Table 2.1) and
have been ascribed to the eslectron reduction of the BOIDPY coDP-ANPh
shows one oxidation at +1.24 V vs. S€Eattributed to the oxation of
phenylanthracerieandBDP-PTZ at +0.82 V vs. SCE (imputed to phenothiazine) and
one at +1.30 V vs. SCE (attributed to BODIPY)

2.2.1Photophysical and electrochemical
characterization

Based orthese premises, we@ded to synthesizBDP-NPT, Re-BDP-NPT andRe-
BDP-ANT (seeFigure 2.7 and sectiorb.1for synthetic detailsand characterize them

from a photophysical and electrocheatipoint of view

"Although the oxidation that occurs at +1.24 V.\8CE has been attributed by authors to
phenylanthracene, that of the BODIPY unit is located in close proximity and a safe attribution is
difficult.
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BDP-NPT Rg-BDP-NPT Re-BDP-ANT

Figure 2.7 Structures of the studied compounds.

BDP-NPT6s absorption spect r wstuctire nadroavband at e d
centered at 502 niwhich is typical ofthe SA S electronic transition ilBBODIPY
derivativegFigure 2.9A andB). At this wavelengththe molar absorption coefficient

is U= 91700Mcm* which is much higher than that of commoniged[Ru(bpy)]?*

(13000 Mcmit at 452 nm in MeCN)in addition, the absorptiospectrum of the dyad
shows the contribution of the naphthalemat (250-350 nn), with absorption bands
slightly shifted compared to the model compountié&thoxynaphthalend& herefore,

the electronic interdion between the two chromophoric units of the dyad is limited

in accordance with the orthogonal geometry between the electron donating unit and
the BODIPYcore.This is also supported by computational calculations performed in
Prof . Fabr ipgwhichdNmvghatolécslaraybitatsare strongly localized
ontheBODIPY and naphthalenits, and that in the optimized ground state geometry

the angle between the two units is close to(F@jure 2.8).

energy

R s

HOMO -1 HOMO LUMO LUMO +1

B)

Figure 2.8 A) Shapes of the frontier molecular orbitalsBDP-NPT. B) Ground state geometry of
BDP-NPT optimized with MeCNM06-2X/6-311G* level of theory(left) BODIPY core; (right) 2
methoxy naphthalene unit.
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Moreover, &hough 2methoxynaphthalene is fluorescent (= 350nm), excitation

of the naphthyl group in the dyad only yields emis$iom the BODIPY corand the
excitation spectrum performed at the emission maximum of the BODIPY core matches
the absorption spectrum of the dyadhich indicates that energy transfer between
these two unitdakes placeand it is quantitative(Figure 2.9C). The fluorescence
spectrum is specular to the lowest absorption band and the Stokes shift is small,
indicating nested: and 9 statesBDP-NPT6s f | uorescenceto has
have aquantum yieldof 60% andthe quantum vyield for the sensitization ofigiet
oxygen {O,) is 27%, which means that the dyad is able to populate itsligad triplet

excited state (1. Since no phosphorescence was detected in either degassed solutions

or at 77 K, the lifetime of Twas determined by transient absorptioncs@scopy and

b

is equal to 48rs (Figure 2.10).
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Figure 2.9 A) Normalized absorption spectra BDP-NPT (green) and 2methoxynaphthalene (blue)
in MeCN.B) Normalizedfluorescence spectia MeCN ofBDP-NPTw i tedr 489nm (green);
BDP-NPTw i ted 288nm (dashed line) andidet hoxy naphtef=810emm.€) ( bl ue,
Absorption(green)and excitation spectraad= 535 nm black of BDP-NPT in MeCN.
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Figure 2.10 A) Transient absorptiomatrix of BDP-NPT in degassed MeOH e 532nm.B)
Corresponding decay profile at 600nm.

Additionally, electrochemical characterization revealed that both oxidation (+1.15 V
vs. SCE) and reduction1.15 V vs SCE) processes are chemically reversible, which
is beneficial for the employmenf BDP-NPT asa photosensitizan catalytic cycles
(Figure 2.11). Theseredox potentials&ire comparable with those previously reported
for the sole BODIPY core and further confirm the fact that the two units are
electronically decoupti®,

904 [BDP-NPT]= 0.8mM
WE: GC disk

1 RE: Ag wire

604 CE: Ptwire

scan rate: 1 V/s

1 TEAPF, 0.1M in MeCN

30+

Current (pA)

=30 4

-60 -

. v T r
-1.5 -1.0 -0.5 0.0 0.5 1.0
V vs. SCE

Figure 2.11 Cyclic voltammetry odBDP-NPT 0.8mM in degassed MeCN. WE: glassy carbon disk;
quasiRE: Ag wire; CE: Pt wire, scan rate: 1 V/s; supporting electrolyte: TEAREM; internal
standard: ferrocene. Ferroceneb6s peak has
Giventhe desirable properties displayedBiyP-NPT and in order to develop a more
strongly reducing photosensitizer, we decided to position two ethyl groups around the
BODIPY core in the hopes of pushing the reduction potential of the dyad to more

negative valuesThe absorption spectrum &s-BDP-NPT is red-shifted by 23 nm
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(_ =525nm) compared to that @DP-NPT andin the range of 25350 nm it is
possible to observe the peaks due to the naphthyl moiety in this derivative, as well
(Figure 2.12A). Efficient energy transfer betweennZethoxynaphthalene and the
BODIPY core is present in this dyad, oo fact, upon excitation of the naphthyl unit,
only emission from BODIPY is observéBigure 2.12B). The emission spectrum is
specular to the absorption one and also appearshittdd (_ = 543 nn).
However, the fluorescence quantum yielidRe-BDP-NPT has been measured as
91%, which is considerably higher compared to thaBDP-NPT and no singlet
oxygen was detected, indicating that this dyad is not able to populate its triplet excited
state. In fact, ithigh fluorescence quantum yigalttlicates that photoinduced electron
transfer from the 2nethoxynaphthyl group to the BODIPY core doesta&e place
because of the increased electron density on the BODIPYamregquently lbcking

the CTstatemediated mechanism that leads to the population.of T

A) 10 R.-BDP-NPT B) 10 R,-BDP-NPT, i, 450nm
: —— 2-methoxynaphthalene . - == RBDP-NPT i, 284nm ¥
= 2-methoxynaphthalene ‘l
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Figure 2.12 A) Normalized absorption spectra Bi-BDP-NPT (green) and Zmethoxynaphthalene
(blue) in MeCNB) Normalizedfluorescencepectra in MeCN oRs-BDP-NPTw i tedr 459nm
(green);Re-BDP-NPTw i ted 23Inm (dashed line) andet hoxynaphteFal ene
310nm).

(bl

Indeed,in thecyclic voltammetry oRs-BDP-NPT boththe oxidative process (+1.02
V vs. SCE) andhereductiveone(-1.24 V vs. SCEare cathodically shifted compared
to those oBDP-NPT (Figure 2.13).
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1 [R,-BDP-NPT]= 1mM
WE: GC disk
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Figure 2.13 Cyclic voltammetry oRs-BDP-NPT 1mM in degassed MeCN. WE: glassy carbon disk;
guasiRE: Ag wire; CE: Pt wire, scan rate: 0.7 V/s; supporting electrolyte: TEAPEM; internal
standard: ferrocene. Ferroceneds peak has

We therefore reasoned thlditanging thelonor group with a better donating one could
make the photoinduced electron transfer feasible and therefore activate the mechanism
that allows for ISC crossing to happenganwhile keeping cathodicallyshifted
reduction potentialGiven the lower oxidatin potential of anthracene compared-+o 2
methoxynaphthaledg we synthesize®s-BDP-ANT. Conclusions drawn from the
photophysical characterization of the two previotddgcribed dyads can be largely
applied toRe-BDP-ANT, too. The absorfn spectrum shows a peak at 527 nm,
typical of the BODIPY core comprising the two additional ethyl groups, and some
smaller peaks between 3300 nm, typical of the anthracene uffigure 2.14).
Fluorescenced_ = 542 nm) presents a quantum yield of 56% and that for the
production of singlet oxygen is 33%, which means that the photoinduced electron

transfer is possible in this dyad and this leads to the population of T
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Figure 2.14 A) Normalized absorption spectra B§-BDP-ANT (green) ancanthracengblue) in
MeCN.B) Normalizedfluorescence spectra in MeCNR§-BDP-ANT w i ted= 488nm (green)Re-
BDP-ANT w i tedr 3&nm (dashed line) ananthracend b | ke 338ni).

