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4. Wykaz stosowanych skrotow

1,3-DC  1,3-dipolarna cykloaddycja

Boc grupa tert-butyloksykarbonylowa
CFL kompaktowa lampa fluorescencyjna
DBU 1,8-diazabicyklo[5.4.0]Jundek-7-en
DCE dichloroetan

DCM dichlorometan

DFT teoria funkcjonatow gestosci
DIPEA  N,N-diizopropyloetyloamina

DMF N,N-dimetyloformamid

DMSO  dimetylosulfotlenek

EDA diazooctan etylu

EDG grupa elektronodonorowa

EnT transfer energii

EPR elektronowy rezonans paramagnetyczny

EWG grupa elektronoakceptorowa

HAT transfer atomu wodoru

HE 1,4-dihydro-2,6-dimetylo-3,5-pirydynokarboksylan dietylu, ester Hantzscha
ISC przej$cie migdzysystemowe

LED dioda elektroluminescencyjna

MNP 2-metylo-2-nitrozopropan
NFSI N-fluorobenzenosulfonamid
NHC N-heterocykliczny karben
NHPI N-hydroksyftalimid

Nphtl ftalimid

PC fotokatalizator

PCET transfer elektronu sprzgzony z przeniesieniem protonu
PET fotoindukowany transfer elektronu

Piv grupa piwaloilowa

PMP grupa p-metoksyfenylowa

PPT fotowzbudzony transfer protonu
PS fotouczulacz
RB r6z bengalski

RED reduktor
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TEMPO  2,2,6,6-tetrametylopiperydyno-1-oksyl

TFE
T™MS
Ts
UTL
uv

2.2 .2-trifluoroetanol
grupa trimetylosililowa
grupa 4-toluenosulfonowa
utleniacz

promieniowanie ultrafioletowe
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5. Przewodnik po rozprawie doktorskiej

5.1. Cel i zakres pracy

Wdrazanie nowych, ekologicznych rozwigzanh w syntezie organicznej jest
aktualnie kluczowym wyzwaniem dla wspolczesnego przemystu chemicznego. Istotny
nacisk kladzie si¢ na pozyskiwanie energii z odnawialnych Zrodet i zmniejszanie
negatywnego wplywu procesow produkcyjnych na $rodowisko naturalne. Wraz
ze swoimi licznymi zaletami, fotochemia bazujaca na wykorzystaniu §wiatla widzialnego
wpisuje si¢ w zasady zielonej chemii. Podejscie to umozliwia aktywacje reagentow
w tagodnych warunkach reakcji poprzez unikalne §ciezki reakcyjne, czg¢sto nieosiggalne
innymi metodami.'”’ Jedna z pierwszych transformacji fotokatalitycznych w syntezie
organicznej, zachodzacych pod wpltywem $wiatta widzialnego jest opracowana przez
grupe MacMillana metoda a-alkilowania aldehydow z wuzyciem -elektrofilowych
bromkéw.® Od tego czasu, przeksztalcanie energii fotonéw w energie chemiczng cieszy

si¢ coraz wickszym zainteresowaniem chemikow organikow.

Zwiazki diazoorganiczne stanowig interesujaca grup¢ reagentdow, ktora znalazta
szerokie zastosowanie w syntezie prostych i1 zlozonych struktur, w tym produktow
farmaceutycznych.” "> Latwo ulegaja one reakcjom C-H, X—H insercji, cykloaddycji,

13718 przeksztalcenia te, na ogot, cechuja si¢ dobra ekonomig atomowa.

przegrupowaniom.
Bogactwo  strukturalne tego typu reagentow zacheca do projektowania metod
umozliwiajgcych — generowanie reaktywnych indywiduow o roZnym charakterze
chemicznym. Poczatkowo badane reakcje diazo zwigzkdw w warunkach termicznych lub
pod wptywem $wiatta UV cechowaly sig niskimi selektywnosciami.'” Natomiast najlepiej
poznanym rodzajem ich reaktywno$ci sa transformacje przebiegajace przez stadium
metalokarbenu, katalizowane kompleksami metali tj. rod, miedz, srebro, zelazo.'"'*'®!
Biorgc pod uwage, iz obecnos$¢ nawet §ladowych ilosci tych metali w produktach
farmaceutycznych jest niepozadana, proponowanie alternatywnych metod aktywacji

diazo zwigzkow jest szczegolnie istotne.

Inspirujac si¢ odkryciem MacMillana, Zespot XV IChO PAN opracowat pierwsza
fotokatalityczng reakcje z zastosowaniem a-diazoestrow w obecnoSci $wiatla
widzialnego. Zaproponowana metoda zakladata uzycie ich jako reagentow alkilujacych

aldehydy i wymagata zastosowania kompleksu rutenu jako katalizatora fotoredoks.'
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W alternatywnym podejsciu, rowniez zaprojektowanym przez zespot Gryko, katalizator
ten zastgpiono porfiryng — inspirowanym naturg, tanim i fatwo dostgpnym barwnikiem
organicznym.” W kolejnych  latach  badana transformacje  rozszerzylismy
o a-funkcjonalizacje ketonow.”’ Od tego czasu, nastgpil intensywny wzrost
zainteresowania zwigzkami diazoorganicznymi jako reagentami w reakcjach
indukowanych $wiattem widzialnym. Pézniejsze odkrycie przez Daviesa fotolizy a-arylo-
a-diazoestrow na $wiatle niebieskim, zainicjowato opracowanie szeregu ich transformacji

. g f 222
fotochemicznych w obecnosci roéznorodnych reagentow. *> >

Mimo, iz potencjal zastosowania diazo zwigzkéw jako reagentow w reakcjach
indukowanych $wiatlem widzialnym zostat zauwazony, wcigz nie jest on w pelni
poznany. Wiekszos¢ dostgpnych metod bazuje na udziale stabilizowanych pochodnych.
Niestety, reaktywnos¢ prekursorow niestabilnych diazoalkanow, np. 1,3,4-oksadiazolin
pod wptywem $wiatta widzialnego pozostaje niezbadana. Wcigz niewiele wiadomo takze
na temat fotokatalitycznego generowania rodnikow z diazo zwigzkow. Dlatego tez, celem
mojej pracy doktorskiej bylo wykorzystanie fotochemicznych przemian
diazoalkanow i 1,3,4-oksadiazolin do opracowania nowych metod tworzenia wigzan

C-C w obecnosci Swiatla widzialnego.

