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Introduction




Introduction

1.1: Chemistry and light

Lightinduced reactions are as old as is tharth itself, preceding life by hundreds
of millions of years. As a matter of fact, the most probable source of the simplest
organic molecules such as formaldehyde, which became the building for more complex
molecules, starting with carbohydrates, were pbchemical processes. Spectrum of
the young Sun contained much moretbé energetic UV light, and there was no ozone
layer to protect the surface of the Earththerefore photochemistry started
immediately as the accretion processes finished erakstardust settled on the surface
of the Earth.1 Later on, living autotrophic organisms emerged on Earth, harnessing the
light for the first time as an energy source for the living matter. Chlorophyll became
integral for this process, as the first photocatalysuge light energy for the separation
of charges which is a hallmark of the modern, rmaade photocatalysts as wéll.
Photosynthesizing organisms switched eventually to water splitting, generating oxygen
as the byproduct. Hard UV irradiation, which waslispresent on the surface of the
Earth damaged biomacromolecules, endangering the living forms present. Thymine
dimer formation by [2+2] cycloaddition was especially dangerous, as it presented a
mechanism for long lasting DNA dam&daNA repairing mechasiins were developed,
but the rate of mutation was so high, that even if the organism survived, proper natural
selection could not be operativéncreasing oxygen content in the atmosphere was the
key to higher living forms, as it lead to thewklopment ofthe ozone layer, which
photochemicaly filters off thedeadly, more energeti¢c part of UV spectrunt Thus
photochemistry was involved in all the key steps, which led to the existehdife
itself, as well as for making thevolution possible leading to ke higher life forms,
includingthe mankind.

Natural phenomena concerning light were intensively studied from the earliest
days of science. Theoretical discoveries from optics came, driven by the demand from
the more practical fields such as navigati@s, well as from the transcendent but
popularfields as astrology. While most of the laws of optics were discovered in earlier
modern ages, it was not until the discovery of quantum physitgt the
photochemical phenomena could be explained, as the waaréicle dichotomy is
necessary for such explanations. E¥baugh theory was not sufficient at the time to
give any predictions in this field, experimental observations of photochemical
phenomena were reportedBleaching of textiles by sunlight was one thé first
technologies developed by ancient Egyptians several thousand years before Christ.
Later on, thepoor light-fastness of dyes became a problem, as most of the natural dyes
faded over time after exposure to sunlight. First scientific report of adigan
photochemical reaction comes from 1685 (just 20 years after the foundation of first
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Chapter 1

scientific journal) from Englan@he report concerns with the isolation of a lighbile
dye, which gradually changed hue after the exposure to sunlight (it wasdigo-
based dye isolated fromsea mollusk® This report is worth mentioning, as it presents
for the first time the use of photochemistry foproduction ofan industrial chemical
(purple textile dye)as well aghe correlation between the intensity of adiation and
the rate of the photochemical reaction:

G¢KS [SGGSNEY FAIANBES 2N oK G StasS akt
appear of a pleasant light green colour, and, if placed in the Sun, will chargye i
F2fft26Ay3 O2f2dzNBEX f AAKBSPEXBBY B ORSE HINITNS
NBRX odzi GKS tF&ad FyR Y2&aid o0SFdziA¥Fdz t Os
a2LIS>0 oAttt 06S YdzOK | RAFFSNAYy3I O2f 2dzNJ 1
Crims¢ = 2NJ ySSNJ iz GKS t NAyOSQa O2f2dzNX Ay
gAftt O02YS 2y a2 Flradzr GKFIG GKS adzdskaairzy

The developments in inorganic and organic analigisto the discovery of new
photochemical reactions in the %9century: D6 ber ei ner has di s
photoreduction of iron(lll) by oxalate ligands in 1831, reporting for the first time an
example of a photénduced electrortransfer® This reaction becamiater on the basis
of the famous ferroxalate acthometer. Only a few years later, the photochemistry of
a plantderived organic compound santonin was discovered. The most important
discovery that came from the investigation of the santonin chemistrythesliscovery
of the wavelength dependence of the photochemical transformations:

G45Fa {FyG2yAy 6 A Nierlagtensdskdurch RlezNaed unit Sy
GA2t SG0Syrbt {SINBRIGKSINI reBalsiR & S dbEeM Stiwhlen) der gelbe,
3 NN yid3otedwingen nicht die mindeste S NNy’ RKSS\NH/REBIX ¢

Towards the end ofthe 19" century, most important classes of the organic
photochemical reactions were discovered: [2+2] cycloadditfotsuble bond cigrans
isomerization8 and radical halogenatiori8,reactions which are still mainly carried out
by photochemistry in the laboratories of todaghotochemical discoveries until 1900,
were byno means results of targete@search but moreof accidental* by pr oduct s”
other lines of work, which the scientists offl@entury pursued. The change came with
Giacomo Luigi Ciamician, a researcher from Bologna, who carried out an extensive
screening of organic substrates for photochemistry. He dissolved different organic
compounds invariety of solvents, let them expose to the strong Italian sunshine on the
roof of his department, and analyzed the products by all the means available to him at
the time. This lead to discovery of a large array of new reactions, and the
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Introduction

photochemistry semed like a viable competitor to the coal thased organic
chemistry ofthe early 2® century. Ciamician is probably most famous for his prophetic
paper in Science, where he predicted a switchover of the human civilization from the
fossil fuels to renewabs as soon as 191!

G2 KSNB @S83SiriAaz2y A& NAOKI LIK2(G20KSYAal
there will spring up industrial colonies without smoke and without smokestacks; forests
of glass tubes will extend over plains and glass buildings will rise everywhete;dhsi
these will take place the photochemical processes that hitherto have been the guarded
ASONBiG 2F (GKS LXIlydaz odzi GKIG éAff KI @S
distant future the supply of coal becomes completely exhausted, civilizatiomotbe
checked for that, for life and civilization will continue as long as sun shines! If our black
and nervous civilization, based on coal, shall be followed by a quieter civilization based
on the utilization of solar energy, that will not be harmtollprogress and to human
KIFLILIAY Saadé

Figure 1Giacano Ciamician.

100 years after Ciamician’s article, i
processes. Photochemistry is on one hand being used in water treatmenteokgic
process, but on the dter hand the radical halogenations, once the biggest
photochemical procesayere used to producgroducts such as HOlth enormous
environmental footprints Chlorination of toluene to benzylchloride is one of the
remaining industrial photochemical halogsions. Nowadays, the largest
photochemical processes operated in industry are nitrosations, sulfochlorinations and
sulfooxidations (Scheme 3.
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RH + SO, + Cl,

RH + SO, + O,

uv
—  » RSO,CI + HCI

uv
— >~ RSO,00H

UV NOH.HCI
+NOCl ————

Scheme lindustrial photochemical processes.

There is one thing, which ahese industrial processes have in common: they
require ultraviolet irradiation.This stems from two factors: efficient UV sources were
available relatively soon (mercury discharge lamp), and the transformations usually

require the light to homolyticaly sl i t
photochemicalreactions are often efficient radical chain processes, therefore only

sbondso Wigile tbe industrially used

relatively low light intensities are necessary, this becomes a problem when reactions

with quantum yields below unity woulde performed: high UV intensity would lead to
unselective decomposition of reaction mixture, and would lead to poor economy of
process.
sunlight for chemistrywe would need to usevisible part of the spectrum, as the
intensity of UV irradiation on the surface of earth is relatively low (Figure 2, red color

such

Mor eover, i f we

denotes intensity of solar irradiation on the surfacelof Earth.).

Spectrum of Solar Radiation (Earth)
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Figure 2 Spectral distribution of solar radiation.
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Introduction

Before moving on, we should shortly discuss the energetics of-itigiiced
processesand compare themwith the conventional processe&very chemist has an
experience with the thermalynduced reactions. Such reactions usecreased
temperature, which tanslates to the increased vibrations of bonds, to overcome the
activation energy. Activation energies of most org& reactions are in the
40-200kJ/mol rangé3 Increasedtemperature increases the distribution of higher
vibrational states for all of the vibrational modes. This gives rise to unwanted side
reactions. We can use the Arrhenius equation to calculate the activation energy
difference which is requiredo obtain certain selectivities. If we require selectivity
100:1, then the activation energy difference must be at least 10 kJ/mol at room
temperature, and 20 kJ/mol at the maximal temperatures practically available in the
l aboratory with st a0O)d & sthighdogard, phatehistgreafly< 2 5 (
limits the practicality of thermalijnduced reactions: if there is a pathway with
activation energy of 100 kJ/mol, probability of another pathway existing with activation
energy of less than 120 kJ/mol is hig@n the other hand, the lighhduced reactions
do not suffer from this drawback they inject relatively high energies (Figure 3),
selectively into the chromophore, exciting electrons into a single antibonding orbital.

1 [ o | [ |
CH CO CCl ArBr R-Br Rl Br-Br BDE/kJ

Figure 3Bond dissociation enerdBDE vs. photon energy.

Moreover, the thermally induced processes increase the energy of products as
well, leading often to equilibration, while in case of photochemical processes, different
absorption spectra usually allow selective activation of stgrtinaterials. Both of these
features of photochemical processes araistark difference to the thermakactions
and they allow to explore completely different reactivity patterns wittorthogonal
selectivities'* Due to the requirement of special equigmt and knowhow,
photochemistry had the aura o# field reserved only to a handful of specialists.
Development of cheapnd easy to handléigh intensityL E Qlighst emitting diodes)
lead to the revival and broader acceptance or phebtemistry in the synthetic
community in the last years.
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1.2: Chemical photocatalysis: introduction
The term “photocatal ysi s” dfferenhgrobpmofe di f
specialists- differing from photosynthesis to water purification methods. We will use

the following definition of chemical photocatalysigie use of chemical compounds
photocatalysts- to relay energy in some form from photorte other chemical
compounds- substrates What are the reasons to usef chemicalphotocatalysis

instead of direct excitation of aubstrate compound? Basic law of photochemistry

states, that in order to induce chemical change by irradiation at certain wavelength,

light must be absorbed by the compound of interest at this wavelengthifBue look

on an average organic molecule, it is most probably colorless, absorbing photons only

in far UV. Therefore no chemical change occurs, when they are irradiated with
visible/nearUV photons This might come as a surprise, when comparing bond
dissociation energies with energies of visible/nddy photons (Figur8) —they should

have plenty of energy to induce reactionReason for thigs, that the absorption

spectrum of a empound depends on its HOMQJMOgap, which does not necessary
correlatewith the bond dissociation energin order to circumvent this problem, we

can use photocatalyst, which absorbs the photand subsequentlyransfers energy to

the reactant by radiationless processeBefore discussing concrete examples of
photocatalystsused currently in synthesis, we will shortly look into the mechanism

how these catalysts operate, and how can they be divigethis(Scheme 2)

v B(S
A(So) — A(Sy) | —— AM) EA> A(So) + B(Ty)
i fi [ O,
At s B B Single Electron B A + B E
H Transfer '
: or or !
A+ B SET SET A + B* E

Scheme 2Comparison afingleelectron transfe(SETand energy transfefET)

Photocatalyst idirst excited into its singlet excitedtate (A(S)) from its ground
state (A(9). If we compare the electronics of the excited state with the ground state,
there is a hole in a low energy orbital (blue) and an electron in a digingy orbital
(red). This translates into much higher oxidation as well as reduction power of the
excited state in comparison to the ground state, and is able to perform single electron
transfer. Limiting factor for this is the low lifetime of the singletcited state
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(1-100p9) . In the case, that intersystem crossifi®C)is possible, much longer lived
triplet state of photocatalyst (Ag)) is formed. This can again induce single electron
transfer, or energy transfer can occur. Energy transfer procesometimes called
sensitization and the photocatalysts, which operate via endrgpsfer, are called
sensitizers.

1.2.1: Chemical photocatalysis: sensitizers

Discovery of photosensitization stemmed from thievelopmens of the dye
industry in the latel9" century. In this time, toxicity oproflavinewas observed, and
its toxic effecs occurred only when the dye, light and oxygen were present in the
system!6 Using proflavie and leucomalachite dye a& model system, Kaunsky and

deBrujin were abletpr ove in 1931, t hat profl avine
“active” oxygen then reacts with | eucomal
proflavire and leucomalachite is supressed (Schemé’3jhe exact form of the
“active” o0xypmceohheded disausstonsawith tioe idea of singlet oxygen
gaining mainstream acceptance in | ate 60

available!® Variety of photosensitizers suitable for generation of singlet oxygen was
developed!® Nowadays singlet oxygen generated by sensitization is used for a broad
variety of reactions such &chenclene reactiors,2° [4+2] cycloadditiord and [2+2]
cycloaddition®? In biological fields, photosensitization of oxygen is used in

photodynamic therpy 23
O/o!
MeoN l I NMe,

i ®

Physical barrier

X
— + 302
HoN N NH,
J 1 [2+2]

1 ‘ 1 O
+ 10, ~oocro--= 10, +
~
H,N N NH dn‘fq‘smn y
‘ Me,N ‘ ‘ NMe
2Np 2

Scheme 339nglet oxygen generation kghotosensitization wittproflavine.

Most common singlet oxygen sensitizers operate in the visible range (Scheme 4).
The same paradigm can be used to sensitize any compounds other than oxygen, as long
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as the triplet energy of the sensitized compound is lower than the triplet energy of
sensitize4 The most successful group of sensitizers are ketonesaamahatics but
virtually any compound can be used, lasg they have efficient intersystem crossing,
which generates longved triplet state?4 In industrial scale, the most common
application of triplet sensitizers is the field of photenduced radical
polymerizationsts*.25 Most of them operate inthe near UV and blue part of visible
spectrum (Scheme 5).

Ph
N
A Ph Ph
®
MeoN S NMe,

Ph

Rose Bengal Methylene Blue ZnTPP
Amax = 548 Amax = 665 Amax = 585

®(0,)=0.78 ®(0y)=0.5 ®(0,)=0.83

Scheme 4Common singl et owxStagds forthe wavedengthiokzteer s ;A
absorpti on gdox thenquamtum yeldof singlet oxygen generation;
measured in methanol for Rose Bengal, and Methylene Blue; measured in benzene for
ZnTPPR%2

o]
o0 g X
anthracene benzophenone biacetyl
Amax = 372 nm Amax = 347 nm Amax = 416 nm
®(I1SC) =0.72 ®(I1SC) =1.00 d(ISC) = 1.00
Er=1.8eV Er=3.0eV Er=24eV

Scheme 5Commont i pl et spgstands foithe wavetength df thebsorptin
maximum,@ ( | S @he quantum yield of itersystem crossing; ET for the enerfy
the triplet excited state
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1.2.2: Chemical photocatalysis: redox catalysis

Energy stored by the generation of chasggparated electrothole pair within a
molecule byexcitation can be harnessed for reductjes well as oxidative processes.
In the older literature this process is often named as photoinduced electron transfer
(PETYS First examples of photoinduced electron transfer come from the lat&é 19
century, whencharge transfer complexes of donacceptor pairs (e.g. hydroquinone
benzoquinone) were observed.Several decades ago, elementary steps of
photosynthesis were discovered, and scientists started do make connection between
the processes seen in the naturenchthe quenching of fluorescence by putative
electron transfe2” Final proof of the photoinduced electron transfer came with the
development of timeresolved spectroscopy and lead to the foundations of Rehm
Weller theory?8 RehmWeller theory allows to padict the thermodynamic feasibility of
photoinduced electron transfer process@sgure 4)

Epo: Excited state energy of A

Eoo AE o
AE,q: Difference of redox potentials
between E,4(A) and E,4(B)
C: Coloumbic term
A+ B

"""""""""""""""""" AG%  Free energy of the PET
thermodynamic cycle

Figure 4 Thermodynamics of PET: Rekeller theory.

We will demonstrate this on an example where A transfers electron to B upon
excitation. By experimentation, we can obtain the energy of the excited state of A, and
the redox potentials oA and B. By using a thermodynamic cycle, we can calculate the
experimentally unavailable energy of electron transfer (blue arrow). In order to obtain
the proper reaction free energy, Coulomb attraction between the generated charge
separated pair must be taken into consideration as well:

YO YO (0] o
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Coulombic tem is negligible in comparison with the other two terms, especially in
polar solventslt should be noted, that if only the hypothetical electrochemical -half
reaction A*-> A* is considered, thethere is explicitly no Coulombic interaction, and
the modified RehmWeller equation can be used for the calculation of such
(experimentally notavailablg redox potentials. This is of great use, when comparing
the redox parameters of photocatalysts:

o 8°1° O o°T O

As was already notedboth oxidation as well asreduction capabilities of
compounds are increased on excitation, therefore the PET can be both-pithitoed
oxidation as well as photmduced reduction. In ordeto clarify this terminology was
borrowed from the fluorescent smtroscopy communityand we denote these two
processes reductive and oxidative quenching (Scheme 6).

Oxidative VS. Reductive
Quenching
A A
Catalyst*
A
A" At
Catalyst*” hv Catalyst™
B B
Catalyst
B+ B

Scheme 60xidative and reductive quenchimgechanisms

Photoredox catalysts are, as the name suggests, catalysts whigh sbuttle
electronsby using the energy of the lighfThere are two different ways how this
property can be implemented into a catalytic system. The more simple situation is,
when we use the energy of light to overcome an energetic barrier of an otherwis
thermodynamically forbidden reduction or oxidation (Scheme 7, A). This leaves the
catalyst in its oxidized/reduced state, and in order to make the reaction catalytic, we
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need to use sacrificial electron don¢@D)or acceptor(SA) In a simple way, we na

view the role of the photocatalyst in such a process just as an electron transfer reagent
between the sacrificial donor/acceptor and thsubstrate; in case of oxidative
guenching, the terminal reductant is the sacrificial electron doreord in case of
reductive quenching, thesacrificial electron acceptois the terminal electron sink
Common sacrificial electron donors used in photoredox catalysis are aliphatic amines
(triethylamine, triethanolamine, EDTA)hydrazine3® oxalaté! and ascorbate32 As the
sacrificial electron acceptapersulfaté? diazonium salt§? viologens®® Co(lll) sal&

and carbon tetrahalidés are often used.

A: Photoredox catalyst as an electron shuttle

Substrate Substrate
Catalyst*
Substrate™" Substrate™”
ulf Catalyst*” hv Catalyst™ _IH
Product SD SA Product
Catalyst
SD** SA™*

B: Photoredox catalyst in a redox-neutral process
Substrate Substrate

Catalyst*

N
S

l— Substrate™" Substrate™” —l

Intermediate™ Catalyst*” hv Catalyst™ Intermediate**

Catalyst

/
1

Product Product
Scheme 7Comparison of the mechanisms of photoredox catalysis.
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It is possible tooperate a photocatalytic system withouhe use of sacrificial
electron acceptors or donors (Scheme 7, B). In this case, catalyst is used to generate
reactive charged intermediates. These intermediates undergo chemical change and
afterwards exchange the ettron with the catalyst agaiby back electron transfer
Catalyst is thereby regenerated, and there is no waste from sacrificial donors/acceptors
generated. It is interesting to note, thahe most common photocatalytic process in
the world, photosynthess, incorporates both of these mechanisms: cyclic electron
transport is a redoxeutral, cyclic process, while the nagclic electron transport uses
a sacrificial electron donor: water.

Early attempts in the field of photoredox catalysisre aimed at theunderstanding
of photosynthesis and design of mamade catalytic systems which would be able to
emulate photosynthetic processé&Nowadays, the main part of the effort is spent on
the photocatalytic water splitting, a process which could provide us with a cheap
source of renewable hydrogen for use as a fuel. Both heterogéhoaad
homogenoud340 systems for photocatalytic water kfing are being developedSuch
photocatalytic systems use always transition metal complexes as the photocatalyticaly
active site. In the use of photocatalysis for the cardmanbon and carbotmeteroatom
bond formation, organic compounds were used in thée of photocatalysts from the
beginning. Discovery of the nature of hargetransfer complexes of
1,4-dicyanonaphthalene (DCN) leéicst to the development of stoichiometric hpoto-
induced oxidations with DCN This was followed bthe pioneeringwork o Pandey in
1990, where he utilizedDCN as the photocatalyst for oxidative deselenations
(SchemeB),#2 after whichdozens of new organic photocatalystere found.

+e @
Ec>_/3eph Eo)_/SePh} EO)7
MeOH
- H+
(o] OMe
DCN* DCN™
Phse  ~
: CN
pasel
DCN : :
© : CN
Ph-Se M T

Scheme 8Photocaalytic deleselenation by Pdeyet. al42
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Majority of these catalysts operated usually via reductive quenching (Schefde 9).
The hrgest drawback of these catalysts is that they only absorb in the UV part of the
spectrum.

Reductive quenching, Eoq: A" —— A*

‘ o] CN CN Ph Do OMe }
Lcl cl _ b 3
s QA Ly
el cl Ph” 07 Ph ! | ;
| 0] CN CN b OMe :
. Choranil DCB DCN TPP Co DMN w
; Triplet Singlet Singlet Singlet ; Singlet ‘
'\ Ereg=3.33V  Eq=267V Eg=219V Eg=253V i Ereg=-261V

§ '

Scheme 9Commonearly organighotoredox catalystsTriplet/Singlet denotes which
excitedstate is active in the PET.fStands for the redox potential as defined above,
againststandard calomel electrodeSCE

In the same time as the organic photodgsts were developed, new
metalic-complex based catalystahich were previously applied to the water splitting
and optoelectronics started to be used for catalytic-C and € bond forming
reactions. Their main advantage over the previously mentioned ordsased catalysts
was, thatthey absorbed in visible part of the spectrum. The most important catalysts
from these classare Ru(bpy$*, Ir(ppyy and Cu(dapy ( b p y :bipy@din& ppy:
2-phenylpyridine, dap: 2;8ianisylphenanthrolinejScheme 10, right)

eosinY? . "[eosinYZ]*
Lo lIsC
commercial as —e V 3[eosinY2]* te
eosin.Na, H
M=6919gmol | |[Car — cal?]| 27" [Cat= Cat
1.37 €/g ! Eeq=-1.11V Ejeq = 0.83V
0.95 €/mmol .
! eosinY~ hv| Amax= 539 nm eosinY3-
O coo ! 3 5 3
Br ' Br Cat™ — Cat* Catc"—> Cat*"
o ¢ o ) o Ereq = 0.78 V o Ereq = -1.06 V
Br Br eosinY

+e -€e
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Ru(bpy);?* !
commercial as
Ru(bpy)sCly.6H,0!

M = 748.6 g/mol !

131.5 €/g
98.4 €/ mmol

z 2+
N
: N/
/
|
N
/

commercial as

Ir(ppy)s
M = 654.8 g/mol

1894 €/g
1240 €/mmol

Cu(dap),*

commercial as
Cu(dap),Cl
M = 883.9 g/mol
1375 €/g
1215 €/mmol

Scheme 10. Summary of the most commonly used photoredox catalyRgdox

'[Ru(bpy)s?*T*
— : ISC 3 R b 2+ * —
-e v [Ru(bpy);~'] +e
=1.1us
Cat3+_> Cat2+* T2 M catzﬂ, . Cat+
Eeq =-0.81V Ereq =0.77 V
Ru(bpy)s>* hv| Amax= 452 nm Ru(bpy)s*
Cat3*— Cat?* Cat?* — Cat*
Eeq=1.29V E,oq=-1.33V
red Ru(bpy)32+ red
+ e -e”
"lIr(ppy),]*
TS
-e H *lir(ppy)l* te
4+ 3+ T2 = 1.9 us
Cat**—= Cat®** Cat3**— Cat?*
Ereq =-1.73V Ereq =0.31V
Ir(ppy)s* hv| Amax= 375 nm Ir(ppy)s™
Cat**— Cat®* Cat3*— Cat?*
Ereq=0.77V Ereq = -2.19V
Ir(ppy)s
- Nl -
"[Cu(dap),**
HSC
-e v ClCu(dap),T
=0.27 ps
Cat?*— Cat™ T2 K
Ereq = -1.43V
Cu(dap),2* hv| Amax= 437 nm
Cat?*— Cat*
Ejeq = 0.62 V
red Cu(dap),*
+ e

potentials are against SCE.
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In addition, after 2010, eosin Y had a comeback as a vlable organic
photocatalyst (Scheme 10, left). These four catalysts dominate the field of wigiule
photocatalysis nowadays, with most of the new photocatalytic methods developed,
utilize one of these catalystd. If we compare the most commonisiblelight
photocatalysts, they all have similar molecular weights. Their pri€egliffer
substantially: with the noanetallic eosin Y being the cheapest, Ru(bpyis in two
orders of magnitude more expensive. Ir(pp@nd Cu(dap) are even tenfold more
expensive than that, and while in the case of the copper catalyst is the main limiting
factor the price of the ligand, which might drop significantly on scaling up, in case of
the iridium catalysts it is the price of metal, whichlvéilways remain prohibitive for
any larger scale applications. If we would just compare eosin Y and the ruthenium
catalyst,Ru(bpyj?* has higher maximal oxidative power (1.29 V vs 0.83 V) as well as
slightly higher maximal reductive powed (33 V vs:1.11 \}, but the price difference
still makes eosin Y very competitive for larger scale applications.

1.2.3: Chemical photocatalysis: scope of photoredox catalysis

Scope of the reactions catalyzed by photoredox catalysis is very broad, counting
hundreds ofreactions (700 hits othe Web of Knowledg®), and reviewing all these
reactions it beyond the scope of this thesis. We would therefore like to refer the reader
to one of many reviews published on this mattéf? Here, we will make a short
introductionto the representative classes of photoredoatalyzed reactions, which are
encountered in the literature most frequently.

_ >
N<pon N pn -HO, or -CHCl, Z & Ph

H H
CH3NO,
-H*
[Ru(bpy)s**T* Ru(bpy);*
O,7" or Br +CI3C’
N
“Ph
blue W 24 NO,
light Ru(bpy);
0O, or CCI3Br

Schemeéll Photocatalytic € activation of tetrahydroisoquinolines.
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Probably the most frequentlyinvestigated reaction is the photoredox-HC
activation of thetetrahydroisoquinolines (Scheme 11Qriginally, Ruand Ir based
catalysts were employed, and a large variety of nucleophiles other than nitromethane
(cyanides, indoles, alkynes, phosphinesamines, etc.) wssuccessfully use#K 6 ni g
et al. has successfully used eosin Y for this reaction, starting the interest in the eosin Y
chemistry4® Superoxide, wiiih is produced in this reactiafh oxygen is chosen as the
sacrificial electron acceptprcan be used productivelyfor example for oxidative
splitting of boronic acids to phenot8.In this case a simple amine (triethylamine) is
used instead of the tetrahydroisoquinoline as the sacrificial electron donor. Major limit
of this tetrahydroisoquinline derivatization comes in the structure constraints of the
starting material, as the nitrogen needs to be arylated in order for the reaction to
proceed smoothly. Also, recently there has been a report of formation of charge
transfer complexes betweenadbon tetrahalides and tetrahydroisoquinolines, which
absorb in the visible rang8.Therefore, some of the previous works, which reported
photocatalytic reaction majnsteadbe simple observations dhe direct excitation of
the charge transfer complexihis only underlines the necessity of control experiments
in photocatalysis.

X Q

_ =
(]

FC* Photored.ox
catalysis

blue W FC Phs™

light :

E

Schemel 2. Photoredox antiMarkovnikov addition to alkenes.

As we already mentioned, an important advantage of photoredox catalysis is, that
it allows orthogonal selectivities to the conventional reactivity. A good example of this
is the photoredox antMarkovnikov addition of mineral acids to alkenes (Schemé212).
This type of reactions combigeelectron transfer by photoredox catalysis with
hydrogen atom transfer (HAT)As a photocatalyst, highly oxidizir@mesityt10-
methylacridinumper chl orate, which is also call
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Introduction

Addition of a good hydrogen atom donoe.§. thiophenol) ensures, that the
intermediate berzyl radical does not dimerize, or reacts in some other side reaction,
but is instead rapidly converted to product. Activation of stgystems by single
electron oxidation is more universal strategy and can be successfully used to induce
[2+2] cycloadditons?2 or otherwise forbidden Dielé\lder reactions of two electron

rich systems#If the redox potentials of the alkenes are low enough;tReed catalysis

is also possible#

o)
/H\/\/HJ\ "
[Ru(bpy)s2*1* Ru(bpy)s* . %
iPr2N 74 |Pr2N—’\
blueJﬁﬁy\ -
light Ru(bpy)s Ph Ph
iPr,NEt

Schemel3. Photoredox cyclization @fnones.

Various cyclizations induced by polar crossover are another class of reactions, often
encountered in the field of photoredox catalysis. As an example, using a reductive
process, we have chosen cyclization of enones (Schem& IB)is example also
illustrates another strategy often used in the reductive activation of conjugated
carbonyl compounds in photoredox catalysis: the reducible group isgeated by
protonation in order to lower its reduction potential. Similarly, metal salts coordinating
to the carbonyl group can be used in the same wWgq@+2] cycloadditionS or [3+2]
electrocyclizations with photoredegenerated azomethine ylidéscan be performed
under similar conditions. Interestingly, if the redox potentials of alkenes do now allo
electron transfer from photocatalyst, while their triplet energy is low enough, [2+2]
cyclizations can also occur viglet sensitizationvia the photocatalyst. Thibehavior
was demonstrated both by metdlearing (I° as well as organic (flavirfé)
photocatalysts.
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Another often used possibility of the photoredox catalysis is the reductive
induction of heterolytic bond cleavage. This has been widely studied on diazonium
saltsSt Both organic and metalomplex catalysts were used for the catalysisoth
arylations. Variety ofirelectron donors can be coupled with the intermediate aryl
radical (Scheme 14).

®
N,
X X
R RT
P =
R
n-D
H

[Pcat]* PCat* R

€}
\ Ar=N,

n-D: P:

/\Ph Ar% Ph

SR AN
- ; o A ™o
# N X
blue or green PCat E PCat: '
light ' eosinY :

——X
N xR E or 2t ! (biaryl-diazonium OO
R:— 1Ru(bpy);*", ! salt used)
=~ P SR ;o

Schemel4. Photoredox a y | a t ietectronadnorst

Intramolecular heterocyclizatiorfs,photocatalytic Meerwein reactiof8 or photo-
redox lithograph$* based on this approach were demonstratedajor part of this
thesis is dedicated to new methods using photoredox catalysis, therefore | would kindly
ask the reader to consult respective cleys for more information on thitopic. While
arenediazonium salts are readily available, and even used in industry in largef>scale,
people tend to shy away from them due to the anecdotic evidence of their explosive
nature$ Obvious move to improve bbtthe safety profile of the photocatalytic
arylation reactions as well as to broaden the substrate scope would be use of aryl
halides instead of arenediazonium saltdain obstacle to this is the high redox
potential of aryl halides in comparison to theeaediazonium salts. While Fased
catalysts or eosin Y are not reducing enough, Ir¢pipg3 the necessary reducing power
(up to -2.19 V, Scheme 10). Indeed, Ir(ppywas successfully employed for
photocatalytic dehalogenation of aryl and alkyl halifésyen thoughmore practical
applications of this strategy have yet to come.
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Alkyl halogen & bond cleavage is also required for the atom transfer radical
polymerization (ATRP), and for its monomeric variant ATRA (atom transfer radical
addition). Whilethese reactions & mainly the domain of polymechemists, and
photoredox catalysis was also successfully applied for polymerizations of thi&type,
reactions useful for synthetic chemistry were also develop8dbstrates such as
perfluorinated alkyl iodles, benzyl halides or haloketones can be added across a
double bond, using a chased photocatalyst (Scheme F8)Due to the more loose
coordination sphere of Cu(dap) different reactivities can be obtained with this
catalyst by metatoordination assistance, in comparison with the -Rand Irbased
catalysts’®

C4F9_I I~ + C4F9.
R

[Cu(dap),]** [Cu(dap),]**

caFo L
49 R

green light [Cu(dap),]*

o
o A = e,

Schemel5. PhotoredoxATRA reaction.