Finally, electrochemical characterization of this third dyad demonstrated that both
oxidation(+0.98V vs. SCE)and reductionprocesse§1.22 V vs. SCE)take place at
potentials similar to those observed f-BDP-NPT, proving that the donor and
acceptor units of the dyads are efficiently decoupled and that it is possible to improve
the reductive power of BODIPYs while maintaining access to the triplet(igtee

2.15).

40 4

- n w
o o o o
L 1 1 1

Current (uA)

-
=)
P

-20 -

.30 -

[R,-BDP-ANT]= 0.8mM

1 WE: GC disk

RE: Ag wire

1 CE: Pt wire

scan rate: 0.5 V/s

] TEAPF, 0.1M in MeCN

T v L)

-1.5 -1.0

T T T
-0.5 0.0

Vvs. SCE

0.5

1.0

Figure 2.15 Cyclic voltammetry oRe-BDP-ANT 0.5 mM in degassed MeCN. WE: glassy carbon
disk; quasiRE: Ag wire; CE: Pt wire, scan rate: 0.5 V/s; supporting electrolyte: TEAPEM,;
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| ™%es | ™%Luo

Molecule Fruo® Fo®  E(AARS  E(AMA)C
(nm) (nm)
BDP-NPT 502 515 60% 27% -1.15 +1.15
Re-BDP-NPT 525 543 91% n.d. -1.24 +1.02
Re-BDP-ANT 527 542 56% 33% 1.2 +0.98

Table2.3 Summary of the main photophysical and electrochemical properties of the studied
compoundsn MeCN 2Measured using fluoresceine in NaOH 0.{/FL.uo= 95%) as the standard.
bMeasured using [Ru(bpy}* in MeCN(F p=57%) as the standard. “Degassed solutions

2.2.2 Applications

As mentoned in the introduction to this chapter, BODIPY dyes have only recently
started to be applied in the field of photoredox catalysis thanks to the development of
derivatives that are able to populate their Kimgd triplet excited state. Moreover,
given hat iodinated BODIPYs are the type of trippeipulatingBODIPY's that have

been known the longeshis is almost exclusively the only class to have been applied
for this purpose. For examplé,-BDP-Ph has bee used to carry out ATRA
reaction&’, 1-BDP-Mes has been applied for soldriven HO reduction to
hydrogefi’, and various halogenated derivatives have been employeddations
mediated byO,* 8484,

As regards the use 8ODIPY-based dyads, only a few examples of their utilization
as photosensitizers in photodynamic therapyeHaeen reportéd where their ability

of populating the triplet state is exploited to generate toxic singlet oxygen which
i nduces deweves dgiverdre phiotbphysical and electrochemical properties
of BODIPY dyads discussed so far weasoned that they cloube employed as
photosensitizers to promote photoredox transformations, aslwd#ct, their high
molar absorption coefficient in the green region of the visible spectrum, great
photostability, population of the triplet state and tunable redox patemtiakes them
interesting candidates for the replacement of photosensitizers based on scarce heavy
metals, such as commonlged Ru(ll) polypyridyl complexeddoreover,only one
example has beeso farreported regarding the utilization of a BODIPY detiva in
tandem with anickel catalyst®, although the photosensitizer is a fluorescent one and

thus has the disadvantage of a very short excited dttimé.
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Based on these premises, we investigated the possible r&BRNPT dyad as
photosensitizer to carry out ai C bond formation reaction in the presence of a
palladium catalystn fact, yp until now, this has been an unexplored fieldis class

of compounds andptthe best of our knowledgthis is the first exampleniwhich a
BODIPY dyad is used as a phstemsitizerin photoredox catalysiand in which a
triplet-populating BODIPY is employed in metallaphotoredox catalysis.

We started our investigation by selecting the reaction described by Sanfarah
2011,8” which can beconsidered the first application of photoredox catalysis
combinationwith transition metalcatalysisand can beused tobenchmark new
photosensitizersfor metallaphotoredox reactisnpromoted by palladium.This
reaction consists in a Pd(I)/Pd(IV}& arylation in the presence of a diazonium salt

and of[Ru(bpy)]?* as the photosaitizer, as shown ifigure 2.16.

X AN
| N,BF, 10% mol Pd(OAc),

=N 2.5% mol Ru(bpy);Cl,"6H,0 =N
+ 26W lightbulb
MeOH
25°C, 4h O
4 eq.

Yield: 49%

Figure 2.16 Optimized reaction conditions from Sanfaidal.work (ref.8).

We first performed optimation of the reaction conditions for the transformatbg-
(o-tolyl)pyridine (1a) as the model substrateigure 2.17 andTable 2.4). First of all,
absence of light or absenceBIDP-NPT leads to the formation of onlyrall amounts

of the GC product as reported for [Ru(bpl?),®” demonstrating the fundamaht
presence of a photosensitizer. In addition, MeOH was found to be the optimal solvent
to carry out this reaction, while other solvents were found to be unsuitable. Palladium
sources different from Pd(OAc)vere also found to be inactive for the reactiamd

theminimumconcentratiomeeded fothe BODIPY dye was found to be 2.5 mol%.
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N
¢ N2BF4  109% mol Pd(0AC), |
= 5% mol BDP-NPT N Cl
+ Green LED, 23W
MeOH, 3mL
rt., 24h O
Cl
1a 2a Yield: >99%
0.1 mmol 4 eq.

Figure 2.17 Optimized reaction conditions.

Deviation from standard )
Conversion (%) Entry

conditions
none >99(72}
no light 16 1
Blank experiments no BDP-NPT 16 2
no Pd(OAc) 0 3
Optimization of BDP-NPT, 2.5 mol% 85 4
phot osens

concentration BDP-NPT, 1 mol% 21 5

Optimization of _
substrates concentratio 2,2 equivalents >0 °
Optimization of Kessil Green Led (40W) >99 7
irradiation conditions 60 h irradiation time >0 8

DMF instead of MeOH 17

Optimization of solvent DMSO instead of MeOH 48 10
CHzCN instead of MeOH 0 11
Optimization of Pd(PPB)s instead of Pd(OAg) 0 12
palladium source PdCL(PPh); instead of Pd(OAg) 0 13