Korzystajac z zalet wynikajagcych z zastosowania $wiatla widzialnego do
tworzenia nowych wigzan chemicznych oraz bogatej reaktywnosci diazoalkanow

w ramach niniejszej pracy doktorskiej:

1. Zbadalam reaktywnos$¢ a-arylo-o-diazoestrow w reakcji z udzialem
sulfidow propargilowych w obecnosci S$wiatla niebieskiego, prowadzacej do

otrzymywania allenow (Schemat 1).

N> O\ $wiatto niebieskie Ph—S /s
+ S{ Ar—C
A EWE s Ar” CEWG 6D

Schemat 1. Fotochemiczna reakcja syntezy allenow z udziatem a-arylo-a-diazoestrow

2. Opracowalam indukowang Swiatlem widzialnym fotokatalityczna metode
aktywacji 1,3,4-oksadiazolin, ktorej uzyteczno$¢ przedstawilam na przykladzie

syntezy spirocyklopropanéw (Schemat 2).
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! = , [ lub tioksantion SN . S
R R.\%o Y + RV\/R $wiatlo niebieskie . - R R2 R@CQR' )i
1. Y-x EWG EWG | @0 R™ R
N
R1

Schemat 2. Fotokatalityczna reakcja syntezy spirocyklopropanéw z udzialem 1,3,4-oksadiazolin

3. Wykazalam, ze niskoenergetyczne swiatlo czerwone moze by¢ stosowane
w fotokatalitycznych reakcjach zwigzkow diazoorganicznych, na przykladzie reakcji
syntezy oksymow i fenantrydyn, w ktorych diazo zwiazki sa prekursorami rodnikow
(Schemat 3A) oraz reakcji otrzymywania hydrazonéw z uzyciem diazo zwigzkéow

Jjako akceptorow reaktywnych indywiduéw (Schemat 3B).

A Diazo zwiazki jako prekursory rodnikéw

N Ar,
( R H,TPP, t-BUuONO

CO5R R' Swialo czerwone

AN R'
| R A EWG
N Z H,TPP e
+

R)J\EWG NC Swiatto czerwone lN

B Diazo zwiazki jako akceptory rodnikéw
o RO,C

Na . H,TPP R N
ArACOQR ) NHPI swiatto czerwone Ar HN—<:|
n n

Schemat 3. Fotokatalityczne reakcje diazo zwigzkéw w obecnosci $wiatta czerwonego
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5.2. Wstep literaturowy
5.2.1. Fotochemia i mechanizmy reakcji fotochemicznych

Zjawiska obserwowane w Naturze od zawsze stanowity zrodto inspiracji dla
naukowcow. Swiatlo stoneczne, regulujace m.in. jeden z kluczowych procesdw
biochemicznych flory — fotosyntez¢, a takze procesy wplywajace na funkcjonowanie
organizmu czlowieka np. syntez¢ melaniny, czy prowitaminy D3, zostalo rozpoznane jako
tatwo dostgpne i odnawialne Zrédlo energii. Potencjal wykorzystania promieniowania
stonecznego jako sity napedowej reakcji chemicznych dostrzegt juz na poczatku XX
wieku wiloski chemik Giacomo Ciamician, a jego odkrycia przyczynity si¢ do narodzin

.. . . . roo. 26
fotochemii, nauki o procesach chemicznych indukowanych swiattem.

Obecnie, fotochemia jest jednym z najpr¢zniej rozwijajacych si¢ narzedzi
wspolczesnej syntezy organicznej.'”’ Stanowi ona nie tylko alternatywe dla znanych
transformacji, ale modyfikujac profil energetyczny reakcji daje dostep do nicoczywistych
reaktywnos$ci i przemian nieosiggalnych na drodze klasycznych metod syntetycznych.
Reakcje indukowane $wiatlem przebiegaja w tagodnych warunkach, bez koniecznosci
stosowania stechiometrycznych ilosci silnych utleniaczy/reduktorow lub kwasow/ zasad,
co zwigksza zakres tolerancji grup funkcyjnych w strukturze substratow. Z uwagi
na generowanie mniejszej ilosci odpadéw, podejscie to cechuje sie niska ucigzliwoscia
dla srodowiska i niewatpliwie wpisuje si¢ w zasady zielonej chemii. Mimo, iz dotychczas
energi¢  fotondow  wykorzystano w  nielicznych  procesach  przemystowych

(np. fotoutlenianie cytronelolu czy synteza artemizyny),” >

najnowsze doniesienia
naukowe obfituja w badania podstawowe dotyczace fotoindukowanych transformacji
prowadzacych do zarowno prostych jak i ztozonych struktur, farmaceutykow i produktow

7,30-33
naturalnych.”