In the end, we will discuss several methods, where the photoredox catalysis was
mergedwith other activation modesSarford et al. has presented a successful merger
of palladium catalysis and photoredox catalySsheme 16A).7* In this case, insertion
of Pd(ll) species into A bond was generally slow, and therefore reausiavithout
photoredox catalysisequired suchhigh temperatures, that they were not compatible
with diazonium salts. By inserting a photocatalytic step into the reaction, oxidative
insertion needs not to occur, and the aryl radical, generated by photoredox step
couples with the Pd(ll) readily, so theaction can occur at room temperatur8everal
other protocols operating in a similar merger of metal catalyzed @ctivation and
photoredox catalysis have been reported: Pd(0)/Pd(ll) systéRB(I)/Rh(lll) systenfs
and Cu(l) systen®. Ni(0)/Ni(ll) catalysis merged with photoredox catalysis was used
to enhance the rate ofeaction withotherwise sluggish nickel catalyst.
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@ r
AT*NZ \ Ar® + N2 CN
C—Ar

3+ N | _
[Ru(bpy);2*1* Ru(bpy)s ~pylV
Photoredox Cc/Pd
catalysis

L

Ru(bpy)s

Pd-catalyzed
C-H activation
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light 2+

® A
Ar—N, Ar’ +N, Ar
\ o
[Ru(bpy)s**]* Ru(bpy)s*" | — Au'"
Photoredox
catalysis
blue Jﬁ,ﬁ? L—AU
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b L—Au b
J

Schemel6. Merger of photoredox catalysis and metatalysis

Goldcatalysed dtvation of multiple bonds can be also combined withopredox
catalysis (Scheme 16).B In this case, oxyauration step is followed by coupling of the
Au(l) intermediate with aryl radical generated by the photoredox stepstep which
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would have a proibitive activation energy, if a conventional insertion of Au(l) intexAr
bond was required. Other procedures based around this strategy were reported.
Recently, there were also reports of the use of gold complexes as the photoredox
catalyst, albeit reqining UV irradiation’®

o o)

+ Br-
/—R.)% R')J\/Br

OHC R'
W ——"TT
N
| R R O
PCat* PCat*
R (0]

Photoredox
catalysis H
OHC
W Organocatalysis \|
. \ R
blue or green PCat :
light ®
\N/
|
: PCat =
i Eosin Y or Ru(bpy);2* R
---------------------- + H+

Schemel7. Merger of photoredox catalysis and organocatalysis.

At last, we will discuss a combination of organocatalysis and photoredox catalysis.
It is worth saying, that the early developmentstiivis field started much of the revival
of the photocatalysis in the second half
catalytic modes together came from the discovery of SOMO activation, independently
by Simi and MacMillan in 2007 Highlight of thisdiscovery was in the fact, that high
e.e.’'s can be achieved with radical proce
came on the scene soon after, as people realized, that redox steps required for the
SOMO activation can be carried out photoredax catalysts (Scheme 1% This
approach relies on the reaction of electrophilic, photoredmnerated, acyl radical
with the electron rich enamine, generated in the organocatalytic step. Bothd2ad
complexes and organic dyes, such as eosin Y can loeassthe redox system. High
enantioselectivities (e.e. > 98 %) are reached in most cases. Based on this approach,
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many  other  procedures, e.g. enantioselective trifluoromethylatiéns,
trichloromethylation§2 and amine functionalizatior$, have been discared, though
the exhaustive review of these is beyond the scope of this thesis.

1.3: Conclusion and outlook

Photochemistry came a long way from the first observations of -ligthiced
changes, through the heyday of titiated processes in the middle o©®2 century to
its revival which camewith the boom of photocatalysis that ware experiencing
nowadays. Photocatalysts capable of carrying large amount of diverse transformations
were already demonstrated, but a large part of scientific effort without loton the
years to come, would be the design of new, more stable, cheaper and versatile
photocatalystsPhot oredox catalysis already put s
reality, with its capability to induce reactions orthogonal to the conventiotredrmal
chemistry. If the current trend is sustained, photoredox catalysis has the potential to
change the thinking of chemists of this century in the same way, how the discovery of
Pd-coupling chemistry changed the synthetic strategié®i@anic chemistin the last
40 years. Use of sunlight to carry out synthetic chemisttyh e Ci ami cisan’ s
already being realized in pilot plants in sunny regions, using the energy of sun to make
fine chemicals. In combination with electricity generation by pivoltaics, which is
now producing more than % o f Europe’ s electricity i
utilization of sunlight reaches levels never reached before. In the @&htury, main
hopes for the reduction of our dependence on exhaustible energy sourees put
into nuclear fission, which is now eschewed, due to its safety profile, and nuclear
fusion, which failed to materialize in applicable scale. Nowadays, the same hopes are
put into the solar energy, and photochemistry can help to make these drearas tr

1.4: Thesis scope

This thesis is divided in the followir chapters, dealing with the application of
photoredox catalysis for new transformations. Main emphasis is on the photoredox
activation of aryl derivatives, to induce-Xrbond cleavage.

Chapter 2deals with a new organocatalytic visible light mediated synthesis of aryl
sulfides. Variety of sulfides was synthesized from diazonium salts by the new
photocatalytic method, which we have discoverethis nethod was also successfully
implemented for the synthesis of selenterivatives and biologically relevant
conjugates of cysteine. This chapter was published the journal Chemical
Communi cati ons: Maj e k Ghem. Camanerzd13i49, 5567n Wa n ¢
Author of this thesis did all theyntheticwork, and wrote the manuscript.
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Chapter Jeals with the mechanistic investigation of already reported reaction, which
utilized eosin Y to generate aryl radicals from diazonium salts. pH dependence of the
photocatalytic activity was investigatedand in combination with the evaluation of
spectral distribution of irradiation sources used as the source of energy for the
photocatalytic reactionswas used to explain discrepancies in the published data.
Quantum vyields of the reported reactions weresasured, proving that some or the
eosin Ycatalyzed reactions run by radical chain mechanism. This chapter was published
intheBei |l stein Journal of Organic Chemistry
A., Beilstein J. Org. Chen2014 10, 981. Fabima Filace did quantum yield
determination for photocatalytic arylation and for photocatalytic methylthiolation.
Author of this rest of the synthetic work, and wrote the manuscript.

Chapter 4introduces new photoredox carbonylation protocol for diazonium salts.
Scope of the reaction includes products not easily available by conventional methods,
such ast-butyl esters. Reaction runs through an unprecedented siefgetron
reductionoxidation carbonylation. Proposed mechanism was proven by a combination

of DFTcalculationsand physicechemical methods. This chapter was publishethiz

journal Angewandte @emi e I nternational Edition: Ma j
Angew. Chem. Int. E@015 54, 2270.Author of this thesis did all the synthetic and
theoretical work, and wrote the manuscript.

Chapter Sconcerns withthe new visible lightiriven hydro/deuero defunctionalization

of anilines. Defunctionalization of diazonium salts can be carried out efficiently using
this method, with DMF as the hydrogen atom donor. If deuterated DMF is used, this
method turns into a selective deuteration todtroposed mecanism was proven by a
combination of DFTcalculationsand physicechemical methodsincluding isotopic
labeling This chapter was published ithe Chemistry: European Journdiaj e k M. |
Filace F., Jacobi von Wangelin @hem. Eur. 2015 21, 4518 Fabiaa Filace did
synthesis of the starting materials and carried out the photocatalytic
defunctionalizations. Author of this thesis dide selective deuteration experiments,

and all the mechanistic artieoretical work, and wrote the manuscript.

Chapter6 prenent s our efforts towards-arylaed phot
ketones. Synthesis of starting materials cyclopropanols— based on Kulinkovich
synthesis, was optimized, and a small librarystfrting materials was synthesized.

Instead of the awaité -gylated ketones, farytN-arylpyrazoles were obtained by the
photocatalytic reaction. We have optimized the photocatalytic method, and
investigated the substrate scope of this reaction. Mechanistic studies of the
unexpected reaction are still ongoinbhis chapter was not published yet.
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Chapter 7introduces a new strategy for photocatalytic activation of unreactive bonds:
the visibleto-UV photon upconversion for photoredox cataly&isergy harvested from
two consecutive photons is stored by photon upconversion into one catalyst, which
activates unreactive ABr bonds.DFT calculations were used to calculate activation
energies of electron transfer by Marcus theory, explaining theecdigity of this
reaction. Results from this chapter wepeblished inthe Chemistry: European Journal:
Maj ek M., Fel t meRerez R., Jacabi vahiWangelilB&hem. BRiu 3. z
2015 in press; DOI10.1002/chem.20150269&xperimental work wasarried out by
Raul RuiPerez and Uwe Faltmeiehuthor of this thesis did th®FT calculations and
their implementation to Marcus theory framework. Only selected figures and tables
from this joint publication are used in this thesis.
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Organocatalytic visible light mediated synthesisugfl sulfides

2.1: Introduction

The development of mild and sustainable protocalsdromatic substitutions is of
utmost importance to the synthesis of fine chemicals, agrochemicals, pharmaceuticals,
materials, and naitral products! Numerous thermal, Lewis acidediated, and metal
catalyzedprotocols are currently available to the organic chemist in order to access a
large variety of substitution patterns. The-ogéscovery of visible light as abundant
energy source for the activation of chemical reactants has prompted renewed interest
in light-mediated aromatic substitutions as powerful alternative to metatalyzed
“dar k” %Sech catalytic reactions in the presence of suitable plsetositizers
mostly involve single electron transfer (SET) processes that bear a close conceptual
relationship to Sandmeydype reactions The merit of the photecatalytic synthesis is
the mild generation of aryl radicals by a phegensitized electron transfer which avoids
the direct photolysis of bonds requiring UV lijhand the employment of
stoichbmetric copper(l) salts.

Early studies of photoredox catalysis utilized argligzonium salts as precursors
for aryl radicals, whose choice is not deliberate: Diazonium salts are easily prepared
and undergo facile and irreversible oxidation due to the aske of dinitrogen.
Ru(bpy)Chb-sensitized intramolecular Pscheype arylations were first reported by
Deronzier in 1984. Modern developments include intermolecular arylations of
electronrich '/d onor s for t he sy nt h easylkedoresp &ind b i ar )

thiophenes (Scheme $).
N,* BF,

[dye]
VIS light
ED

X _EDG
@N (ref 6) @ T R©/

X=BR' (Yu etal.)
X =SR’, SeR' (thls work)

Scheme 1Formal nucleophilic substitutions at arenediazonium salts via visible light
mediated SET reductions.

However, the prevalent use of ruthenium and iridium phattalysts is still a
severe limitation of many photoedox protocols in terms of sustainability and
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scalability. The persistent quest to introduce cheaper m&t# dyes has been
addressed with the successful use of eosin dy&hile these reports clearly
demonstrate the \ability of aryl radical trapping by-donors (i.e. alkenes, arenes),
examples utilizing-donors have remained scarce. To the best of our knowledge, there
is only one report where diboranes have been oxidatively cleaved to give arylboronates
(Scheme 13.In an effort to extend this general concept to the synthesis of thioethers,
we have developed a visible lightediated thiolation of diazonium salts in the
presence of eosin Y. Arylsulfides are key structural motifs in synthetic and natural
molecules? Ther synthesis is usually performed by treatment of readily available
arenediazonium salts with thiols under neutral or basic conditi@ndowever, the
intermediate diazosulfide species is a potent explosive even in wet conditions and has
already caused vieht detonations in many instancés.

We envisioned the oxidative cleavage of disulfides by aryl radicals to be a promising
catalytic strategy for the synthesis of aryl sulfid@¥The high nucleophilicity of sulfur
should entail rapid trapping of the dé&cal and avoid the accumulation of potentially
hazardous intermediates, while the neighboring sulphur atom can stabilize partial
unsaturation or charges. In combination with the mild visible liglediated generation
of aryl radicals from arenediazoniuralts, this would provide an attractive alternative
to thermal reactions involving explosive intermediates (Scheme 2). The presence of
free aryl radicals in the related “dark”
proven by EPR spectroscagy.

N~ _SR'
R'SH SNT
R
base
N,* BF " explosive ! SR’

dye], h . 'SSR' T
[dye], hv R@ R'SSR

_N2

Scheme 2Azo coupling vs. disulfide route to aromatic sulfides.
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2.2: Results and discussion

Initial experiments with 4-bromobenzenediazonium tetfaioroborate @) and
dimethyldisulfide DMDS, a commercial food additivend sulfiding agent, supported

our assumption (Table 1). The optimized set of conditions includes irradiation (green
L E Dhax= 55 nm, 3.8 W) of a solution df, 1.5 equiv. DMDSnd eosin Y (2 mol%) in
dimethylsulfoxide (DMSO) at 28C f d\rMetlyl pyrrolidinone (NMP) showed low
solubilization of 1, while N,N-dimethylformamide also effected reductive
dediazotation'4 Fluoresceinneutral red, and Ru(bpyhk gave lower yields.

Table 1 Selected optimization experiments.

N,* BF [dye] SMe
—_— +
MeSSMe
Br conditions Br Br

1 2 3
Entry Solvent  Dye (mol%) equiv. DMDS 2/ 3 [%]
1b DMSO Eosin Y (5) 5 49 /-
2 DMSO  EosinY (5) 5 731-
3¢ DMSO  EosinY (5) 5 71/-
4 NMP Eosin Y (5) 5 29 /-
5d MeCN Eosin Y (5) 5 65 /-
6 DMF Eosin Y (5) 5 25/27
7e DMF Eosin Y (5) - -/81
8 DMSO Fluorescein (& 5 25/-
9 DMSO Neutral Red (¢ 5 29/-
10 DMSO Ru(bpyiCt (5) 5 69 /-
11 DMSO EosinY (2) 5 72 1/-
12 DMSO Eosin Y (1) 5 63 /-
13 DMSO Eosin Y (2) 1.5 731-
14 DMSO Eosin Y (2) 1 42 /-
159 DMSO - 1.5 -/ -
16 DMSO - 0.5 3/-
179 DMSO Eosin Y (2) 0.5 3/-

a Standard conditions: 0.5 mmoktgromobenzenediazonium tetrafluobmrate, 0.025

mmol eosinY 2.5 mmol di met hyl disulfide (DMDS)
with green LEDMpa= 55 nm, 3.8 W);b 2 h; ¢20 h; 47 mL MeCN;e no DMDS; f

without eosin Y:9in the dark.

A catalystfree dark reaction gave no product. When irradiating this mixture, very
low yields were observed possibly due to a charge transfer complex betivesr
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DMSO which éxbits absorbance in the visible regiénThe scope of the protocol was
evaluated by employment of various arenediazonium salts (Table 2).

Table 2. Substrate scope.

Ny* BF 4 [Eosin Y] She
R*©/ MeSShle, DMSO I«e@/
green LED, 18°C. 6 h

Entry R Aryl methyl sulfide Yield [%]
1 2-Me She 80
2 2-COzMe R 77
3 2-CFs 68
4 2-NOz 43
SMe
5 3-Cl 89
3-NOz } &0
R
7 4-0OH - 37
8 4-0OMe 87
9 4-Me SMe 7
10 4-Cl 85
11 4-Br B 73
12 4-1 519
13 4-F R 69
14 4-CF3 67
15 4-NOz — 39
SMe
16 -CaHa- 31°

&

% Polymer formation observed; #12% 1,4-di{methylsulfanyl)naphthalene.

The reaction conditions tolerated the presence of esters, nitro groups, and halides
(F, ClI, Br), while concomitastibstitution of iodide and resultant polymer formation
was observed (entry 12). lodoarene moieties are subject to iodine transfer to aryl
radicals'® Consistently, addition of odobenzene to the reaction of
4-iodobenzenediazonium tetrafluoroborate  alsoafforded 1,4diiodobenzene.
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Conversion of -haphthalenediazonium salt was unselective giving a mixture of mono
and disubstituted products (entry 16). Similar selectivity was observed in the presence
of diphenyldiselenide to give an unsymmetrical diargeéle (Scheme 3. The
synthesis of an arylsulfide bioconjugate bearing an amino acid residue was realized by
reaction with dimethyL-cystinatel8

N,* BF 4~ SePh
2 mol% Eosin Y

PhSeSePh, DMSO
green LED, 18 °C, 6 h
MeO MeO

2 mol% Eosin Y S_>7
DMSO, green LED, 18 °C, 10 h H COMe
2

71%

69%

Scheme 3Synthesis of cysteine and selenide derivatives.

On the basis gbrevious reports$,6 we propose a mechanism for the photocatalytic
thiolation (Scheme 4).

AN, X SET N2, X
E+ Are (1)
Phot
Regoi lRS'SR
WARRR, Catalysis
hv "% R
r’S‘SR
]
. X DMsO R X DMsO
Ar-O-SMe, <———— Ar* S, ——— > * ., X
detected by ESI-MS Ar SR RS-O-SMe,

Scheme 4Proposed reaction mechanism.

The arenediazonium salt If is susceptible to SET reduction by the excited
photocatalyst. The resulting aryl radidalis attacked by the nucleophilic disulfide to
give a trivalent sulfur radicdll, which is stabilized by the neighboring aryl and sulfur
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substituents!® Oneelectron oxidation oflll by the eosin Y radical cation furnishes an
electrophilic species which undergoes substitution in the presence of a large excess of
DMSO (solven®? A long radical chain mechanism is unlikelytASNMR monitoring
showed that product drmation stopped when the light source was removédVe

have investigated the nature of kyroducts. Thermal heterolytic cleavage of
arenediazonium salts occurs at =elevated
which is rapidly trapped by the nuclebilic solvent DMS@: The resultant [ArOSME

was detected by E®I1S21

2.3: Conclusion

In summary, we have developed a new photocatalytic thiolation protocol in the
presence of only 2 mol% eosin Y which allows the facile synthesis of arylsulfided in goo
yieldsat room temperature The mild reaction conditions (green light, r.t.) tolerate
various functional groups and can be applied to the conjugation with-tiuntaining
amino acidsas well as introduction of arylselenide moiefresented method is a
viable alternative to the traditional process, which involves unstable intermediates,
dangerous at larger scales. We have done further investigations into the mechanism of
this reaction to apport our proposed mechanisfi. In the meantime asimilar
photocatalytic process was imtluced, using flow technologdy.

2.4: Experimental part
General

Commercial chemicals were used as obtained from Sigjltdch or Fisher.
Solvents were used without further purification. DMSO was dried over molesielees
(certified <0.005% water content, SigsAddrich). TLC was performed using commercial
silica gel coated aluminium plates (DC60 F254, Merck). Visualization was done by UV
light. Product yields were determined as isolated by column chromatography usin
silica gel (Acros Organics, mesh78). Purity and structure confirmation was done by
1H NMR13C NMR, G®™IS, and'%F NMR (where appropriate). NMR spectral data were
collected on a Bruker Avance 300 (300 MHzférspectra; 75 MHz fo¥C spectra)
specrometer and a Bruker Avance 400 (400 MHz Hdrspectra; 100 MHz fo@C
spectra; 376 MHzfofF s pectra) spectrometer at 25 °(
o/ppm, and coupling constand given in Hertz. Solvent residual peak were used as
internal referencefor all NMR measurements. The number of protons was obtained by
integration of appropriate signals. Abbreviations used in NMR spectrairglet, d—
doublet, t — triplet, q — quartet, m— multiplet, bs— broad singlet, dd- doublet of
doublet, ddd —doublet of doublet of doublet.
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General Procedure for the Synthesis of Arenediazonium salts

The parent aniline (4.5 mmol) was dissolved in glacial acetic acid (3 mL) and 48 %
aqueous solution of tetrafluoroboric acid (1.3 mL). Then, an isoamyInittiteni()
solution in glacial acetic acid (2 mL) was slowly added at room temperaturing
5min. Diethylether (15 mL) was added, and reactimixture was cooled down
to-30°C in order to induce crystallizimtion
vacug washed with diethylether (2 x 10 mL) and dried on air to furnish the
corresponding diazonium salts.

General Procedure for PhotQatalytic Thiolation

A 10 mL Schlenk flask was charged with the arenediazonium salt (0.5 mmol) and
eosin Y (0.01 mmolpry DMSO (2 mL) was added under a stream of nitrogen. Then,
nitrogen was bubbled through the solution during vigorous stirring for 15 min.

Di met hyl di sul fide (67 pL, 0.75 mmol) was
with a rubber septum. The reactiomixture was irradiated with green light (LED,
Max=525nm,3.8W)forh at 18°C (= r.t.). Dei oni zed
reaction mixture, and the resulting emulsion was rexted with diethylether
(2x5mL). The combined organic extracts wewashed with brine (5 mL) and dried

over MgS@ The solvent was evaporated vacuq and the residue was purified by

flash column chromatography (silica gel) using pentane/diethylether mixtures (from
100/0 to 80/20) as eluent to obtain pure product.

4-Chbrothioanisole

u@sm

IH NMR (400 MHz, CRCbpm) 3 7.26 (d,J= 8.7 Hz, 2H), 7.18 (d= 8.7 Hz, 2H),
2.47(s,3H). 13C NMR (100 MHz, CRCppm) 3 137.3 (¢, 131.0 (C), 128.9 (CH),
128.0(CH), 16.2 (G) GGMS (Eln/z (relative intensity): 160.0 (35) [} 158.0 (100),
145.0 (22), 143.0 (55), spectral data wes consistent with literature>

4-(Methylthio)anisole

MeO@SMe

1H NMR (400 MHz, CBGipm)5 7.28 (d,J= 8.8 Hz, 2H), 6.86 (8 88 Hz, 2H),
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3.79(s,3H), 2.45 (s, 3H3C NMR (100 MHz, CRQbppm)d 157.3 (C), 12
128.0(C), 113.7 (CH), 54.3 (§fH17.2 (CE. GEGMS (El)m/z (relative intensity):
154.0(94) [M7, 1390 (100), 111.0 (23), 96.0 (18pectral data wee consistent with
literature .2

3-Chlorothioanisole

CI©/SMe

1H NMR (400 MHz, CR@pm)d 7.21 (t,J= 1.9 Hz, 1H), 7.19 (@ 7.8 Hz, 1H), 7.13
7.08 (m, 2H), 2.48 (s, 3HJC NMR (100 MHz, CB@pm) & 140.7 (C), 134.8 (C), 129.8
(CH), 125.8 (CH), 125.1 (CH), 124.5 (CH), 156 GIEMS (El)m/z (relative intensity):
160.0 (36) [M], 158.0(100), 127.0 (18), 125.0 (2Bpectral data wee consistent with
literature.?

4-Bromothioanisole

Br@SMe

1H NMR (400 MHz, CRCppm)é 7.39 (d,J= 8.6 Hz, 2H), 7.11 (d= 8.6 Hz, 2H),
2.46(s,3H). 13C NMR (100 MHz, CRGbpm) d 137.8 (C) 131.8 (CH), 128.2 (CH),
118.7(C), 19.9 (CHl 16.0 (CE). GEGMS (El)m/z (relative intensity): 204.0 (100) [}
202.0 (98), 1889 (34), 186.9 (34), 108.0 (9Ypectral data wee consistent with
literature 2

3-Nitrothioanisole

O,N \©/8Me

IH NMR (400 MHz, CRQObpm) & 8.00 (t,J= 2.0 Hz, 1H), 7.91 (ddd= 8.1 HzJ=

2.0Hz,J= 1.0 Hz, 1H), 7.48 (ddd= 7.9 Hz,J= 1.8 HzJ= 1.0 Hz, 1H), 7.39 (=

8.0Hz 1H), 2.51 (s, 3H)}3C NMR (100 MHz, CRCbpm)3> 147 .8 ( C), 1¢
130.9(CH), 128.4 (CH), 119.2 (CH), 118.7 (CH), 143 ®EMS (El)m/z (relative

intensity): 169.0 (100) [M, 123.0 (36), 108.0 (41)spectral data wee consistent with
literature .26
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Methyl Smethylthiosalicylate
L
COOMe

IH NMR (400 MHz, CRQbpm) S 8.00 (dd, J= 7.8 HzJ= 1.5 Hz, 1H), 7.91 (dddl=
8.2Hz, J= 7.4 HzJ= 1.5 Hz, 1H), 7.27 (d= 8.2 Hz, 1H), 7.15 (ddd= 8.0 HzJ=
7.8Hz,J= 1.0 Hz, 1H), 3.92 (s, 3H), 2.46 (s, 3¥).NMR (100 MHz, CRGQbpm)
5167.0(C), 143.5 (C), 132.5 (CH), 131.4 (CH), 126,9198.3 (CH), 123.6 (CH),
52.1(CH), 15.6 (Ck). GEMS (El)m/z (relative intensity): 182.0 (89) [} 167.0 (32),
151.0 (100)spectral data wee consistent with literature>

4-Hydroxythioanisole

HO@SMe

1H NMR (400 MHz, CRGbpm) b 7.23 (d,J= 8.8 Hz, 2H), 6.79 (d= 8.8 Hz, 2H),
4.88(bs, 1H), 2.44 (s, 3HEC NMR (100 MHz, CGbpm) 6 153.1 (C), 129.4 (CH),
128.0 (C), 115.1 (CH), 17.1 {CIKBCMS (EIMm/z (relative intensity): 140.0 (97) [
125.0 (100), 97.0 (3Jpectral data wee consistent with literaturé?!

2-Nitrothioanisole
S
NO,

IH NMR (400 MHz, CRQObpm) 5 8.26 (dd, J= 8.3 HzJ= 1.5 Hz, 1H), 7.59 (dddi=

8.6Hz, J= 7.3 HzJ= 1.5 Hz, 1H), 7.37 (d= 8.0 Hz, 1H), 7.26 (ddd= 8.0 HzJ=

7.3Hz,J = 1.3 Hz, 1H), 2.50 (s, 3H3C NMR (100 MHz, CRQbpm) 3 145.4 (C),
139.4(C), 133.7 (CH), 126.3 (CH), 125.7 (CH), 124.2 (CH), 1§.1GEMS (Elm/z

(relative intensity): 169.0 (39) [} 1080 (35), 96.0 (33), 78.0 (1QQjpectral data
were consistent with literaturé?
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2-Methylthioanisole
©:SM8
Me
1H NMR (400 MHz, CRCl p p m) — 7383 (i,.38)37.09 7.04 (m, 1H), 2.47 (s, 3H),
2.34 (s, 3H)13C NMR (100 MHz, CRCl ppm) & 13 (C), 629.8 (CH),

126.3(CH), 124.6 (2x CH), 20.0 §CH5.3 (Ck. GEMS (EIm/z (relative intensity):
138.1 (100) [M), 123.0 (65), 91.0 (703pectral data wee consistent with literaturés

4-Nitrothioanisole

OzN@SMe

IH NMR(400 MHz, CDg&lppm) 3 8.08 (d,J= 9.0 Hz, 2H), 7.24 (d= 9.0 Hz, 2H),
2.51(s,3H). 13C NMR (100 MHz, CRCbpm) & 147.9 (¢, 143.8 (C), 124.0 (CH),
122.9(CH), 13.9 (G GGMS (EIm/z (relative intensity): 169.0 (100) i1 1390 (72),
123.0 (14), 108.0 (38spectral data wee consistent with literature>

Thioanisole

Do

1H NMR (400 MHz, CRGIpm)d 7.32—7.25 (m, 4H), 7.1%#7.11 (m, 1H), 2.49 (s, 3H).
13C NMR (100 MHz, CBCbpm) 6 138.4 (C), 128.9 (§HL26.7 (CH), 125.1 (CH),
15.9(CH). GGMS (Elm/z (relative intensity): 124.0 (100) [y} 109.0 (56), 91.0 (40),

78.0 (48)spectral data wee consistent with literatureé?

4-lodothioanisole

1H NMR (400 MHz, CRCbpm) 3 7.58 (d,J= 8.6 Hz, 2H), 6.99 (d= 8.6 Hz, 2H),
2.46(s,3H). 13C NMR (100 MHz, CRGbpm) 8 138.7 (C), 137.7 (CH), 128.3 (CH),
89.3(C), 15.7 (Gl GEMS (Elm/z (relative intensity): 249.9 (100) 4 2349 (22),
126.9 (20), 108.0 (41ppectral data wee consistent with literaturé?
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4-Methylthioanisole

MeOSMe

1H NMR (400 MHz, CRCbpm) 4 7.19 (d,J= 8.2 Hz, 2H), 7.10 (d= 8.2 Hz, 2H),
2.47(s,3H), 2.32 (s, 3H)}:C NMR (100 MHz, CRCbpm)d 1 3 4 .133.7 (C}) ,
128.6(CH), 126.3 (CH), 19.9 ¢¢HL5.6 (Ck. GEGMS (El)m/z (relative intensity):
138.0(100) [M1], 123.0 (37), 91.0 (858pectral data wee consistent with literaturés

4-(Trifluoromethyl)thioanisole
F3C@SM9

IH NMR (400 MHz, CQCppm) 3 7.52 (d,J= 8.2 Hz, 2H), 7.30 (d= 8.2 Hz, 2H),
2.51(s,3H). 3C NMR (100 MHz, CRQbpm) & 143.9 (C), 126.8 (dl= 32.7 Hz, C),
125.6(CH), 125.5 (gJ) = 3.8 Hz, C), 124.4 (d,= 271.6 Hz, Gf 15.1 (CH.
IFNMR(376MHz, CDG| ppm) d -62.3 (s, GFF. GEMS (El)m/z (relative intensity):
192.0(100) [M], 173.0 (16), 159.1 (3&@pectral data wee consistent with literaturé?

2-(Trifluoromethyl)thioanisole
o
CF3

IH NMR (400 MHz, CRObpm) d 7.63 (d,J= 7.8 Hz, 1H), 7.48 (3,= 7.3 Hz, 1H),
7.38(d,J = 7.9 Hz, 1H), 7.23 (8, = 6.7 Hz, 1H), 2.52 (s, 3R NMR (100 MHz,
CDG, ppm) 6 137.3 (C), 130.1 (CH), 127.2J¢, 30.3 Hz, C), 126.5 (CH), 125.6)&,
5.7 Hz, CH), 123.0 (4= 273.8 Hz, GF 123.7 (CH), 15.4 (§H!°F NMR (376 MHz,
CDG, ppm) & -61.5 (s, Gf. GEGMS (El)m/z (relative intensity): 192.0 (100) [}
177.0(14), 171.0 (15), 159.1 (33pectral data wee consistent with literaturé?

4-Fluorothioanisole
FOSMe

1H NMR (400 MHz, CBCl p p m)—732 (i#,.212) 97.046.98 (m, 2H), 2.47 (s, 3H).
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13C NMR (100 MHz, CRCl pp m) 3J=2406 H4, C)(182.3 (C), 128.2)d,
7.9Hz, CH), 114.9 (d,= 21.9 Hz, CH), 16.2 @HF NMR (376 MHz, CRQbpm)
0 -117.3 (s, F). GMIS (El)m/z (relative intensity): 142.0 (100) | 127.0 (19),
109.0(18), 96.0 (21), 83.0 (3'@pectral data wee consistent with literaturés

1-Methylthionaphthalene

SMe

1H NMR (400 MHz, CRCbpm) & 8.28 (d,J= 8.3 Hz, 1H), 7.84 (d= 7.6 Hz, 1H),
7.67(d,J= 7.8 Hz, 1H), 7.577.49 (m, 2H), 7.45 7.37 (m, 2H), 2.58 (s, 3HL NMR
(100 MHz, CDg&lppm) 6 135.8 (C), 133.7 (C), 131.7 (C)28.6 (CH), 126.2 (CH),
126.1(CH), 125.9 (CH), 125.7 (CH), 124.3 (CH), 123.7 (CH), 1§.36@#5 (EI)
m/z (relative intensity): 174.1 (100) 4 1590 (53), 128.1 (25), 115.1 (92pectral
data wee consistent with literaturé>

1,4-Bis(methyltho)naphthalene

SMe

SMe

1H NMR (400 MHz, CRGdpm)d 8.36—8.31 (m, 2H), 7.6% 7.56 (m, 2H), 7.38 (s, 2H),
2.55 (s, 6H¥C NMR (100 MHz, CBCppm) 6 133.8 (2x C), 132.1 (2 x C),
126.6(2xCH), 125.1 (2 x CH), 124.5 (XK), 16.8 (2 x GH GGMS (El)m/z
(relativeintensity): 220.0 (100) [N} 205.0 (95), 190. (21), 171.1 (23), 158.0 (35),
spectral data wee consistent with literaturés3

(4-Methoxyphenyl)(phenyl)selane

MeO@—SePh

1H NMR (400MHz, CDGJ ppm)3 7.51 (d,J= 8.8 Hz, 2H), 7.377.19 (m, 5H), 6.86 (d,
J= 8.8 Hz, 2H), 3.81 (s, 3FBC NMR (100 MHz, CBQpm)3 158.9 (C), 135.5 (CH),
132.2 (C), 129.9 (CH), 128.0 (CH), 125.4 (CH), 118.9 (C), 114.2 (CH), $4.2 (CH
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GCGMS(El)m/z (relative intensity): 263.9 (44) [ 184.0(100), 169.0 (46), 141.0 (38)
spectral data wee consistent with literaturé4

Cystine dimethylester dihydrochloride

COOMe

NH, HCI

To asuspension of cystine (0.8 g, 3.33 mmol) inmigthanol (20 mL), thionyl chloride
(0.6 mL, 8.27 mmol) was added slowly at room temperature. The temperature was
i ncreased dperiod8oD15 Mig, amal the reaction mixture was stirred at this
temperature for 3 h, then left to cool down and stid@vernight at room temperature.
The volatiles were evaporateid vacuq and the residue was dissolved in a minimal
amount of methanol. Crystals of crude product crashed out from the solution by
addition of diethylether. The product was filterad vacuq washed two times with
diethylether and dried on air to obtain white crystals of cystine dimethylester
dihydrochbride (1.04 g, 3.05 mmol, 92 %).