Table 2.4 Reactions performed in double on 0.1mmol, conversions determirtedNiVIR . 2lsolated
yield after chromatographic purification in parenthe$Reaction performed witha= 0.1 M; the
reaction shows the presence of unidentified byproducts in éiiiMR, although the conversion

was complete.
With the optimized reaction conditions in our handie explored the scope of the
reactionfirst by varying the nature of thediazonium compoundg-igure 2.18), and
thenby tesing differenty substituted pyridineand other scaffold@~igure 2.19). In

the cas®f 2e, we havealsoisolated4c in 11% yield due to a successiveAs reaction
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of solvent (MeOH) with2e. In the case of pyrimidinderivative (g), we havealso

observed the double insertiontbearyl group

N,BF, | R

=N cl
— 4
N,BF,
cl

2a 4a, Yield: 72% e

= CFy

A 2d 4d, Yield: 65%
. g
® = O
=N F
2b 4b, Yield: 72% E— O
N,BF, | = F O

NoBF, |

=N OMe 2e 4e, Yield: 61%
—_ O + 4c, Yield: 11%
OMe O
2c 4c, Yield: 56%

Figure 2.18 Tested diazonium salts.
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N =N Cl
— 9 . 98
» ® >
1 4a, Yield: 729
a a, Yie % 1d 4h, Yield: 51%
N | o
N N Cl
P P I cl
( O
4f, Yield: 68%
1b , Yield: 68% 1e 4i, Yield: 39%

N l\ cl
| Aoy eSS
O 1 4j, Yield: 28%

1c 4q, Yield: 60%
™ Y M
=N =N Cl Cl =N Cl
— 1L+ U

19 4k, Yield: 45%

4K', Yield: 11%

Figure 2.19 Tested pyridines and scaffolds.

The photophysical characterization BDP-NPT was performed in the optimized
react i on 0 doessnotkigndaarttly défer tftom the abedescribed results in
MeCN (se€eTable 2.5).

| "*es | ™00
Solvent Fruo® FoP
(nm) (nm)
MeCN 502 515 60% 27%
MeOH 502 513 67% 14%

Table 2.5 Photophysical characterization 8DP-NPT in MeCN and MeOH.

The mechanistic study was performed by monitoring the change in the emission
intensity of singlet oxygenf BDP-NPT solutionsupon addition of each one of the
species present in the reactionxture Figure 2.20A). In fact, the presence of a
quencher decreases the intensitj@femission since it competes with energy transfer

from BDP-NPTO s 1 torground state molecular oxygen. The biggest change wa
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observed in the presencez2d which can quenchilquantitatively. This is also able
f | u dHigars 2268, thanks to the veryigh

concentration of this species in the reaction conditions. On the contrary, all other

to partially quenciBDP-NPTO s

species present in the reaction did not significantly ch&@gemission intensity or
the lifetime ofBDP-NPTO S: excited stateRigure 2.20C).

A) 1.0 4 B) 300 BDP-NPT
I+ 2a 0.13M
0.8
- -
% _ 225
o 0.6 3
o =
) £ 150
_5 04 -
= A
- 754 €appps2a = 16%
0.2 Areagpp
N ' T ' B e e
BDP'NP *1aq (7 *Pd(oAc) *2a g 1~:‘W:I{()AC)
T ) 2 (BOMM) )+ 12 (7;1(‘/810#% Wavelength (nm)
)
C) ® BDP-NPT+ 1a (0.02M)
10004 BDP-NPT + Pd(OAc), (sat. solution) + 1a (0.02M)
- BDP-NPT + Pd(OAc), (sat. solution)
’E‘- ».® BDP-NPT
~
c . N
0 ~<._
= . B
2 1004 : ™.
m e
3
c L
] ..
I+ T
S 104 ¢ TR,
=} = o
|
1+ T T T T
0 10 20 30 40 50
Time (ns)

Figure 2.20 A) Normalized values for singlet oxygen emission sensitiz&DByNPT before and
after the addition of different quenchers in MeOH:MeCN (1:1, By Fluorescence emission of
BDP-NPT before (green) and after (blue) the additior?af(0.13M),eexc: 470 nm, degassed MeOH

solutions.C) Emission decay profile &DP-NPT in the absence (green) and presence of different
quenchers in akequilibrated MeOHpexc 405 nmgem: 515nm.

This leads to hypothesize an oxidative quenching of the photosensitizer and the
reaction mechanism depicted Kigure 2.21. After excitation of BDP-NPT, the
photcsensitizereduces the diazocompoulgéding to the formation @naryl radical

thatis intercepted by palladacycld’d(ll) complex (g@nerated by (H activation of

the substrafegiving a Pd(llI)Aryl intermediateOxidation by the photocatalyst the
intermediate Pd(lll) tahe Pd(IV) complexenableghereductive eliminatiorstepand

leads tothe formation of the final productegenerang the Pd(l) complex and the

photasensitizeiin its original form.
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Figure 2.21 Proposed mechanism for the studied reaction.

\_/

It is finally important to highlight that the photostability®@DP-NPT is crucial during
a photoredox reaction, as it was proven in this case by monitoring a diluted reaction

mixture via UM-Vis spectroscopyHigure 2.22).

——BDP-NPT, 2a 7.5mM, "I
Pd(OAc)2 0.22mM, 084
34 1a 3.2mM; t=0 Tos
t= 25min ]
04
Degassed MeOH «
Optical path: 0.2cm 0.24
Irradiation: LED 525nm . . .
2 . 500 1000 1500
Time (s)
<
14
0

L] v v L] v L
300 400 500 600
Wavelength (nm)

Figure 2.22 UV-Vis absorption spectra collected during irradiation with a 525nm LED lamp of a
diluted reaction mixture. Optical path: 0.2cm; degasbtDH. Inset: A vs. time at 503nm.
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3. Chapter Ill : Organic TADF dyes

Partl y r e p Nickd-WMedatddErfamtiosatectivé€hotoredoxllylation of
Aldehydeswith Visible Lightd Argew. Chemint. Ed.2022,61,e202114981© 2021
Wiley-VCHGmMbH) a n dighftinduced Access to Carbazdle3-dicarbonitrile: A
Thermally Activated Delayed Fluorescent (TADF) Photocatalyst for Gébadtiated
Allylationsd dof.org/10.1021/acs.joc.2c01825 2022 The Authors. Published by
American Chemical Society

3.1 Intr oduction

Emissive chromophores usually display either fluorescence or phosphorescence.
However, a different type demperaturalependenemission characterized byhe

same wavelength distribution observed for fluorescence but possessing a longer
lifetime, was observed for eosin in 1961 by Parker and Hatéhardis type of
emission, initially called Eype fluorescence (wheie stands foreosin), is better
known as thermalhkactivated delayed fluorescence (abbreviated as TADF) and has
since then beenbservedn different classes of dyes ranging fraransitionmetal

compexe§¥°to fully organic moleculed*:

For such a process to be actitlee most fundamental requirement is ttegt energy
difference between the lowest singlet excited statg 48d the lowest tripletT()
exdted statemustbe very small (<0.1 eV3. In fact, only if this condition is met
following excitation to $(«1») and intersystem crossing ta (k2») - can we observe
the endothermic process knownraserse intersystem crossing (rlIS@Gat allows to
repopulate $at room temperatured»). At this point, S is thenableto deactivate via
fluorescencd«4»), albeit with a delay arising from the previous population 1céiid
influenced bythe kinetic constant for rISC (k).
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Figure 3.1 Jablonski diagram illustrating the steps needed to obtain TADF.