Wyrézniamy trzy gldowne mechanizmy reakcji indukowanych $wiattem (Schemat
4). Substraty, ktore absorbujg $wiatlo z zakresu naswietlania ulegaja bezposredniemu
wzbudzeniu, prowadzacemu do wytworzenia reaktywnych indywiduéw, dalej
uczestniczacych w przemianach wewnatrz-, badz miedzyczasteczkowych. W celu
aktywacji zwigzku organicznego, ktory nie absorbuje fotonéw o danej energii koniecznie
jest zastosowanie katalizatora, ktory je pochtania — fotouczulacza (PS), badz katalizatora

fotoredoks (PC). Fotosensybilizator ze wzbudzonego stanu singletowego '[PS]" moze
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(A) Bezposrednie wzbudzenie: (C) Kataliza fotoredoks:

R

uTL RED™
s—M .o - P
UTL FC RED
(B) Fotsensybilizacja: Teoria Dextera
/\ wygaszanie c’ pch wygaszanie
'[PS]* r reduktywne hv oksydatywne
hv ISC — —
PS ’Ps
EnT ) ) /_\H RED™ . uTe
s IS —==P PC
’[PS] S RED uTL

Schemat 4. Mechanizmy reakcji fotochemicznych

przejs¢ na skutek wzbronionego spinowo przej$cia migdzysystemowego (ISC) do
nizszego energetycznie stanu trypletowego °[PS]” o dhuzszym czasie zycia. Taka
reaktywna forma, jesli charakteryzuje si¢ wartoscig energii zblizong do poziomu
trypletowego substratu [S]’, moze posrednio wzbudzi¢ go na drodze fotoindukowanego
transferu energii (EnT). Mechanizm ten nazywamy fotosensybilizacjq, a proces
przeniesienia energii od fotouczulacza do substratu zachodzi, wedtug teorii Dextera, na
drodze jednoczesnej wymiany elektronéw ze stanu wzbudzonego donora (PS) i stanu
podstawowego akceptora (S).>*”> Szerzej przebadanym w chemii organicznej podejéciem
katalitycznym jest Kkataliza fotoredoks bazujaca na wlasciwosciach redukujaco-
utleniajacych fotokatalizatora w stanie wzbudzonym.'” Miedzy wzbudzonymi
czasteczkami katalizatora a czasteczkami reagenta dochodzi do fotoindukowanego
transferu elektronu (PET), w skutek tego czasteczki fotokatalizatora redukuja si¢ do
anionorodnikoéw PC™ utleniajgc reagent (wygaszanie reduktywne), badz redukujac go
ulegaja utlenieniu do kationorodnikéw PC™ (wygaszanie oksydatywne). Regeneracja
katalizatora do stanu podstawowego zachodzi na drodze, odpowiednio, utlenienia PC™
badz redukcji PC™. W niektorych przypadkach do zamkniecia cyklu katalitycznego
konieczne jest zastosowanie zewngtrznych utleniaczy/reduktorow (ang. sacrificial
oxidant/reductant). Jezeli jednak w cyklu katalitycznym uczestnicza wytacznie czasteczki
substratow 1 nastgpcze reaktywne indywidua z nich wytworzone, cykl taki nazywamy
redoks-neutralnym i jest on najbardziej korzystnym wariantem katalizy fotoredoks pod
wzgledem  ekonomii  atomowej reakcji. Innym  rodzajem = mechanizméw
fotokatalitycznych sa cykle bazujace na transferze atomu (np. wodoru — HAT, lub
fluorowca — XAT),**” w przypadku ktorych do aktywacji substratu dochodzi na skutek

oderwania nie elektronu a atomu (wodoru lub fluorowca) od jego czasteczki przez
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wzbudzony fotokatalizator. Cho¢ najczesciej stosowanymi fotokatalizatorami sg
kompleksy irydu oraz rutenu, opracowano wiele alternatywnych metod
wykorzystujacych tanie i1 tatwo dostepne barwniki organiczne np. Eozyna Y, réz

bengalski, biekit metylenowy, czy inspirowane naturg porfiryny."®!

Opisane powyzej procesy fotochemiczne, w niektorych przypadkach, moga
wspotistnie¢  tworzagc bardziej zlozone mechanizmy reakcyjne. Ponadto, wraz
z intensywnym rozwojem wspoOtczesnej fotokatalizy opracowano takze strategie tzw.
katalizy podwojnej (ang. dual catalysis) opierajacej si¢ na wspoélistnieniu cykli
fotokatalitycznego i cyklu np. organokatalizatora lub katalizatora metalu przejsciowego

na przyktad kompleksu kobaltu, niklu, czy palladu.3g’39

Jednym z najnowszych podejsé¢
jest fotoelektrochemia, w mysl ktérej procesy na elektrodach zachodza przy jednoczesne;j

, . . , e, . 4
obecnosci fotokatalizatorow i $wiatta.*

Fotochemia jest poteznym narzedziem do tworzenia wigzan chemicznych. Jednak
wiele z opracowanych metod wymaga zastosowania wysokoenergetycznego, foto-
toksycznego $wiatta ultrafioletowego. Reakcje indukowane $wiattem UV, z uwagi na
réznorodno$¢ chromoforéw wystepujacych w obrebie ztozonych substratéw i produktéw
reakcji, zwykle cechuja si¢ niska selektywnoscig. Dlatego tez do wyzwan wspotczesnej
fotochemii nalezy opracowanie nowych i alternatywnych metod tworzenia wigzan
chemicznych z wudzialem: a) S$wiatta widzialnego, ktorego zastosowanie wraz
z fotokatalizatorem moze prowadzi¢ do reaktywno$ci nieznanych na S$wietle UV;
b) tanich i nietoksycznych barwnikdéw organicznych w miejsce komplekséw metali;
c) substratow o dotad niezbadanej reaktywnosci fotochemicznej bgdacych potencjalnymi
prekursorami  form reaktywnych, do takich bez watpienia nalezg zwigzki

diazoorganiczne.
5.2.2. Zwiazki diazoorganiczne

Diazo zwigzki sg reagentami powszechnie stosowanymi w syntezie zwigzkow
organicznych, takze tych o znaczeniu biologicznym. > % Ich uzyteczno$¢ wynika nie tylko
z zazwyczaj prostych metod otrzymywania, ale takze rdéznorodnych reaktywnosci
zapewniajacych dostgp do rdznych reaktywnych indywiduow takich jak metalokarbeny,
karbeny, ylidy, czy rodniki. Zwigzki te fatwo ulegaja reakcjom cykloaddycji, insercji
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i przegrupowania, a transformacje te cechuja si¢ dobra ekonomig atomowa, przebiegajac

czesto z wydzieleniem czasteczek azotu. > '8

Historycznie pierwsze reakcje zwigzkdw  diazoorganicznych  polegaty
na rozktadzie termicznym, jednakze z uwagi na niska selektywnos¢ i silne wlasciwosci
wybuchowe diazoalkanow, podejscie to =zostalo wuznane =za niepraktycznie
i niebezpieczne."” Zastapiono je strategia uzywana do dzi$ - kataliza kompleksami metali,
glownie rodu, srebra 1 miedzi, umozliwiajaca generowanie wysoce reaktywnych
metalokarbenow. Reakcje przebiegajace z ich udzialem charakteryzuja si¢ bardzo
dobrymi wydajnos$ciami i regioselektywnosciami, a uzycie odpowiednich katalizatoréw

pozwala na wydajng synteze asymetryczna.'''®!