IH NMR (400 MHz, CRQObpm) d 8.98 (bs, 6H), 4.34 (§=15.7 Hz, 2H), 3.75 (s, 6H),
3.43-3.26 (m, 4H)}3CNMR (100 MHz, CRChpm)d 172.0 (C), 56.8 (GH 54.2 (CH),
38.5 (Ch), spectral data wee consistent with literaturé>

(R-Methyl 2-amino-3-((4-methoxyphenyl)thio)propanoate hydrochloride

Meo@s NH, HCI

COOMe

A dry Schlenk flask was charged wmethoxyphenydiazonium tetrafluoroborate

(111 mg, 0.5 mmol), eosin Y (6 mg, 0.01 mmol) and cystine dimethylester
dihydrochloride (205 mg, 0.6 mmol). Dry DMSO (4 mL) was added under a stream of
nitrogen, and nitrogen as bubbled through reaction solution during vigorous stirring
for 15 min, after which the reaction vessel was sealed. The mixture vealated with

green light forl0O h at r.t. Then, water (5 mL) was added to the reaction mixture, and
aqueous NaOH solagin was added until pH 12. The mixture was extracted with ethyl
acetate (2 x 7 mL), the combined organic extracts were washed with brine (5 mL) and
dried over MgS® The solvent was evaporatéd vacuq and the residue was dissolved
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in a minimal amount of idthyl ether. A stream of dry HCI gas was introduced into
solution. The crystals that have crashed out were filteredacug washed with diethyl
ether and dried in high vacuum to obtain R{methyl 2amino-3-((4
methoxyphenyl)thio)propanoate hydrochloridé@8 mg, 0.35 mmol, 71 %) as tan
crystals, that turn blue on prolonged exposure on Bieebase (Rnethyl 2amino-3-
((4methoxyphenyl)thio)propanoate for analytical purposes was liberated from
methanol solution of the hydrochloride salt by addition ofQOta

1H NMR (400 MHz, CRQbpm)d 8.99 (bs, 3H), 7.53 (d,= 8.8 Hz, 2H), 6.81 (d=
8.8Hz, 2H), 4.374.25 (m, 1H), 3.863.76 (m, 2H), 3.75 (s, 3H), 3.48 (s, 3#).NMR
(100 MHz, CDg&lppm) 3 168.2 (C), 159.9 (C), 135.5HJC122.9 (C), 114.6CH),
55.4(CH), 53.2 (CH), 52.3 (gH36.4 (Ck. GEMS (EI) (after neutralization of HCI salt
with Na&CQ) m/z (relative intensity): 241.0 (51) [} 193.9 (15), 153.0 (50),
139.0(81), 124.9 (60), 108.0 (1p0

NMR Monitoring of Reaction Progress: ddiation vs. Dark reaction

A dry Schlenk flask was charged vgtihethoxyphenyldiazonium tetrafluoroborate
(0.1 mmol) and eosin Y (0.005 mmol). Dry DMis®.7 mL) was added under a stream
of nitrogen. Then, nitrogen was bubbled through the solution dyinuigorous stirring
for 15 min. Di methyl disul fide (16 pupL, 0. 1
was transferred to a dry, arggourged NMR tube and sealed. The NMR tube was
irradiated with green light for 30 sec, and el NMR spectrum was immedidye
recorded. This routine was repeated another 10 times, after which the irradiation was
stopped. Then, another fivéH NMR spectra were measured over 12 minutes. The
amount of product formed was determined by comparing integral intensities of
protons of poduct vs. theparent diazonium salt (Figure 1). Aftdre irradiation of
sample was discontinued, rate of product formation dropped to zero. While such a
simple experiment can prove, that no lofiged radtal chain process is involvétit is
not suitable to prove norexistence of shorter radical chairf$.Results from quantum
yield determination for this reaction strongsuggest that no radical chain press is
involved in this cas&
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Figure 1Light ONOFF NMR experiment
By-Product from Themal Decomposition of Arenediazonium Salt

A reaction was performed under standard reaction conditions, using
p-methoxyphenyldiazonium tetrafluoroborate and dimethyl disulfide. After the
termination of irradiation, a high vacuum was applied to the flask,ahdolatiles were
di stilled off at 130 °C. The residue was
analysis. The major kyroduct detected by MS was [ASMet with Ar = 4MeOPh and
could have formed via the following mechanig¢figure 2)

OAr
. e : duacis -
ArN,*BF 4 Ar* + —— > |ArOSMe
2 4 -N Me/S‘Me _ Mezo -

) BF24' Detected by MS
M =171.0479
<10 6 | ES1 Scan (1.177-1232 min, 11 Scans) Frag=120.0V maje90525.d Subtract

12 171.0474 ‘
1| \

0.8 \
0.6 ‘ ‘
04 | ‘
0.2 341.0879 I~ ‘

125.5141 275.0409 445.0811

100 125 150 175 200 225 250 275 300 325 350 375 400 425 450 475 500
Counts vs. Mass-to-Charge (m/z)

Figure 2Mechanism of the thermal bgroduct formation
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H and13C NMR spectra of selected compounds
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Chapter 3:

On the Mechanism of Photocatalytic Reactions with
EosinY
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3.1: Introduction

The ability of natural systems to harness solar enéogyhe genesis of matter has
been fascinating mankind since time immemorial and has stimulated numerous
reproduction attempts in the context of chemical synthesis over the last two centuries.
The vast majority of photochemical reactions known until the8a® exploited
stoichiometric amounts of a photoactive molecular entity to vdria chemical
transformation? Only recently, a steadily growing number of homogeneous transition
metal complexes which are redactive and show absorption in the visible rande o
the solar spectrum have been demonstrated to catalyze dishten organic reactions.
The use of the pyridypased complexes [Ru(bpl?, [Ir(ppy)] and [Ir(ppy)(dtbbpy)}
for the mediation of redox processes has certainly attracted the most interest,
incipiently in photocatalytic reactions ot#vated organic electrophiles?

Despite the numerous examples of efficient catalytic phi@dox transformations
with organometallic dyes known to date, their high price, toxicity profile, and
problematic regclability might limit their more general use especially on larger scales.
However, the recent pursuit of environmentally more benign photoactive catalysts has
focused on much cheaper metfite dyes. Several commercially available fluorescein
and xanthenedyes have been successfully applied to phadox reactions, including
radi cal S u b-antinio,tbicdrbioryln and aryi mocetiesl® Among them,
eosinY , t he -t&rabromo debvativer of fluorescein, has been most widely
employed. Thaedox potential of the E¥EY* pair of 1.1 V (vs. SCE) is experimentally
not available as both of the compounds are sHoréd intermediates. However, the
redox potential can be obtained indirectly via analysis of the thermodynamic cycle
involving the enegyy of the triplet state eosin Y* (Y (derived from fluorescence
measurements) and the energy of the radical cation eostn (derived from
cyclovoltammetric experiments, for more details segerimental and computational
part). Much effort has been dirged at the oxidative quenching of eosin Y¥)(With
suitable electrophiles in order to generate aryl radicals by a-liiglven single electron
transfer (SET) processe( one-electron reduction of AX, see Scheme 1). Duetteir
easy reducibility, anediazonium salts are especially attractive precursors which
constitute versatile alternatives to haloarefased strategies. They are readily
available by diazotation of anilines, no toxic metals are required, the bond cleavage
generates gaseous;Nvhich escapes the reaction mixturehBto-redox reactions with
arenadiazonium salts are often more selective than traditional methods such as
copper(llimediated Meerwein arylatiori$ or protocols employing stoichiometric
iron(Il) or titanium(ll) reductants in agueous medid?14 This renaissance of
arenadiazonium chemistry has recently led to various applications of eosin Y to visible
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light-driven syntheses of biary!8,stilbenes!¢ benzothiophened? a-phenylketonesé
phenanthrenes? arylsulfides:® and aylboron pinacolate® (Scheme 1).

N,BF,

X
\ )
=~ \ @coow
{/ \§ eosin Y ' S
\ light ///y’
(ref. 15) (ref. 17)
(X =0, NR) v (R = 0-SMe)

© COOR'
/\Ar ] O =—CO,R'
«{j/V (ref 16) (ref. 19) 0.0

(R = 0-Ar)
R'S-SR' B,pin, OAc
(ref-/M (ref. 21) ﬁ o
(ref. 18)
SR' )

Bpin
Dy

Scheme 1Oxidativequenching of eosin Y with adyiazonium salts and reactions of the
resultant aryl radicals.

Numerous mechanistic studies have been performed at reactions with
organometallic photocatalys®? whereas much less attention has been directed at
eosin Ycatalyzed reactions. The reductive quenching pathway of eosin Y, which
operates in the photooxidationf isoquinolines, has keen studied in a single repoit.

To the best of our knowledge, related data have not been collected for the much more
widely used oxidative quenching. Most literature protocols were interpreted in analogy
to the related [Ru(bpygLh]-catalyzed reactions and similar medmsms were proposed
(Sheme 2521 These generally commence with the SET betwexcited eosin Y and
the arenaliazonium saltIf to give aryl radicall. Nucleophilic attack onto reactivié
generates the more stable compléh which is prone to backlectron transfer upon
oxidative formation of the cationic specid¥. Terminal elimination of X(mostly a
proton) gives the substitution producY. Two general pathways of baelectron
transfer can be followed: Path A involveseeglectron reduction of the radical cation
state of the catalyst. Radical chain propagation (B) can occur when the SET occurs with
another molecule of the starting materidl Some attempts have been made to
differentiate between radical chain and photoahtsis mechanisms by monitoring the
reaction progress after the lightources have been switched @éff.Clearly, such
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experiments neglect the existence of short radical chains and thus provide no
conclusive evidence of the mechanism.

N,BF,

SET
R \ BF, + N, + R
H * . . X\ .
eosin Y eosin Y* Nu
\ NuX

eosin'Y

N,BF,
back
electron
transfer
@ R @

Scheme 2Proposed general reaction mechanism of eosoatdlyzed substitutions
with arydiazonium salts.

In general, the thermodynamic feasibility of a redox process is determined by the
difference of redox potentials of the two half reamtis. Tle redox potential of most
arenediazonium salts (redox paltll, Scleme 2) is close to 0 V vs. SEB.The redox
potentials of the short lived adductl/ IV are unknown and experimentally not (easily)
available. However, it is likely that their potential is greater than 0 V in many cases
which makes the radical specitsa sufficiently strong reductant for @anediazonium
salts of typel. After all, the unariguous determination of the underlying reaction
mechanisms is not possible without further spectroscopic, kinetic, and theoretical
experiments. The studied systems are mostly too complex for transient absorption
spectroscopy. We have so far failed to dhtany insight from phot€CIDNP NMR
experiments. Therefore, we have decided to evaluate the efficiency of the radiation
events of several recent literature protocols byecording the quantum
yields® 15171921 Fyrthermore, we have learned along the wdyat the reactions
appear to be strongly dependent on the pH of the solution and the type of lamp used
for irradiation. Here, we present a detailed study on the direct consequences of these
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three major factors for the outcome and mechanism of several rdgergported
eosinY-catalyzed aromatic substitution protocols stag from aenediazonium
salts1>21

3.2: Results and discussion

Effect of pH on the efficiency of EosinnYediated photocatalysis

For better comparison, we have employed identical reagesmcentrations and
reaction conditions (solvents) as reged in the original papers2t Dry DMSO was
mostly used as solvent, with ¢hexception of the phenanthrei2 and arylboron
pinacolat&! syntheses which were run in acetonitrile. Much to our surprise, the
solutions of eosin Y and aredi@zonium salts in acetonitrile were yellow (instead of
the usual redcolor;, see Figure 1, conditions asthre borylation papett) and did not
exhibit interse fluorescence (Figure 2, conditionsiasthe borylation papéef). We
have suspected this to be a consequence of facile-laas# reactions of the catalyst
eosin Y. Indeed, immediateolor change was effected by addition of base (tetra
butylammonium hgroxide, TBAOH), and strong fluorescence occurred in the green
spectrum. This dramatic pH effect on the spectroscopic properties of eosin Y solutions
prompted us to further investigate thisehavior

1,2 -
14 n = RM after addition of base
0,8 -
o = RM before addition of basg
c
c 0,6 -
2
?
20,4
<
0,2 -
0 T T T T 1
300 400 500 600 700 800
Wavelength (nm)

Figure 1UM-VIS spectra of the photoborylation reamt mixture (RM).
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? 6 -
o
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[
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Figure 2Fluorescence spectra of the photoborylation reaction mixture (RM).

The organic dye eosin Y can exist in four different structures in solution: the
spirocyclic form EY1, the neutral EY2, the monoanionic EY3, and the didoionEY 4
(Scheme 3). Eosin Y contains two relatively acidic protons K 3.8 in watefp
which can be easily abstracted to give dianionic EY4. Lack of clarity exists in many
publications on photoredox catalysis with regard to the nature of the enguogye.

The authors either repor t—whidheanbesE¥l1 wEY2"“ e 0 s
accordingto the SigmaAldrich catalogué or claim the use of the free acid EY2. The
presence of stoichiometric amounts of bases, e.g. in eosiatdyzed poto-oxidative
transformations with amine8,results in the quantitative generation of the dianionic
form EY4 under the reaction conditions. On the other hand, thegeBé&raton of aryl
radicals fromarenedizzoniumsalts by photocatalysis proceeds in thlesence of base.
The nonaqueous conditions should not provide a significant buffering capacity. Here,
the presence of only minute amount of impurities in the solvents or starting materials
is sufficient to push the acibase equilibria of the catalytic ayants of eosin Y in either
direction. The spirocyclic form EY1 contains an interrupted conjugation of the fluorone
ring system and thus would hghotocatalyticalyinactive under visible light irradiation.
The neutral form EY2 exhibits only weak fluoreseemthen irradiated with visible
light (Figure 2). Studies on related alkylated eosin derivatives suggest that this
fluorescent state is very short lived and is therefore also not apprapfiiet photo
redox catalysig’ Thecharged forms EY3 and EY4 are catalytically active, which in turn
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also means that solutions contai ngemsg ¢ 0 mn
not trigger efficient photeredox catalysis. In such cases, catalytic activity as observed
inrecent bl i cat i oetsl idbdeperiiénnanghe operation of aclhse
equilibration (e.g. in DMSO solution) so that the employed eosin Y is converst

to the ective species EY 3 or E¥48

0

Scheme 3Acidbasebehaviour of eosin Y.

Efforts to reproduce the photoedox synthesis of arylboron pinacolates in
acetonitrile have so far failed iour hands when irradiating at 52hm.2t No product
formation was observed, and UYS spectra showed no appreciable absiamptat this
wavelength. However, the addition of minor quantities of base (TBAOH) to the reaction
mixture reslted in strong absorption at nm and good photocatalytic activity under
irradiation. The substitution of acetonitrile with DMSO in the samectiea gave
strong absorption at 52 nm and allowed photocatalyticysthesis of the desired
arylboranic ester in good yields in the absence of extra base. This discrepancy is most
likely associated with the different properties of DMSO and acetonitrile ased
DMSO is a stronger base than acetonitrile which enhances the agifity mo st Br g n s
acids in DMS@ These observations lead to the conclusion that phadox reactions
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catalyzed by eosin Y (or similar organic dyes) cannot be discussed withiotit str
specification of the employed form of the dye and the reaction conditions. Conclusive
mechanistic proposals of visible light driven reactions with these dyes also need to
address the operation of acidlase equilibria and the pH dependence of absorption
properties.

Effect of the light source on theosin ¥mediated photocatalysis

Another reaction parameter which lacks clarity and consistency among the literature
reports is the source of irradiation. Several groups including ourselves have used
commercial narrowband LEDs with a maximum émsity at 5% nm (green light}>18.20
Other reactions were irradiated with white light from broddnd compact fluoresa#
lamps (CFL.21The determination of quantum yields requires the use of nariamd

light sources due to the variation of the optical density of the samples with the
wavelength. Therefore, we have studied the impact of different irradiation types on the
course of the photocatalytic reaction. Although the type of CFLs waspecified in

the literature 1921 the majority of commercial CFLs cover similar spectral ranges with
the individual UV edge being significantly below 400 nm and with substantial radiation
power in the region of 408600 nm(Figure 3)

350 400 450 500

Figure 3Sylvania CFL (deluwerm white) spectral power distributiorAccording to
technical information bulletin of Osram Sylvania.

A similar wavelength distribution is seen in the spectrum of commercial vebitered
LEDs (see Supporting Information for spectrum). The activati@rgg of thermal
heterolysis ofarenedazoniumions is app. 115 kJ/mol (1.19 e\A.The energy of a
photon at the edge of the visible spectrum (400 nm) is 3.1 eV so that such photons
carry sufficient energy to heterolyze diazonium ions to give highly electrophilic aryl
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cations. Moreover, arerdiazonium salts are known to form weak chargenster
complexes with solvent molecules whose absonptiails into the visible rang#®.

These observations support the notion that the use of brbadd visible
irradiation indeed can indeed have a profound effect on the outcome of a
photocatalytic reactia. We have therefore examined if direct absorption of the arene
diazonium ions can trigger a productive pathway under irradiation with bizeaet
light sources even in the absence of the photocatalyst. As representative examples we
chose the recently repted syntheses ofarylboronicester$! and phenanthrene$?
Theabsorption spectrum of a mixture pkbromobenzenediazonium tetrafluoroborate
(p-BrGHsN2BR) and bispinacolato diboron {Biny) in acetonitrile shows a significant
shoulder of a UV absorptiomand tailing into the visible parbf the spectrum
(Figure4) 30 At the UV/VIS edge (400 nm), the absorbance of the system is still more
than 0.1 which translates into 21% of all light being absorbed at this wavelength. When
we performed the borylation regtion acording to the literature repo@! but without
the addition of the photocatalyst eosin Y, 54% vyield of the borylation product were
obtained by direct photolysis (Scheme 4). These observations are in full accord with a
report of direct reaction of hermally geerated aryl cations (from aredézonium
salts) with bispinacolato diboron to give thermspondingarylboronicesters3! It is
thus very likely that direct lightriggered heterolysis of the starting material accounts
for substantial amountsf product formation under conditions which were believed to
proceed through photocatalytic SET.

4 .
= pBrPhN2 + B2pin2
3.5
0.15
3 4
2.5 01
2 4
0.05
1.5
1 0
) 400 450 500 550 500
0.5
0 T T T —— '
300 400 500 600 700 800

Figure4. UV-VIS spectrum of-bromobenzenediazonium tetrafluoroborate (pBrBhiN
and bispinacolato diboron ¢Biny) in acetonitrile.
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photocatalysis direct photolysis

Bpin N,BF, Bpin
Bypin, B,pin,
_—
o Eosin Y (as EY2) MeCN, 18 h o
6% MeCN, 18 h white LED (8 W) 54 %
Br CFL (24 W) Br Br

Scheme 4Eosin Yatalyzed and dydree photolytic borylation

A similarbehaviorwas found in our studyf the phenanthrene synthesis. A
solution of o-biphenyldiazonium tetrafluoroborate in acetonitrile showed strong
absorption between 40600 nm with all light at the UV/VIS edge at 400 nm being
completely absorbedFigure 5) This again indicates thairect photocleavage of the
GN bond might be operating. The cyclization reaction with ethyl propiolate doapr
to the literature protocol® but in the absence of eosin Y did not afford any
phenanthrene product (Scheme 5). Instead, Ritigre reaction proceeded to give the
corresponding acetanilide after aqueous wani which is consistent with the original
report by Ceronzier from 19842 The significant overlap of thebsorption spectra of
the arenaliazonium salt recorded before and aftdret addition of eosin Y (Figurg 5
suggests that direct photolysis of theNCbond could account for the erosion of
product yield n the catalytic process due to competitive heterolysis of the substrate
and subsequent ionic Ritter reaction. This notion was supported by our experiments
performed in DMSO where a higher portion of the photocatalyst resides in the active
EY3 and EY4 stateFollowing an otherwise idengl protocol, irradiation at 52 nm
resulted in the formation of the phenanthrene in 71% vyietd. (iterature yield of
53%)19

Eosin Y (as EY2)

MeCN, 12 h direct photolysis
54% [o) :(

. CFL(24W) N,BF,
COOEt NH

" S
&0

——COOEt white LED 8 W) 3
single product
1% EosinY (as EY3)

DMSO, 12 h
green LED (3.8 W)

Scheme 5Eosin Ytatalyzed and dyfree reactions with ethypropiolate.
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5 -
= DiPhN2 with Eosin Y
4 -
= HiPhN2 without Eosin Y
3 .
2 .
]_ .
0
400 450 500 550 600

Figure 5 UWVIS spectra ofo-biphenyldiazonium tetrafluoroborate (biPBN in
acetonitrile

Quantum yields of eosin-¢atalyzed reactions

The determination of quantum yields of ligttiven reactions provides valuable
insight into the efficiency of the radiative processes and thus can be used for the
mechanistic understanding of such processes. The magnitude of quantumgialss
describes how much energy is wasted into thermal dissipation in such systeinsh is
an especially critical parameter for the evaluation of sustainability of a photocatalytic
process. The quantum yield is defined as the efficiency of a photochemical reaction in
the studied system:

¢ = (rate of substrate conversion) / (absorbed photon flux)

Theoretically, if a simple photocatalytic process is considered, the quantum yield
would be in the range @ @<1. It approaches unity as the efficiency of the
photocatalytc step increases. In reality, quantum yields can exceed unity in cases
where the products of the photocatalytic reaction induce (radical) chain reactions.
Therefore, the determination of quantum yields provides a meaningful answer to
mechanistic ambiguigs. For the eosil-catalyzed reactions with aredéazonium salts,
conclusive answers to the distinction between photocatalytic and radical chain
mechanisms can be derived directly frgm
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A quantification of the photon flux is rather problematic. Recgndevices became
available which use solar cells for the diraeasurement of photon fluxe®.However,
chemical actinometry constitutes a prevalent indirect el of photon flux
measuremeng* Several effective chemical actinometers are known for Usttsal
studies whereas similar experiments in the visible range are much more limited by the
availability of chemical actinometers. Even more challenging are photon flux
determinations above 500 nm which marks the spectralaftiof the commonly used
Hatdard-Parker ferrioxalate. None of the chemical actinometers that operate in this
region are commercially available. We therefore decided to prepare potassium
Reineckate, a robust actinometer for the >500 nm region, according to a literatu
method 3435

Quantum vyields@ were measured for all aforementioned visible light driven
reactions in the same solvent, DMSO. Irradiation ywasformed with a green LED
(3.8W) at 55 nm. All other reaction conditions were adopted from thelividual
literature reports>21 For more details on the actinometry experiments and quantum
yield determinations, see thexperimental part The observed quantum yielgsof the
studied reactions varied by almost two orders of magnitude, between 4.7 and 0.075.
This already indicate the operation of different mechanisms in these aromatic
substitution reactions with arendiazonium salts. The redox potials of most
substituted arendiazonium salts cluster with very little deviatianound 0.0 V vs. SCE
( 8.2 V¥324s0 that the oberved differences ip can be largely attributed to different
mechanistic pathways. Our experiments (Sché&nafforded quantum yields @ > 1
for the heterobiaryl coupling® and the Heckype olefination with styrené$
respectively. This indicates thé addition to a photocatalytic path (Scheme 2, A)
radical chain propagation is operating under the reaction conditions (Scheme 2, B). This
contrasts with the other reactions where the quantum vyields range between 0.6 and
0.075. In theoriginal paper fronDeronzierd2 where similar reactions under catalysis of
Ru(bpy)?* were studied, @ values of 0.4®.78 were reported. Our actinometric
experiments of the eosin-datalyzed phenanthrene synthefsand photoborylatio!
gave similar quantum yields of 0.38d 0.60, respectively. This suggests that the
photocatalytic pathway is indeed populated (Scheme 2, A). Finh# benzothiophene
synthesi$’ and photothiolatiort® exhibited relatively low quantum yields which could
be a consequence of negroductive pocesses that are responsible for the significant
loss of energy. The presence of electrizh alkylthiolate moieties in both systems
could in principle effect reversible redox processes with the catalyst eosin Y which
might account for the erosion af.
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Scheme 6:Quantum vyield determinations of selected visible lighiven aromatic
substitutions.

73



On the Mechanism of Photocatalytic Reactions with Eosin Y

It is important to point out, that the photon flux used to calculate the
aforementioned quantum yields wergetermined by chemial actinometry, using light
induced potassium Reineckate ligand exchangemonomolecular process, while the
probed reactions are all bimolecular reactions. A question might arise if such approach
is valid, and if one can use results from these quantusidymeasurements to
characterize these reactions on global level, not only in the given reaction conditions. If
the determined quantum yields are higher than one in the given reaction conditions,
there is certainty, that one photon produced more than oneletule of product, and
that radical chain process must be present to allow this. In the case, when the quantum
yield is lower than one, situation is more difficultif the vast majority of the
photocatalyst gets deactivated by other mechanisms than ghewgrwith reactant (in
this case diazonium salt), quantum yield may be lower than one even though an
efficient radical chain process is present in the systeérm such instance, it is
important to take into account the ratio of quenchir@ caused by subsite to the
other deactivation processes, which are in the given conditions characterized by the
fluorescence lifetimay, of the excited dye in the absence of quencher (Séaimer
relation):

where kpa represents the SterVolmer quenching rate constant, and [A] is the
concentration of the quenche¥, It is known, that most diazonium salts are very
efficient quenchers of eosin Y, havikgy rate constants athe diffusion limit38 In such
case, the difiision limit rate constantskpr can be derived from Stokdsinstein
equation:

. gy"y
O'_

where theRrepresents the universal gas constahthe thermodynamic temperature,
and ' stands for the dynamic viscosity of the solverthis translates to
koir= 100 Lmotis? for acetonitrile and kir= 10° Lmotis! for DMSO. Concentrations of
diazonium salts irthe investigated reactions had lower limit at OM. Fluorescence
lifetime of eosin Y in reaction conditionsin be estimatech t  130Givansdl these
values, one can calculate the lower limit of the quenching efficiency 1Q be99% in

the systems, which we had investigated in this wdtkcors made by quantum yield
determination are in one order of magnitude higher than the error coming ftben
photocatalyst deactivation, obtained numbers therefore give a valid picture of
operative mechanism, and they can be used to asset the viability of radical chain
processes.

74



Chapter 3

3.3: Conclusion

In summary, we have investigated the impact of several reagiiwameters on the
outcome and mechanism of photocatalytic aromatsubstituion reactions of
arenaliazonium salts in the presence of eosin Y. However, the significance of these
data certainly extends to other ligltriven reactions that lie beyond the focus of this
study. Eosin Y (and many other organic photocatalysts) undergo rapid acid/base
equilibria. which significantly alter the photophysical properties. It is therefore of
pivotal importance to ascertain the actual nature of the employed dye under the
reaction conditions. Experimental details should always be giverspecify the
employed dye, the gsence of acids and bases as well as the purity of the reagents,
solvents, and additives. The use of bresgzbctrum lamps in photocatalytic reactions
with arenediazonium salts is strongly discouraged as they promote heterohitic C
bond cleavage towamd highly reactive aryl cation species. The standard reaction
conditions of many literature reports involve concentrations which are orders of
magnitude higher than those suitable for absorption spectroscopy studies. This means
that even very inefficient trargons (at tailings of absorption maxima) can indeed
trigger productive processes and therefore need to be addressed in mechanistic
rationalizations. Quantum yield determinations with potassium Reineckate have now
allowed the distinction between photocatglc and radical chain mechanisms.
However, the operation of the prevalent pathway is likely dictated by the stability of
the relevant catalytic intermediatefRecently a similar study was attempted on the
[2+2] photocatalyzed reactions that were explorpekviously by Yoon et &.Results
from this study strongly hints, that radical chain pathways may be prevalent in a large
array of previously reported photoredox reactions, and therefore motergion
should be given to this factor, when proposing réact mechanism&® Research
community has started to be more interested in this topic, with very recent paper in
appearing in Science, summarizing the determination of quantum yields in
photocatalysis, that were done so fér.

3.4: Experimental and computational part

General methods

Commercial chemicals were used as obtained from Sigjltidch or Fisher.
Solvents were used without further purification. For most reactions, DMSO dried over
molecular sieves (certified <0.005% water content, Sigdaich) was used. TLC was
performed on commercial silica gel coateduminum plates (DC60 F254, Merck).
Visualization was done with UV light. Product yields were determined by quantitative
GGFID. Authentic product samples were synthesized according to the liiezature

75



On the Mechanism of Photocatalytic Reactions with Eosin Y

reports1>21 Purity and structure were confirmed based éH NMR,3C NMR and
GCGMS.NMR spectral data were collected on a Bruker Avance 400 (400 MHi;for
100 MHz for'3C) spectrometer at 25 ° ColppnGhnemi c al
coupling constantd are given in Hertz. Solvent residual peaks were used as internal
reference for all NMR measurements. Abbreviationssiglet, d-doublet, t—triplet,

g —quartet, m— multiplet, dd—doublet of doublet.

Synthesis of thehemical actinometer

Potassium Reineckate: Attempts to reproduce the -step swythesis by
Szychlinskeét al42 were not successful (operation was discontinued after formation of
copious almonesmelling gases was observed during synthesis). Therefore, the
synthesis was performed via\&o-stepprocedure:

A: Synthesis of ammonium Reineckate by a modifiedtocol according to Dakif?
Ammonium thiocyanate (100 g, 1.3 mol) was heated in a beaker in an oil bath (oil bath
t emper at u,ruatl alhbnfogerio@s) molten mass was formed. ha finely
powdered mixture of ammonium dichromate (20 g, 68 mmol), and ammonium
thiocyanate (20 g, 0.26 mol) was added in small portions during which the mixture was
rapidly stirred with a glass rod. Vigomevolution of gas was observed when approx.
1/10 of the dichromatethiocyanate mixture has been added. After the completion of
addition @pprox. 20 min), the reaction was agitatedith a glass rod for another
30min, after which the heating was stoppedhd mixture was further vigorously
stirred and solidified on cooling. (Stirring prevents the formation of an indivisible solid!)
The cooled solids were finely powdered in a mortad asdded to an icevater
mixture (80 mL). The resultant mixture was stirrét 10 min,and thenthe insoluble
portion was filtered off. The collected precipitates wergissolved in hot
water (60° @00 mL), and the resultant mixture quickly filtered to remove any residual
precipitate. The filtrate was placed in a refrigeratof () f or 12 h. The f
were filtered and washed on the filter with copious amounts of cold water until the
filtrate was free of SCNons (checked by reaction with (). After drying on alir,
ammonium Reineckate monohydrate (ammonium tetrathyanatoe
diamminechromate(lll) monohydrate) was obtained asepl violet crystals (34.7 g,
72% vyield). The dried product obtained by this method can be stored at room
temperature under ambient light conditions for several months without
decomposition. Attenpts to further purify the crystals by crystallization from water
ethanol mixtures were unsuccessful but formed toxic HCN gas.
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B: Synthesis of potassium Reineckate:

All operations were caied under red light (11 WQsram, Slovak Republic) in a dark

room with exclusion of other forms of irradiation. An aqueous solution of KNO
(50mLs aturated at ambient temperature) was
Reineckate monohydrate (2.0 g, 5.6 mmol) was added in one portion and the mixture
was stirred for 5mi n . The resultant solution was ¢
which crystals formed. The crystals were filtered and washed with a minimal amount of
cold water. After drying on air, potassium Reineckate (potassium
tetrathiocyanatodiamminechromate(j)limonohydrate) was obtained as deep violet
crystals (1.7 g, 84 % yield). Potassium Reineckate readily decomposes upon exposure to
ambient light, even in solid phase.