In order to maximize repopulation of,Sksc must therefore be high enough to
efficiently compete with 0 s -nadiative (kr) and radiative (k) deactivation

constants. Considering that

Q &8Q °

whereqEs is the difference between &nd T, kei s Bol t zmands const
temperaturepne can thus either increase the temperature (indeed the process is
thermally activated) odecreaseyEst. Given thatgEst = 2J, with J being the
exchange enerd$ one can therefore design molecules in witigis parameter in
minimized, which can be achieved by reducing the overlap between the highest
occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital
(LUMO). In organic TADF dyes, f these two molecular orbitals are localized on an
electron rich and an electron poor moiety respectively and these two units are spatially
separated either by the presence of a bridge or by a twist in the molecular structure,
thenexcited statewill possess a chargeansfer character and 8CT) and T (3CT)

will lie close in energy(Figure 3.1). Indeed, many electron donating (e.qg.
phenoxazine, phenotldme, carbazole or diphenylamine) and electron accepting
groups (e.g. benzophenone, anthraquinone, triazine or benzonitrile) have been

explored as building blocks to develop organic TADFs
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Thanks tothese properties, TADF dyes have been extensively studied for the
development of organic light emitting diodes (OLE®s)n fact, if the internal
guantum efficiency for an OLED device is defined as
we . &JQa QOPRI®E € i
OV 00— -«
€JQe QO QQOi € £ i

then reverse intersystem crossing allows the IQE to increaseafroaximum value

of 25%, in he case of fluorescent dyes,aanaximum value 0£00% in the case of
TADF dyes. Morever, TADF dyeshave recently started to find applicatioas
photosensitizers thefield of photoredox catalysi§ In fact, they are able to abrb
visible light, they can populate a lofiged excited state and, thanks to the strong
localization of HOMO and LUMO, their redox potentials can be finely tuned by
functionalization otheir constitutingelectron rich and poamits.

3.2 Cyanobenzendalerivatives

A widely studied class of organic TADHs that made othose comprising one
cyanobenzene unit as the acceptor and varying numbers of carbazoles or
diphenylamines as dono(&igure 3.2A). In fact, the steric hindrance that donors
experience when covalently linked to the central cyanobenzene unit induces a twist in
the molecular structurthat guarantees good separation leefsvHOMO and LUMO
orbitals. Moreover, the ease of their synthé&is which consists in a onrgot
nucleophilic aromatic substitutiofiFigure 3.2B) - has led to the report of several
derivativeswith slightly modifieddonorsandacceptors. This has, in turn, led scientists

to a deeper understanding tbk structurepropery relationshipand has allowedo
fabricate cyanobenzene dyewith emission colors spanning the whole visible

spectrum which have been notably used by Adathl.in 2012 inOLED device®.
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A) Building blocks

o0 T

X=Cl, CIIPN
X= F FIPN

a0 o oy

Cz MeOCz tBuCz

CU@ ROV

B rD PA

B) Synthesis of 4CzIPN .

NC

e oty

4CzIPN

Figure 3.2 A) Common building blocks for the design of cyanobenzene deriva&ivBgnthesis of
4CzIPN which is representative for this whole class of dyes.

Additionally, the strong localization of HOMO and LUMO impliesttit is possible
to independently control the dy e s 6 oxidation andy reduc
functionalizing the electron donor or accept@spectivelyFor example, if we take
into consideration cyanobenzene derivatives possessing the same isophtlealonitri
(IPN) electron accepting group areither carbazole €2 or methoxycarbazole
(MeOC2 as the electron donating group, asA@zIPN and4MeOCzIPN (Figure
3.3), we can observe that they possess similar reduction potenti&ld and1.34 V
vs. SCE)but different oxidation potentials (+1.49 and +1.11 V vs. STH) fact, the
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nature of the electron accepting group is the same, but MeOCz is more etmttron

than Cz and it is therefore easier to oxidize.

The opposite consideration can be made for TADF dyes possessing Cz asdhe d
and different cyanobenzene derivatives as the acceptor, 4GzIPN and 5CzBN
(Figure 3.3). Given that the nature of the electron donating group is the same,
oxidation potentials do not vary greathy1(49 and +1.41 V vs. SCE) but reduction
potentials are influenced by the fact that5@8zBN there is only one electren
withdrawing cyano group1.52 V vs. SCE) and this makes it more difficult to reduce
this compoud compared tédCzIPN (-1.24 V vs. SCE}%

MeO OMe
NC. CN
O MeO OMe
: e N
A

5CzBN 4CzIPN 4MeOCzIPN
E(A/AT)=-152V E(A/AT)=-1.24V E(A/A7)=-1.34 V
E(A"/A)=+141V E(A"/A)= +1.49V E(A"/A=+1.11V

Figure 3.3 Structures and redox potentiad§5CzBN 4CzIPNand4MeOCzIPN Potentials reported

inVvs. SCE.
Consequently cyanobenzene dyes hawso proved to be useful photoredox
sensitizers in organic photocatalysiscausethey are able tocouple visiblelight
absorption wititunable redox potentidls One additional advantage of usifigDF-
displaying dyes is that thepdzused to determine the excited state redox potentials is
that of the singlet state, and therefore the loss of excitation energy is mirfiniged
choosing the appropriate electron donating and electron accepting units, it is therefore

possible tadesign the appropriate photosensitizer for the intended chemical reaction

3.2.1Photophysical and electrochemical
characterization

The dyes that were taken into consideration for this thesiS@mBN, 3CzCIIPN,
4CzIPN, 3DPAFIPN and4DPAIPN (Figure 3.4).
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Figure 3.4 Structured of the studied photosensitizers.

These ganobenzene based dyes were synthesized¢stion6.1) and characterized
both photophysicallyand electrochemicallyn order to evaluate their suitability as

photosensitizers

Figure 3.5 showsthe absorption spectra of the organic compounds measured in DMA.
All compounds present broad absorption lsndisible region attributable to charge
transfer transitios from the eletron donating diphenylamine (DPA) or carbazolyl
(Cz) moieties to the electron accepting cyanobenzene unit.wHvelengths of
absorptiononsets increase the order of4ADPAIPN > 3DPAFIPN > 4CzIPN >
3CzCIIPN > 5CzBn. One of the reasons for longer absorption wavelength of
4DPAIPN and3DPAFIPN is the more electronich nature of DPA units compared

to Cz units whichleads to a destabilization of the HOMf@sulting in smaller &
excitation energies-or example4DPAIPN displays an absorption maximal aks =

470 nm, compared to the analogd@zIPN, which has an absorption maxima ags
=430 nmBesides charg&ansfer bandsn 3CzCIIPN, 4CzIPN and5CzBNa second
absorption band around 330 nsmalsovisible and isattributable to the presence of
electrondonor centered transitions, in view of its increasing intensity upon the

increase in the number of carbazolyl moieties present in the photosensitizer.
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Figure 3.5 UV-vis absorption spectra difie organic compounds in DMADPAIPN: red,
3DPAFIPN: blue,5CzBn black,4CzIPN orange,3CzCIIPN green).

These compounds also display emission in the visible re@imure 3.6). Upon
deaeration of the solutions, emission intensity increases although its shape is not
affected, which is indicative of the fact that the TADF mechanism is attdeed, if
emission intensity increased because of phosphorescenesettygof the enmssion
spectrum would change due to the fact that we would be observing a different
electronic transitionnamelyT1A So. The fact that no change is observed indicates that
the emission is due tihe transitionSiA So, exactlyas prompt fluorescencéAs an
example, the emission intensity &fDPAIPN displays a 4old increase upon
degassing the cuvette with 5 fregrnempthaw cyclegFigure 3.7).
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>
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Figure 3.6 Emission spectra in DMA4DPAIPN: red, 3DPAFIPN: blue,5CzBn black,4CzIPN
orange,3CzCIIPN green)
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Figure 3.7 (A) Emission intensity afDPAIPN in a degassed DMA solution (solid line) and in-air
equilibrated DMA (dashed lineyexc: 430 nm(B) Corresponding normalized emission spectra; gray
dashed line: degassed solution; red solid line:eguilibrated solution.

Moreover, two lifetimes are olerved while collectingtime-resolved emission

measurements. The short components (in the range of ns) are attributed to prompt

fluorescence, while the longer components (in the range of us) are due to TADF

fluorescence.