Mimo to, zastosowanie toksycznych
i czesto drogich kompleksow metali jest rozwigzaniem nieatrakcyjnym dla przemystu
farmaceutycznego. Dobrze zbadang reaktywnos$cig diazo zwigzkéw jest takze fotoliza
indukowana s$wiattem UV, zachodzaca bez dodatku katalizatora, lecz czesto
nieselektywnie."” Obecnie, konkurencyjnym podejéciem sa transformacje przebiegajace

22-25

pod wptywem §wiatta widzialnego. Zostang one szczegdtowo omoéwione w punktach

5.2.2.2. oraz 5.2.2.3 niniejszego przewodnika.

5.2.2.1. Struktura i klasyfikacja

Zwiazki diazoorganiczne sg reagentami o bogatej roznorodnosci strukturalne;j,
a charakter podstawnikow w pozycjach a- do atomu wegla zwigzanego z grupg —N,, ma
bezposredni wpltyw na ich stabilno$¢ i reaktywnos’é.15 Wsréd znanych literaturowo diazo
zwigzkow znajduja si¢ zar6wno diazoalkany stabilizowane, jak i semi-stabilizowane oraz
niestabilizowane (Rysunek 1). Stabilizacja zdelokalizowanego tadunku ujemnego,
przynajmniej jednym podstawnikiem o charakterze elektronoakceptorowym (EWG),
przyczynia si¢ do relatywnie wysokiej trwatosci tego typu zwiazkow. Dlatego tez,

stabilizowane pochodne stanowia najbardziej przebadana grupe diazoalkanow.

Diazoalkany
stabilizowane semi-stabilizowane niestabilizowane
N, N, N, N, N N, N, N, N,

EWG™ EWG' H® "EWG EDG™ EWG

EWG, EWG' = CO4R, COR, PO(OR),, SO;R, CN
EDG = alkil, aryl, winyl, alkinyl, alkenyl

H" HR R H R

2
Ve
>
>
%
Py

R, R' = alkil, aryl R, R' = alkil

Rysunek 1. Klasyfikacja zwigzkow organicznych ze wzgledu na stabilnosc¢
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Wsrod nich wyrdzni¢ mozemy diazoalkany akceptorowo-akceptorowe (podstawione
dwoma grupami EWGQG), akceptorowe (podstawione jedng grupg EWG) oraz donorowo-
akceptorowe (podstawione jedna grupa EWG i druga o charakterze elektronodonorowym,
EDG). Trudniejsze do otrzymania sg semi-stabilizowane diazoalkany, zawierajace
wigzania typu m (pierScienie aromatyczne badz ugrupowania alkenylowe/alkinylowe)
w bliskim sgsiedztwie wegla diazowego. Z kolei brak podstawnikow stabilizujgcych
powoduje drastyczny spadek trwalosci i sprawia, Ze sa one silnie wybuchowe." Z tego
wzgledu sg one najmniej przebadanymi z diazo zwigzkow na $wietle, a do prowadzenia

transformacji z ich udzialem konieczna jest synteza in sifu ze stabilnych prekursorow,

42,43 44,45

takich jak hydrazony,"' diazyryny, czy 1,3,4-oksadiazoliny. Korzys$ci wynikajace
z zastosowania 1,3,4-oksadiazolin jako bezpiecznych prekursorow diazoalkandéw

i karbenoéw zostaty opisane w sekcji 5.2.3..

Struktura diazo zwigzku wpltywa nie tylko na jego stabilnos¢, ale takze na
wiasciwosci  fotofizyczne. Zarowno diazoalkany akceptorowo-akceptorowe, jak
i akceptorowe pochlaniajg $§wiatto z zakresu UV (Wykres 1). Z pomiardw absorpcji
wynika, iz im bardziej stabilizowany jest diazo zwigzek, tym wyzszym warto$ciom
energii odpowiadaja jego pasma absorpcji (Amax= 346 nm dla 1 w porownaniu z Apy.x =
380 nm dla 2). W 2018 roku Davies i1 Jurberg odkryli, Ze zastgpienie atomu
wodoru/jednej z grup EWG w strukturze diazoalkanu pier§cieniem aromatycznym
powoduje batochromowe przesuni¢cie lokalnego maksimum absorpcji w strone $wiatta
niebieskiego.46 Z kolei najnowsze doniesienia grupy Koenigsa dotyczace fotochemii
diarylodiazoalkanéw dowodza, ze zwigkszenie donorowego charakteru pier§cieni
aromatycznych skutkuje jeszcze silniejszym efektem batochromowym i ma znaczacy

wplyw na stan elektronowy generowanych karbenow.*’ Co wiecej, badania zrealizowane

16
N, N, 21 4

’ —1
EtO,C” “CO,Et H” O CO,Et 12

' —_—2
1 2 1

0,8 3

N, N 06 4

MeO OMe 02 k
3 4 0
250 450 650 A [nm]

Wykres 1. Widmo UV-Vis wybranych zwigzkoéw diazoorganicznych, ¢ = 0.01 M w DCM
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w Zespole XV IChO PAN wykazuja, ze fotoliza di(p-metoksy- fenylo)diazometanu 4 jest

mozliwa nawet pod wplywem $wiatta czerwonego.48

5.2.2.2. Reaktywnos¢ diazo zwigzkow w obecnosci Swiatla widzialnego

Uzytecznos$¢ syntetyczna zwigzkow diazoorganicznych oraz korzys$ci wynikajace
z zastosowania $wiatta jako zrdédla energii do tworzenia nowych wigzan powoduje,
ze fotochemiczne metody ich aktywacji sa tematem intensywnych badan. > > Najnowsze
doniesienia naukowe wykazuja, ze zastgpienie $wiatta UV promieniowaniem z zakresu
widzialnego pozytywnie wplywa na wydajno$¢ i1 selektywno$¢ fotochemicznych

transformacji z udziatem diazo zwigzkow.