Chemical actinometry and quantum yield measurements:

Actinometry measurements were perfoed using a method accarty to Wegneiand
Adamson with potassium Reineckaté:#> Quantum yield measurements were
performed in the regime of total absorption of the incoming light by the dye.
Irradiation was performed with a green higlower LED (LuxeoRebel, Canada,
P=3.8W, Amax=450nm). Apparatus for the quantum yield measurement consisted of

a stationary optical table, onto which light source and the reaction sample were fixed
at a defined distance, with the face of cuvette facing the intercaptight beam at

right angle. Rapid stirring of sample was required to keep the mixture homogenous as
well as to help the removal of the evolved gas. All the samples were thoroughly
degassed by passing nitrogen through them for a period of 5 minutes uaddight.
The photon flux interacting wit hphatohse sam
per second (corresponding to irradiance of Ob%SV/ 2mat the point of intercept of
radiation with cuvette wall) which did not drift over the time of theeasurements as
confirmed by repetitive experiments. The individual reaction times were chosen so that
conversion was kept below 10% as reqdi by the used protocat45 The substrate
conversions were determined by quantitative -GID analysis with-pentadecane as
internal standard. All quantum yields were determined as an average of at least three
subsequent measurements.

Redox potential of Eosin Y:

Knowledge of the exact redox potential of the pair Eosin Fosin Y* (1) is central to

the discussin of reaction mechanisms involving redox steps. This value is
experimentally not available as both of the compounds are skt intermediates.
However, the redox potential can be obtained indirectly via analysis of the following
thermodynamic cycle:
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Figure 6. Thermodynamic cycle of eosin Y.

The energy of the triplet state eosin Y*YTis derived fron fluorescence
measurements® AE(triplet) = E(Eosin Y- E(Eosin Y{8 = 1.89 eV.

The energy of the radical cation eosiri ‘¥ derived from oglovoltammetric
experiments?” ABeq = E(Eosin*Y - E(Eosin Y{B = 0.78 eV.

The combination of both values according to the aforementioned thermodynamic
cycle allows the calculation of:E

ARy = AE(triplet) - ABeq SO thatE = 1.11 eV therefore the edox potential of the
Eosin Y/ Eosin Y* () couple is1.11

Light sources used in the experiments

In the vast majority of experiments, where the irradiation was performed selectively
with greenlight to excite eosin Y dye, 52im high power LED wased as the energy
source (Luxeon Rebel, Canada, 38W, mai= 55 nm).Experiments, which required
protection from photolysis of unstable compounds, were performed using a low
powered conventional red filament bulb (11 W, Osram, Slovak Republi€vdlation

of gas from the reaction mixtures containing diazonium salts was observed, when
working under such light source, even after prolonged exposure tifF@sexperiments

with white light, broad spectrum LED was usiiee XM, HongKong P=9.9W)
(Figure 7measured by irradiance meder
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Figure 7.Spectrum of white LED used in experiments with white light.

Spectral dta of the synthesized compounds
All products used as calibration standards forBBD quantification were synthized
by literature methods!>21 Stilbene was e as internal reference (Sigraddrich).

2-(4-Nitrophenyl)furan

O

1H NMR (400 MHz, CRGdpm)d 8.25 (d,J= 9.0 Hz, 2H), 7.79 (= 9.0 Hz, 2H), 7.58
(dd,J= 1.7 HzJ)= 0.5 Hz, 14 6.88 (dd,J= 3.5 HzJ= 0.5 Hz, 1H), 6.56 (ddiz 3.5 Hz,
J= 1.7 Hz, 1H2C NMR (100 MHz, CRGbpm)d 151.8 (C), 146.5C) 144.2 (CH),
136.5(C), 124.4 (CH), 124.0 (CH), 112.5 (CH), 109.0 (C#¥)S GEl)m/z (relative
intensity): 189 (100) [M], 159 (&), 131 (36), 115 (68), 89 (23pectral data wee
consistent with literaturets
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2-(4-Bromophenyl}4,4,5,5tetramethyl-1,3,2dioxaborolane:
/O
()
\
(0]

1H NMR (400 MHz, CRCbpm) 5 7.66 (d,J= 8.3 Hz, 2H), 7.51 (d= 8.3 Hz, 2H),
1.34(s,12H)33C NMR (100 MHz, CRGbpm) d 136.4 (CH 131.0 (C), 131.0 (CH),
126.3(C), 84.1 (C), 24.9 (§HGEMS (El)m/z (relative intensity): 284 (56) [N
282(56), 269 (100), 267 (100), 198 (73), 196)(185 (84), 18695), 103(33), spectral
data were consistent with literaturé?!

Bhyl benzop]thiophene-3-carboxylate:

OO
§

S

1H NMR (400 MHz, CRQdpm)d 8.06 (s, 1H), 7.887.83 (m, 2H), 7.4%7.38 (m, 2H),
4.41 (q,d = 7.1 Hz, 2H), 1.42 (8= 7.1 Hz, 3HEC NMR (100 MHz, CBRGbpm)

0 162.9(CO), 142.2 (C), 138.8 (C), 133.9 (C), 130.4 @26)9 (CH), 125.5 (CH),
124.9(CH), 122.8 (CH), 61.6 @;HL4.4 (Ch. GEGMS (El)m/z (relative intensity):
206(57) [M], 177 (50, 161 (100), 133 (24), 89 (46pectral data wee consistent with
literature.r®

Ethyl phenanthrene9S-carboxylate:

IH NMR (400Hz, CDGJ ppm)d 8.94 — 8.90 (m, 1H), 8.768.72 (m, 1H), 8.70 (d,
J=8.3 Hz, 1H)8.47 (s, 1H), 7.981, J= 8.0 Hz, 1H), 7.78 7.62 (m, 4H), 4.53 (g,
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J=7.1Hz, 2H), 1.51 (= 7.1 Hz, 3HFC NMR (100 MHz, CRGipm)3 167.7 (CO),

132.1 (C), 132.1 (CH), 130.8 (C), 130.2 (C), 130.0 (CH), 129.1 (C), 128.9 (CH), 127.4 (CH),

127.0 (CH), 126.9 (CH), 126.7 (C), 126.7 (CH) 122.9 (CH), 122.7 (CH), §1.3 (CH

14.5(CH). GGMS (El)m/z (relative intensity): 250 (100) [y 205 (87), 177 (71),
151(16), spectral data wee consistent with literaturé’

(4-Methoxy)thioanisole:

MeO@SMe

1H NMR (400 MHz, CRObpm) 3 7.28 (d,J= 8.8 Hz, 2H), 6.86 (d= 8.8 Hz, 2H),

3.79(s,3H), 2.45 (s, 3H}C NMR (100 MHz, CRGbppm)d 157 .2 ( C) ,

127.8(C), 113.6 (CH), 54.3 (§fH17.1 (Ck. GGMS (El)m/z (relative intensity):
154(81) [Mr], 139 (100), 124 (7), 111 (18pectral data wee consistent with
literature 20

Phenanthrene synthesis with white LED as the energy source

We have performed the formal [4+2] cyclization reactionpasposed in the original
procedure, with broaespectrum light source, in the absence of photocatalgstho-
Biphenyldiazonium tetrafluoroborate in acetonitrilwas irradiated in the presence of
excess of ethyl propiolate in acetonitrile with broad spentritEDrradiation source

(Scheme 7)Only the product of direct photolysis was observed: Aryl cation generated

by heterolysis of AN bond has been trapped by acetonitrile in a RHieshion, giving
acetamide derivative on workup. No other products cob&lobserved by GRIS in a
significant amount (Figure 8).

Without catalysis, crude reaction mixture

o=
N,BF,

NH

<) S
O —wa— ()
white LED, 8 W
12 h

single product
Scheme 7Direct photolysis of biphenyldiazonium salt.
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File :C: \msdchem\1\DATA\mmat228B.D

Operator : mmat

Acquired : 13 Dec 2013 10:35 using AcgMethod 50-300MB.M
Instrument : GCMS

Sample Name: mmat228B

Misc Info

Vial Number: 7
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Figure 8 GGMS chromatogram of direct photolysis mixture.
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1H and3C NMR spectra of selected compounds
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Chapter 4:

Visible Photo-Redox Catalysis Enables Metal-Free
Carbonylations

525 nm

Eosin Y

This chapter has been published:

Maj ek M., Jac obAngew.cChemWa. E@0&5 54, 8270Schemes 1,3,4,6,13 and
figures 6,7 were not present in the publication. Further information has been added with respect
to the aforementioned publication.
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MM synthesized starting materials, did photochemical reactions, and wrote the manuscript
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Visible PhoteRedox Catalysis Enables Mdtaée Carbonylations

4.1: Introduction

Aromatic esters are key building blocks in the synthesis of fine chemicals,
agrochemicals pharmaceuticals, and materidlsStThey can be prepared by vaus

methods2 most importantly by the esterification of benzoic acids with alcohols under
Lewi s
trimodular reaction of an aromatic electrophile bearing a suitable leaving group,

Bregnsted or

aci

d catalysis

at

el

gaseous carbon monoxide, and the alcohol in the presence of transition metal

catalysts, mostly combinations of Pd or Ni complexes with phosphine li§edwigeral

metalcatalyzed carbonylation reactions are being applied in industrial and academic

synthesesof carbonyl compound$.Carbon monoxide (CO) is abundantly available as
primary product from the gasification of all carbbased raw materials (oil, natural
gas, coal, biomass). The reaction mechanism of nuetialyzed carbonylations bears a
close relatbnship to crosscoupling reaction8. While aryl halides are the most
prominent class of electrophilic reages in such reactions, ared@zonium salts offer
specific advantages due to their ionic character, halefyea preparation from
anilines, and incgoration of a most potent leaving group, dinitrogen 2N

Arenediazonium salts have been used in numerous comgpling protocols while
there are only isolated reports on carbonylations to benzodt@sheme 1j Earlier

report used nickel tetracarbongs both catalyst as well as source of CO and offered
low yields, whereas the more recent examples relied on the use @hsiye palladium

salts as the catalyst.

N,BF4
Ni(CO), excess
R
EtOH
N,BF4
CO (1 atm)
R
Pd(OAc),, 2 mol%
MeOH
N,BF, ©
CO (1 atm)
R

Pd(OAc),, 2 mol%

EtOH, CaO

R

COOEt

5 products, yields up to 53%
(ref. 6a)

COOMe

COOEt

2 products, yields up to 93%
(ref. 6¢)

9 products, yields up to 85%
(ref. 6d)

Scheme 1Metal catalyzed carbonylative esterificationsdiéizonium salts
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The generally accepted mechanism of metalalyzed carbonylations involves
reductive activation of the electrophilic asd followed by CO insertion and
nucleophilic displacement with the alcohol in the presence of stoichiometric amounts
of base’ The first and last step can be viewed as formal meg¢altered twoelectron
redox reactions which result in an overall regireutral process (Scheme tp) 3 Here,
we wish to report on an alternative metédee and basdree process which inveés a
hitherto unknown oneelectron redox mechanism that is driven by visible light in the
presence of an organic dye (Schemebdttom). The following criteria provided further
stimuli for our explorations of such redox carbonylations: Reductive singltereh
transfer (SET) processes with arene diazonium salts proceed even with mild, non
metallic, reducing agents due to their low redox potentia® (V vs. SCEy.Secondly,
the availability of low lyings- and p-orbitals makes CO a good radical trap. The
intermediate aryl radical can react with CO while being unreactive toward the alcohol.

Metal-centered 2e” redox carbonylation: - many protocols reported
- mostly Pd/ligand catalysts
[L,Pd] - stoichiometric base required
- not applicable to tert-butyl esters

Ar—X o
* OR
c=0
+
RO-H . ) .
- visible light mediated process
- cheap organic dye as catalyst
. - metal-free, ligand-free, base-free
this work - applicable to n-, i-, and t-alkyl esters

- new photo-redox mechanism
Metal-free 1e” photo-redox carbonylation:

Scheme 2Pdcatalyzed redox carbonylation vs. novel photalox catalysis.

Concept othe generation of arylor alky- radical, their trappingvith COmolecule,
and subsequent coupling with third component to obtain products with incorporated
carbonyl moiety is not new. Alkyand ary} radical intermediates can be obtained
either by homoysis of RX bond, or by a hydrogen abstraction from unfunctionalized
comounds!® From the point of view of this thesis a very interesting method of
preparing alkyl radicals for carbonylations is the photocatalytic methbesed on
hydrogen atom abstractiofrom nonsubstituted hydrocarbon®y the tungsterbased
photocatalyst!! Acyl radicals that are obtained frorhe intermediate radicals by
reaction with carbon monoxide can then abstract hydrogen from good hydrogen atom

91



Visible PhoteRedox Catalysis Enables Mdtaée Carbonylations

donors such agributyltin hydride12 This reaction can be used to introduce formyl or
hydroxymethylene moiety into the molecul®©ther option is arecombination with
other radical, which is present in the system in higher concentrations, and this case is
particularly interesting if the ali-/aryl- halides are used to generate the intermediate
alkyl radical (Scheme 3j this case, the acyl radical formed by the carbonylation step
recombineswith halide, generating reactive acyl halide, which gets readily alcoholised
in the reaction condibns to give ester& The drawback of this method lies in the high
energy, which is needed to split theXRbond, translating to theecessity to utilize
photons of the UV part of the spectrufor this transformation

"
O ROH O
R-X e RX X il
—>R——> L R” "X -HX R” "OR'
co R

Scheme 3Radical carbonylation based on cleavageombination mechanism

If one looks for the radical carbonylation methods that can be used toymed
carboxylic acid derivativeBom the point of mechanisms, there is another group,
which we have not examined so far: the coupling of the intermediate eleqimor
acyl radicals with nomadical G or N- nucelophiles. Two recent works fall into this
category radical carbonylation foaryl iodides using potassiurttbutoxide as the
reductant from Lei et all4 The dher one of them is the lighinduced
amidocarbonylation fromRyuetal.’> Both of these reactions involve transfer ofi a
electron pair to the electrompoor acyl radicat but as the sp hybridized orbital is
already occupied by one-bad(gckemed).n, attack

O@
ref 14)
% ROH o >Q )< OtBu
R
L e,
H NHR, )Q R — R NR,

(ref. 15) @ \\R
Scheme 4Formation of carboxylic acid derivatives by reaction with nucleophile
Driving force for this bondbrmation is probably better stabilization of half full3sp

orbital by the neighboringheteroatoms.As the carbonytenteron the acyl radical is
not particularly electrophilic, only good nucleophiles such as alcoholates and amines
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react in such fashior alcohol itself is not nucleophilic enoud. contrast, we sought

to develop a process, where the reactivity of carbocgmhter would be increased by
oxidation to acylium intermediaterior to the reaction with nucleophilevhich should
smoothly react everwith less activated nucleophiles such as alcohblsreover, all

the already mentioned processes require high energy investmeeither in the form

of UV irradiation used for homolytic bond cleavage, or in elevated temperatures
needed to promote electno transfer from relatively poor reductant such takutoxide.

Our aim was to utilize visible light in order to overcome the activation endrigy.
utilization of visible light as the most abundant source of energy to enable chemical
transformations has remtly experienced a renaissance which is largely driven by new
developments in the field of photeedox catalysi® Significant effort has been
devoted to visible lightiriven aromatic substitutions of aremBazonium salts in the
presence of variouphotosensitizerd? tris(bipyridine)Ru(ll) and other metal complexes
(I, Cu) have emerged as most powerful photocatalistéiowever, thegood
coordination ability of CO ligands and the existence of numerous stable carbonyl
complexes of Ru (and other mésadiscourage the use of such organometallic catalysts
for the proposed aromatic carbonylation procé8sOrganic dyese.g. the cheap
fluoresceins, display similar phetatalytic activity in some reactioffsand seemed
more appropriate as no interfereeowith the presence of carbon monoxide is knof#n.
Furthermore, CO only exhibits absorptions in the vacuum UV range below 180 nm.

4.2: Results and discussion

Our initial studies of the proposed photocatalytic carbonylation with
4-ethoxybenzenediazoniumtetrafluoroborate (@) in methanol used reaction
conditions that were reported for related photedox Meerwein reactiond? Under
irradiation wi thndhi=58%8rnme3r8 W), sotutions dff in Ex@hanoli
were reacted under an atmosphere of GO room temperature to give methyl
4-methoxybenzoate Za, Table 1 further experimental data can be found in the
experimental and computational part Following setup was used to allow both
irradiation as well as the reaction with gaseous CO at the same time:pdigér LED
was mounted to a cooling block, and placed in such fashion that the incoming light was
intercepting the bottom of the autoclave aight angle. Small window from quartz glass
on the bottom of autoclave allowed the light to be transmitted on the bottom of the
magnetically stirred sample vials placed directly on the window.
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Table 1.Selected optimization experiments.

/@/N2+ BF, eosin Y (4 mol%) 1
OMe
MeO CO (50 bar), MeOH /())k
1a LED (525 nm), 18°C, 4 h MeO oa
(0.1 M)

Entry Deviation from the optimized conditions Yield of 2a [%)]
1 - 83

22 Rose bengal 8

3a Eosin B 29

4a Fluorescein 24

5a [Ru(bpy;]Ch 30

6 without dye 2

7 dark reaction at 60°C<l

Conditions:1a (0.1 mmol), eosin Y (0.04 mmol), methanol (1 mL), CO (5C
i rradi atno5b( nBMQs ,3 . A8 aAM)methahoBatetonitrild (1/1) .

N,BF, eosinY (4 mol%) o
CO (50 bar), R'OH
R green LED (525 nm) R
18°C, 4 h
1(0.1 M) 2
O 0] J\
/@)J\o/ /@O
R R R'= Me: 77% (2m)
R =OMe: 83% (2a) R =OMe: 90% (2f) Me O iPr: 68% (2n)
Me: 82% (2b) Me: 78% (2g) "
H:  86% (2¢) H:  77% (2h) o
NOy: 79% (2d) NOy: 57% (2i) R' = Me: 73% (2k)
Br:  68% (2e) Br:  75% (2j) iPr: 56% (21)

Schemeb. General conditions and scope of pheatdox carbonylation.

Commercial eosin Y (4 mol%, employed as disodium salt) was used adreeetal
photoredox catalyst. Unwanted dimerization gAand reduction (AH) was suppressed
at higher dilutions due to the higher relative concentration of CO and the alcohol.
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Other dyes fared poor (entries-B). Lower pressures of CO resulted in low conversion
and competinghydrodediazonatior(10-25 %) and biaryl coupling: 6 %). Eoskfree
(entry 6), dark and thermal reactions (entry 7) produced only minimal amour2s. of
The optimied conditions were applied to the synthesis of vari@alkyl benzoates
(Scheme b Several functional groups and electspoor and-rich substituents within

the substrates (nitro, chloro, bromo, esters, benzylic protons) were tolerdted.main
by-products of these reactions, which were identified by-8& analysiswere the
hydrodediazonatiorproducts, which are formed from the intermediate aryl radicals by
the hydrogen abstraction from the alcohol component. Both methanol as well as
iso-propanol is proneto such reactions, giving volatile formaldehyde and acetone,
respectively, which are lost on the worku¢scheme % All alcohols, bearing

a- hydrogens with respect to hydroxyl group will be prone to this side reaction in our
reaction conditions.

OH

N,BF,4
[cat], Ilght

-Ny- BF

o=<RI

Schemes. Mechanism of the byroduct formation

In order to probe the robustness of the radical carbonylation protocol in presence
of variousfunctional groups, we have employed a hijinoughput additive testing
strategy similarto one recetly proposed by Gloriugt al24 A screening of various
additives Gcheme Y exhibited significant tolerance of halogenntaining
electrophiles, acidic protonsp-nucleophiles and electredeficient arenes without
erosion of ester yield or atitive consumption (for further information, see
experimental and computational partfhe presence of 1 egf phenol (pK = 9) was
well tolerated which is in contrast to the employment of phenol (in large excess) as
reaction partner under otherwise ideiaial conditions where complex product
mixtures were formedlt is important to point out, that phenols are, when used in
large excessprone to react in an azooupling fashion, depleting not only the phenol,
but more importantly also the diazonium salhbampering the reaction progress.
Methylthio-bearing compounds did nafffect the ester formation in agreement with a
previous report2®> where Salkylated compounds were produced under similar
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conditions. Interestinglyt-butylisonitrile - a competent radial trap in some reactiod$

- was tolerated. There was only little interference with iodobenzene, presumably by
radical cleavage of the weak-Abond. The addition of thiophenol led to large yield
decrease which is known from reports of diazosulfide faation/ photocatalytic
cleavage at similar conditiod3.Biarylsulfide (ASAr) coupling was observed in this
case. The presence of aniline MN-dimethylaniline resulted in the quenching of the
excited state of the dye. Azobenzenes were detected in samatunts. Addition of
triphenylphosphine led to inhibition due to quenching of the excited dye. Accordingly,
triphenylphosphine oxide was formgdurther details about additive screening can be
found in the experimental and computational parBesult of his additive screening
show, that most functional groups are tolerated, because given enough pressure of CO,
the aryl radical coupling with carbon monoxide would precede the coupling with
additives. On the other hand, the extremely electnach additivesare not tolerated,

as they tend to suspend the catalytic effect of eosin Y* by efficient quenching, as well
as they tend to directly react with electron poor diazonium salts.

0]

No" BF4 eosin Y (4 mol%)
> OMe
CO (50 bar), MeOH
1b LED (525 nm), 18°C, 4 h
(0.1 M) 1 eq. additive 2b
additives:O X
Ph” O Br N 0
Ph—OH » E/} %‘NEC
Br N

Ph—SMe

Scheme 7 Compatibility with various functialized additives that resulted in
unaffected ester formation without competing conversion of the additive.

t-Butyl esters are notoriously difficult to obtain by conventional esterification
protocols due to their steric bulk?28Palladiumcatalyzed carbonylation protocols also
fail to provide access td-butyl esters. The photocatalytic carbonylation, however,
producedt-butyl benzoates in very good yields whigkceedthose of the less hindered
methyl andi-propyl esters. Thissi due t o thydmgens avithit-busahol o
which excludes undesired radicatabstraction and subsequent reductive reactions
(Schemes).
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R=-H: 69% (20) -OMe: 78% (2q) -Cl:  78% (2s)
-Me: 79% (2p) -NO,: 82% (2r) -Br: 79% (2t)

Scheme 8Carbonylations with-butanol as esterification partner

We have probed the effectiveness of the mefi@e photocarbonylation in the
context of the synthesis oPw, a lowodor, lowvolatility, and lowviscosity ester
produced on multiton scales for applications as coalescent in the formulation of latex

paints( Vel at e® 368) , plasticizer in the manu
antiperspirant ingredient in cosmetics (
treatment of synthetidibers, and as solvent for cellulose ethéfs.

eosin Y (4 mol%) Q
©/N25F4 CO (50 bar), MeCN O/\(\/\
green LED, 20°C
HO™ Y™ .. 2w (e8%) ..
! coalescent, plasticizer, sunscreen,
T | antiperspirant, textile dye carrier,
[cat.] T CO H '
» M2 i and solvent for cellulose ethers

N TTTTTmTTmmmmmmmmmmmmmmmmmmmeees !

Scheme 9Synthesis of the technical est2w.

Under standard conditions,-&hylhexyl benzoatew) was obtained in 58 % yield
from the reaction of PhpBF, with 2-ethylhexanol and CO underegm light irradiation
(Scheme @ Acetonitrilewas used as esolvent to solubilize the diazonium salt in the
fatty alcohol. Methyl 4anisate Ra) is another technical product with applications as
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food and flavor ingredient. Technical applications of catalytic reactions are always
associated with theearch for an effective catalyst separation technique. The intensely
colored eosin Y € = 1¢° m1icm?, 530 nm, ethanoff was removed from the reaction
mixture by adsorption on basic alumida.UV/VIS spectra documented complete
removal of the dye while<1 % of product wasost in this operation (Figure)1

complete dye adsorption
e~10° M'em™ no product loss
N,BF
2504 _———\ CcO,Me
. + alumina
[eosin Y] intensely
—_— Y
conditions coloured

OMe crude

1,2 4 reaction OMe
5 1
<
—
v 0,8
g
206 |
[=]
4
< 0,4

0,2 4

0 T T T T T

400 450 500 550 600 650 700 750 800
Wavelength / nm

Figure 1.Dye removal with basic alumina. Bottom: corresponding absorption spectra
before (blue) and after (red) wonbkp.

The mechanistic proposal of a visible lighiven dyecatalyzed process was
supported by the following experiments: The product yields severely dropped when no
photocatalyst was present in the reaction and/or under dark conditions. Reactions in

thedark md at increased temperature (up to 7
which excludes homolytic bond cleavage of the starting material to an aryl radical
under these conditions. Instead, the thermal dark reactiollaf n met hanol at

produced small mounts of the corresponding methytteer and aryl fluoride (Scheme
10).
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[eosin Y] N2BF4 [eosin Y] X
no CO, MeOH CO, MeOH
. - _—
conversion
18°C, 10 h MeO 70°C, 16 h MeO
1a <10% (X = OMe)
<5% (X=F)

Scheme 10Dark reactions of 4nisyldiazonium saltL§).

Observation of such bgroducts is consistent with the reactivity of diazonium salts, if
one takes into account the reactivity of the aryl catioaswvhich are the species
generated by the thermal deooposition of arendiazonium cation. Arytationsare

very electrophilic and will react with the closest nucleophile present, given that the
rate of this reaction is likely to be at diffusion limit. This nucleophile is either methanol
— which is in the reaction mixture present in great excess, or it is fluoride from
tetrafluoroborate, which forms ion pairs with aremgazonium cations in the solution
The observation, that fluorinated product is formed in a Schierdashion even more
underlines the extreme electrophilicity of the intermediate species, as it reacts even
with such poor nucleophile as tetrafluoroborate. This observation is consisteht wi
previous reports of unsuccessful attempts on thermolyticboaylations of diazonium
salts32 Plausible explanation of this reactivity pattern is in the high electrophilicity of
the aryl cation intermediate. While Kodthaaf carbonylation is quite effait for the
substrates where the intermediate cationic species is stabilized, or when the structure
of present nucleophile allows reversibility of the direct nucleophile attack on the
carbon center, this is not the case with aryl cations. Addition of myptige is fast and
irreversible in this case- and therefore no reaction with CO occurs, unless
unrealistically concentrations of CO would be applied. In practical sense, such approach
is impossible, given the finite solubility of CO in organic solventsedisas physical
limits for the reaction vessel.We have performed detailed mechanistic studies to
prove the postulate of a lighdriven reductionoxidation cascade which is devoid of
any sacrificial redox partner. On the basis of related literature mesp&2333and our

own findings we propose the followirgperating mechanism (Scheme)11
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N,BF,

U]

visible light
irradiation (525 nm) £ Ar—F

*

/ '
or
@
Photo
Redox R @ .
Catalysis SET

EY

o0®
Il reduction (V1)
electron EY™
R transfer
(v)
| CcoO
-H*
(m (In
+ TEMPO
o] BE .- (R=4-NO,)
TEMPO 4
R OR (R=4-NO,) +
Ny
V)

Schemell Mechanism of the visible lightriven eosincatalyzed carbonylation of
arene diazonium salts.

The electrondeficient arenedazonium salt Ij accepts one electron from the
electronrich, dianionic, photeexcited state of eosin Y (EY?*). This single electron
transfer (SET) results in the release of dinitrogerahd generation of aryl radicdl.
This initiation step is thenodynamicallyfavored due to the more positive redox
potential of thel- Il reduction &0 V vs. SCEompared with the B¢ EY* reduction
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(-1.1 V vs. SCE). The aryl raditahen rapidly reacts with CO to acyl radi¢dl3*
Uponaddition of the radich trap TEMPO (2,2,6{@tramethylpiperidinyloxyl),

the formation of adducts with both radical specid§ (/) were observedfor further
information see experimental and computational pattye further propose thatll is
subject to rapid oneslectron oxidation to give the highly electrophilic acylium leh
Reaction thereof with the alcohol affords the benzoate esterThe back electron
transfer (BET) is supposed to be fast as no adduct of acyl rétliwith electron-rich
p-donors (i.e. anisole, furan, styrene) was detected. This assumption can be
instructively substantiated by thermodynamic data: The redox potential of the
EY: EY reduction is0.8 V (vs. SCE). The potential of tHe IV redox couple is
experimenally not available since both of species are short lived. However, an
estimation of this redox potential could be derived from DFT calculations which
provided values 0f0.14 V to 0.82 V (vs. SCE) depending on the substitution patter
the aromatic ring(Scheme 12, details on the calculations ate in the experimental and
computational part. Therefore, the BET step is thermodynamically feasible.

1.7V (FG = H)
1.7 V (FG = 4-OMe)
23V (FG=4NOy) |

-0.14 V (FG = H)
0.02 V (FG = 4-OMe)
0.82 V (FG = 4- NOZ)/

1.7 V (FG = 2-NO,)

Schemel2. The back electron transfer (BET): DFT calculations on the prohibitive redox
process to aryl cations (top left), the operating BET to give acylium ions (bottom left),
and supportive preparative experiments (right).

Solely for the titroaroyl radical spees, calculation of the redox potential of the
back electron transfer gave a prohibitive value of 1.7 V (vs. SCE). Indeed,
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2-nitrobenzenediazonium tetrafluoroborate did not afford the desired ester under
carbonylation conditionsOn the other hand we can oolusively prove, that both
reductive formation of acyl radicdll in addition to aryl radicall are formed for
2-nitrobenzenediazonium tetrafluoroborate, as we can detect the corresponding
intermediates. Addition of TEMPO to the reactionesulted in the formation of
the arykTEMPO as well dnzoyi TEMPO adduct. Both experiments provide further
evidence of the postulated mechanism as the caryation of the intermediate
2-nitroaryl radical is operative but the BET to*BY thermodynamically prohibitk2?
The operation of a reaction between the aryhtion and CO as known from
acidcatalyzed Gatterma#och carbonylatio¥8 was also excluded based on DFT
calculations. The carbonylation of aryl cationgl, (from thermal heterolysis of
arenediazoniumyvas already disproven (Schemé).1A potential back electron transfer
with EY -already at the aryl radical stagH)(can likewise be refuted. The Dé&drived
reduction potentials of the/l/ll couples of our substrates are 1273 V (vs. SCHetails

on calculation are in the experimental and computational pafthese values are
prohibitively high in comparison with the oxidizing power of £¥0.8 V vs. SCE) and
thus exclude the intermediacy of aryl cations.

At last, we have attempted to apply the hepeesented carbonylation strategy to
the radical carbonylative crosmupling of aromatic compounds. The idea behind this
was to trap the intermediate acyl radicals with electron rich aromates, which would be
followed up by SET oxidation and deprotonation order to restore aromaticity
(Scheme 13)

o)
L (Jeoe§ i
o SET ox.
- - H EDG L EDG
I -

Vil
Scheme 13Proposedadical carbonylative crosoupling.