The photophysical properties of theganic compounds DMA are summarized in

Table 3.1.

e
(10°M e Y

| abs(nNm)
| em (NM)
ter(NS)
traor (USSP
Fem (%)

(440
nm)
(470

nm)

4DPAIPN

5.29

6.5

516
527
2.9
84

48.9

3DPAFIPN

5.93

1.11

498

536
3.6
43
16

5CzBn

0.31 3.88

0.05 0.42

454 486
515 552
24 21
10 2.1

33.9 30

4CzIPN  3CzCIlIPN

2.15

0.19

478
554
13
32
9.9

Table 3.1 Photophysical properties of the TADF dyes in D¥2egassed solution.

Given the intended use of these compounds in reductive photocatalytic clgeles, t

d y ersddiction potentialsvere measuredas well. Figure 3.8 shows the cyclic

voltammetries for the first reduction process of these organic photosensitizers. These

processes appear reversilde a scan rate of 200\Ws and can be rationalized

accordingto the strongly localized nature of the frontier molecular orbitals in these
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derivatives. Indeed, if we observe the series of carbazolyl derivatives and consider the
main localization of LUMO on the electron acceptingit, 5CzBN has the most

negative valudecause of the most electrooh accepting unit (only on€N group).

On the contrary3CzCIIPN has the most positive value because of the presence of

three electrotwithdrawing groups (tweCN and oneCl) on the ganobenzene unit.

Similarly, ADPAIPNG s reducti on potential 1s cathod

3DPAFIPN becaus®f the substitution of an electron withdrawing fluorine atom with

|

| 4DPAIPN ?
|
1
|
| _
|
I 1
|

a DPA group.

5C2Bn 0
%
|

- I 10}JA -
!

: | 3CzCIIPN 1

I 1

-14 -16 -18 -2 -22 -24
Potential / V vs. Fc*/Fc

Current

Figure 3.8 Cyclic voltammograms @fDPAIPN (red line),3DPAFIPN (blue line),5CzBn(black
line), 4CzIPN (orange line), an@CzCIIPN (green line) measured in Avaturated DMA containing
EuNBF, (0.1 M) as the supporting electrolyte wahAg/AgNQ (10 mM) reference electrode. Scan

rate was 0.2 Vi& Dashed vertical line indicates the first reduction potentid¥iaf (see section
3.2.2.2.

Thereduction potentials of the studied photosensitizers are report€dhie 3.2.

E(PS/P%)
4DPAIPN -2.08
3DPAFIPN -1.94
5CzBN -1.99
4CzIPN -1.72
3CzCIIPN -1.61
Table 3.2 Reduction potentials of the studied TADF derivatives in @idrtaining EANBF, (0.1 M)
in V vs F¢/Fc.



While studying the photophysical properties3®PAFIPN, we noticed that upon

prolonged light irradiation and in the absence of any other species in solution, this
moleculeis able to form the cyclic photoprodut{Figure 3.9). In fact, 3DPAFIPN

features not only cyano and diphenylamino groups but also a fluorine atom on the
aromatic core, and fluorobenzenes are known to undergo photoreactions via homolytic

cl eavage of the CIiTF bond or phot osubsti
proceedingvia electron transfer proces$®s%! Threemechanisms cathereforebe

envisioned for this class of fluorinated moleculebjch are (i)electron transfexi)
photonucleophilisubstitution, ofii) homo | ysi s o %1% The ch&deF b on.
transfer nature of the lowest excited stat8DPAFIPN, with increased electronic

density on the fluorinated aryl moietypuld assist a mechanism involving deotron

transfer. However, photonucleophilic substitution is also plausible disderning

between these two mechanisms is difficOih the contrary he pathway that includes

the homolytic cleavage of the Cificieldond c a
energy ofthe absorbed photorfabsorption onset at 480 nm60 kcalfmol, Figure
3100compared to that of Y%rbe séhieExpdarientmas ( 12 7
repeated witlDPAIPN which, as expected for a ndinorinated compound, did not

undergo cyclization.

@wm 4 @“ﬂ@ .

3DPAFIPN charge-trasfer
excited state

Figure 3.9 Cyclization of3DPAFIPN into 1.

3DPAFIPN and 1 were studied from photophysical and electrochemical points of
view, to analyze and rationalize the effect of cyclization on their electronic properties
(Table 3.3 andTable 3.4).

The absorption spectrum df appears to be blughifted compared to that of
3DPAFIPN in terms of absorption onsetSigure 3.10). The same trend is observed
in the f1 uorwws&ldnmn fer3D®AFEH and 479 rfnefod, in THF

at room temperaturelrigure 3.10). In both compounds, two lifetimes are observed in
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degassed THF solutions at room temperafliabdle 3.3). The shorter component, in
nanoseconds, hasroNgehle ascri

the range of
n the range ofqaRilcr osec

the |l onger one, [
fact, the shape of the emission spectra for both congg2DPAFIPN and1 is not

affected by the presence of molecular oxygen, thus suggesting that the transition
responsible for the longer lifetime is the same, namely the radiative deactivation

SiY S. On the contrary, the emission quantum yield is decreasaitéquilibrated

solutions due to efficient;exiteed statethbyng of
dioxygen, which consequently prevents the thermally activated RISC from undergoing
guant um Yy i erludisentianep frooomp t f |

the hitoSst ep. The
5.7% to 21% upon passing froBDPAFIPN to 1, as expected for a cyclization that

rigidifies the molecular structure. The rigidity of the new chromophore causes an

i ncr eeodve; Thdd) Genod asell.
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Figure 310Absor ption (solid I|ine)
3DPAFIPN (blue) andl (green) in airequilibrated THF.
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3DPAFIPN 1

<", 5s (NM) 364 377
O tcm?) 15700 10500
<" o (NM) 510 479
<"ohos(NMP 518 513
GLuo (ns) 3.3 9.1
Giaor sy 130 680
Gbhos(ms)y: 180 375
0 FLuo (%) 5.7 21
U tapr(%)° 35 6.1
0 o(%)° 88 55

Table 3.3 Photophysical properties @PAFIPN and1 in THF at room temperaturéAt 77K in a

glassy matrix [1:1 (v/v) DCM/MeOH}Degassed solutiofln MeCN.
Moreover, emission spectra recorded in a glassy matrix at 77 K evidence the presence
ofphosphorescence fq*51l8and I3 nndBDPAFIPNahd ( o
1, respectively (Figure 3.11). Under these experimental conditions, the
phosphorescence mads are slightly redhifted compared to their fluorescence,
indicating that and T, are close in energy. In particular,the Bie ner gy spap ( ot
is larger for compound (320 meV) than for the pristine chromoph@&@ePAFIPN
(190 meV). We expect thdte¢ same trend is maintained at room temperature, proving
the | ower TADF qu amokforhthanifoSDRAFIRNnAsS afuenger |
of t humb,stisaexpedted to legdHo a lowikc because of the increased
activation energy for the¥ S; intersystem crossing. Moreover, given the inverse
proportionality between kinetic constants and lifetimes, a lkwsc should
concomitantl y tadreHawever, this assurhptiog ltannot aywabe
generalized because r esrcartresviténigreat difierancels d i f f
in krisc, as reported for other classes of TAB&tive chromophoré?.
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Figure 3.11 Emission spectra of derivatiyd) 3DPAFIPN ( @c=420nm) andB) 1 ( @xc= 405
nm) in a glassy matrix (DCM:MeOH:1, v/v) at 77 K. Emission spectra were registered in
fluorescence mode (solid line) and phosphorescence mode with gate time of 50 ms and delay time of
0.05 ms (dashed line) or 0 ms (dotted line).