Wiasciwosci fotofizyczne danego diazoalkanu determinuja dostgpne metody jego
fotoaktywacji pod wplywem $wiatta widzialnego. W przypadku pochodnych
absorbujacych $wiatlo z tego zakresu (A > 380 nm), takich jak diazoalkany donorowo-
akceptorowe, mozliwe jest przeprowadzenie fotolizy na drodze wzbudzenia
bezposredniego (Schemat 5). Na skutek tego procesu, generowane sg karbeny singletowe,
reaktywne indywidua posiadajace niewigzaca par¢ elektronowsg, ktéra bierze udziat
w tworzeniu nowych wiazan chemicznych.*® Jesli jednak dany diazo zwigzek nie
absorbuje $wiatta z zakresu naswietlania, do generowania form reaktywnych koniecznie
jest zastosowanie fotokatalizatora (fotouczulacza lub katalizatora fotoredoks), ktory je
pochtania. Gdy poziom energii trypletowej katalizatora jest zblizony do wartosci energii
diazoalkanu w stanie trypletowym, dochodzi do fotoindukowanego transferu energii
(EnT) z wytworzeniem karbendéw trypletowych, o charakterze dwurodnikéw. Natomiast
jesli fotokatalizator charakteryzuje si¢ odpowiednimi witasciwosciami redoks, mozliwa
jest redukcja diazoalkanu do rodnikéw w wyniku fotoindukowanego transferu elektronu

(PET) od wzbudzonych czasteczek fotokatalizatora.

®
hv>380nm R1—CQR2 fotosensybilizacja
R? fotouczulacz 20
fotoliza RI-C hv> 380 Karben
O@ 14 hm trypletowy
karben .
singletowy hv> ?80 nm r.o_d niki kataliza fotoredoks
katalizator linne
fotoredoks

Schemat 5. Indukowane $§wiattem widzialnym metody aktywacji diazo zwigzkow
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Fotochemiczne metody aktywacji diazoalkanow daja dostep do roéznorodnych
indywiduéw chemicznych.zzf25 Warto jednak zaznaczy¢, ze aby diazo zwigzek
uczestniczyt w reakcji fotochemicznej, nie musi on ulega¢ wzbudzeniu, ani oddziatywac
z fotokatalizatorem. W literaturze bowiem, wystepuja rowniez liczne przyklady
zastosowania diazoalkanow, w ktorych sa one akceptorami rodnikéw wytworzonych
w cyklach fotokatalitycznych. Ponizszy przeglad transformacji diazoalkandéw
w obecnosci $wiatla widzialnego w sposob zwiezlty przedstawia tylko najistotniejsze

doniesienia literaturowe dotyczace kazdego z wymienionych rodzajow reaktywnosci.

5.2.2.2.1. Bezposrednia fotoliza zwigzkéw diazoorganicznych

Przetomowe odkrycie wlasciwosci fotofizycznych a-arylo-a-diazoestrow
zapoczatkowato gwaltowny wzrost zainteresowania fotoliza diazo zwigzkow do
karbenéw w obecnosci $wiatla widzialnego.*® Wsrod dotychczas opracowanych
transformacji bazujacych na tym podejsciu dominujg reakcje C-H/X-H insercji,

cykloaddycji oraz przegrupowania z udziatem ylidow.** >

Fotochemiczne reakcji C-H/X-H insercji

Insercja karbenéw w wigzania C-H/X-H (X = N, Si, S, O) jest prosta 1 efektywna
strategia umozliwiajaca szybka syntez¢ malych czasteczek oraz ztozonych struktur

. 13,49,50
chemicznych.

Pierwsze tego typu reakcje zachodzace z udzialem zwigzkéw
diazoorganicznych w obecnosci $wiatta widzialnego zostaly zaobserwowane przez
Daviesa i Jurberga podczas badania wptywu rozpuszczalnika na fotoreaktywnos¢ a-arylo-
o-diazoestrow.*®  Zauwazyli oni, ze za wyjatkiem dichlorometanu, wickszo$¢
rozpuszczalnikdw organicznych reaguje z generowanymi in situ karbenami, prowadzac

do produktow cykloaddycji, C—H insercji, czy O-H insercji. Badania te sugerowaty

rowniez singletowa nature generowanych karbenow.