We have unsuccessfully screened series of electron donor bearing benzenes as well
as electron rich heterocycles as the coupling partners for this reaction, without any
successWe propose, that this is due to very fast oxidation of acyl radidalacylum
ion Ill. While attack oflll on electron rich aromatics in a Friedgtafts fashion can
technically produce the desired coupling produdtd, it is well known, that such
reactions have rate constants in several orders of magnitude lower than the aifack
radicals3® In order to make such a reaction efficient one would need to employ a very
nucleophilic coupling partner, such as indole. But this presents an issue with respect to
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the electrophilicity of the diazonium cations, which will directly coupliéhvsuch
electron rich compounds.ndeed, when we tried d perform a carbonylative
crosscoupling withp-nitrobenzenaliaznoium tetrafluoroborate N-methylindole, and

CO under photocatalytic conditions, we have obsertieglformation of azocoupling
product already after 15 minutes, but no carbonylation product could be detected by
GCMS. This isin agreement with previously published data, where the same
azocoupling is reported to be finished after 20 minutédnterestingly recent
publication from Guet al. shows such carbonylation to be efficient, and to give large
yield of carbonylation product after 16 h, while no formation of azocoupling product is
mentioned38

4.3: Conclusion

This new protocol enables metiike and baefree carbonylations via an organic
dye catalyzed photoedox mechanism. Alkyl benzoates can be prepared from
arenediazonium salts, CO, and alcohols at room temperature under irradiation with
visible light. The reaction uses catalytic eosin Y as cheajg#nsitizer. Mechanistic
studies support the sequential operation of SET reduction, carbonylation, ackl ba
electron transfer to give argations which undergo rapid addition to alcohols. Unlike in
metalcatalyzed carbonylationd;butyl esters can be rppared in good yields. The
general method has been applied to the synthesis of industrial cosmetics/food
ingredients and a paint coalescent.

4.4: Experimental and computational part

Materials and methods

Commerci al chemi cal s dbtaife Fom Sigmaldtich pr wer e
Fisher. Solvents (anhydrous, =299%) were u
was stored over molecular sieves (Sighidrich). Carbon monoxide (4.7) was used. TLC
was performed on commercial Si@oated aluminium fates (DC60 F254, Merck).
Visualization was done by UV light. Product yields were determined from isolated
materials after flash column chromatography on silica gel (Acros Organics, m&&h 35
or for optimization and screening purposes by dti@tive GCFID measurements.
n-Pentadecane was used as internal standard; the yiéldvas calculated from a linear
calibration curve that was set up from at least five data points of various
concentrations of authentic product material. Purity and structure confiforatof
literature-known compounds was performed by 1H NMR, 13C NMR, and MS. NMR
spectral data were collected on a Bruker Avance 300 (300 MHHfd&t5 MHz fo#3C)
spectrometer and a Bruker Avance 400 (400 MHz #dr 100 MHz for13C)
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spectromeG.erChaetmix0al°® shifts are reported
given in Hertz. Solvent residual peaks were used as internal standard for all NMR
measurements. The quantification 8H cores was obtained from integrations of
appropriate resonance sigrgl Abbreviations used in NMR spectra= singlet, d—
doublet, t - triplet, q — quartet, m— multiplet, bs— broad singlet, dd- doublet of
doublet, ddd-doublet of doublet of doublet.

General procedure for the synthesis of arenediazonium salts

The parent aniline (4.5 mmol) was dissolved inoigh acetic acid (3 mL) and
48%aqueous tetrafluoroboric acid (1.3 mL) at room temperature. Then, a solution of
iso-amyl nitrite (1 mL) in glacial acetic acid (2 mL) was slowly added at room
temperature over min. Diethylether (15 mL) was added, and the reaction mixture was
cooledto-30 °C in order to induce crystallizat
filtered off, washed with cold diethylether (2 x 10 mL) and dried on air to give
analytically purearenediazonium tetrafluoroborates.

Figure 2Reaction setup
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General procedurefor carbonylation

A vial (3 mL) was charged with a magnetic stirthe arenediazonium salt
(0.1mmol), and eosin Y @4 mmol) under Nand capped with a rubber septum. Dry
solvent (1 mL, alcohol or mixture with MeCN if poor solubility of diazonium salt) was
added. The vial was purged withy K6 min) in the dark and transferred to a reactor
containing aquartz window bottom (Parr Instr.)The septum was punctured with
aneedle. The reactor was sealed, placed on a magnetic stirrer, and slowly filled with
CO (50 bar). The reaction was irradiated with external LERgs=< 525 nm, 3.8 W).
After4h at 18 °C, t he ¢ a strievadsWaterdd rdpvaeadideh nd t
to give an emulsion that was extracted with ethyl acetate (2 x 5 mL). The organic
phases were washed (5 mL brine) and dried.8@. Volatiles were evaporated and
the residues purified by Si@el chromatography.

Table 2 Selected optimization experiments.
(0]

N,* BF, eosin Y (4 mol%) /@)‘\oMe
MeO [ j CO (50 bar), MeOH MeO

LED (525 nm), 18°C, 4 h

1a 2a
(0.1 M)

Entry Deviation from the optimized conditions  Yieldof 2a [%]
1 - 83

2 0.5 Mlain MeOH/MeCN (1/1) 27

3 0.25 Mlain MeOH/MeCN (1/1) 30

4 MeOH/MeCN (1/1) 57

5 0.05 Mlain MeOH/MeCN (1/1) 43

6 MeOH/MeCN (1/1)2 mol% eosin Y 49

7 MeOH/MeCN (1/1), rose bengal 8

8 MeOH/MeCN (1/1), eosin B 29

9 MeOH/MeCN (1/1), fluorescein 24

10 [Ru(bpy3]Ch 30

11 40 atmCO 62

12 20 atmCO <5

13 without dye 2

14 addition of lequiv. KOAc 49

15 dark reaction 2

16 dark reaction at 6 <1
Opt conditions: 4anisyldiazonium saltlg, 0.1 mmol), eosin Y (0.04 mmol),

alcohol (1 mL),CBQatm) , i rr adi atwk=0n5 2w tnhm,L E3D st
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Optimization of reactionconditions

General procedure was altered as defined in the Table 2. Most important
parameter, whichwas optimized, is the concentration of diazonium salt. High
concentrations are problematic, as thelative concentration of carbon monoxide to
diazonium sh is lowered. Overly dilute reaction mixtures lead to lowered probability
of catalyst coming in contact with diazonium salt, and this leads also to decreased
yields. Lowering pressure of CO also negatively affects the relative concentration of
carbon monaide in solution and leads to decreased yields. Control experiments were
performed in order to prove that photocatalysis is needed for the reaction to proceed.
Indeed, without photocatalysis, carbonylation reaction does not occur at all.

Table 3.Compatilility with functionalized additives.

eosin Y (4 mol%)

/©/N2+ BFs  CO (50 bar), MeOH OMe
green LED (525 nm)

18°C,4 h
(0 11b|\/|) +1 equiv. additive 2b
EXp. Additive Yield Additive conversion >20¢
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Additive screening

General procedure was alterday adding 1 equivalent of additive apecified by
Table 3. Variety of compounds that are known to be reactive under photocatalytic
conditions were employed to probe the robustness of carbonylation protdgmlount
of product formation as well as the additive conversion was determined frorfrIGC
measurements. Structures of {products obtained from conversion of additives were
determined by G@AS. lodobenzene got partially dehalogenated to benzene.
Thiophenol got converted to A$Ph species. Both aniline and Njinethylaniline
reacted to hifper mass product, which were presumably the products of@mepling.
Triphenylphosphine was oxidized to triphenylphosphine oxide.

{eyikKSara 2F AYyRdzAGNRAIf Sy2ftASyid +Stl (Sux
An optimization of the alcohol/acetonitrile ratio was performédcetonitrile is

needed as c@olvent due to the poor solubility of the benzenediazonium salt-in 2

ethylhexanol) (Table 4). Other than that, standard conditions were applied (0.1 M

solution of diazonium salt, 5 Gcdnpexa@O, 20

inseparable products mixture was formed.

Table 4.Optimization of 2ethylhexyl benzoate synthesis

HO/\K\/\
o)

CO (50 atm)

©/NZBF4 green light 0
Eosin Y

co-solvent

Exp. ROH/MeCNWv) Yield [%]

1 11 40
2 1:2 46
3 1:3 49
4 1:4 58
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Removal of eosin Y from crude product

For technical applications, the complete removal of the organic dye from the
product is desirable. Treatment of the crude reaction with basic alumina, filtration (or
decantation), and subsequent washing of the alumina with methanol led to
guantitative adseoption of the dye. UV/VIS absorption spectra documented the
disappearance of the characteristic absorption bands while less than 1% of product
material wadost.

1,4
1,2

1 -
0,8 -
0,6 -
0,4 -
0,2 A

0 -

400 500 600 700 800
Wavelength / nm

Absorbance / AU

Figure 3 Absorption spectra of reaction mixture before (blue), and after (red)
treatment with alumina.

Mechanistic experiments with TEMR@apping

See standard procedure above, but with addition of TEMPO (1 equiv., 0.1 mmol).
Crude solution obtained by extraction with ethyl acetate was subjected to MS analysis.
Experiment  was repeated for two ftBrent  diazonium salts:
p-methoxyphenyldiazonium tetrafluoroborate and o-nitrophenyldiazonium
tetrafluoroborate (Scheme 14, 15; Figure 4, 5).

TEMPO

CO (50 atm)
N,BF 4 green light /@/ /©)k /J;Q
MeO Eosm Y

MeOH
Exact Mass: 263.19 Exact Mass: 291.18

Scheme 14. TEMPGrapping of intermediates with p-methoxyphenyldiaznoium
tetrafluoroborate
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Qualitative Compound Report

MS Spectrum Peak List
m/z Cale m/z
207.1231 207.1254
208.1334 208.1332
264.1963]  264.1958
265.1997 265.1991
266.202 266.2019
267.2061] 267,045
284.1436]  284.1411
285.1349)] 285.1444

175
15
125

0.75

s 2o
x106|Cpd 2: C17 H25 N 03, +¢.
21

M+1 = 264.19 —>»

A T e = btr...
104 CPd 1: C16 H25 N 02: +ES1 Scan (2.986:3.047 min, 12 Scans) Frag=120.0V maje94480.d SU

264.1963

284.1436

- 3 290
205 210 215 220 235 230 235 240 245 250 255 260 265 270 275 280 285
ounts vs. Mass-to-Charge (m/z)

S EIC(29.3896, 30,3974, 33.5881, 34.1461 ..) Scan Fra

3.380

g=120.0V maje--

Diff(ppm) [ z [Abund |Formula Ton
-11.06] 1 54.69|C12H17N02 M= +[-C4HE]
10| 1 58.16|C12H18NO2
19[ 1| so313.28|ci6H26N02
2.22] 1 9425.85|C16H26N02
0.49] 1 1022.44|C16H26N02
6.03] 1 42.59|C16H26N02
872 1 482.98|C16H23KNO (M+K)+(+20)
3323 1 22.27|C16H23KNO (1+K)+(-H20)

1

314.1726

300 320 340 3

15

2 25 3 35 4
Counts vs. Acquisition Time (min)

-«—— M+1=292.18

4.5 5

Counts vs. Mass-to-Charge (m/z)

55

. . 80 600
60 380 400 420 440 460 480 500 520 540 560 580

MS Spectrum Peak List Sifopm)_| 2 [Abund Formula Ion
m/z Calc m/Z = 2.32] 1| 1039395.94|C17H26NO3 (M+H)+
292.1914 292‘3‘?94 2.83] 1| 167335.52|C17H06N03 (MH)+
293.1948 293.
I

Anilant Tachnologies

Fgure 4. Mass spectrum
p-methoxyphenyldiaznoiurtetrafluoroborate
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TEMPO

NLBF CO (50 atm) o

@[ 2By green light @ﬁl\o/N

Vs

Eosin Y

N
Oz MeOH NO,

Exact Mass: 306.16

Scheme 15 TEMPGrapping of intermediates with o-nitrophenyldiaznoium
tetrafluoroborate

Qualitative Compound Report

4103 |Cpd 1: C16 H22 N2 O4: +ESI Scan (2.195-2.256 min, 12 Scans) Frag=120.0V mje95789.d Subt

307. 1656

4— M+1 = 307.16

329.1483
e B | Ll SH0A28y

305 310 315 320 325 330 335 340 345 350
Counts vs. Mass-to-Charge (m/z)

y 4
6
5
4
3
2
1
0

MS Spectrum Peak List

m/z Calc m/z Diff(ppm) z |Abund Formula Ion
170.1542] 47829.12
307.1656] 307.1652 12) 1 7237.86|C16H23N204 (M+H)+
308.1693 308.1684 2.84] 1 1146.37|C16H23N204 (M+H)+
309.1702 309.1708 -2.06] 1 146.35|C16H23N204 (M+H)+
329.1483 329.1472 3371 1 704.1|C16H22N2Na04 (M+Na)+

330.148 330.1503 -691| 1 184.36|C16H22N2Na04 (M+Na)+

345.1233 345.1211 64| 1 107.63|C16H22KN204 (M+K)+

-~ End Of Report ---

Figure 5. Mass spectrum of TEMP&ducts of intermediates with
o-nitrophenyldiaznoium tetrafluoroborate

Calculation of redox potentials

Redox properties of the proposed intermediate cation/radical pairs weaieulated
according to Friesne® Optimization of geometries was performéad vacuousing the

B3LYP functional and3.1G(d,p) basis set. Single point calculations were performed

using the PCM solvation model (in methanol), tf&l BP functional, and auagpVTZ
basis set. All calculations were done witke tBaussian GO3W program packéggero
point energies were included in the calculations. The results anersrized in the
following table (Table 4). Redox potentials are obtainedsblgtracting4.19 V from
energy diff eradicalf°e AE(cati on
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Table 4DFT calculations for redox potential determination.

Structure E ZPE E+ZPE n9oS+n906S=+0
R1 -345.00 0.095205 -344.945

K1 -344.894 0.098386 -344.796 4,051  -0.138
R2 -459.609 0.126608 -459.482

K2 -459.457 0.129474 -459.328 4212  0.024
R3 -549.646 0.098667 -549.547

K3 -549.463 0.100414 -549.363 5.013  0.825
R4 -549.689 0.099846 -549.59

K4 -549.472 0.100915 -549.371 5937  1.749
R5 -231.651 0.08647  -231.564

K5 -231.43 0.083344 -231.346 5930  1.742
R6 -346.215 0.118116 -346.097

K6 -345.995 0.115613 -345.879 5.923  1.735
R7 -436.237 0.088814 -436.148

K7 -435.995 0.085587 -435.91 6.484  2.296

Electronic energies and zero point energies are in Hartree
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B30

Figure 6 Optimized geometry gb-methoxybenzoyl radical

Figure 7Optimized geometry gb-methoxybennylium

Representative optimized geometries of intermediatésnd Il derived fromp-
methoxyphenyldiazonium tetrafluoroborate are given on figures 6 and 7. Two
important features can be seen from the pictures. Firstly, the positive charge irfltype
intermediate is stabilized by conjugation of methoxy substituent with the rest of the
molecule, but this is not the case with the radi¢hlSecondly, steric crowding in the
acylium intermediate is virtually neexistent, allowing reactions with bulky
nucleophiles such asbutanol.

Analytical data of synthesized compounds:

Methyl 4-bromoberzoate

Br@—coonﬂe ’

IH NMR (400 MHz, CRCI pp m) &= 8.6 Hz52H)( ©53 (d= 8.6 Hz, 2H),
3.87(s,3H). 13C NMR (100 MHz, CRCI p p m) 5, 1316 §CHY 13(.L(CH),
129.1(C), 128.0 (C), 52.3 (§HGEMS (El)m/z (relative intensity): 216 (40) [W
214(39), 185 (99), 183 (100), 157 (34), 155 (35), 135 (6), spectral data were consistent
with literature A
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t-Butyl 4bromobenzoate

Br@COOtBu

1H NMR (400 MHz, CRCI p p m) & = 9.0Hg,2H),(6B9 (d]= 9.0 Hz, 2H),
3.85(s,3H), 1.58 (s, 9H}C NMR (100 MHz, CRCI p p m) O (8), 1B81655(CH),
131.0(CH), 130.9 (C), 127.5 (C), 81.5 (C), 28.3.(GBMS (El)n/z (relative intensity):
258 (2) [M], 256 (2), 203 (46), 202 (4201 (48), 200 (43), 157 (32), 155 (32), 57 (100),
spectral data were consistent with literatufé.

i-Propyl 4bromobenzoate

Br@COOIPr

IH NMR (400 MHz, CRCl pp m) &= 8.6 Hz92H) 57 (d= 8.6 Hz, 2H),
5.24(sept,J= 6.2 Hz 1H), 1.36 (d= 6.2 Hz, 6H}3C NMR (100 MHz, CRGbpm)
6165.4 (C), 131.6 (CH), 131.1 (CH), 129.8 (C), 127.7 (C), 68.8 (CH), 1.9 (CH
GCMS(El)m/z (relative intensity):244 (13) [N, 242 (13), 202 (55), 200 (55), 185 (98),
183 (100), 18 (24), spectral data were consistent with literatufe.

Methyl 4-methylbenzoate

Me@COOMe

IH NMR (400 MHz, CRCl pp m) &= 8.1 HzB82H) ©19 (d= 8.1 Hz, 2H),
3.85(s,3H), 2.36 (s, 3H}C NMR (100 MHz, CRGbpm) 6 167.2 (C), 143.6 (C),
129.6(CH), 129.1 (CH), 127.5 (C), 52.0 3CR1.7 (Ck. GGMS (El) m/z
(relativeintensity): 150 (34) [M, 119 (100), 91 (51), 65 (23), spectral data were
consistent with literaturet3

i-Propyl 4methylbenzoate

Me@COOiPr

IH NMR (400 MHz, CRCl p p m) &= 8.2 Hz82H) 119 (d= 8.2 Hz, 2H),
5.19(sept,J= 6.2 Hz, 1H), 2.36 (s, 3H), 1.31)d,6.2 Hz, 6H}3C NMR (100 MHz,
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CDGE, ppm) & 166.3 (C), A@Hp.128.2 (C;)682 (@H,9. 6
22.0(CH), 21.7 (CE. GGMS (El)m/z (relative intensity): 178 (19) [M 136 (52),
119(100), 91 (41), spectral data were consistent with literattire.

t-Butyl 4methylbenzoate

/©/COOtBu
Me

IH NMR (400MHz, CDG] ppm) &= 8.1 Hz32H) ©16 (d= 8.1 Hz, 2H),
2.35(s,3H), 1.54 (s, 9H)3C NMR (100 MHz, CRCl ppm) & 165.9 ( C)
129.5(CH), 129.3 (C), 128.9 (CH), 80.7 (C), 28.3,(€H7 (Ch. GGMS (El)m/z

(relative intensity: 192 (1) [M], 137 (83), 119 (100), 91 (89), spectral data were
consistent with literaturet4

Methyl 4-nitrobenzoate

/©/coow|e
O,N

IH NMR (400 MHz, CRClI pp m) &= 89 Hz92H)( 8121 (d~ 8.1 Hz, 2H),
3.98(s,3H). 13C NMR (100 MHz, CRCl p p m) 6 164.2 (C), 14
129.7(CH), 122.6 (CH), 51.8 &EHGEMS (El)m/z (relative intensity): 181 (27) [W

164 (23), 150 (100), 135 (8), 120 (44), spectral data were consistent with litefature.

i-Propyl 4nitrobenzoate

/©/COOiPr
O,N

IH NMR (400 MHz, CRCl pp m) &= 81 Kz92H) 8120 (d= 9.1 Hz, 2H),
5.29(sept, J= 6.2 Hz, 1H), 1.40 (d= 6.2 Hz, 6HY3C NMR (100 MHz, CRGbpm)
6164.2 (C), 150.4 (C), 136.3 (C), 13@®i), 123.5 (CH), 69.8 (CH), 21.93)CH
GGMS(El)m/z (relative intensity): 209 (2) [N 193 (4), 179 (11), 168 (74), 150 (100),
137(24), 120 (48), spectral data were consistent with literattire.
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t-Butyl 4-nitrobenzoate

/©/COOtBu
Os5N

IH NMR (400 MHz, CRCl ppm) &= 80 Hz12H) &10 (d= 9.0 Hz, 2H),
1.57(s,9H). 13C NMR (100 MHz, CRCl ppm) & 164.2 (C), 14
129.7(CH), 122.6 (CH), 51.8 gCHGEMS (EIm/z (relative intensity): 223 (0.3) [}

208 (1), 168 (3), 150 (72), 137 (8), 121 (11), 57 (100), spectral data were consistent with
literature 4>

Methyl 3-methylbenzoate

Me\©/COOMe

1H NMR (400 MHz, CBCI p p m) —780 (h,.28)97.39 7.29 (m, 2H), 3.91 (s, 3H),

2.40 (s, 3H)13C NMR (100 MHz, CRClI p p m) 6 167.2 (C), 14
133.7(CH), 130.1 (CH), 130.1 (C), 128.3 (CH), 126.7 (CH), 520 2T8 (Cbj.
GCMS(El) m/z (relative intensity): 150 (49) [ty 119 (100), 91 (61), spectral data

were casistent with literaturet6

i-Propyl 3methylbenzoate

Me\©/COOiPr

1H NMR (400 MHz, CRCI p p m) —7&7 (i, 2B))27.34 7.24 (m, 2H), 5.20 (sept,
J= 6.3 Hz, 1H), 2.36 (s, 3H), 1.32)d,6.3 Hz, 6H}*C NMR (100 MHz, CRGipm)
6166.3 (C), 138.1 (C), 133.5 (CH), 130.9 (C), 130)1 12812 (CH), 126.7 (CH),
68.3(CH), 22.0 (GH 21.3 (CH. GECMS (El)m/z (relative intensity): 178 (23) [W
136(45), 119 (100), 91 (79), spectral data were consistent with literefure.
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t-Butyl 3methylbenzoate

Me\©/COOtBu

1H NMR (400 MHz, CBCI p p m) —7&7 (f,.218)17.36 7.26 (m, 2H), 2.39 (s, 3H),
1.59 (s, 9H)13C NMR (100 MHz, CRCl p p m) &, 138® §C),01332 (CH),
132.0(C), 130.0 (CH), 128/@H), 126.6 (CH), 80.9 (C), 28.3:JCH.4 (Ch. GEMS (EI)
m/z (relative intensity): 192 (3) [N 137 (75), 136 (79), 119 (100), 91 (77), spectral
data were consistent with literaturét

Methyl 4-methoxybenzoate

/©/COOMe
MeO

IH NMR (400 MHz, CQCI pp m) &= 89 Hz92H)( @191 (d= 8.9 Hz, 2H),
3.88(s,3H), 3.85 (s, 3H}C NMR (100 MHz, CRCI p p 466.9 &), 163.4 (C),
131.6(CH), 122.6 (C), 113.6 (CH), 55.4 3CH1.9 (Ck. GGMS (El) m/z
(relativeintensity): 166 (42) [M, 135 (100), 107 (14), 92 (17), spectral data were
consistent with literaturet!

i-Propyl 4methoxybenzoate

/©/COOiPr
MeO

1H NMR (400 MHz, CBCI p pm) &= 9.0 Kz92H)( @191 (d= 9.0 Hz, 2H),
5.22(sept, J = 6.3 Hz, 1H), 3.86 (s, 3H), 1.35 Jd= 6.3 Hz, 6H)3C NMR

(100MHzCDG, ppm) & 165.9 ( CH))I123.41®,31125 (GHE) ,

68.0(CH), 55.4 (GH 22.0 (CH. GEGMS (El)m/z (relative intensity): 194 (21) [W
179(7), 152 (48), 13BL00), spectral data were consistent with literatufe.
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t-Butyl 4methoxybenzoate

/©/COOtBU
MeO

1H NMR (400 MHz, CRCI p p m) &= 8.9 HzA2H) @190 (d= 8.9 Hz, 2H),
3.85(s,3H), 1.58 (s, 9H}C NMR (100 MHz, CRGb p m) 165& (C), 163.0 (C),
131.4(CH), 124.5 (C), 113.4 (CH), 80.6 (C), 55.5,(2813 (Ch. GEGMS (El)m/z
(relative intensity): 192 (2) [Ml 137 (75), 119 (100), 91 (84), spectral data were
consistent with literaturet4

i-Propyl 2methylbenzoate

@COOiPr
Me

IH NMR (400 MHz, CRGbpm) @ 7.88 (dd, J= 8.1 HzJ = 1.4 Hz, 1H), 7.38 (dt,
J=7.6Hz,J= 1.4 Hz, 1H), 7.267.21 (m, 2H), 5.25 (sepl~= 7.3 Hz, 1H), 2.60 (s, 3H),
1.37 (d, J = 7.3 Hz, 6H}C NMR (100 MHz, CRGipm) B 167.4 (C), 139.8 (C),
131.7(CH), 131.6 (CH), 130.5 (C), 130.4 (CH), 125.7 (CH), 68.8 (CH), 2.0 (CH
21.7(CH). GGMS (El)m/z (relative intensity): 178 (26) [§] 136 (60), 119 (84),
118(100), 91 (65), spectral data were identical weregistent with literature®3

Methyl 2-methylbenzoate

@COOMG
Me

IH NMR (400 MHz, CRCl pp m) & J=78.29HrJ=(1dcHz, 1H), 7.40 (dt,
J=7.5Hz,J= 1.4 Hz, 1H), 7.26 7.23 (m, 2H), 3.89 (s, 3H), 2.60 (s, 3R(. NMR
(100MHz, CDEl p p m) 6 168.1 (C), 140.2 (C),
129.6(C), 125.7 (C), 51.8 (§H21.7 (Ck. GEMS (ElM/z (relative intensity): 150 (62)
[M+1], 135 (11), 119 (100), 118 (67), 91 (66), spectral data were consistent with
literature 43
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Methyl benzoate

IH NMR (400 MHz, CRCl pp m) 3J=8.5 614 2H)7h6— 7.51 (m, 1H),
7.43(t,J=7.6 Hz, 2H), 3.91 (s, 3H}C NMR (100 MHz, CRCl p p t67.1 @),
132.9(CH), 130.2 (C), 129.6 (CH)28.4 (CH), 52.1 (@H GGMS (El) m/z
(relativeintensity): 136 (42) [M, 105 (100), 77 (66), 51 (29), spectral data were
consistent with literaturef3

i-Propyl benzoate

o

IH NMR (400 MHz, CRCl pp m) 3J=8.4 Bz 2H)767 - 7.52 (m, 1H),
7.43(t,J=7.6 Hz, 2H), 5.26 (sepl,= 6.3 Hz, 1H), 1.37 (d= 6.3 Hz, 6H}3C NMR
(100MHz, CDGJ ppm) 6 166.1 (C), 132. 7 (CHGH) ,
68.4(CH), 22.0 (GH GCGMS (EI)m/z (relative intensity): 164 (14) [M, 123 (34),
105(100), 77 (55), spectral data were consistent with literatt$re.

t-Butyl benzoate

[@*COOI‘BU

IH NMR (400 MHz, CRCI p p m) 3= 85.H2, @H),(7457.50 (m, 1H), 7.44

7.39 (m, 2H) 1.60 (s, 9H)!3C NMR (100/Hz, CDgl ppm) & 165.8 ( C)
132.1 (C), 129.4 (CH), 128.2 (CH), 81.0 (C), 28.3). (G&MS (El) m/z
(relativeintensity): 178 (0.4) [M, 163 (0.7), 123 (90), 105 (100), 77 (91), spectral data
were consistentith literature 44

t-Butyl 4chlorobenzoate

CI@COOtBu

IH NMR (400 MHz, CRCl p p m) &= 8.7 Hz22H)( 138 (d= 8.7 Hz, 2H),
3.85(s,3H), 1.59 (s, 9H}C NMR (100 MHz, CRCl ppm) & 164.9 ( C)
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130.9(CH), 130.5 (C), 1285 (CH), 81.5 (C), 28.2 3)(CKEGMS (El) m/z
(relativeintensity): 159 (13) [M, 158 (14), 157 (41), 156 (39), 141 (31), 139 (100),
111(47), spectral data were consistent with literatufe.

t-Butyl 2methylbenzoate

@COOtBu
Me

1H NMR (400 MHz, CRCl p p m) 3=72 H#B ), (.34 (d& 7.4 Hz)= 1.4 Hz,
1H), 7.25-7.20 (m, 2H), 2.58 (s, 3H), 1.60 (s, 9FC. NMR (100 MHz, CRGpm)

6 167.3 (C), 139.3 (C), 131.8 (C), 131.5 (@31)31CH), 130.3 (CH), 125.6 (CH), 81.0 (C),
28.3 (Ch), 21.7 (Ck. GEGMS (El)m/z (relative intensity): 192 (6) [Nl 136 (83),
119(100), 118 (86), 91 (71), spectral data were consistent with literafture.

2-Ethylhexyl benzoate

0]
1H NMR (400 MHz, CRCl p p m)  8J= 8.4,J& 4.3 Kizd2#), 7.587.53 (m, 1H),
7.47-7.42 (m, 2H), 4.294.20 (m, 2H), 1.73 (sept, J = 6.1 Hz, 1H),1526 (m, 8H),
0.95 (,J= 7.5 Hz, 3H), 0.91 (8= 7.1Hz, 3H).*C NMR (100 MHz, CRGbpm)
5166.8(C), 132.8 (CH), 130.6 (C), 129.6 (CH), 128.4 (CH), 63)4 38 (CH),
30.6(CH), 29.0 (CH, 24.1 (Cl), 23.0 (Ch), 14.1 (CH), 11.1 (CH. GEMS (El)m/z

(relative intensity): 234 (0.2) [y 156 (12), 123 (15), 112 (24), 105 (100), 77 (60),
spectral data were consistent with literatufe.

119



Visible PhoteRedox Catalysis Enables Mdtaée Carbonylations

1H and3C NMR spectra of selected compounds
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Chapter 5:

Visible light-driven hydro/deutero
defunctionalization of anilines
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5.1: Introduction

Anilines are readily accessible starting materials which constituténkesmediates
within numerous organic syntheses. Moreover, the strongly electfonating amino
group can facilitate the introduction of further substituents at the aréne.
Thestereoelectronic directing effect of amino substituents can also be exploited a
temporary tactical tool (Scheme 1). This strategy might require the removal of the
amine after the desired amindirected transformation. The condensation of anilines
with nitrosonium salts (to arenediazonium salts) and subsequent reductive substitutio
of dinitrogen is the most prominent method of aromatic deamination. Such strategy
was successfully employed in total syntheses of natural produatsd many
preparations of polyfunctional aromatic building blotksid supramolecular entities
Furthermoe, the replacement of the formal hydride reagent in the latter step, the
hydrodediazonation, with a deuteride equivalent would provide a strafghward
access to deuterium labelled arenes.

NH NH H
2 et 4" 1) derivatize (NO*) H

R R R
e, ;
[ s T on ®

FG

Scheme 1Synthesis tactic with amine as auxiliary: Use as directing group in arene
functionalizations and subsequent removal.

Defunctionalizations of arenediazonium salts wexeeady reported more than
100years ago within azobenzene dyes research fnog. Todg, a large variety
of dediazonation protocols are available in the litenaguwf which the vast majority
of transformations operate by a reductive singlkeedron transfer mechanism
(Scheme?). The arenediazonium salt accepts one electrof filem a suitdle donor
which results in the cleavage of theNCbond and release of the most potent leaving
group, dinitrogen (N). The formed aryl radical is trappég the hydrogen atom donor
( Hlenor) to give the defunctionalized compound. In most cases, the foeteatron
donor and hydrogen donor moieties are within the same reduction reagent.
Traditionally, hypovalent inorganic phosphorus compounds were used as bathde
H donors? Alternative reducing agents include bisulftehydrogen peroxidé,
andalcohols or ethers under basic conditiofg! Tertiary amines can serve asand
H' donors2 but can also be employed in combination with a more reactive H d&nor
Organic hydrogen atom and electron donors containing raditzdilizing heteroatoms
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such as hexamethylphosphoramide (HMPA),  formamide}s and

N,N-dimethylformamide (DMF%17 have been showrto be especially competent.
Forthe latter, effective combinations with Fe(ll) salts as shaiéetron reductants
were also reporteds

separate or same reagents for e/H" transfer

Scheme 2General mechanism of the hydrodediazonation of arenes.