Cyclic voltammetry was carried out to determine the rqutmbentials of both species

(Figure 3.12). In the case of compour8DPAFIPN, t he reduction pro

vs. SCE) is chemically and electrochemically reversibléeathe oxidation process
(+1.31 V vs. SCE) shows only partial chemical reversibility at a scan rate of 1 V/s.
Derivativel displays less chemically reversible electron transfer procesisesugh

its oxidation potential is unchanged compared to thate@parent compound (+1.28

V vs. SCE), its reduction potential is
into consideration the localized nature of frontier molecular orbitals in TADF
molecules, the electrochemical data indicate that the LUMOabibitlestabilized in

1 compared t8DPAFIPN, as expected upon removal of the fluorine substituent in
the photoproduct. On the contrary, the HOMO orbital is not appreciably affected, as
two electrordonating diphenylamine groups are also present in congpdun
Ultimately, the larger energy gap between the HOMO and LUMO orbitals detected
from electrochemical measurements Jofis in accordance with the bhshifted

absorption and emission spectralof
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Figure 3.12 Cyclic voltammetry 0BDPAFIPN (blue) andl (green) (0.5 mM) in a degassed MeCN
solutions containing 0.05 M tetraethylammonium hexafluorophosphate as the supporting electrolyte
and ferrocene as the internal standard. Coiaais: glassy carbon working electrode, Pt wire counter
electrode, Agwirequasief erence el ectrode, scan rate of 1 V
omitted for clarity.
E(PS/PS) E(PS*/PS
3DPAFIPN -1.53 +1.31
1 -1.74 +1.31

Table 3.4 Redox potentials &DPAFIPN and 1 in MeCN.2Anodic peak potential at 1 V/s, chemically
irreversible electron transfer process.

3.2.2Applications

As mentioned in the introduction to this chapter, photoredox catalysis has recently
started tdoenefit greatly from the use of TADF dyes as photosensitizeesause¢he
lifetime of its delayed fluorescence and the modulation oféddex potentials in the
ground and excited states are all useful propefiestherefore have also studied the
use of these TADF dyes in order to promote photocatalytic reactions, in particular the
allylation of aldehydedn additionto this, we have ab employed these TADdyes

to carry out CQphotoreduction, which is an application that is still largely unexplored

for this class oflerivatives.
3.2.2.1Metallaphotoredox catalysis

Allylation of carbonyl compounds is an important reaction in the synthesestafah

productd®® but most of the strategies reported so far use stoichiometric amounts of
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metal reductant§’ and allylating reagents often have limitations regarding their
stability to air or their nucleophilicity®. We therefore aimed at developing a protocol

for the allylation of aldehydes which did not show these drawbitikgover interest

was placed on the development of an enantioselective version of this reaction by use

of a chiral metal complex as the catdly

I n coll aboration with PRwanyfdiffereftichaal ligasgl or gi o
were teste@dnd the one that gave the best results both in terms of reaction yield and in
terms of enantiomeric excessli$ (Figure 3.13, Table 3.5), whichis able to forma

chiral complex with Ni* in situ as will be discussed latefllyl acetate, which is a
benchstable commercial reagent, also proved to be the best performing allylating
source Different photosensitizers were tested and TADF derivatives proved to yield

the best resultsStabilizerfree THF was the solvent that gave the heghyields,

although the reaction was possible in different solvents ashvalln t z s c (HB)s e st e
(Figure 3.13) was the chosen sacrificial electron donor because of its pdoefiavior

in the presence o8DPAFIPN, which will be discussed laterFinally, control
experiments also demonstrated thattjghe photosensitizer and nickel are all needed

to promote the reaction. The optimized reaction conditions are shdvigure 3.14.

R R
O\R%O O%O
nu""g/lf\l AE ng,!q d
| X O H H O
L3

L1, R=Me
L2, R=Bn
N

‘\
= e o,
| (Nj\( Hantzsch's
0%,0 OW/EN:J\’O 1 ester
Iy ’%L W,
A - O

L4, R=i-Pr L7 L8

Figure 3.13 Structures ofdsted chiral ligandsind sacrificial electron donor

o 10% mol NiCl,(glyme) OH
5% mol 3DPAFIPN

Blue LEDs AN
H + /\/OAC »
15% mol L1
Hantzsch's ester, 2 eq.

THF, 0.25mL

1a 10°C. 14h Yield: >99%

0.1 mmol 4 eq. e.e.=92

Figure 3.14 Optimized reaction conditions.
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Deviations from standard Conversion

. e.e® Entry
conditions (%)?
none >99 (87) 92
no 3DPAFIPN 0 - 1
Blank experiments no nickel 0 - 2
no light 0 - 3
Optimization of allyl alyl bromide instead of allyl
traces - 4
sources acetate
L2 instead ofL1 70 71 5
L3 instead ofL1 >99 67 6
o L4 instead olL1 33 0 7
Optimization of the _
o L5 instead ol.1 25 3 8
chiral ligand
L6 instead ofL1 98 67 9
L7 instead ofL1 93 0 10
L8 instead ofL1 traces - 11
Toluene instead of THF 30 93 12
Optimization of the MeCN instead of THF 90 85 13
solvent DME instead of THF 22 91 14
DMF instead of THF 88 50 15
4CzIPN instead ofSDPAFIPN 88 89 16
Ir[dF(CF dtbb Pk
Optimization of the il _ (CFa)ppyL PYIPF) 51 88 17
N instead oBDPAFIPN
photosensitizer .
[Ru(bpy)]Cl.-6H:0 instead of
traces - 18

3DPAFIPN
Table 3.5 Reactions performed on 0.1 mmol scalketermined byH-NMR analysis, the value in
parenthesis is the isolated yield after chromatographic purificatidetermined by HPLC analysis
on a chiral colunn.
With the optimized reaction conditions in hande investigated the scope of the
reaction. This includes both electranh and electroipoor aldehydes and different
heterocyclic substrates. Moreoventho and para substituents were found not to
influence reaction yields or enantiomeric excessme aliphatic substrates were

reactive, as well.
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Figure 3.15 Substrates scope of the reaction.
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Given that in the reaction conditions the chiral nickel complex is formed in situ by an
achiral nickel precursor and., we started the investigation of the reaction mechanism
by elucidating the nature of the chiral nickel complex. In order to do so, weared

the absorption spectra of a solution containirigbefore and after the addition of
NiClx(glyme) (Figure 3.16). Upon the addition of NiG{glyme), two new absption

bands are observed at 498 nm and at 660 nm which are indicative of the formation of
a new nickel speciefn order to characterize this species we compared its absorption
spectrum with the one ®iCl2(L1), synthesized by the group of Prof. Coarid the

one obtained upon mixingl with NiBrz(glyme). Comparison with the absorption
spectrum obtained fa¥iCl2(L1) suggests thatl is replacing the bidentaigyme
ligand. On the contrary, the rethift observed when NiBfglyme) is used suggests

that halogen atoms are present in the first coordination sphere of the chiral nickel
ligand. Therefore we can conclude that the chiral nickel species that forms in the
reaction conditions isliCl2(L1).

| L1
12 = NiCl,(L1)
= NiCl,(glyme) + L1
NiBr,(glyme) + L1
0.9 -
< 0.6
0.3
- /
0.0 . . . \ﬂ
300 400 500 600 700

Wavelength (nm)

Figure 3.16 Normalized absorption spectra for eequilibrated THF solutions dfl (yellow line),

synthesizeliCl2(L1) (red ling), NiCl(glyme)+ 1.5 eq.L1 (blue line) andNiBrx(glyme)+ 1.5 eq.L1
(green line).