Do tej pory zaprojektowano wiele indukowanych §wiattem widzialnym metod,
ktére umozliwiajg insercj¢ karbenow typu A w struktury rozmaitych substratow (Schemat
6). W obecnosci weglowodoréw cyklicznych otrzymywane sa produkty C—H insercji,
jednak z uwagi na ich niska reaktywno$¢ reakcje te wymagaja stosowania wysokich
nadmiarow stechiometrycznych (nawet 100 ekwiwalentow). W przypadku cykloalkenow,

czynnikiem obnizajacym wydajno$¢ reakcji jest konkurencyjna cykloaddycja karbenu do
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wigzania podwojnego. Analogicznie, uboczna reakcja cyklopropanowania obserwowana
jest dla bogatych w elektrony arenéw 1 heteroarenow, stosowanych w znacznie
mniejszych ilo$ciach (5 ekwiw.). Ponadto, a-arylo-a-diazo-estry o odpowiedniej budowie
ulegaja reakcji wewnatrzczasteczkowej, prowadzacej do laktonow (8, Schemat 6A).*
W obecnosci reagentow wychwytujacych (0.33-5.0 ekwiw.) takich jak aminy, w tym
cykliczne i aromatyczne, karbazole, pirazole, 1,2,3-triazole, indole, amidy i sulfonamidy
otrzymywane sa produkty N—H insercji (np. zwiazki 11-17, Schemat 6B).**>'">* Reakcja
diazo zwigzkéw z silanami prowadzi natomiast do tworzenia nowych wigzan C-Si
(Schemat 6C).>* Nieco odmienny mechanizm postulowany jest w przypadku syntezy
tioeterow, zachodzacej z udzialem tiolu alifatycznego badz tiofenolu.” Zakltada on,
ze kluczowym etapem jest reakcja karbenu A nie z samym substratem a wygenerowanym

z niego fotochemicznie rodnikiem B (Schemat 6D).

N,

$wiatto niebieskie R 0 CO2R
)J\ * R-H )\ Ar— B
Ar” CO,R lub CFL Ar” CO,R oD A
A. C-H insercja
O EHCOZMe
CO,Et >1\/§*Ph MeO
B Ph CO,Me Ph CO,Me
r

Ph CO,Me
5, 34% 6, 79% 7,47% 8,91% 9, 56% 10, 64%
B. N-H insercja

1 2
“ G L
CO,Et )N\ ° NSO
2
CO Me
B 2 )\oo Me COzMe Ph™” ~CO,Me ph)\COZMe

or
R1=R%=(CHy)e~, 11.76% 43 749, 14, 80% 15, 88% 16, 70% 17, 65%
R!'=Ph,R2=H, 12, 81%
C. Si-H insercja D. S-H insercja
hv, — Rlg-
19H - == R1ggR! ==R'S
SiEt, SiPry SiPhg RISH5 ™ RISSR A
CO,Me Ph” “CO,Me Ph”~ “CO,Me sr! R'SH SR
? 2 2 B )\ N 0 R' = alkil, aryl
_QRO,
18, 91% 19, 53% 20, 51% o COR LA~ COR 60-86%

Schemat 6. Wybrane przyktady reakcji C-H/X-H insercji na drodze fotolizy a-arylo-
a-diazoestrow na $wietle widzianym

Insercja karbenow zachodzi wydajnie w wigzania O-H kwasow zaréwno
alifatycznych, jak i aromatycznych. Dla kwaso6w mocniejszych np. but-2-ynowego, estry
powstaja bez naswietlania mieszaniny reakcyjnej, w wyniku protonowania diazoalkanu
oraz nastgpczej substytucji grupy diazowej (ester 23, Schemat 7A).*® O-Alkilowanie

2-pirydondw, dotad problematyczne, przeprowadzono selektywnie z udziatem a-arylo-
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o-diazoestrow.”® Rozwazane $ciezki reakcyjne sugeruja mozliwy udziat rodnikéw D-F,
generowanych na skutek reakcji karbenow A z substratem C (Schemat 7A), selektywnos$¢
reakcji thumaczona jest za$ nizsza energia dysocjacji wigzania O—H w porownaniu
z wigzaniem N-H. Dodatkowo, grupa Koenigsa opracowata strategi¢ bazujaca na foto-
wzbudzonym transferze protonu (PPT, ang. Photoexcited Proton Transfer), ktora
umozliwia formalng O—H insercje¢ diazo zwigzkow do alkoholi o stabych wlasciwosciach

. 57
kwasowych  oraz fenoli.””®

Podejscie  to  wykorzystuje = wytworzenie
migdzyczasteczkowego wigzania wodorowego miedzy grupa estrowa diazoestru
a hydroksylowa alkoholu/fenolu. Powstaty w ten sposob kompleks G w obecnosci $wiatta
ulega wzbudzeniu i rozpada si¢ na par¢ jonowa H lub I, a nastepcza substytucja
nukleofilowa prowadzi do otrzymania zagdanego eteru B (Schemat 7B). Ta fotochemiczna
metoda okazata si¢ skuteczna nie tylko dla a-arylo-a-diazo-estréw, ale rowniez

cyklicznych a-diazoamidow, podczas gdy stosujac zwigzki miedzi/rodu w ciemnosci nie

wyizolowano analogicznych produktow.”’

+ R-OH

A. O-H insercja

R’ H R1L

O%\O

O O
CO,Et
CO,Et ‘
Br !

Br
R'=Ph, 21,91% 23, 98%
R' = Et, 22, 85% bez $wiatta: 90%

B. mechanizm PPT = o =

)\ R1 CN
N, N, | A 8 CO,R 1 /©/
o) Oor O CF; 1o
Ar)H/ R| hy ©H T B BN PR
OI — - - Ph™ ~CO,Me

. H®
A P o
OR Ar{_COR| N, R! = Ph, 24,69% R! = CO,Me, 26,80%
G L ©0oRr | R'=CF3, 25,97% R'=CF;, 27, 43%
[

Schemat 7. Wybrane przyktady reakcji O-H insercji oraz formalnej O-H z udziatem a-arylo-a-
diazoestrow na $wietle widzianym