However, the aforementioned methods suffer from severe drawbacks. The
presence of good nucleophiles such as water and alcohols promotes ionic reactions of
the electrophilic diazonium salts which result in the formation of unwanted phenols
and ethers, respetively. Inorganic reductants mostly exhibit low solubility in organic
solvents and often require the employment of sugtoichiometric amounts. From the
viewpoint of price, availability, scalg, substrate solubility, and general handling, the
use of DMF appears to be especially attractive. DMF contains seven potential H donor
atoms. The major drawbacks of DMtediated hydrodediazonation are the
incompatibility of the commonly employed Fe(ll)}maluctant with several functional
groups and the elevatedetnperatures which also promote-IC bond heterolysis and
competitive nucleophilic substitutio® The commercial availability of deuterated DMF
derivatives (1, ds, andd,) is an advantage over many alternative methods where the
synthesis of deuterdoenzene is limited by the accessibility of a suitable D donor.

Here, we wish to report on an optimized protocol for the reductive dediazonation
of arenediazonium salts with DMF which operates under ambient conditions and in the
absence of additional reductantOur strategy utilizes visible light as the most
abundant source of energy on the surface of our plant to drive a chemical redox
reaction of arenediazonium salts in the presence of a catalytic sensitizer. In recent
years, this photocatalyti€ approach haded to the development of several efficient
procedures which involved the generation of aryl radical intermediates and their
subsequent reaction with Teelectron donor€® o- or n-electron donors?t
Organometallic sensitizers (mostly Ru, Ir, Cu complextés pyridinebased ligands)
and organic dyes (mostly fluoresceins) have been reported to achieve high synthetic
efficacy in various photoedox catalytic reactions with arenediazonium salts.
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5.2: Results and discussion

Initial experiments were performed wit 4-methoxybenzenaliazonium
tetrafluoroborate in DMF with 2 mol% eosin Y (disodium salt) at room temperature.
Gratifyingly, the reaction proceeded smoothly to give the desired product anisole in
90% vyield after 3 h (Table 1, entry 1). Shorter reactioresirted to low conversion
(entries 23).

Table 1.Selected catalyst optimization experiments.

N,BF,4 [sensitizer] /@/H
Me0/©/ VIS irradiation MeO

DMF, 18°C
Entry Sensitizer (mol%) Time [h]  Yield [%p

1 Eosin Y (2) 3 90

2 Eosin Y (2) 2 89

3 Eosin Y (2) 1 70

4 Rose Bengal (2) 1 37

5 Erythrosin B (2) 1 48

6 Fluorescein (2) 1 51

7 Bromocresol Green (2) 1 11

8ol [Ru(bpy3Ch] (2) 1 95

9l [Ir(ppyX] (2) 1 30

10 Eosin B (2) 1 96

11 Eosin B (2) 0.5 87

12 Eosin B (2) 0.25 80

13 Eosin B (1.5) 0.5 89

14 Eosin B (1) 0.5 91
Standard conditions: 0.25 mmol -ahisyldiazonium tetrafluoroborate
sensitizer2mL D MF , 18° C, i rr adb2shnm, BOW)wi t

[a] GC yields (vs. internal referenegoentadecane). [b] Irradiation with blue LE
( Mx450 nm, 3.8 W)ppy = 2phenylpyridine

Among several sensitizers tested,(BwkChk ( b p y -bipyridine)2and eosin B
(2-(4,5tetrabromo-2,7-dibromo-6-oxido-3-oxo-3H-xanthen9-yl)benzoate)  afforded
the highest selectivities and allowed for shorter reaction timesnreffort to devise an
operationally simple, safe, and lewsost protocol, we proceeded with eosin B as
photocatalyst which could be employed in 1 mol% loading. A brief survey of alternative
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solvents and additives containing potential H donor motifs vicioaheteroatoms
resulted in no superior hydrdediazonation system (Table 2ydrogen atom donors

as trimethylamine and HMPA could be employed as sources of the hydrogen atom, but
DMF is superior to them, with concern to its safety profile and price c@umation of

the starting material is also important, as too high concentrations leath¢oeased
amount of radical recombination, generating biaryls.

Table 2.Screening of hydrogen atom donors.

N,BF, 1 mol% Eosin B H
/©/ green light, 18°C, 30 min /©/
MeO MeO

conditions
Entry Solvent Additive(eq) c[ArNBR] (M)  Yield%]&
1 MeCN - 0.13 10
2 MeOH - 0.13 8
3 MeCN NEg (10) 0.13 39
4 MeCN DMF (10) 0.13 6
5 MeCN DMF (20) 0.13 6
6 MeCN DMF (30) 0.13 8
7 MeCN HMPA (10) 0.13 81
8 MeCN/DMF (1/1 - 0.13 27
9 NMP - 0.13 53
10 DMF - 0.13 91
11 DMF - 0.25 46
12 DMF - 0.5 25
13[] DMF - 0.13 4
14l DMF - 0.13 2

Standard conditions: 0.25 mmolahisyldiazonium tetrafluoroborate, 1 mol¢
eosin B, 2 mL sol vent , additive,
( Mx=525nm, 3.8W). [a] GC yields (vs. internal referenogoentadecane).
[b] No catalyst added. [c] Dark reaction.
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Table 3.Substrate scope.

o)
1 mol% eosin B Na B EosinB

N,BF,
R@ DMF, 185G, 051 @ | ON
green LEDs i

NaO,G

NO,

Product R Yield [%6F! R Yield [%]
[a]
H Cl 87 N3 99
@ER Br 98 CQMe 88
Me 95 NG 85
Ck 97 SH 0
CN 87 Ph 78
R H Br 97 Me 78
0 Cl 77 NG 69
I 49 OH 0
H F 90 NG 69
RO Cl 99 CHO 37
Br 97 COMe 88
I 68 SMe 13
Me 90 OMe 88

H N H CO,Me cl
O X
N _
77% 0% 76% cl €l 88%
25 mmol arenedi azonium tetrafluoroborate,

irradiati on wmi525hnm,gB.8 &V feGCLykelDs ((s.Ainternal reference
n-pentadecane).

The optimized set of reaction conditions was apglito various substrates
(Table3). The reaction tolerated esters, ketones, ethers, nitriles, halogens, and
trifluoromethyl substituents at the arendodinebearing arenediazonium salts gave
somewhat lower yields, presumably due to radical €leavage. Interestingly,
thereaction was compatible with an azide substituent. Unprotected OH and SH
moieties inhibited conversion, most likely as a consequerfdbeir high nucleophilicity
which leads to azo coupling (or other nucleophilic side reactions) and reductive
quenching of the excited catalyst. A less pronounced erosion of activity was observed
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for thioanisole. The highly electrophilic -q@iinolyldiazonim tetrafluoroborate
underwent rapid decomposition.

Table 4 Comparison to statef-art procedures. Reported yields are compared to yields
obtained by our photocatalytic process (in brackefspi = prostaglandin.

i radical : | .

| iniistor i H-donor . time
.......... :-------------:--"'"""":""""" N02 OMe
(ref.7y 1 HsPO2 0 HsPO 1 ~qay /©/ /©/

'+ 200 eq. ! 200 eq. | H H

E E E 65 (69) 80 (88)

. o ) 1 Cl
(ref.10) 1 RO i ROH % 10 min /@ /©/

E : solvent : H H

: : : 60 (91) 91 (87)

5 E : ON OMe
(ref.16) : 65°C 1 DMF ! 40min :@ /©/

H . solvent | H H

; | E cl cl OMe
(ref.18) | FeSOs & DMF  -minytes /©/

i \ solvent | H H

| | | cl 61 (88)

: : . 66 (88)
(ref. 12) . NEt L NEt ~minutes

! 1 slight excess !
(ref.8) 1 NaHSO3; | NaHSO; : PGi derivatives ~60-80%

i 10eq. 1 10eq. :

We @n compare of our photocatalytic method to the staskart reactions for
hydrodediazonations (Table 4). Photocatalytic variant is superior in many aspects to the
traditional systems only catalytic amount of radical initiator is used, and cheap and
easyto handle hydrogen atom donor is use@hotocatalytic method is more selective,
giving often higher yields, than the conventional ones.

We have further probed the feasibility of related deutetediazonations in the
presence of commercially availalde-DMF as solvent. Low yields of the monodeutero
derivatives were obtained after 30 min (<40% at standard conditions), whereas good

133



conversions were observed after 8 h (Scheme 3). For all cases, complete deuteration
(100% D) at the former ApN moiety was déermined (NMR, MS) as no other
competent H atom source was present in the reaction mixture. This is in stark contrast
to previous protocols for arene deuterations which often suffered from poor isotope
incorporation due to competitive H atom transfer frasther sources:6.22

E N,BF, 1 mol% eosin B E
: R‘©/ d-DMF, green light R O

18°C, 8 h

cl Cl  MeO NO, Co,Me R

77 % 88 % 71 % R =Ph: 56 %
R=CN:70 %

Scheme 3Deutero dediazonations witt,-DMF.

The observation of slow conversion of the deuterations prompted us to further
investigate the mechanism of H/D atom abstraction and the degree of theti&
isotope effect (KIE). On the basis of previous stutfiés?3 we have proposed the
following reaction mechanism (Scheme 4): The pkmtoited eosin BEB effects
one-electron reduction of the arendiazonium salt to give the aryl radical. Hydroge
atom transfer from DMFMFH) furnishes the defunctionalized arehiéand the DMF
radical DMP). Then, bifurcation into two pathways is possible: BMF can
regenerate the photocatalyst by back electron transfer (photocatalysis), or b) reduce
another substrate to the aryl radical (radical chain propagation). It has been shown for
related lightmediated reactions that both pathways can be operative, dejemdn
the employed substrate® The DMF ion resulting from both pathways undergoes
hydrolysis to volatile products upon wetlp.

In order to clarify the operating mechanism, we have determined the quantum
yield of the hydrodediazonation reaction. Cheali actinometry with potassium
Reineckate (Scheme 4) according to a recently reported proc&dgare a quantum
yedd= 2.5+0.4 for t he -dnigyt tet@ftleraboraiezumdeat i o n
standard conditions. This value documents significant pagi@p of a radical chain
process, even though the average chain lengths are rather short. Further support of the
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proposed mechanism was derived from a thermodynamic analysis of the relevant
single electron transfer steps.

DMF-H
4
R R R
N,BF, H
1 2 3

N, -BFY

: single electron transfer

: hydrogen atom transfer

H=CH, O
\
/N—< = DMF-H
H3C H
H,C (0] H3C (0] H,C O H3C (0)
@
\N—< or \N / = DMF \\N®—< or \NJ/® = DMF
/ / / /
H;C H HzC H3C H HsC

Scheme 4Mechanism of the photocatalytic dediazonations.

The reduction potentials of most hal¢actions were available from literature
data24 However, the value of th®MPDMF redox couple is not known and cannot
easily be derived from experiments. We have determined this potential from DFT
calculations (Details on the calculations are given in the experimental and
computational part) Both, the reduction of the arenediazoniusalt by photeexcited
eosin B and the oxidation of th®MF radical by the radical catioleB® are
thermodynamically feasible processgg3 =-y" i ng)i On the other hand, reduction of
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arenediazonium salts HPMP°is energeticlly neutral at best, but unfasrable by up to
750 mV for highly electroerich substratesWhile this finding renders a radical chain
mechanism mediated by DMF rather unlikely, it is still possible to operate against
amoderate potential gradient of appr. 500 mV if the onwargaction following the
electron transfer is rapié Such mechanism is facilitated by (i) the low uphill potential
gradient (<500 mV) of SET reactions betw&MF’and most areneliazonium salts
(except for 4biphenyldiazonium tetrafluordorate), (i) the rate and (iii) the
irreversibility of the reductive cleavage of theNCbond due to the gaseous leaving
group N. Predicted unreactivity of-Biphenyl saltcorrelates well with the published
results on the hydralediazonation in DMF when using Fe(ll) salts agreledonors’s

In this case, mist arenediazonium salts could be reduced with -stdichiometric
amounts of Fe(ll) which suggests the operation of a DMHBiated radical chain
process. Full conversion ofoiphenytdiazonium salt, however, required stoichietric
Fe(ll) probably due to the therodynamically disfavoured SBEWe therefore cannot
exclude the occurrence odbMFmediated radical chain processes for most of the
substrates studied hereSummary of the thermodynamic analysis is given below
(Scheme 5)

E

-» W
H

1.6-09V -0.05--0.75V

DANGANGIAN

EB* Ar-N,BF, DMF EB*
Scheme 5Redox potentials of SET processes (vs. 8GE-Y (nE i

I

-
..-.Zp...-...-.-

o
H3C\"Il/u\D
CH; (d;,-DMF)
R 8% D
X
D;C.
NBF, T NTCH
CD; (ds-DMF
0 e, 0,
O,N O2N
DMF/d,-DMF
(11 viv)
33% D

Scheme 6. Isotope labelling withd-DMF (1 mol % eosin B, green 1ligh
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The DMF molecules contaiseven potential H atoms which can be transferred to an
intermediate aryl radical. In an effort to clarify the chemoselectivity of this process, we
have performed isotopic labelling experiments and DFT calculafforiber details are
given in the experiantal and computational part) Dediazonations of
4-nitrobenzenediazonium tetrafluoroborate were performed in partially deuterated
DMF. Withd;-DMF (with the D atom in the formyl grougiDO), 8% D incorporation
were observed whileds-DMF (with a perdeutettad -N(@s), group) gave 12% D
incorporation (Scheme 6). The H/D ratios of the product mirror the relative reactivities
of the H donors in DMF. These values translate into a difference of transition state
energies of the two competing pathwaysjofe’ =- 1.6 kJ/mol ford;-DMF (i.e. in favo

of N(G). abstraction) andh j&” =9.4 kJ/mol fords-DMF (in favoof GHO abstraction).
Employment of an equimolar mixture of DMF athdDMF afforded nitrobenzene with
33% incorporation of D into the-gosition from which an average reactivity ratio of 8/1
(DMF vsd,-DMF) can be derived.

X =H/D
XaC Xao-N- X6, 0O

N-CX3 X3 N4
O,NQ ————— X=4 I * - o,w@ ————— X=CX3 X
Q

CXO-abstraction N(CX;);-abstraction
d': 50.6 kJ/mol

d': 48.1 kJ/mo

2.5 kJd/imol

d: 6,2 kJ/mol

d®: 0 kJ/mol / I 6.2 kJ/mol

d5-DMF

Preferrence of CXO abstraction: AAGI(kJ.'moI]

DFT experiment
d'-DMF -25 -1.6
d°-DMF 6.2 9.4

Scheme 7. Transition states of competing formyl-H and methyl-H abstractions.
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The relative energies of the transition states can also be deduced from DFT
calculations (Scheme, details given in the experimental and computational part
Inde-DMF, abstraction of the forml is strongly favoured due to the much lower
activation barrier of the coesponding transition state relative to abstraction from the
N(CDR), moiety (1 )&&" = 6.2 kd/mol). This selectivity is reversed daDMF where
Hdonation from the NMe, groups is favouredn( j&” = 2.5 kJ/mol). This site selectivity
is mainly determined bthe kinetic isotope effect (KIE) rather than the stereoelectronic
properties of both moieties in DMF. The relative transition state energies obtained
from DFT calculations correlate very well with the relative reactivities derived from the
H/D isotope labking (see aboveand Scheme 6), with the H/D abstraction being fate
determining

5.3: Conclusion

In summary, we have reported a new visible lighiven protocol that allows
selective hydro and deutero dediazonations of arenediazonium salts as adewpfst
deamination strategies. In comparison with conventional processes, no metals or
stoichiometric reducing agents are required. Both, elecirich and electrordeficient
aromatic substrates can be converted. The employment of the commercial solvent
d,-DMF allows the synthesis of deuterobenzenes with complete isotopic purity.
Mechanistic studies involving chemical actinometry and DFT calculations showed that
photocatalytic and radical chain processes are both operative. Isotope labelling
experiments andDFT calculations exhibited strong kinetic isotope effects which
support the feasibility of H and D donation from the dimethylamino and formyl
moieties within DMF and-DMF.

5.4: Experimental and computational part
General methods

Commercial chemicals were used as obtained from Siglahdch, TCI Europe or
Fisher. Solvents were used without further purificati@h-DMF,ds-DMF andd,-DMF
were obtained from Deutero GmbH. TLC was performed on commercial silica gel
coated aluminium plates (DC60 F254, Merck). Visualization was done with UV light or
by staining with phosphomolybdenic acid for -Uctive compounds. Column
chromatographywa per f or med wusi ng si |GOrganics)gsdHe ( 60
stationary phase. Product yields were determined by-FHT (7820A Agilent) using
n-pentadecane as internal standard. The purity and structure of isolated compounds
were confirmed by!H NVR,2D NMR3C NMR, and MS spectra and comparison with
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authentic samples. NMR spectral data were collected omBraker Avance 400
(400MHz forlH; 100 MHz for*3C) or on a Bruker Avance 600 (92.1 MHz 4oy
spectrometers at 25 rfecCind/p@rh addoapbny cosstantsf t s a
Jare given in Hertz. Solvent residual peaks were used as internal reference for all NMR
measurements. Abbreviations:ssinglet, d— doublet, t — triplet, g — quartet, m—

multiplet, dd—doublet of doublet.

Generalprocedure for the synthesis of arenediazonium tetrafluoroborates:

The aniline (4.5 mmol) was dissolved in glacial acetic acid (3 mL) and 48 % aqueous
tetrafluoroboric acid (1.3 mL). Then, a solution ofésoylnitrite (1 mL) in glacial acetic

acid (2 mL) as added at room temperature over 5 min. Diethylether (15 mL) was
added and the reaction mixture was cooled down ®0 ° C i n order t
crystallization of the product. The crystals were filtered off in vacuo, washed with
diethylether (2 x 10 mL) ardttied on air.

General procedure for the hydrodediazonation:

The arenediazonium tetrafluoroborate (0.25 mmol) and eosin B, disodium satn@3.2

5pumol , 2 mol %) were dissolved in DMF (2
through the solution during vigous stirring, and the reaction vessel was capped. The
solution was subjected to irrag=266mmn wit
for 30 min at ambient temperaturé 1 8 ° C) . The end point of 1

by the cessation of gaselution and/or TLC analysis. The reaction mixture was diluted

with diethyl ether (5 mL) and washed with water (5 mL). The aqueous layer was
extracted with diethyl ether (25 mL), the organic layers were combined, washed with

brine (5 mL), and dried (M&Q). Products with high boiling points can easily be
separated from the solvent DMF by distillation; npolar arenes can be separated by

liquid extraction with pentane. The residues were subjected to ; Si@sh
chromatography to isolate the pure benzenes deuterobenzenes. For screening
purposes, the internal GC standarg e nt adecane (20 pL) was ad
determined by quantitative GEID.

General procedure for the deutero dediazonation:

The arenediazonium tetrafluoroborate (0.25 mmol) awakin B, disodium salt (3rg,

S5pmol , 2 mol %) dwF ¢€0.8 dL)$nthe HavkeNitrogemwas bubbled
through the solution during vigorous stirring, and the reaction vessel was capped. The
solution was subjected to irradiation with greenHig ( LEDs, m=58nM) eac h
for 7 h at ambient temperatur¢ 18 ° C) . The end point of th
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the cessation of gas evolution and/or TLC analysis. The reaction mixture was diluted
with diethyl ether (5 mL) and washed with watés mL). The aqueous layer was
extracted with diethyl ether (2x5 ml), tt
brine (5 mL), and dried (M8Q). The solvent was evaporatéu vacuoand the residue

purified by column chromatography (silica gel, elugmntane) to obtain the pure
deuterated arene.

1,3,5Trichloro[2-2H]benzene

Cl
D

Cl Cl

IH NMR (400 MHz, CRCppm): d 7.27 (s, 2H)33C NMR (100 MHz, CRGbpm):
5135.6 (C), 135.5 (C), 127.2 (CH), 126.9X#= 26 Hz, CDPH NMR (92.1 MHz,
CHCOCH ppm):d 7.55 (s1D);HRMS: cal’ d : 180. 9363 ;,spécoal nd : i
data wee consistent with literaturé?

1-Methoxy-3-nitro[4-2H]benzene

r
MeO NO,

IH NMR (400 MHz, CRQGpm):5 7.68 (d, 2= 2.5 Hz, 1H), 7.39 @ = 8.3 Hz, 1H),

7.18 (dd33n= 8.3 Hz43n= 2.5 Hz, 1H}C NMR (100 MHz, CRGQipm):5 160.2 (C),

149.2 (C), 129.9 (CH), 121.4 (CH), 115.64%= 26 Hz, CD) 108.1 (CH} NMR
(92.1MHz, CHCOCHK ppm):86 7.91 (s1D; HRMS: cal’ d : 154. 0489; foun
spectral data wee consistent with literaturé?

Methyl [2-2H]benzoate

CL,
COOMe

1H NMR (400 MHz, CRCbpm): & 8.04 (dd,2J(HH) = 8.1 Hz4J(HH) = 1.2 Hz, 1H),
7.56(dt, F(HH) = 7.5 Hz,33w = 1.2 Hz, 1H), 7.4B642 (m, 2H), 3.92 (s, 3H);
13CNMR(100 MHz, CDglppm): & 167.1 (CO), 132.9 (CH), 130.1 (C), 129.6 (CH),
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129.3(t, Wkp = 25 Hz, CD), 128.4 (CH) 128.3 (CH), 52.3; @®HNMR (92.1 MHz,
CHRCOCH| ppm):87.91(s,1D).

[4-2H]Biphenyl:
OO

IH NMR (400 MHz, CRCppm): & 7.62 (d,33w = 8.2 HzAH), 7.497.44 (m, 4H),
7.37(tt, 3n= 7.4 Hz33w= 1.2 Hz, 1H}C NMR (100 MHz, CRGipm):5 141.3 (2 C),
128.8 (2 CH), 128.7 (2 CH), 127.3 (CH), 127.2 (4 CH), 1249 %,25 Hz, CD);
2HNMR(92.1 MHz, GYCOCH| ppm):3 7.91 (s1D).

Calculation of redox potentials:

All reported values are referenced against SCE. The redox potential ofBeasiits
excited state can be obtained from the literature values of the triplet state eriérgy
and from the ground state reduction potentigf.

EedEB/EB(T)) = [E(EB()) — E(EB(S)] - Eed(EB /EB(S)) =-1.97 + 0.60 VV 4..37V.

Redox potentials of th®MF/DMF® couples (DM#based cationd A or 1B; radicals
2Aor 2B) were not available but were obtained from DFT calculati@augsian G03)
following a welprecedented metho# for the estimation of SET redox potentials. The
geometries were optimized at the-&1+G(d,p)/UB3LYP level, single point calculations
with augcepVTZ/UB3LYP. The solvation was considered in both optimizations as well
as single point calculations using tRe&CM model with universal force field radii to
approximate the molecule surface. The following values were used to implement DMF
as solvent into the PCM model : permittivi
0.00781 mol ecul es tpferms of DMFbased rAdicgl srd rcation . B o
(1A, 1Band2A, 2B) were taken into consideration.

L]
HG, O  HC 0 H,C O H,C . O
-7 ) N—7 Y
/N o /N_« /N ® /N_«
HaC HsC  H HaC HsC H
1A pME® 1B 24 pup> 28

Scheme 8. Calculated structures of DMF-based intermediates
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DFTAEQA 1A) = 4.44 VAEQR/1B) = 4.48 V.

These are absolute valuagferenced to infinity. Reference against SCE requires
abstraction of 4.19 V from these valu#s:

Eed(2A/1A) = 0.25 V; & (2B/1B) = 0.29 V.

Calculation of transition state energies:

All DFT calculations were performed using the Gaussian G03 p&ékagead of the
standard UB3LYP, the UMPW1K functional was used, which has been shown to
perform better in cases of protenoupled electron transfer processeés.

SERE

Figure 1 Transition states of CH@nd-NCH hydrogen abstraction
Estimation ofisotope incorporation:

For determination of H/D isotope incorporation,p-nitrobenzenediazonium
tetrafluoroborate was chosen as model system. The H/D ratio was obtained from
integration ofIH NMR spectra by comparing signal intensities of the product neixtur
(nitrobenzene and 4leuteronitrobenzene atH signals at 8.25 ppm and 7.55 ppm, only
H) with the resonance of thearaCH at 7.71 ppm (H or D). The selectivity of H/D
abstraction from DMF were calculated from this ratio.
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1H,13C and®H NMR spectra of dected compounds
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Chapter 6:

Photocatalytic synthesis of pyrazoles

This chapter contains unpublished work
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Photocatalytic synthesis of pyrazoles

6.1: Introduction

B-Qubstituted ketones are interesting synthetic intermediat@s the synthesis of
pharmaceuticals and other fine chemicals, and are often synthesized by Migpael
1,4-addition to unsaturated carbonyl compounds.Recently, a cooperative
photoredoxor ganocatal ytic system wa sarylagtienwofe| opec
ketones? Our aim was to develop a new photocatalytic method, which would not
requirethecec ur r ent or ganoc at aaryhtediketones,tpespdy by | e a d
using a different starting material. Inspiration came from the work of Floweed.3 In
this paper, opening of cyclopropyl alcohols by radicals leads to formation of
B-substitutedketones (Scheme 1Jhey propose a mechanism, where bromide anion is
oxidized by superstoichiometric oxidant (CAN), generating bromine radical. Bromine
radicd attacks cyclopropyl alcohol, to yield stabilized benzsdidical thatis again
oxidized by the cerium reagent, leadingth® desired3-substitutedproduct.

A(OH

Ph OH
Br- LN
- + Ce(lV) Br Ph Br
®
@) H* OH Ce(lV)

Ph)vBr ;—ph)v

Br - Ce(lll)

Schemel. Sy nt h e-subsstuted ketoffies froneyclopropanols.

This work was later followed up by expansion of substrate scope to cyclobutanol
substr at e s ssubstithtedkdtongs a @ similgr wéyhe third, and so far the
last publication on this topic was published very recently, and deiift the expansion
of the oxidative strained alcohets-ketones stategy to azide, as the anionic source of
the attacking radicals, and offered improved oxidation system, using Mn(lll) salts to
carry on the oxidative stegsOur idea was to replace the idation of anions as the
source for the attacking radical with some photoredox process, which would deliver
the aryl radicalse.g. by reduction of diazonium salt©xidized photocatalyst would
either oxidize the intermediate stabilized benzylic radical, or get reduced by sacrificial
electron donor(SD,e.g. triethylamine) (Scheme 2)As the photocatalysts, eosin Y or
Ru(bpy)?* could be used, as they were already derstrated as competent catalysis
for the generation of aryl radicals from diazonium sélts.
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®
N, /o
|O I><OH
Ar
OH
[Pcat]* PCat*
O~Ar
B
blue or green SD*
light
B Sb
1 PCat
\ eosinY O
po o Ar
' Ru(bpy)

Schem&. Envi si oned -ag/lgtedtkdioacs frosn cyaldbprofanols.

In order to probe the viability of our approach, we wee to look for a
straightforward route to substituted cyclopropanols. Traditional methods largely fail at
the efficient synthesis of cyclopropanols, and their syntheses tended to be tedious
multi-step processes. More recently, elegant approaches usingmBionsSmith
reagent were discovered, but they require complicated starting matetilobably
the most straightforward method of synthesis of the substituted cyclopropyl alcohols,
is the reaction discovered by Kulinkovigh. al. in 1989 (Scheme 3).Reaction
mechanism of this reaction is as follo¥By addition of ethylGrignard reagent, Ti(IV)
alcoholate is converted to organotitanium compounyl (This compound is unstable
even at lower temperatures and tends to eliminate ethylene gas, formiagdtycle
(I1). Cyclic compound is in equilibrium with a complex, where ethylene is coordinated to
the titanium (ll). Carboxylate can coordinate to the titanium, leading to the formation
of 5membered ring with titaniuml{). Alcoholateis transferredio the titaniumcenter,
forming the cyclopropyl ring. Driving force of these transformation is the high
oxophilicity of titanium(T+O bond energy is 662 kJ/mBlin comparison with the TC
bond energy of 435 kJ/mol). Ultimately, both of the alcoholate gsoare displaced
from titanium by the action of Grignard reagent. Driving force of this step is probably
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the difference of pKa’s between the
cyclopropyl alcohol, is obtained on acidic workup of the reaction mextur

RO, RO,
T = " 2
— RO RO R
I i OR"
2 EtMgX Ro\Tg> R
RO /\ 4 I\; "
Ti(OR), RO 7 "OR
RO 7
2 ROMgX /
2 EtMgX
1 RO\ OR"
HO R P
A RO\ OR" RO O
R"OMgX  Ti. v

Schemes. Mechanism othe Kulinkovich reaction.

As carbe inferred from the mechanism, catalytic amount of titanium reagent can

be used in theory, and superstoichiometric amount of the Grignard reagent in

Gr

necessary (at least 2 equivalents and additional amount needed to prepare the

catalytically active specid¥. Indeed, the original protocols developed by Kulinkovich
called for use of 85 mol% of titanium isopropoxide and appr. 2.2 equivalents of the
ethyl-Grignard reagent. Nevertheless, procedures where stoichiometric amount of
titanium were used, and thactive specietwas preformed before the addition of the
substrate (carboxylic ester), were successfully demonstrated as!ivelWhen the
traditional setup is used, and the catalytic specids formedin situin a reaction
mixture already containingth e st e r, exRésCoD&RGrignardcan react with

the ester sooner, that the titanium reagent. This way leads to formation of ketones and
tertiary alcohols by direct nucleophilic attack on the ester, diminishing the yield. Even

worse, structure ofthe byproducts resembles the structure of the desired product
(cyclopropanol) so much, that isolation of-pgyoducts is often impossible. In order to
circumvent this, an elegant modification was proposed recélitin the modified

version of the Kulinkagh reaction, methylGrignard reagent is added first, followed up
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by the ethylGrignard reagent. While the methylmagnesium cannot react in the
Kulinkovickfashion, it is more reactive in the nucleophile then the ethylmagnesium,
thus forming the byproductsinstead. Even though the amount of Jpyoducts is not
diminished this way, they become more structurally different than the desired product,
and thereby separable from itKulinkovich reaction allosvus also to produce
cyclopropanols with substitution ithe positions 2 and 3 of the cyclopropyl ring. This is
done by taking advantage of the equilibrium betwekkiand Ill, where in the complex

I1l, the ethylene is only loosely bound to the titanium center. Therefore if other alkene
is present in the reactiomixture, it can exchange with ethylene as a ligand. Moreover,
ethylene escapes the reaction mixture as a gas, pushing the equilibrium in the right
direction. This way, further substitution on the cyclopropyl ling can be introdéted.
Modified versions ofKulinkovich reaction also allow the synthesis of cyclopropyl
amines?®

6.2: Results and discussion

We have first attempted to devefp a reproducible synthesis of
1-arylcyclopropanols, based on the Kulinkovich synthesis. In order to probe the viability
of our approach, we needed to look for a straightforward route to substituted
cyclopropanols.Results of the optimization are summarized in the following table
(Table 1). First attempts to preform the active titanium reagent and use the reagent
stoichiometri@lly, as described in previous literaté#dailed in our hands completely,
when no product was detected even on -GIS, we suspected solubility issues, but
product failed to materialize even in more dilute conditions (entry 1Q@3talytic
variant of Kulikovich reaction was more successful, when under these conditions we
could detect someproduct formation, albeit in an inseparable, complex mixture
(entry 3). When the reaction temperaturevas keptat7 8 ° C over t he wh
the addition of the Grigna reagent, substantialamount of product was formed
(entry 4). While its isolation was possible, significant amount of inseparable impurities
were still present in the product. We have determined by-I8€ analysis, that these
impurities are propiophenoneand 3phenylpentane3-ol, products of the direct
nucleophilic attack of the Grignard reagent on the ester (Scheme 4).