A titration experiment was carried out to determine the equilibrium constagtf@«
the complexation ofE1 by NiClx(glyme). Given the low value MiClI2(L1)6 s mo | ar
absorption coefficient and the low solubility of N¥@lyme) in THF, a UWis
titration was not pasble, and an indirect method was used. A solution containing
NiCl2(glyme) and3DPAFIPN wasthereforeprepared, an@DPAFIPNG s | iinf et i me
stabilizerfree THFwas monitored upon addition of increasing amountslafFigure
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3.17C). In fact, NiCbk(glyme) andNiCl2(L1) have different quenching constants for
3DPAFIPN andL1 does not quench it at afFigure 3.17A). The data was fitted to a
1:1 binding model using Spedijtand Kqwas determined to be 44700 vhich is

high enough for the complex to be quantitatively formed in the optimized reaction

conditions.
5
A)
NiCl,(L1)
4
o 3
o
»
2 m
1¢
0 20 40 60 80 100 120 140 160
Quencher (pM)
0.6 - 1
B) C)
0.5 -
] \
0.4 - 0.1 1
&
_ﬂJ T
< 0.3 5 0 15 2
3 L1 (eq.)
0.2 0.01 4
0.1
0.0 : . - 0.001 - l‘l..l_.l' Jy L o (L
300 400 500 600 0.0 0.2 0.4 0.6 0.8

Wavelength (nm) Time (ms)

Figure 3.17 A) SternVVolmer plots betweeBDPAFIPN andL1 (yellow), NiClx(glyme)(blue)and
NiClz(L1) (green).B) Absorption spectra for a solution containiB PAFIPN and NiClx(glyme)(20
UM, red line) upon addition of increasing amountd.df(up to 18 eq, 0.36 mMIRR) Corresponding
nor mal i zed emi s s ix&405nmpamesios cutofffilted=d35 anyiset: ( o
3DPAFIPN6 s | i f et i me a sLleqguivialants ¢btack datsindcbrrespandire ditting
(red line)

The mechanistic investigation was then aimed at studying the interaction between
3DPAFIPN and the species present in the reaction mixture, so tB&traVVolmer
experiment wathencarried out to determine the dynamic quenching constant between
3DPAFIPN andHE. Emission intensity decays showed an unexpected biexponential
behavior Figure 3.18B). The longer lifetime is constant in value and corresponds to
the one typal of SBDPAFIPN, while its relative weight decreases upon increaldifg
concentration. The shorter component has a value of ca. 18 us up to a concentration of
HE of 130 uM, and decreases upon further addition of the quernthkele(3.6). This

behavior has been attributed to the formation of a complex be®&RAFIPN and
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HE (3DPAFIPN-HE), whose lifetime is 18 ps. Dynamic quenching between the

complex andHE takes placas well and it is detectable for HE concentration higher
than 130 uM (se€igure 3.21A, t00).

2.5
A) o B)
—20uM 14
2.0- e 40uM
’ 75uM
I 130uM E
| 205uM w
- i
1.5 I‘ 350uM 3
< |‘ 650uM ~3 0.1+
| 1.2mM -
1.04 | 2
rt
0.5 ‘
0.014:
0.0 T v T v T = T v T v T — v 1
300 400 500 0 100 200 300 400 500
Wavelength (nm) Time (ps)

Figure 3.18 A) Dilution-corrected absorption spectra for solutions3RiPAFIPN upon addition of
increasing amounts ¢1E (up to 1.2 mM)B) Corresponding normalized emission intensity decays of
3DPAFIPNwi t h feict t4 5Qewr(589 nmy(the IRF has been grayed out).

HE (uM) 0 20 40 75 130 205 350 650 1200
Giorr (1S) / 18 16 18 22 14 9 6 5
Uone (US) 110
Table 3.6 Lifetimes resulting from the fitting of the emissiotensity decays reported Figure
318B. The | onger | ifetimebs value was held c

Additional experiments were carried out in order to bedtiedy the formation of the
complex betweeBDPAFIPN andHE. Absorption spectra of the sum and the mixture
of two solutions, containingDPAFIPN (73uM) andHE (140uM) respectively, were
collected using twawompartment cuvetteand tese did not shovwany significant

change, suggesting that the interaction between these two species isigead (
3.19).
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Figure 3.19 Absorption spectra of the suigréenline) of a3DPAFIPN solution (73 puM in THF) and

a HE solution (140 puM in THF), and their mixture (bldashedine).
Under the experimental conditions used to perform the reaction, the formation of this
complex is considered quantitative in view of the large excestEgbpresent in the
reaction mixture. Therefore, we can consBBPAFIPN-HE as the photoredox active

spedes.

In order to evaluate the extent ofstft o mpl ex 6s quenching, we
solubility of HE andNiCl2(L1) in THF. The maximum solubility dfE in THF was

determined to be 0.1 M from the absorption spectrum of a saturated solution following
dilution and its molar absorption coefficiert=(5150 Mlcm* at 363 nm in THF)

(Figure 3.20A). In order to measurMiCl2(L1)6 s s ol ubi | i tpyepared s ol u
by adding 5.6 mg of NiG{glyme)and1.5 eaivalents ofL1 to 2 ml THF andhis was
thensonicated for 30 minutes atam temperatureGiven the slight difference in the
absorption spectra recorded before and after filtration (PTFE filter, 0.2CGlpemon

filtered solution was considered to be only marginally above the solubility limit and

thus the maximum concentration iCl2(L1) in THF was determined to be 0.01 M
(Figure 3.20B).
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Figure 3.20 A) Absorption spectrum of a saturatelfE solution after dilution 1:440B) Absorption
spectrum of a solution containing N¥@jlyme) (5.6 mg in 2 ml) + 1.5 elyl before (black line) and
after filtration (blue line).

The extent of the ¢ o mpgpexigsinsolvedunghe cediciion g ¢ a
was evaluated by single poimeasurements according to the Siéatmer equation
(see sectior®.2.2.9, and the corresponding emission intensity decays are shown in
Figure 3.21. No significant lifetime change was observed upon addition of allyl
acetate or naphthaldehyde, indicating that no bimolecular quenching processes occur
between the complex and thés® substrates. On the contrary, upon further addition
of HE( concentrati on ,has ghovenrinTablé &6), a @lydanic € M
quenching of the emission of the complex is observeg @11x16 M’s?).
Quenching was observed also in the presendd@if(L1) with k= 5.49x16 M-1s?,
Finally, the concemtition of NiCb(glyme) was presumed to be zero in view of thg K

calculated for the formation &fiCl2(L1), and was thus not considered
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Figure 3.21 Emission intensity decayssc 405 nm, pulsed a s evwr 520 rn)for a solution of
3DPAFIPN following theaddition ofHE (blue lines), and the further addition afifferent quenchers
(green lines)A) [HE]= 1.88 mM; further addition oHE 2.73 mM;B) [HE]= 2.20 mM; addition of
NiClx(glyme)0.190 mM +1.5 eq.L1; C) [HE]= 2.15 mM; addition of naphthaldehyde 0.335 miM);

[HE]= 2.20 mM; addition ofallyl acetate0.400 mM.

Quenching efficiency of speciésvas calculated according to the following formula:

Q00
- % @ Baos "

Given the higher concentration HE in the reaction conditions compared to that of
NiCl2(L1), the quenching efficiency is higher for the former (79%npared to the

latter (21%) and the first single electron transfer that takes place leads to the reductive
guenching of the lowest excited stateSBIPAFIPN-HE.