Obok a-arylo-a-diazoestréw, $wiatto widzialne pochtaniajg takze diarylodiazo-
alkany. W zaleznosci od rodzaju podstawnikOw pierScienia aromatycznego, pochodne
diarylodiazometanu  charakteryzuja  si¢ ~ odmiennymi  widmami  absorpcji

i reaktywno$cig.”” Pod wplywem $wiatla niebieskiego, diazoalkany posiadajgce
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w strukturze bogate w elektrony pierscienie aromatyczne ulegaja fotolizie do karbenow
o charakterze nukleofilowym. Z wuwagi na niewielkie roéznice w poziomach
energetycznych karbenu trypletowego i singletowego postuluje si¢ wspolistnienie
obydwu standéw elektronowych w roztworze. W obecnosci alkindéw ulegaja one formalnej
insercji, w wigzania Cg—H dla arylowych pochodnych lub Cg—H dla alkinow
alifatycznych (Schemat 8A). Co ciekawe, analogiczna reakcja w obecnosci zwigzkow
rodu/miedzi prowadzi jedynie do nieselektywnego rozkladu diazoalkanu.!” Korzystajac
z faktu, iz zwiazek 4 (Anax = 543 nm) w niewielkim stopniu absorbuje takze $wiatto
czerwone, w zespole XV IChO PAN wykazano, ze absorpcja ta jest wystarczajaca do
przeprowadzenia  fotolizy. = Uzyteczno$¢  opracowanej  strategii  zilustrowano
na przyktadzie reakcji O—H, N-H i S—H insercji w struktury réznorodnych substratéw,

w tym czasteczek o znaczeniu biologicznym (Schemat 8B).**

A. C-H insercja
R

2 PIR RI._Z
+ //R swiatto niebieskie J\ lub :l\/
Z DCM
MeO OMe S N PMP” ~PMP
4 Csp-H insercja Csp3-H insercja

R = Ar, 72-99% R' = alkil, 48-69%
B. X-H insercja

1 2 $wiatlo czerwone R1\O R2\N’ R’ R1‘S
4 + RI_.R lub lub
X DCM PN PN BN
PMP” “PMP PMP” ~PMP PMP” ~PMP
X=0,N,S O-H insercja N-H insercja S-H insercja
56-96% 56-72% 45-88%
CO,Me z
o LG T e o
N. PMP.
pmP—( Boc PMP—( @ \\. O” N \(S\)‘NAPMP
PMP PMP H PMP)\PMP PMP Boc
28, 56% 29, 96% 30, 58% 31.45%

Schemat 8. Indukowane swiattem widzialnym reakcje C-H/X-H insercji z udziatem
di(p-metoksy-fenylo)diazometanu (4)

Fotochemiczne reakcje z udziatem ylidow

Przegrupowania sigmatropowe sg transformacjami pozwalajacymi na szybka
reorganizacj¢ struktur czasteczek. Przyktadowo, ylidy generowane w reakcjach
karbendw/metalokarbenow z reagentami zawierajacymi wolng parg elektronowa
na heteroatomie (X = O, N, S) moga ulega¢ przegrupowaniom [2,3]- i [1,2]

. —-62
sigmatropowym.*’°
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Zakres stosowalnosci fotochemicznych metod, bazujacych na przegrupowaniach
[2,3]-sigmatropowych ogranicza si¢ do a-arylo-a-diazoestrow jako prekursorow
karbenow A oraz réznorodnych sulfidow lub amin propargilowych, B. Powstate ylidy C
ulegaja przegrupowaniu [2,3]-c z zerwaniem wigzania C—X i wytworzeniem nowego
wigzania C—C, a otrzymany produkt D posiada czwartorzgdowy atom wegla (Schemat 9).
W zaleznosci od budowy sulfidu, ylidy mogg przegrupowaé si¢ na roézne sposoby,
prowadzac do odmiennych produktow (Schemat 9A). W 2019 roku, grupa Koenigsa
opracowala metode fotolizy a-arylo-a-diazoestrow w obecnosci sulfidow allilowych.®
W podobnym czasie, Xiao zaproponowal transformacje = wykorzystujaca
gem-difluorowane pochodne.64 W obydwu przypadkach, otrzymano sulfidy
homoallilowe, analogicznie do reakcji Doyla-Kirmsego, katalizowanej zwigzkami np.

55 srebra,* czy zelaza.”” Natomiast ylidy typu E generowane z 2-merkaptooctu

miedzi,
1 karbendw A ulegaja tauotomeryzacji do formy F, ktéra w wyniku tzw. przegrupowania
Sommeleta-Hausera prowadzi do produktow formalnej orto-C—H funkcjonalizacji

pierécienia aromatycznego diazo zwiazku (Schemat 9A).%

R!
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Schemat 9. Indukowane $wiattem widzialnym przegrupowania [2,3]-sigmatropowe z udzialem
a-arylo-a-diazoestrow
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Ylidy pochodzace od trzeciorzedowych amin allilowych, jak w przypadku reakcji
z udziatem sulfidéw allilowych, ulegaja przegrupowaniu [2,3]-6 (Schemat 9B).% Reakcja
przebiega z wysokimi wydajnosciami dla N-allilo-N-alkiloanilin (np. produkt 39),
ograniczeniami metody sa jednak 1,2,3,4-tetrahydrochinolina i aminy N,N-diarylowe

(42-43).

Karbeny A generowane pod wplywem $wiatla niebieskiego ulegaja takze
reakcjom formalnej insercji w wigzania S—N, C—S oraz C—O w obecnosci ftalimidow
N-sulfenylowych, sulfidow benzylowych lub tietanéw oraz oksetanéw (Schemat 10).%%"°
Transformacje te zachodza na drodze przegrupowania [1,2]-sigmatropowego ylidow C.
Obliczenia DFT dla reakcji diazo zwigzkdéw z oksetanami/tietanami sugeruja, ze

przegrupowanie powstatego ylidu prowadzace do ekspansji pierScienia ma charakter

rodnikowy.
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2
. . . X = O: 61-96%
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5 ekwiw. 43-95% 5 ekwiw. 27-82% 2 ekwiw. X = S: 66-73%

Schemat 10. Indukowane §wiattem widzialnym przegrupowania [1,2]-sigmatropowe z udziatem
a-arylo-a-diazoestrow

Charakter piers$cienia aromatycznego diazoestru ma znaczacy wpltyw na przebieg

indukowanej $wiatlem niebieskim reakcji z udzialem N-fluorobenzenosulfonimidu

(NFSI) w cyklicznym eterze jako rozpuszczalniku.71 Podczas gdy neutralne i ubogie

w elektrony a-arylo-a-diazoestry tworza z rozpuszczalnikiem ylidy, karbeny generowane

z bogatych w elektrony analogow reaguja bezposrednio z reagentem fluorujgcym

a rozpuszczalnik nie ulega inkorporacji w strukture otrzymanych produktow.