COOMe T|(O/Pr
©/ EtMgBr
Scheme 4Formation of impurities in the Kulinkovich reaction.
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Table 1.Selected optimization experimentg Kulinkovich cyclopropanol synthesis

HO

COOMe Ti(OiPr),
©/ RMgX
Enty Ti(@Pri  Timeh — Grignard  Yield
2.8 eq. EtMgBr
a
1 1.4 eq. 66 0 eq.MeMgCl 0
2.8 eq. EtMgBr
b
2 1.4 eq. 66 0 eq.MeMgCl 0
2.8eq. EtMgBr
c 0,
3 10 mol% 1 0 eq.MeMgCl traces
3.0eq. EtMgBr
d
4 1.0 eq. 2 0 eq.MeMgCl 43
1.5 eq. EtMgBr
(]
5 1.0 eq. 15 1.5 eq. MeMgCl 40

aReaction conditions: 0 ° C t o Sdme€ conddionsnl of
as ina, but 8 ml of THF per mmol of substrateaddition of Grignard reagent and
reaction at RT, 4 ml of THF per mmol of substratecldition over 1 min at7 8 ° C,
reaction at RT for 1 h, 4 ml of THF per mmol of substraame conditions as i but

addtion period shortened to 30 min.

Optimal procedure for the synthesis of cyclopropanols was found to be the
modifie i d Kul i nk o¥ with lthe sse of rthe saerdical methylmagnesium

(entry 5). This way, product was obtained at 46 % yield, aoduitd be easily purified
by chromatography.

HO
COOMe 1 eq. Ti(OiPr),
_—
R‘©/ 15eq.MeMgcl R
1.5 eq. EtMgBr

78°C ->RT
THF, 1.5 h
HO HO. HO HO. HO
©><] /©><] Me0\©><] ©f<] C|\©><]
MeO OMe
46 % 54 % 50 % 10 % 7%

Schemeéb. Substrate scope of the synthesis eftlylcyclopropyl alcohols.
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Various other substrates were subjected to the optimized conditions, in order to
obtain a small libray of startirg cyclopropanols (Scheme 5)m8ar yields as were
obtained with the unsubstituted methyl benzoate were also obtained with 4
methoxybenzoate and -Bethoxybenzoate as the substratesWhen 2
methoxybenzoate was used, yield drops significantiyppesedly due to the
coordination of methoxygroup on the titanium reagent, which hampers the reactivity.
Halogen substituents were only poorly tolerated, as we obtained just 7 % of product,
when 4chlorobenzoate was used as a substrate. Attempt to tsdliomoeanalogue
failed completely, as a complex mixture was formed. The same behavior was observed
with 4-nitro derivative. This is probablg manifestation of the ability of lowalent
titanium reagents to induce SET. Interestingly, when we triedraact methyl
propionate and methyl pivalate in our optimal conditions, the desired cyclopropyl
product was not formed. In this case the analysis of products was made difficult by
their volatility, and further investigations into the structure of the formgiducts are
ongoing.

With the substrates for the photoredox reaction available, we have proceeded to
probe them in the envi si eanlketbnepAfterfidagaft al yt
irradiation, large part of the starting material was convertedg ahe GEMS showed
its clean conversion to a new product, which we isolated. Much to our surprise, its
spectra did not resembl e-arylkbtene & plle Bytusing o f
multiple analytical techniques, we were finally able to assign streicture of the
unknown product to a substituted Hdrylpyrazole (Scheme &tructure of the product
was proven without doubt by comparing its spectra against its reported sp&cha.
the such pyrazoles are an interesting synthetic target, and up ®dhte, there is no
photocatalytic reaction for their preparation, we had not discounted the project at this
stage, but we changed -aryketonesdorNapyrazdles.om sy n

o N,BF,
©>< +
eosin Y eosin Y
green LED OMe 9reen LED
MeCN MeCN

—N

\
o SN
OMe
OMe

Scheme 6Unexpected reactity of 1-phenylcyclopropanol in the photoredox reaction
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Table 2 Optimization of the photocatalytic pyrazole synthesis

—N
o ot
. [cat], conditions OMe
Me0/©><] © MeCN

OMe
OMe
Entry Catalystloading  Time/h Yield
la 2.5 mol% 18 42
2 5 mol% 18 85
3 5 mol% 0.33 92
4 2.5 mol% 0.33 81
5 2.5 mol% 0.15 88
6 0 mol% 0.33 3
™ 2.5 mol% 0.33 0

Reaction conditionscyclopropyl alcohol (0.37 mmol, 1 eq.), diazonium salt (0.56 mmol,

1.5 eq.), Ru(bpyTh.6HO (as indicated), RT, blue LED irradiatfogosin Y was used

instead of Ru(bpy)Ch.6HO as the photocatalyst, green LED irradiation was used
instead of blue. TD °C t o RT, 4 ml o f PIREdEtionpveas mmo
performed in dark.

Short optimization of the reaction conditions was performed (Table 2). Significant
increase of yield could be observed, if photoredox catalyst is switched from eosin Y to
Ru(bpy)?* (entry 1,2). To our delight, this catalyst also allowed dramatic decrease of
reaction time, from 18 h to 20 min (entry 3). Alas, lowered catalyst loading had
negative impact on the yield (entry 4). Further decrease of reaction time was not
possible, as th yields dropped (entry 5). We proceeded to the control experiments. If
catalyst is omitted, only traces of product are formed (entry 6), and we have found that
much longer reaction times in this case do not improve the yield any further. Traces of
product are probably a result of some impurities, which form chamgesfer complex
with the diazonium salt. Reaction fails to give any product if the light is omitted
(entry 7), proving that the reaction is indeed initiated by light.
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—N
\
N,BF, SN i
HO \ Y
N 5 mol% Ru(bpy);Cl, 6H,0
+ R
i
= MeCN, blue LED light
MeO 20 min
OMe
N _  COOMe N N
\ \ \ \
N SN SN SN
OMe F CF3
OMe OMe OMe OMe
83 % 67 % 78 % 55 %
—N —N
\ \ Cl —N\
N N SN
Me Br
OMe OMe OMe
49 % 56 % 56 %

Scheme 6Substrate scope of the photocatalytic pyrazole synthesis.

With the optimal reaction conditions at hand, substrate screening was performed
(Scheme 6). Both electremithdrawing and electroraccepting substituents on the
diazonium salt weg tolerated. Substituents could be on any of the positionsn-, p-.

When we attempted to run the reaction with-daphthyldiazonium tetrafluoroborate

and with (methylthio)benzenediazonium tetrafluoroborate, products were obtained

in poor yields (< 25 Y6and they were part of complex mixtures. This is in line with our
previous observations, as these two diazonium salts are prone to side reactions in
radical conditiong¢

In the next step we proceeded to investigate the possible mechanism for this, so
far unknown, transformationThe unique characteristic of this reaction is, that the
diazo moiety from the diazonium salt is incorporated into the product. While this is not
unheard of, it is surprising in photocatalytic conditions. Diazonium salts aretwed
quenchers of photocatalysts such as eosin Y or Rufpwyith quenching rates
reaching the diffusion lim#? SET leads to formation of aryldiazenyl radical, which is by
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no means stable, and readiand irreversibly expels molecule of nitrogen, leaving aryl
radicall® This points to the fact, that catalyst must be very efficiently quenched by
something else, before the diazonium salt would quenciTlite only possible entity
present in the reaction mixte which could quench the photocatalyst, other than
diazonium salt, is the cyclopropyl alcohol. Taken this into account, we have proposed
the following mechanism (Scheme 7):

@

Ar OH
K M Ar JAr
Ar—N,* ! N
/ N
+ H*
[Ru(bpy)s**]* Ru(bpy)s* - H,0

Jﬁ,’!fr

blue light Ru(bpy);**

0
_ H
Ar)J\/\N/’N\Ar' O ArMN/N\Ar'

ViI
Scheme 7Proposed mechanism for the photocatatypyrazole synthesis

In the first step, cyclopropyl alcohol is oxidized by the photocatalyste dcohols
are known to equilibrate wittazoalcohols (AMO-N=NAT ' ) in presence
cations® This may help to stabilize the intermediate radicationV. Diazonium cation
is electrophilic enough to react with this radical, forming stabilized radical catiéh
Photocatalyst is regenerated by back electron transfer, to give azo compdlinthis
undergoes tautomerization, and the resultant phenylhydrazone cyclizes in an allowed
5-exotrig cyclization, to ultimately generate the observed pyrazole product.

Efforts to prove this mechanism are ongoirigpth fluorescence quenching and
phosphoescence quenching of Ru(bgd) with reactants will be examined in
combination with DFT calculations ¢terify the kinetic and thermodynamic aspects of
the steps in the proposed mechanism. CV measurements of model compounds will be
also performed, in casthey are easily available.
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6.3: Conclusion

We have optimized conditions for the synthesis edr§lcyclopropanel-oles from
benzoatesvia Kulinkovich reaction, by using titanium isopropoxide and Grignard
reagents.Small library of substitutedyclopropanols was produced by this method.
Produced cyclopropanolsere subjected to photoredox catalysis, with diazonium salts
as reacti on p a-arylated prepiopheBongsewere enat forfhed, but
contrary to the expectations,5-arykN-arylpyrazdes were obtained. Different
diazonium salts could be used in this reaction, forming diveraeyBN-arylpyrazoles.

We have proposed mechanism for this transformation, and the mechanistic
investigations, both spectroscopic as well as computational, agoiag. Our goal for

the future is to broaden the scope of starting cyclopropanols, also by using ethylene
alkene exchange, to obtain other substituted cyclopropyl alcohols. All the cyclopropyl
alcohols will be used in the pyrazdl@ming photocatalytic raction.

6.4: Experimental part
General methods

Commercial chemicals were used as obtained from Sigjlsiach, TCIl Europe or Fisher.

Dry THF was distilled from a ketyl sodisenzophenone still. Otherotvents were

used withoutfurther purification. TLCwas performed on comercial silica gel coated
aluminum plates (DC60 F254, Merck). Visualization was done with UV light or by
staining with phosphomolybdenic acid for 4Rhactive compounds. Column
chromatography was perf or medosrganics)@stisei | i c a
stationary phase. Product yields, which were obtained3GF1D (7820A Agilentyvere

referenced ton-pentadecane as internal standarBurity and structure confirmation

was done by!H NMR,13C NMR, G®IS, and®F NMR (where appmiate). NMR

spectral data were collected on a Bruker Avance 300 (300 MHHE fspectra; 75 MHz

for 13C spectra) spectrometer and a Bruker Avance 400 (400 MHHfspectra; 100

MHz for13C spectra; 376 MHz féfF spectra) spectr dehdts er at
are reported in &/ ppagvenimHedz Soleentpdsidual geakc o n s
were used as internal reference for all NMR measurements. The number of protons

was obtained by integration of appropriate signals. Abbreviations used in NMRa&pec

s —singlet, d—doublet, t— triplet, g — quartet, m— multiplet, bs— broad singlet, dd-

doublet of doublet, ddd-doublet of doublet of doublet.

General procedure for the synthesis of arenediazonium tetrafluoroborates:
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The aniline (4.5 mmol) wadissolved in glacial acetic acid (3 mL) and 48 % aqueous
tetrafluoroboric acid (1.3 mL). Then, a solution ofésoylnitrite (1 mL) in glacial acetic
acid (2 mL) was added at room temperature over 5 min. Diethylether (15 mL) was
added and the reaction miute was cooled down t63 0 ° C i n order
crystallization of the product. The crystals were filtered off in vacuo, washed with
diethylether (2 x 10 mL) and dried on air.

General procedure for theynthesis of larylcyclopropanel-ols.

Ti(AQPr) (2.47 mL, 2.36 g, 8.33 mmol, 1.0 eq.) was added to THF (30Timk)solution
was cooled downte7 8 ° C and Ml Mg Gimol, (.8 eq8 246in THF) was
added over 5 minSubsequently, EtMgB4.17 mL, 12.5 mmol, 1.5 e@m in E£O) was
added over 20nin, and the now dark brown reaction mixture was stirred for 1 h.
Afterwards, respective benzoat€8.33 mmol, 1.0 equiv.) was added to the mixture,
again followed by 1®inutes of stirring. The cooling bath was removed, and the
mixture was stirred for 1.5 at room temperature. The mixture was then carefully
guenchedwith cad (0° YCaqueousH,SQ (125 mL, 189 and extracted with E© ( 3 %
30 mL). The combined organic phases were then washed seitrated aqueous
NaHC® (20 ml), water (20 mL),and brine (20 mL Organic phase was separated and
dried over MgS® Solids were filtered off and volatilegsere removed under reduced
pressureto afford crude product The crude product was further purified by flash
column chromatography usingthyl acetate/pentane(from 1:20 to 1:6) on a 15 cm
silica getolumnto obtain pure product.

General procedue for the photocatalytic synthesis of pyrazoles:

A vial was charged with Ru(bp@b.6HO (1 8. 5 b mmdl ,%, 1-(4
methoxyphenyl)cyclopropang-ol (0.37 mmol, 1 eq.) and the parent diazonium salt
(0.56 mmol, 1.5 eq.). Vial was sealed, antdsequently MeCN (5 mL) was addadd

the reaction mixture was degassed, by purging with nitrogen over 10 min. in dark. Light
was switched on, and the reaction mixture was stirred at RT over 20Tih@reaction
mixture was quenched witlwater (3 mL), extracted with ethycetate( 3 x 3 mL)
washed with water (3 mLpnd brine (2 mL Organic phase was separated, and dried
over MgSQ. Solids were filtered off, andhe volatiles wereremoved under reduced
pressure to affordviscous oil containing produciThe crude product was further
purified by column chromatography using ethyl acetgiehtane(1:4) on asilica gel
columnto afford pure product.
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Analytical data of synthesized compounds:

1-Phenylcyclopropanl-ol
HO

IH NMR (400 MHz, CRCI p p mlp-7.38 (m7 5), 2.68 (bs, 14 1.241.30 (m,2H),
1.021.08 (m, 2t GGMS (Elm/z (relative intensity): 134 (3gM*], 133(52), 105 (96),
77 (100), 51 (79xpectral data were consistent with literatufe.
1-(4-Methoxyphenyl)cyclopropart-ol

HO

MeO

1H NMR (400 MHz, CRQbpm):d 7.237.25 (m, 2H), 6.87 (d,= 9.0H2, 3.82 (s, 3H),
2.55 (bs, 1 1.201.29 (m,2H), 0.850.91 (m, 2H)33C NMR (100 MHz, CRGipm):

6 158.4(Q, 136.2(Q, 126.4CH, 113.8(CH), 56.@), 55.3 (Cb), 16.7 (Ck}; GGMS (EIl)
m/z (relative intensity) 164 (10D [M*], 147(46), B5 (42) spectral data were
consistent with literatures

1-(3-Chlorophenyl)cyclopropanl-ol
HO

Cl

IH NMR (400 MHz, CRQbpm):d 7.257.22 (m, 1H), 7.19.14 (m, 2H), 7.08.00 M,
1H), 4.18 Is, 1H), 1.1&.21 (m, 2H),0.930.99 (m, 2H) 13C NMR (100 MHz, CRCI
ppm): 6 146.7(C) 134.2(C) 129.6(CH) 126.3(CH) 124.6(CH) 122.3(CH) 55.8(C)
18.3(CH); GGMS (Elm/z (relative intensity): &7 (14) [M*], 141(28), 139 (69), 111
(65), 75 (100Q)
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1-(3-Methoxyphenyl)cyclopropari-ol
HO

MeO

1H NMR (400 MHz, CRQbpm):5 7.21 (4 J= 7.7Hz, 15, 6.91 (t,J= 2.1 Hz, 1H), 6.78
6.82(m, 1H),6.75 (ddd J= 8.2 HzJ= 2.6 HzJ)= 0.8 Hz, 1H), 3.9bs, 1H)3.75 (s, 3H),
1.20-1.24 (m, 2H), 0.981.01 (m, 2H) 13C NMR (100 MHz, CR@pm): 5 159.6 (C),
146.5 (C) 129.3(CH), 116.7(CH) 111.6(CH) 1106 (CH) 56.1 (¢, 55.2(CHs), 18.1
(CH); GCGMS (Elm/z (relative intensity): 164 (31M*], 133(98), 107 (33), 11(65), 77
(100);spectral data were consistent with literatu@é.

1-(2-Methoxyphenyl)cycloproparl-ol
HO

OMe

IH NMR (400 MHz, CRQbpm):d 7.21-7.31 (m, 2H), 6.96.95(m, 2H),3.92 (s, 3H),
3.56 (bs, 1H), 1.141.15(m, 2H),0.91-0.95(m, 2H); 13C NMR (100 MHz, CR@pm):

0 158.5(C) 130.4(C) 128.9(CH) 127.5(CH) 1206 (CH) 110.6(CH) 55.5(CH), 55.3 (C),
13.6(CH); GGMS (Eln/z (relative intensity): 164 (9§M*], 135(100), 139 (69), 107
(27), 77 (8. spectrd data were consistent with literaturé

1,5Bis(4methoxyphenyl}1Hpyrazole

\
/ /N
N

MeO

OMe

1H NMR (400 MHz, CBQ)pm):8 7.67 (d,J= 1.6 Hz, 1H), 7.11.25 (m, 4, 6.796.89
(m, 48, 6.43 (dJ= 1.9 Hz, 1H), 3.80 (s, 3H), 3.79 (3; € NMR (100 MHz, CBCI
ppm): 3 159.4 O, 158.7 ©, 142.8 ©), 139.8 (H), 133.4 (), 130.0 (H), 126.6 CH),
123.0 ©, 114.0 CH), 113.9 (H), 106.8 CH), 55.5 (Hs), 55.3 (H); GGMS (Elm/z

162



Chapter 6

(relative intensity): 280 (100) [M], 281 (73), 265 (36ppectral data were consistent
with literature.22

5-(4-Methoxyphenyl}1-(p-tolyl)-1Hpyrazole

\
/ /N
N

MeO

Me

IH NMR (400 MHz, CR@pm):3 7.68(d, J= 1.8Hz, 1H), 7.17.20(m, 6H), 6.81 (¢J=
8.8 Hz4H), 6.43 (dJ= 1.9 Hz, 14 3.79(s, 3H, 2.35(s, 3H; 13C NMR (100 MHz, CRCI
ppm): 6 159.5(0), 142.8(0, 140.0(CH), 1378 (O, 137.3(Q, 130.0 (H), 129.5(CH),
125.1(CH), 123.1(Q, 113.9 ¢H), 107.1(CH), 55.3(CHs), 21.2(CHs); GGMS (Elm/z
(relative intensity): 264 (100) [M], 249 (36), 102 (36), 91 (71), 89 (56)(Z8), 65 (92),
63 (45), 51 (30xpectral data were consistent with literaturé.

5-(4-Methoxyphenyl}1-(4-(trifluoromethyl)phenyl)-1Hpyrazole

\
/ /N
N

MeO

CF3

IH NMR (400 MHz, CR@pm):d 7.73(d, J= 1.8 Hz, 1H), 38 (d, J= 8.8 Hz2H), 7.43
(d,J= 8.8Hz,2H), 7.15 (d,J= 8.6 Hz, 2H), 6.8d, J= 8.8 Hz, B),6.47 (d,J= 1.9 Hz,
1H),3.82(s, 3H)13C NMR (100 MHz, CRGlpm):3 1599 (s, 0, 1432 (s,Q, 142.9(q,J
= 1.2Hz O, 141.1(s, CH), 130.2(s, H), 129.0(q, J= 32.6 HzCH), 15.1(q, J= 3.8 Hz
CH), 124.8 (s, CH), 1239 (q, J= 273 Hz(), 122.5(s, Q), 114.2(s, CH), 108.4 (CH)554
(s, Gk); 19F NMR(376 MHz, CDg&l  p p 2.9 (83F; GCGMS (El)m/z (relative
intensity) 318 (48) [M+], 145 &), 102 (38), 69 (100), 63 (3%pectral data were
consistent with literaturez3
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Methyl 2-(5-(4-methoxyphenyl}1Hpyrazol1-yl)benzoate

\
/ ,N
N

MeO COOMe

1H NMR (400 MHz, CR@pm):d 7.85(dd, J= 7.7 HzJ= 16 Hz,1H), 770(d, J=1.8
Hz,1H), 750 (dt, J= 7.7 Hz J= 1.7 Hz1H), 7.43(dt, J= 7.6 Hz J= 1.3 Hz1H),7.30 (dd,
J= 7.8 HzJ= 1.2 Hz, 1H)7.10 (d, J= 87 Hz, 2H)6.77 (d,J= 87 Hz,2H), 6.45 (d,
J=1.9Hz, 1H)3.76(s, 3H) 3.63 (s, 3H)*C NMR (100 MHz, CRGipm):5 166.2 (CO),
159.5 (C), 144.(0), 140.2(CH), 139.6(C), 132.3 (CH), 130.0H), 129.8(CH), 129.20),
128.7(CH), 128.4(CH), 122.5Q, 113.9CH), 106.2 (CH), 55(@Hs), 52.4 (Hs).

1-(4-fluorophenyl)-5-(4-methoxyphenyl}1H-pyrazole

\
/,N
N

MeO

1H NMR (400 MHz, CGdpm):4 7.68 (d J= 1.8 Hz, 1H), 7.2B.30 (m, 2H), 1.3(d,J=
8.6 Hz,2H), 7.02 (t J= 86 Hz,2H),6.83 @, J= 8.8 Hz, H), 6.44 (d, J=1.8Hz, 1H), B0
(s, 3H)13C NMR (100 MHz, CBGIpm):d 161.6(d, J= 248 Hz(),159.7 (s,0), 143.0 (s,
0, 140.3 (s, CH), 136(d, J= 3.0 Hz(),130.1(s,CH),126.9 (d, J= 8.7 Hz(H), 1227 (s,
0, 1158 (d, J= 23.0 HLH), 1140 (s, CH), 107.3(s, CH), 553 (s, CHs); 19F NMR (376
MHz, CDg| p p-bif.2(HP); spectral data were consistent with literatufe.
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1-(3-Chlorophenyl)5-(4-methoxyphenyl}1H-pyrazole

\
@ff”
N
MeO

1H NMR (400 MHz, CR@pm):d 7.70(d, J= 1.8Hz, 1H), 7.4&, J= 1.8 Hz, 1H), 7.08
7.28 (m,4H), 6.85(d, J= 8.9 Hz, H),6.44 (d,J= 1.8 Hz, 1H), 3.9%, 3H), 2.35 (s, 3H
13C NMR (100 MHz, CBGipm):3 159.8(0), 143.1(0), 141.1(0), 140.6 (CH), 134 ),
130.1(CH), 129.8(CH), 127.5CH), 125.3CH), 123.2(CH), 122.5C), 114.1 (CH), 107.9
(CH), 55.3(CHs); GCMS (Elm/z (relative intensity): 284 (53) [M+], 111 (53), 102 (45),
89 (40), 7641), 75(100), 62 (55), 51 (30).

Cl

1-(4-bromophenyl}5-(4-methoxyphenyl}1Hpyrazole

\
/ /N
N

MeO

Br

1H NMR (400 MHz, CR@pm):5 7.70(d, J= 1.8 Hz, 1H), 7.45 (8= 8.8 Hz, 2H), 7.18
(d,J= 8.8 Hz, 21 7.14 (dJ= 8.8 Hz, 2H)5.86 (d,J= 8.8 Hz, 2H), 6.44], J= 1.8 Hz,
1H), 3.81 (s, 3H}°C NMR (100 MHz, CRQipm):5 159.7(Q, 143.0(C), 140.6(CH),
139.2(Q, 132.0(CH), 130.1(CH), 126.6(CH), 122.7(Q), 121.0(Q), 114.1(CH), 107.8
(QH), 55.4(CHs); GGMS (ENn/z (relative intensity: 330(28) [M+], 328 (46), 205 (21),
157 (23), 102 (75), 89 (62), Mo}, 75 (100), 64 (83), 50 (78)
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1H,13C and'*F NMR spectra of selected compounds
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Chapter 7:

Visible-to-UV Photon Upconversion for Photoredox
Catalysis

Br H
DMF

PN

430 nm

PPO
+
biacetyl

Data from this chapter were used in a publication:

Maj ek M., Fel t meerezR.Jadobi,von \MargdiA.,Bhem. ER.URD15 in press.
Figure 2 and table 1 were used in the aforementioned publication, text of this chapter was writen
anew.

Authors contribution:
MM did the quantumchemicalcalculations, UF and RPR glibtophysical and photochemical
experimental work
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Visibleto-UV Platon Upconversion for Photoredox Catalysis

7.1: Introduction

Recent developments in the field of visilight photocatalysis for selective bond
formations are evidenced by booming amountpoiblications in this field, with some of
them being the contents of the preceding chapters of this thesis. Whiletimber of
diverseclasses of reactions enabled by photoredox catalysis seems limitless, there is
one definitive constraint to these reactis — the limiting factor is the energy of the
photon that we inject into the system. As we already demonstrated in this thesis, vast
amount of the photoredox reactions operate on the principle of single electron transfer
mediated by the photocatalyst, leady to bond cleavage to generate radical species. In
this case, the energetic requirements of the reaction can be crudely approximated by
the bond dissociation energy (BDE) of the bond of interest (Figure 1).

Anm

E/k)

1 [ o I I |
CH CO CCl ArBr R-Br Rl Br-Br BDE/kJ

Figure 1Bond dissociation energss. photon energy.

Development in the field of visible light photocatalysis was concentrated on the
acti vatbhioommdsof wihi ch aloeds, arehe kotiviatiort ofi relatively
w e a kbonds, such as AN,*, Gl and C(sp)-Br.1 It comesstraightforward, that a large
variety of interesting transformations are not in the range of visible leykgrgies In
order to circumvent this problem a number of workarounds was already proposed in
the literature, which we will discuss shortly

R SET R H® O R
N —— R N.
® R 5 R

Rl
H H
Scheme 1Activation of hydrogen next to heteroatom

GH bonds next to heteroatom can be activated indirectly, by increasing its acidity
via a redox process on the neighboring heteroatom. This strategy was broadly studied
for the compounds containing nitrogen as the easily oxidizable center (Schefe 1).
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While efficient, this approach offers access to only to limited amount of compounds.
Another approach for the -Bl bond activation relies on the utilization of heavy metal
catalys for the GH activation step, while the photoredox system is responsible for the
generation of alkylaryl- radical, that couples with the intermediate complex, as well
as theoxidative regeneration of the heavy metal catalyst (Schenfe 2).

oL e O
MH M(R)H
SET DG
MXH] ~——— M2 + @ J
R

Scheme2. Activation of hydrogen next to heteroatam

GH bond activation can be also performed lydrogen atom transfer or proton
coupled electron transfer. In this case, photocatalyst often bears a C=0 double bond,
which is weakenean absorption of photon, generating a formal biradical. In the next
step, hydrogen is abstracted, with the resultant radical often being stabilized by
neighboring group (Scheme 8BpPriving force of this process is the generating of more
stable GH bond(BDE = 530 kJ/mo#t the expense of the-& bond (BB = 480 kJ/mul

In addition to these @& bond activatios, K étnal bas recently developed a
photocatalytic process, where A1 bonds can be activated at the expense of two
visiblelight photons and a sacrificial reductant (Scheme 3} Derivative of
perylenediimide (PDI) was used as the photocatalyst in this case. PDI is excited by blue
light photon into excited state, which is reductively quenched by triethylamine. PDI
radical anion is relatively able in rigorously degassed solutions, and can be excited
again, this time by green light photon, to obtain excited state of PDI radical atien
high energy species, which reduces the aryl bromid&hile this process needs a
sacrificial electron dongwhichmay come as a drawbadke novelty of this approach
comes in the utilization of two photons for the activation of a single bond. The
substrate scope of this reaction is quite broad, but what comes as a problem for
practical applications is the nessity of proper degassing of the reaction mixtures:
Active form of catalyst is so reactive, that it will immediately get quenched by oxygen
or other electron acceptors, which may be present in the reaction mixture as
impurities.
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PDI = .
0 0 O
220 PDI ]
R-N N-R
anas!
hv
[PDl]*l pDI
- TEA
hv A+ B
PDI

Ar=Br

Schemes. Two-photon photocatalytic reduction of aryl bromides

We have decided to develop a catalyst system using similar philoseplgystem
that would utilize two photons for activation of a single bond, but would not need a
sacrificial electron donor as an additional driving force. A possible system, which would
fulfill such criteria, is a system which would utilg@oton upconversiorf Most photon
upconversion processes require high energy density of light flux. Photon upconversion
viatriplet-triplet annihilation (TTA) comes as a viable mechanism for our pegpdse
to relatively low light power required for this procesdt operates as follows: sensitizer
(donor) gets excited by visible light, first to singlet st&{&), which then interconverts
via ISC to the triplet stateS(T%). Sensitizer then transfergnergy to annihilator
(acceptor), which gets into the triplet excited sta®(T). In the last step, two
molecules of annihilator in its triplet state meet, and generate one molecule of
annihilator in its singlet excited stat&(S) and one molecule of amhilator in its
ground stateA(S) (Scheme 4up). The largest variety of sensitizannihilator pairs
were designed for photon upconversion from the infrared region to visible region, as
this is interesting for the biological systems, where the infrared radiation has efficient
penetration depth. Such cqles are not useful for our purposes, as we requiighbr
photon energies. A small owgew of sensitizeannihilator pairs, which operate in near
UV region is givem the following scheme (Scheme 4 down). Last pair (SA4) looks the
most promising, as thenergy of upconverted photon is highest. Moreover, other pairs
utilize complexes of expensive heawetal salts, while butadiene and
2,5diphenyloxazoléPPQ are easily available and cheap organic compounds.
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sensitizer: S A(Sy)
annihilator: A T
S(T)

y —

S(S1) Isc

A(T1) .\ A(T1) TTA

ET
hv
\

S(So) S(So) A(So) A(So)

Upconversion
(nm)

532 — 430

635 — 450

450 — 400

N
SA4: < Ol 42— 310

Scheme 4 Triplet-triplet annihilation mechanismand several sensitizemnihilator
pairs.Upconversion is defined by irradiation wavelength and fluorescence wavelength.
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So far, most of the research on photon upconversi@iTTA was concentrated on
the studying of tle photophysical properties of the sensitiz#mnihilator systemsin
case, that chemical applications of the system were studied, it was almost exclusively in
the context of the production of singlet oxygéhere is an isolated example, where
the excitedstate of annihilator (anthracene) was used to perform a photochemical
[4+4] cycloadditior{Scheme 5JdIn this case, iplet state of anthracene directly reacts
with anthracene in its ground state in a thermally forbidden cycloaddition. This
reaction carbe viewed as stoichiometric with respect to the anthracene.

2 x photon < X
e soohiveoe| )

Scheme 5Anthracene dimerization mediated by TTA process.

Our aim was to find a system, which would be catalytic with respect to both
sensitizer as well as ¢hannihilator,and use the annihilator as a photoredox catalyst.
We have decided to start witthe already introduced biacety#POsystem, due to the
favorable spectral propertieas well as easy handling.

7.2: Results and discussion

System, which we chose for our initial studies, consistindn@fsimple metafree
couple butane2,3-dione BD, sensitizer) and 2;8iphenyloxazole RPQ annihilator)
wasalreadyreported to exhibit low power Vi®-UV photon upconversion but has not
been applied to a chemical reactioso far® Energy is pumped into the system by
selective excitation oBD (at 430 nm) in the presence &fPOby pulsed laser. The
resultant formation ofPPCG was observed in degass&N-dimethylformamide (DMF)
by its charaatristic delayed fluorescence at 370 nm which correspondstexaited
singlet state energy of 3.35 eVidére 2. This, and other photophysical observations
were consistent with already reported performance of this upconverting syStem.
Proving, that thedelayed fluorescence ofPPO* can be producedby photon
upconversion in our hands in the same way as was already reported, we have
proceeded toprobe its utility to induce chemical transformations.
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Delayed fluorescence Laser  Prompt fluorescence
of PPO pulse of BD

0.00

0.50-
1.00 -
ol i
2.00-
2.50-

3.00 -

time (ps)

450 500 550 600
2 (nm)

Figure 22D transient fluorescence matrix of a mixtureBid(0.04 M) and®PO(0.013
M) in degassed DMF frolaser excitation at 430 nm (at Oué after start of recording).