Quenche (Q) kg (M"s?) QI(M) - (%)
Allylacetate not significant 1.2 /
Naphthaldehyde not significant 0.4 /
NiCl2(L1) 5.49x1G 0.01 21
HE 2.11x16G 0.1 79

Table 3.7 Quenching efficiencies BDPAFIPN-HE by the species present in the reaction.
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These results allow to deduce the mechanism showiigare 3.22, wherethe
photocatalytic cycle is characterized byealuctve quenching oBDPAFIPN-HE® s

excited state bHE. Comput at i onal study by Prof. L
catalytic cyclé’ additionally demonstrated that a second electron transfer event
betweerBDPAFIPN-HE andNiCl2(L1) leads to the formation of a Ni(l) species, that

is further reducedby a third electron transféo Ni(0). Ni(0) is then able to interact

with the substrates, finally leading to the enantioselective formation of the product.

S1'<1‘:AT HE
[3DPAFIPN-HE] !

HE% HE* L1 Ni(ll)(glyme)
@ /@ [3DPAFIPN-HE]-
Qﬁj@ Ni(II)(%
' AN
‘;OLAF% Ni(T)(L1) T( OO
oo

/
[3DPAFIPN-HE]*- /

Ni@(LY)  +
[3DPAFIPN-HE] ~

Figure 3.22 Proposed reaction mechanism.

Given the fact thafl is more reducing compared to other TADF compoufsd®
section3.2.1), we decidedo employ it for the allylation of aldehydes catalyzed by an
earthabundanCo(ll) complex.In fact,the mechanism of this reaction should involve
the reduction of the Co(ll) species to Cohich is more challenging compared to
the reduction of nickelamplexe$®.

In coll aboration with Prof. Pier Gi or gi «
conditions concluding that the reactidaes not proceed in the absence of GoBr

HE or light (Table 3.8). The absence o-fli-tet-butg-2 |-dpgjidyh d , 4, .
(dtbbpy Figure 3.24)''° caused the complete consuiopt of aldehyde with the

formation of the corresponding pinacol prodatias the major product, and only 10%

of homoallylic alcohol. The addition of water was found to be important for promoting
allylation with aromatic and aliphatic aldehydagoiding, in the case of aromatic

aldehydes, pinacol couplify. Moreover, we tested3DPAFIPN as the
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photosensitizer and found that it is not able to promote the allylation of aldehydes,
although it promotes the formation BfL (Table 3.8), in agreementwith its less
negative reduction potentiabmpared to the one @DPAFIPN (seeFigure 3.12).

Theso-obtainedoptimized reaction conditions are reportedrigure 3.23.

0 7% mol CoBr, OH
5% mol 1
Ho+ /\/OAC Blue LEDs . =

10% mol dtbbpy
Hantzsch's ester, 2 eq. |
cl THF:H,0 (9:1, viv),2mL  ©C
16h
1a Yield: 87%
0.1 mmol 3eq.

Figure 3.23 Optimized reaction conditian

o) 0
H H oH Cl
EtOWOEt 7\ _
\ C
N =N N / cl ont
P1

Hantzsch's dtbbpy
ester
Figure 3.24Ch e mi c a l structures of the sacrificial el e

(dtbbpy) and the pinacol coupling produétij.

Deviations from standard Conversion P1 Entry
conditions (%)? (%)?
none 90 4
nol no reaction - 1
no CoBr. no reaction - 2
Blank experiments no light no reaction - 3
noHE no reaction - 4
no dtbbpy 10% 90% 5
Optimization of
3DPAFIPN instead ofl 2% 97% 6

photosensitizer

Table 3.8 All reactions except for ent#§3 were performed undamradiation with KessiP 40W 456
nm Blue LED?Determined byH-NMR analysis on the reaction crude.
The selected conditions were employedvarnous aromatic aldehydesigure 3.25).
In general, the reactivity was strongly influenced by the aromatic moiety of the
aldehydeswith electronrich aldehydeshowing reduced reactivityln some cases we

tried to improve the yields by increasing the reaction time, &gfdfowevern other
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casedghis did not lead tdetteryields, probably due to concomitgpihacol coupling
or reduction of the aldehydes to therresponding benzylic alcohoRAliphatic

aldehydes suffered from reduced reactivity even after prolonging the reaction time to

72 h.

OH
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2a, Yield: 87%

OH
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OH
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OH
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OH
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2j, Yield: 35%
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. o ©/VJ\/\
H X )
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o OH
AMH I /\/\/\/\/l\/\
1m 2m, Yield: 33%

Figure 3.25 Reaction scope.

Unfortunately, we were not able to investigate in detail the quenchidgogfHE
because its absorption spectrum is largely overlapping that of the photosensitizer and,
under the experimental conditions used for luminescence measurements, most of the

light is absorbed byHE (Figure 3.26). However,HE is not responsible for the
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photoreaction because no product formation is observed in the absence of
photosensitizet (entry 1,Table 3.8).

4

L 1.0

39 0.8
Lo.6 3
< 24 s
_£

0.4

14
0.2
N
04— ' . , S gl 0,0
300 400 500 600

Wavelength (nm)

Figure 3.26 Absorption spectra df (2.5x10° M, blue line),HE (0.5 M, yellow line), CoBr+ dtbbpy

(both 5x10° M, green line), 4hlorobenzaldehyde (0.05 M, red line), allyl acetate (0.15 M, black
line)inTHF/HO ( 9: 1 v/ v) andgegukcds am, tyan liaejnphe goncentrationgare( o

the same used in the reaction conditions.

In recent years, severaluthors have suggested that the reaction follows a
Co(l1)iTCo(l)T1 Cd%Hiwe)canGhereforé yuggesy that €o(ll) is
reduced byl in its excited state (EE(‘I* 1) = 11.31 vgE[Co@CE)] t o Co
= 1 1. 0.BCBEW!, whiehis reacting with allyl acetate to form a Co(lll) allyl
intermediaté®®. The Co(lll) allyl is then further reduced bysecond electron transfer
event (L or HEAY to Co(ll) allyl, which isthe organometallic species thzn react
with aldehydes by a Zi mmdeh)erT3¥xsl er tr
SCE can then beestored to the initial state HE (E(HEAI'HE) =+1.0 Vvs SCB),

as shown irigure 3.27.
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Figure 3.27 Proposed reaction mechanism.

3.2.2.2Artificial photosynthesis

Most artificial photosyntheticsystems traditionally rely on heawyetal complexes

(e.g Ru and Iy as photosensitizerButtheir largescale employment should desirably

be based on abundant and +ioric compounds. For this reason, research has lately
focusedon the development of both cataly$ts$'®and photosensitizeld that are
either based on abundant metals or consist of purely organic compounds. Recently,
copper(ll) purpurin compleé*®, mononuclear and dinuclear copper(l) compl&¥es

119 have for instance been utilized as photosensitizers in order to achieve the
photochemical reduction of GOAttempts at using purely orgarpbotosensitizers to
drive the photoreduction of G@nitially included the use of cyanoanthrac&iand
p-terpheny}?! dyes, which have the disadvantage of a short exsite lifetime and
absorption maxima located in the UV region. More recently, organic photosensitizers
with stronger visible light absorption such as purpurin derivatigé€ or ability to

populate their londived triplet excited state like phenaziAe!?®have been employed.

Giventhe long excitedbtate lifetime and adjustable redox potentials of TADF dyes
described above, we investigaitedh c ol | abor ati on witha Prof .
threecomponent artificial photosynthetic system that overcomes the problem of
element scarty in CQO» photoreduction by using purely organic TADF
photosensitizers, an eadbundant Mn(l) catalyst and1,3-dimethy}2-
phenylbenzimidazolin€BIH) as the sacrificial electron donor to produce @
HCOOH (igure 3.28).
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