As a model systemyreductive defunctionalization of three aryl bromides
[ 4tomoacetophenoe (1) , -bremobenzotrifluoride )  a Abbmodriisole 8)] in
DMF solutionwas chosen. Reactions were fipgirformed by steadystate irradiation of
the BD'PPOsystem.Alas, iradiation of a mixture ofl, BD and PPOwith a blue LED
light (450 nm, 3.8 Wshowed no conversion of after 30 min onGCGFID analysis
(Tablel, entry 1) which is mainly due the lowdensity of photon flux irradiated from
the continuous LED source. Afterwardseadystate irradiations were carried out by
using a pulsed laser @1s!, 15 mJ pulsé pulse duration 8 ns Such laser pulse
translates into theoretical power ofpprox.2 MW, in several orders of magnitude
higher than in the case of continuous irradiation with EEHRdeed low conversion ol
and high selectivity wasbserved (Table 1, entry 3).
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Table 1 Lightinduced reduction of aryl bromidels3 under TTA conditions.

' O . 1

Br H 2,3-butanedione

/©/ [BD, PPO] /@/ | )l\n/ (BD) :
R hv (430 nm), rt. g ; 5

1(R=Ac) conditions . (j N 2,5-diphenyl- E
el e Ry
Entry Substrate Solvent t [min] Selectivity [98]
1c 1 DMF 30 0(0)
2 1 DMF 10 48 (13)
3 1 DMF 30 88 (19)
4d 1 DMF 60 70 (26)
5 1 acetonitrile 30 41 (7)
6 2 DMF 30 71 (6)
7 3 DMF 30 0 (0)

a Conditions: 10 mM Substratd, 40 mM BDO, 13 mM PPQ, under N;

irradiation with a pulsed laser (101515 mJ) at 430 nn®, conversion [%] in
parentheses; calculated from quantitative GO vs. internah-pentadecane;
cirradiation with blue LED (450 nm, 3.8 Wigfter 30 min irradiation addition of
another 40 mMBDand irradiation for 30 min.

The relatively low conversions can be attributed to the decomposition of catalyst
over time of irradiation.Further addition ofBD and irradiation resulted in higher
conversions which can be a consequence of slow decompositi@D¢entry 4). This
does not come as a surprise, as tB®is known to be an active photocatalyst in
hydrogen atom transfer reactior8. When less electropositive substrates were used,
conversion remainedow (entry 6),and in the presence of electron dononadhe
substrate,no conversiorwas observedentry 7)
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Based on the known mechanism of photon upconversion by tripigiet
annihilatior in combination with our recent findings of hydrodediazotations in BMF,
we propose a mechanism for the observection (Scheme 6). It can be inferred from
the photophysical measurements, that the singlet excited state of PPO is quenched by
aryl bromides. What remains to be investigated is the reaction pathway of the aryl
bromide (orange), the reaction pathway of BMblue), and the regeneration of the
catalyst by SET reduction of cation radB(® 4o grond statePPO

1 3 |
(o) 0 (@) Ol 1sc |0 o) @) 0]

P et v P

+ +
Radiation N N
ﬁi*fk gt
DMF® Ph 0 Ph Ph 0 P

3
h

wat|_ PMF N1
= SET /( TTA
s (@ - /
DMF-H Ph/(o)\Ph = Ph O)\Ph
©
-Br

Scheme 6Proposed mechanism of twghoton dehalogenation.

Hydrogen atom transfer from DMF to aryl radical shoutdcged smoothly, this
process was already discussed in detail in previous chapter (Chapter 5). Regeneration
of catalyst by reduction o0PP® “by DMF radical had yet to be investigated. Redox
potential of the DMF -> DMP pair is 0.25 V (vs. SCE, see Chapter 5). The redox
potential of thePP® @>PPCOpair was approximated by quantunhemical calculations
(see Computational part for daits) to be 1.46 V (vs. SCE). This makes the reductive
regeneration of PPOcatalyst an &ergonic processn(9= + 1.21 V) which should
proceed smoothly under the reaction conditions. The most interesting step from the
reaction mechanism is the SET reduction of aryl bromides, as we anticipate, that this is
the step responsible for the seledtiy of the reaction. Therefore we have studied this
reaction step in detail. Energetics of reductive quenching was calculated by
combination of DFT and TDFT calculations. Thermodynamical data obtained by this
method were compared to the available expeental data from cyclic voltammetry to
verify accuracy of the quantuithemical calculations. Activation energies of electron
transfer were obtained from Marcus theory (fdetails see Coputationalpart).
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Table 2 Calculated and experimental redox potensial

o

o A /©/Br o PP 2T ppo
R R

Compound Eed(calc) Eed(CV)

R =Ac 1.78 1.83

R=CF 2.45 2.42

R = OMe 3.04 2.84

PPO 1.46 1.65

IPPC 2.08 2.13

Redox potentialsare given in Volt andire referenced against SGE acetonitrile
Details oncalculations are given in the computational part.

Experimental redox potentials match the redox potentials obtained by quantum
chemical calculations well, maximal error of calculation is 200 (frable 2) This
proves, that evertough the method used for qantum-chemical calculations was not
specifically suited for redox potential calculations, its accuracy is suitable for our
purposes.As can be seen from the redox potentials, the largest difference is between
the redox potential of thep-acetyl(1) and p-trifluoromethy! derivative(2) (+1.78 V vs.
+2.45V). Both of these substituents are strong electron acceptors, but while acetyl
group can accept electron density from aromatic core by conjugation, trifluoromethyl
group is not able to do so. This is a sydmnt, that when electron is accepted by aryl
bromide, it is first delocalized on the aromatic system, and tHer ®ond iscleaved
afterwards—by ot her wn drhital is hoethegrin(arg electron acceptor.
Standard Gibbs free energies werdatdated from theoretical values as well as from
the experimental (CV) valueBy combining the calculatismof the Gibbs free energies
with DFFcalculated reorganizatioenergies<, one could obtain thectivation energies
for single electron reduction of aryl bromides BYPO* (SET), and the activation
energies of back electron transfer (BETable 3).
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Table 3 Calculated electron transfer activation energies.

1
N Br  SET =N Br
/ — > /@.\
[Ph/g))\ Phl " “Zer  Ph o)\Ph ¥
R

Oe

R BET

Compound R =Ac R=CF R=0OMe
AG(DFT) -28.2 36.2 93.1
ACP(CV) -29.3 25.1 67
A(calc) 34.7 56.1 304
AEHSET) 0.3 37.9 125
AFHBET) 285 1.8 324
AFH(BETGS) 497 435 1138
Conversion 19 6 0

AG(DFY a 1ICV rtepresent the standard free Gibbs energy of SET reaction
obtained from DFT <calcul ati ons(ca@is the CV

nuclear reorganization energy obtained from DFT. All energies are given in kJ/mol.

Conversion is thexperimentally obtained conversion of aryl bromide to corresponding
arene (as in Table 1).

Activation energy for single electron reductionmécetyl derivative 1) is virtually
non-existent, while activation energy of single electron reductiomp-#fifluoromethyl
derivative @) is 37.9 kJ/mol. Such substantial activation energy is still not prohibitive at
room temperature, especially if the followp reactions are fast. Cleavage of theBkr
bond of radical anions [ABr]» was reported to be very fasind under the reaction
conditionsoccurs at diffusion controlled ratésg Activation energies of SET therefore
would not be enough to explain the selectivity difference betweenivativesl and 2
(as measured by conversioralile 3). Other factor which can be used to explain the
selectivity is the back electron transfer (BET) this case, the barrier for BET is very
low for the p-trifluoromethyl derivative, while being substantially higher for the
p-acetyl derivative. It aabe inferred from this data, that rapid electron transfer in to
the p-acetyl derivative is followed by rapid bond-Br cleavage, and the back electron
transfer is not a serious competitor to the bromide cleavage as the kinetics of BET
process are muchalver. On the other hand, BET is very fast for phgifluoromethyl
derivative, and therefore it is a serious competition to the bromide cleavage, leading to
low conversionsActivation energy for the single electron reduction mimethoxy
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derivative @) is too high to obtain any conversion of this staring material at room
temperature. Interestingly, when the activation energies of the very endothermic back
electron transfers to from thground state oPPO(BETGS) has much higher activation
energies thenthe back electron transfer to form the singlet excited statelBPO*
(Scheme 7).This is a manifestation of the alled Marcus inverted region
prohibitively high activation energies of overly exothermic reactions, which is predicted
by the Marcus thery of electron transfet3 Exothermicity of reaction can be lowered
by generation of excited state species by electron transfer, leading to lewmected
activation energies of electron transfer. This concept was predictedrly seventie$?

but its experimental proof from was performed only recently by punrppobe
time-resolvedinfrared spectroscopy?

=N
Ph/égo.)\Ph *

- NCH

Br| BET-GS /(N Br
/A
Ph O)\Ph *
] R
O N
/[N Br
\!
Ph o)\Ph * O
R

Br
Scheme 7Comparison of the two back electron transfer mechanisms

1
BET
_—

=N
Ph/égo.)\Ph *

T
'8

L R

7.3: Conclusion

In conclusionwe have demonstrated a novapplicationof visibleto-UV photon
upconversionfor the SET inducedeductive activation of aryl bromidedvetal-free
dyesBD (sensitizer) and®PO(triplet annihilator)were used for the TTA upconversion
process. Photophysi¢ studies were applied to prove the role of the PPO as the
photocatalyst in this process. The main purpose of the theoretical work presented in
this thesis was to provide theoretical backing for the proposed photocatalytic
mechanism. DFT calculations wesgccessfully used to show, thdtet singleelectron
transfer from1PPQO to the aryl bromides is ratéimiting and in combination with the
corresponding backlectron transfer determines the overadlubstrate scope of the
reaction Optimizations considerm selectivity and substrate are ongoing, with some
improvements already accomplishédl. Importance of this study is in the
demonstration of viability of the concept of photon upconversfotoredox catalysis,
which was, to the best of our knowledge newapplied so far. This strategy brings new
promising method for selective bond activation, as even low energy photons can be
used to activate otherwise neactive moieties.
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7.4: Computational part

Photochemical and electrochemical experiments were carrmd by Raul
Rui-Perez and Uwe Faltmeier and they are explained in detail in the manuscript of our
joint publication!” DFT and TIDFT alculations were performed with the Gaussian G09
software packagé® Geometry optimizations were carried out using the B3LYP
functional and 631++G(2d,p) basis set. Geometry of tRO* (9 excited state was
optimized by TEDFT, employing the unreikted UB3LYP method and the
6-31++G(2d,p) basis set. All optimizatiorergvcarried out using a polarized continuum
model to account for the solvent effects. Single point calculations were carried out
using the CAMB3LYP functional and3L++G(2d,p) basis set. CBBLYP is expecially
suited for the TEDFT calculations where Glates have to be consideréd.Redox
potentials obtained from DFT are referenced against infinity, in order to obtain values
referenced against SCE, 4.18 V had to be abstracted from the theoretical falles.
geometries of the radical cation and nealispecies were optimized at the aogpVTZ
basis set at UB3LYP level using the PCM model to account for the solVitiational
analysis was performed on all optimized geometries in order to ascertain the types of
minima obtained.

Activation energie®f electron transfer were obtained via Marcus theé#Short
introduction into this theory,will be given hereThermodynamics seem to be the
driving force, when one considers electron transfer. While this is true, even the
reactions which go energetitdaly “ uphi | | can occur in cas
reaction?! On the other hand, exothermicity is not the only necessary requirement for
a rapid electron transfer, as was demonstrated on a series of intramolecular -donor
acceptor system& Marcus thery gives a simplifiedxplanation for these phenomena,
as it allows to calculate the activation energy of electron transfer. According to Marcus,
the main barrier of electron transfer is in the energy needed for reorganization of
molecular geometry and ntecular surrounding$rom starting materials to products,
when the electron transfer occursThis does not come as a surprise, when one
considers BorOppenheimer approximation which asserts, that motion of electrons
and nuclei can be separatedand in cae that the timeframes of nuclear motion are
considered, electronic motion can be approximated to occur instafRgsults of this
approach can be drawn by potential curves of hypothetical single electron transfer
between A and B(brown potential curve) to form Aand B (blue potential curve)
(Figure 3). If the electron transfer occurs instantaneously, we move from the minimum
of the brown potential curve upwards to thblue potential curve of products. Energy
needed for this trasformation is called reorganization energy Thermodynamics of

”
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this electron transfeis defined by the reaction Gibbs free enengy®. Marcus theory
derives the following expression for the reaction activation engrdy

o 3
yo! =
T_
1 A+B" — A" +B
E
A+B"— A*+B
A
fast
electron —
transfer
AE+I\
AGP

Reaction coordinate

Figure 3Marcus theory for reaction of two differemeactingspecies.

Predictions of the Marcus theory can be demonstrated on four distinct cases
(Figure 4)When a reaction has zero net Gibbs free energy, activation barrier equals to
< K (figure 4, A). In realifysuch situation occurs, when selichange of electron is
considered, and is often used to directly experimentally obtain reorganization energies.
When the reaction becomes more exothermic (Figure 4, B), activation energy drops.
This is consistent with thprediction of BelEvansPolanyi principle, and such situation
occurs in the conventional reactions. When the reorganization energy equals to the
negative Gibbs free energy of reaction (Figure 4, C), actifesisrelectron transfer
occurs. What comes otrary to the linear energy relationship predicted from the Bell
EvansPolanyi principle is the case, when the reaction becomes even more exothermic
(Figure 4, D), but the activation energy increases. This is called the Marcus inverted
region.
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E*=A/4 Et< A4 E*=0 E*>0

A B C D

Figure 4 Predictionsof Marcus theory for different thermodynamic situations.

Reorganization energy is composed from two parts: irspghiere and outer-sphere
reorganization energylnner-sphere reorganization energy comes directly from the
different geometries oftarting materials and products and is bound to the vibrational
motion needed to deform geometries of starting materials to products. This energy can
be obtained explicitly from DFT calculations, if the geometries of starting materials and
products are know. Bigger problem is posed by the outghere reorganization
energy, which comes from the relaxation motion of the medium in which the electron
transfer occurs. This accounts mainly to the solvent polarization and reorientation.
Original approach suggesteby Marcus treats the dissolved molecules as spheres
immersed in linearly responding dielectftWhile such approach has its merits, when
electron transfer from/to metallic ions is concerned, it suits organic molecules poorly
for their geometries are ddom isotropic spheres. Within the framework of DFT
calculations various approaches were proposed to obtain the explicit pteere
reorganization energy, most notably the constrained density functional th&oBuch
calculations require more steps, atldey are not embedded into available quantum
chemistry program package€On the other hand, integral equation formalism
polarizable continuum model (IEFCM) is readily available in the Gauss9, and
can be integrated to the DFT and-DBT calculation easily?> By using this model,
solvent reaction is coupled to the reactants, and total reorganization energy is
obtained by the calculations. Outephere reorganization energy can be obtained by
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subtracting the conventionally obtained innsphere reorgnization energy from this
value, but this is not of interest to us, as we need the total reorganization energy to
obtain activation energy from the Marcus theory.

A+A*— A" +A

A+
E(AyA")
A A
A
'[E(AT A" A
E(A',A,)
A
A,
E(ALA,)

Figure5.Di agr am of Nel s e rE(AgA) danates enproyiofnmolecnie t h o d
with geometry of Aand electronic state of A.

We have used the Nelsen fepoint approach to obtain the reorganization energy
(Figure 5%6 This method can be used for the calculation of the reorganization energy
for selfexchange reaction. Let us congiddectron selexchange between A and.An
order to perform the calculation, two geometry optimizations need to be performed
first to obtain optimum geometries of A and*AThis is followed by four energy
calculations to obtain the following energiesnexgy E(4Ae) of the molecule with
geometry of A and electronic structure of A; energy ¢ of the molecule with
geometry of A and electronic structure of; &nergy E(A,A%) of the molecule with
geometry of Aand electronic structure of #and energy E(A,As) of the molecule
with geometry of Aand electronic structure of AReorganization energya.a is then
obtained by the following equations:
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Reorganization energyas for the reaction of two different reactants A and B can be
obtained from Marcus croslation, where the selexchange reorganizatn energies
are simply average¥:

7.5: References

1. a) SchultzD. M, YoonT. P, Science2014 343 1239176; b) RavelD,
Protti S, FagnonM., AlbiniA., Curr. OrgChem2013 17, 2366; ¢) Prie€. K.
Rankic D. A, MacMillan D. W. G. Chem. Rev.2013 113 5322,
dRe c k e nMhGriesbackA. G, Adv. Synth. Catak013 355, 2727,
e) Tuckerd. W, StephensorC. R. JJ. OrgChem.2012 77, 1617; f) Xuad,
XiaoW.-J, Angew. Chem. Int. EA012 51, 6828; g)Tepk F, Collect. Czech.
Chem. Commur2011, 76, 859.

2. a)ShiL, Xiaw., Chem. SodRev.2012 41, 7687; bHuJ, WangJ, NguyenT.
H.,ZhengN,, Beilstein J. Orgchem2013,9, 1977.

3. a)FabryD. C, Zollerd, RajaS, RuepingM., Angew.Chem. Int. E2014 53,
10228; b) Kalyard.,, McMurtrey K. B, NeufeldtS. R. SanfordM. S, J. Am.
ChemSoc2011 133, 18566

4. Protti S, FagnonM., RavellD., ChemCatCher2015 7, 1516

Ghosh | ., Gh os h TSciencé®m346a/26i J. | .

6. a) Schulzg. F, SchmidfT. W, Energy Environ. S@015 8, 103; b) Chels,
QiuH, PrasadP. N, ChenX, ChemRev.2014 114, 5161; c) Auzét, Chem.
Rev.2004 104, 139; d) Castellan®. N, SchmidfT. J, Phys.Chem. Lett2014
5, 4062.

7. a) Recent review article: SingtachfordT. N, Castelland-. N, Coord. Chem.
Rev.2010Q 254, 2560; b) Parke€. A, HatchardC. G, Proc. R. Soc. London A
1962 269, 574; c) Parke€. A, HatchardC. G,.Proc. Chem. Soc. Lond®62
386, d) ParkerC. A, Proc. R. Soc. LondonlB63 276, 125. Selected recent
examples: e) AdarsN., AvirahR. R. RamaialD., Org. Lett.201Q 12, 5720;

o

187



Visibleto-UV Platon Upconversion for Photoredox Catalysis

10.
11.
12.
13.
14.
15.
16.
17.

18.

f) Gallavardin T, Armagnat C, Maury O, BaldeckP. L, Lindgren M.,
Monnereau C, AndraudC, Chem. Commun2012 48, 1689; g) WuWw.,
GuoH.,, WuW,, JiS, ZhaoJ. J.J. Org.Chem.2011, 76, 7056; h) Yogd,
UranoY, IshitsukaY, ManiwaF, NaganoT. J. Am. Chem. Sadz2005 127,
12162; i) GudS, WuW., GuoH., ZhaoJ, J. Org. Chen2012 77, 3933;
j) KozlovD. V, Castelland-. N, Chem. Commur2004, 2860; k) IslanguloR.
R, Kozlov D. V, CastellanoF. N, Chem. Commun.2005 3776;
I) SinghRachfordT. N, IslangulovR. R. Castelland~. N, J. PhysChem. A
2008 112, 3906; m) DWP,, EisenberdR, Chem. ScR01Q 1, 502; n) ZhaaV.,
CastellanoF. N, J. PhysChem. A2006 110, 11440; o) McCuskeC. E.
CastellanoF. N, Chem. Commur013 49, 3537; p) Zhad, JiS, GuoH,
RS@\dv.2011, 1, 937; q)islangulo\R. R. Castelland-. N, Angew. Chem. Int.
Ed.2006 45, 5957; r) KhnayzdR. S.Blumhoffd, Harringtond. A, HaefeleA.,
DengaF., Castelland-. N, Chem.Commun2012, 209; sK, DRlbr j es s
D., AlbinssorB., Moth-PoulserK, J. Mater. Chem. 2013 1, 8521.

For recent examples see: a) Wu W., Zhao J., Gub Srg.Chem.2012 77,
5305; b) Guo S., Wu WGuo H., Zhao JJ. Org. Chem2012 77, 3933;
¢)Zhang X=., Yang XJ, Phys. Chem.2B13 117, 5533.

SinghRachfordT. N, Castelland-. N, J. Phys. Chem.2809 113 5912.
Lakowicz J. R. Principles of Fluorescence Spectrosco@y ed.,
Kluwer/Plenum, New Yorkk999

Méjek M., FilaceF, Jacobi von Wangeli., Chem. Eur. 2015 21, 4518.
CostentinC, RobertM., S a ¥-M.a)."MAm. Chem. Sd2004 126 16051
MarcusR. A, Pure Appl. Chemi997, 69, 13

Mataga, NBull. Chem. Soc. JAr@70Q 43, 3623.

Koch M., Rosspeintner A., Adamczyk K., Land B., Dreyer J., Nibbering E. T. J.,
Vauthey E.J. Am. Chem. S&013 135, 9843.

Ha r iMn PerezRuiz R, Jacobi von Wangelii.,, DiazDiaz D, Chem.
Commun2015 accepted

Méjek M., Feltmeier U., Dick BRuizPerez R.Jacobi von Wangelia., Chem.
Eur. J2015 in press DOI:10.1002/chem.201502698

Frisch M. J., Trucks G. W., Schlegel H. B., Scuseria G. E., Robb M. A,
Cheeseman J. RScalmaniG, BaroneV. Mennuct B. PeterssonG. A,
NakatsujiH., GaricatoM., LiX, HratchiarH. P, Izmaylo\A. F, BloinoJ, Zheng
G, Sonnenberg). L, HadaM., EharaM., ToyotaK, FukudaR, Hasegawal,
Ishida M., Nakajima T, Honda Y, Kitao O, Nakai H, Vreven T,
MontgomeryJdr.J. A, PeraltaJ. E. Ogliaro F, BearparkM., Heyd J. J.
BrothersE, Kudin K. N, StaroverovV. N, KobayashiR, Normand J,
RaghavachariK, RendellA., BurantJ. C. lyengarS. S.TomasiJ, CossiM.,

188



Chapter 7

RegaN., MillamJ. M, KleneM., KnoxJ. E. Cross]. B, BakkerV., AdamoC,
JaramilloJ, GompertsR, StratmannR. E, Yazye., AustinA. J, CammiR,
PomelliC, Ochterski). W, Martin R. L. MorokumaK., ZakrzewskV. G, Voth
G. A, SalvadorP, Dannenbergl. J. DapprichS, DanielsA. D, FarkasO,
Foresmanl. B, Ortiz J. V, Cioslowskd, FoxD. J, Gaussian 09, Revisi@01,
Gaussian, Inc., Wallingford @D09

19. Yanalil., TewD. P., HandiX. C.Chem. Phys. LetR004 393, 51.

20. BaikM.-H., FriesneR. A.J. Phys. Chem. 2002 106, 7407.

21. a) Steckhan EAngew.Chem. Int. EAL986 25, 683; b) Zhang N., Zeng C., Lam
C. M., Gbur R. K., Little R. D.OrgChem2013 78, 2104.

22. Closs G. L., Calcaterra L. T., Green N. J., Penfield K. W., Millgr Phigs,
Chem 1986 90, 3673.

23. MarcusR. A, J. Chem. Phy4.956, 24, 966.

24. Ren HS., Ming M:J., Ma JY., Li XY.,J. Phys. Chem, 2013 117, 8017.

25. Vaissier V., Barnes R., Kirkpatrick J., Nels&hys, Chem. Chem. Ph3813
15, 4804.

26. Nelsen S. F., Blackstock S. C., Kith Xm. Chem. Sd987, 109, 677.

27. a)MarcusR. A.J. Chem. Phy3965 43, 679 for more recent example see:
b) Jakobsen S. J., Mikkelsen K. V., Pedersen $. Rhys. Chem996 100,
7411.

189






Chapter 8:




Appendix

8.1: List of abbreviations

Ac:
appr.:
Ar:
ATRA:
ATRP:
BDE:
BET:
bpy:
CAN:
CFL:
CIDNP:
CT:
CV:
dap:
DCB:
DCN:
DFT:
DMDS:
DMF:
DMN:
DMSO:
dnb:
DOI:
EDTA:
e.e.

El:

eq.:

Et:

ET:

ev:
GCFID:
GCMS:
HAT:
HCH:
HOMO:

Acyl

Approximately

Aryl

Atom transfer radical addition

Atom transfer radical polymerization
Bond dissociation energy

Back electron transfer

2 ,-l@pyridine

Ceric ammonium nitrate

Compact fluorescent lightbulb
Chemically induced dynamic nuclear polarization
Charge transfer

Cyclic voltammetry
2,9dianisy}1,10-phenanthroline
1,4-dicyanobenzene
1,4-dicyanonaphthalene

Density functional theory
Dimethyldisulfide
N,N-dimethylformamide
1,4-dimethoxynaphthalene
Dimethylsulfoxide
1,4-di(1,8naphthyrudune2-yl)benzene
Digital object identifier
Etylenediamine tetraacetate
Enantiomeric excess

Electron impact

Equivalent

Ethyl

Energytransfer

Electronvolt

Gas chromatrography coupledttviflame ionization
Gas chromatography detector coupled with mass spectroscopy
Hydrogen atom transfer
Hexachlorocyclohexane

Highest occupied molecular orbital

IEFPCM:Integral equation formalism of polarizable continuum model

iPr:

iso-Propyl

192



Chapter 8

ISC:
LED:
LUMO:
Me:
NMP:
NMR:
PCM:
PDI:
PET:
PGi:
ppm:
PPO:
ppy:

R:

RM:
RT:
SA:
SCE:
SD:
SET:
TBAOH:
tBu:
TDDFT:
TEA:

TEMPO:

THF:
TLC:
TPP:
TTA:
uVv:
VIS:
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Intersystem crossing

Light emitting diode

Lowest unoccupied molecular orbital
Methyl

N-methylpyrollidine

Nuclear magnetic resonance
Polarizable continuum model
Perylenediimide
Photoinduced electon transfer
Prostaglandin

Parts per million
2,5diphenyloxazole
2-phenylpyridine

Alkyl rest

Reaction mixture

Room temperature

Sacrificial electron acceptor
Standard calomel electrode
Sacrificial electrodonor
Single electron transfer
Tetrabutylammonium hydroxide
tert-Butyl

Time dependent density functional theory

Triethylamine
2,2,6,6tetramethylpiperidine Noxide
Tetrahydrofuran

Thin layer chromatography
2,4,6triphenylpyrylium

Triplettriplet annihilation
Ultravioletradiation

Visibleradiation
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8.2: Summary

Aim of this thesis is the use of phetedox catalysis for the activation of -Xrbonds,
and development of new synthetinethods based on this approach.

In the beginning, thesvoluion that led to the development of modern phot@dox
catalysis is discussed. Explanation of basic theories and definitions, which are
encountered in the field of photoedox catalysis is givefihis is followed by a short
overview of common photocatalysts, and the most important photocatalytic reactions
discovered so far.

Main part of the thesis deals with generation of aryl radical intermediates from
diazonium salts by photoredox catalysisth eosin dyes Intermediate aryl radicals
wer e tr apane deledrgn damors. New procedures for synthesis ofla
suffides, benzoates and selectively deuterated aromates were developed, using this
strategy. Mechanistic studies were performed, includirgpectroscom and
computational techniques and isotopic labeling, to prove the proposed mechanisms.
Investigations on the effect of pH and light source on the eosin Y photocatalysis were
performed, proving that pH and light spectral distribution are citifor the efficient
photocatalysis.

I n an attempt to devel oifarylé&etopeb fromaliezaniuam!l y t i «
salts and cyclopropyl alcohols, we obtained unexpected produdtsaryl pyrazoles.

We have proposed a mechanism of their formationd aynthesized a variety of-&tyl
pyrazoleshased on this method. Cyclopropyl alcohols, required for this synthesis were
obtained by Kulinkovich reaction from benzoates.

In the last part of this thesis, a new strategy of activation ofeantive aryhalide
bonds is proposed, by using photon ¥%SJV upconversion by tripldtiplet
annihilation. We have successfully applied this strategy for photocatalytic
dehalogenations of aryl bromides. We have explained the selectivity of this reaction by
DFT calcul&n, using Marcus theory of electron transfer.
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8.3: Zusammenfassung

Die Dissertation beschafti gRedoKatalgse mr t de
Aktivierung von AX-Bindungen und die Entwicklung neuer synthetischer Methoden,
die auf diesem Ansatzbuhen.

Zu Beginn werden die Umst and e-RedoxeSysierne der

gefidhrt haben erl &dutert. Theoretische Gr
Zusammenhang mit PhotlBedoxK at al yse st ehen, werden au
folgt ein kurzer Uberblick der heute ganc

bis zum jetzigen Zeitpunkt entdeckten photokatalytischen Reaktionen.

Der Hauptteil di e Dissertation beschafti
Zwischenstufen asgehend von Diazoniumsalzen durch Photoredoxkatalyse mit-Eosin
Farbstoffen. Di e AuwundinElekdrantonoter abgefamgene Mit mi t
Hil fe dieses Prinzips wur den neue Met ho
Benzoesaur eest edeuterieten diromatenl entwickelx Es wurden
mechani stische Untersuchungen durchgef dhr
rechnergestiitzte Model | i erung und | sot o
vorgeschlagene Mechanismus zu beweisen. Untersuchungenrzudei nf | Gssen d
Werts und der Lichtquelle auf die photokatalytischen Systeme mit Eosin Y zeigen, dass

der pHWe r t und Spektralverteilung der Lich
Photokatalyse sind.

Bei dem Versuch, eine photokatalysierte SynthesenvArfjlketonen ausgehend von
Diazoniumsalzen und Cycloproykoholen zu entwickeln, haben wir unerwartete
Produkte erhalten- N-Arylpyrazole. Wir haben einen Mechanismus postuliert und
verschiedene Mrykpyrazole nach dieser Methode synthetisiert.c@propylalkohole

die fair diese Synthese bendtigt wur den,
Benzoesadureestern hergestellt.

Im letzten Teil dieser Dissertation, wird eine neue Strategie zur Aktivierung unkreativer
ArylHalogen Bindungen vorgeschlagermit Hilfe von Photonen \A8-UV
Upconversion durch TriplefriplettAnni hi | ati on. Wi r haben d
photokatalytische Dehalogenierungen von Arylbromiden erfolgreich angewendet. Wir
haben die Selektivit aRechmhgea aué BasisRderaMarciiso n  d
Theorie von Elektronentransfers erkl art.
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8.4 Sihrn

Cielom tejto dizertaemneojxnpiadkatpeyryupre
Ar-rX a vyvoj novej syntetickej met odol 6gi e,
Rozvojv oblasti ot oc hé mi e, ktory vieaddadloxkeypyykaf al
naznaceny Vv prvej casti. V tejto <casti

ktorymi sa naj Castej Si er endoozxenneg sktart eatl nylzty . v
j e ukoncema pkelakt &dom naj castejsSie uziwv
najvyznamnej Sich druhov fotokatalytickych

Hl avna ¢ast tejto dizernashéljyphaarylsavya
di azdédni ovych sroeldioxmaemo ckoaut afl jitzeyd yf aer obzi i vnaonvi

pripravené aryl radi kalajwebektramaochythvedné
zadkl ade tejto stratégie sme vyvinuli:i nov
kyseliny benzoovej a selektivéneed&dnér cya
s me podrobili maehanpesutzckgmiocStapektros
kvantovoc hemi cké vypoc¢ty a izotopové znaceni
mechani zmy novych reakci i. Preskumal i S me
spek r &l nej charakteristiky pouzitého Zi e

fotokatalyzator a.

Pokusy vyvinut novu foto&kmylal ke idd km@vwme to& g

sol i a cyklopropylovych al kohol oW-aryli edl| i
pyrazolov Navr hl i sme mechani zmus ich wvzniku
pripr aWarylpyazelév¥yohodi skové cyclopropyl alk
tychto syntézach boli pripravené pomocou
benzoovej

V posl ednej Casti tejto dizertacnej prac

nereaktivnyrtdl ovgg&n,ebnarzydkl ade premeny vi
v UV oblasti pomocou triplet r i pl et ovEUt @ans hi 8&égieul s me (
pre fotokatalytickit dehalogenaciu aromat.i
sme pomocou Marcusovej tedrie elektrodénov
reakcie.
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