Fotochemiczne reakcje cykloaddycji

Reakcje cykloaddycji sg transformacjami uzytecznymi do syntezy gléwnie troj-
sze$ciocztonowych pierscieni cyklicznych, obficie wystepujacych w strukturach

zwigzkow naturalnych i czasteczkach biologicznie czynnych.”> W literaturze znane sg
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przyktady indukowanych $wiatlem widzialnym reakcji  cykloaddycji  [2+1],
przebiegajacych z udzialem diazo zwigzkow 1 reagentdw nienasyconych, prowadzacych
przez karbeny A do pochodnych cyklopropanu lub cyklopropenu. (Schemat 11). Pierwsza
tego typu transformacja zostata przetestowana przez Daviesa i Jurberga z uzyciem
styrenu (5 ekwiw.) dla a-arylo-a-diazoestrow w ramach kompleksowych badan nad ich
reaktywnos$cia fotochemiczna.*® Produkty otrzymano z dobrymi i bardzo dobrymi
wydajnosciami (do 99%) i wysokimi diastereoselektywnos$ciami (d.r. do >20:1) (Schemat
11A). Dodatkowo, reakcje cyklopropanowania przeprowadzono takze dla pochodne;j
indolu 1 benzenu, a w ich wyniku otrzymano produkty bicykliczne.46 Badania te
w kolejnych latach kontynuowano, a zakres stosowalnos$ci [2+1] cykloaddycji z udziatem
a-arylo-a-diazoestrow zostal poszerzony o réznorodne areny,’” indole,™ cyklooktatetraen

i polinienasycone weglowodory (Schemat 11A)."”
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Schemat 11. Indukowane §wiattem widzialnym reakcje [2+1] cykloaddycji z udzialem diazo
zwigzkow

Analogicznie do reakcji cyklopropanowania, grupa Koenigsa zaproponowata
metode syntezy cyklopropendéw z udzialem alkinéw 1 a-arylo-a-diazoestrow (Schemat
11B).® Transformacje te przetestowano takze dla alkoholi propargilowych.”® Mimo, iz
stosowane substraty posiadaty w strukturze niezabezpieczong grupg hydroksylowa,
reakcja cyklopropenowania zachodzila selektywnie dla alkoholi drugo- i trzecio-
rzegdowych. W opracowanych warunkach pierwszorzegdowe alkohole propargilowe
ulegaty natomiast O-H insercji. Co istotne, reakcja przeprowadzana z uzyciem

standardowych niefotochemicznych metod katalitycznych, w obecno$ci zwigzkéw rodu
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lub zlota prowadzi przez stadium ylidu odpowiednio na drodze przegrupowania
sigmatropowego do allenu,’”’ lub do 2,5-dihydrofuranu na skutek inserciji migracyjnej.78
Wspominane odmienne $ciezki reakcyjne podkreslaja korzysci pltynace z zastosowania

podejscia fotochemicznego, stanowigcego komplementarno$¢ dostgpnych juz metod.

Charakter podstawnikéw aromatycznych diarylodiazometanu ma drastyczny
wplyw na stan elektronowy generowanych karbendéw, a w konsekwencji na ich
reaktywnos¢. Podczas gdy bogaty w elektrony diazoalkan 4 w obecnosci alkinu
arylowego ulega indukowanej $wiattem Cg—H insercji (Schemat 8A), (p-nitrofenylo)-
(p-metoksyfenylo)diazometan w warunkach naswietlania z tym samym reagentem
prowadzi do cyklopropenu (Schemat 11B). Jesli jednak zastosowano alkin alifatyczny,
dla obydwu diazo zwigzkéw powstaje produktu formalnej C,3-H insercji

(Schemat 8A). 47

Inne typy reakcji

Szeroko przebadanym typem indukowanych $§wiattem transformacji zwigzkoéw
diazokarbonylowych jest przegrupowanie Wollfa, w wyniku ktérego powstajg reaktywne
keteny A.” Wickszos¢ doniesien naukowych w tym zakresie dotyczy reaktywnosci pod
wplywem $wiatla ultrafioletowego, jednak najnowsze metody opisuja fotoliz¢ takze
w zakresie $§wiatta widzialnego (Schemat 12). Wsrod opisanych w literaturze procedur
znajduja si¢ reakcje ketenow z alkoholami lub fenolami jako reagentami

nukleofilowymiSO’81

oraz katalizowane kompleksami palladu lub katalizatorami NHC
reakcje cykloaddycji [n+2], umozliwiajace syntez¢ rozbudowanych produktow

heterocyklicznych.***

Ciekawym przykladem indukowanej Swiattem widzialnym transformacji
zwigzkow diazoorganicznych jest reakcja sprzggania dwoch diazoalkandéw, sposrod
ktorych tylko jeden — a-arylo-o-diazoester — absorbuje fotony z zakresu naswietlania
(Schemat 13).% Generowane na drodze jego fotolizy karbeny typu A reaguja
z a-diazoestrami, tworzac betainy B. Nastgpcza eliminacja czasteczki azotu prowadzi do
trojpodstawionych (E)-olefin z dobrymi i1 bardzo dobrymi wydajno$ciami i wysoka
selektywnoscia.
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Schemat 12. Reakcje z udziatem ketenéw generowanych z diazo zwigzkow pod wptywem
$wiatla widzialnego
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Schemat 13. Fotoindukowana reakcja sprzggania a-arylo-a-diazoestrow z a-diazoestrami

Difenylodiazometan (46) w obecnosci $wiatta niebieskiego 1 alkinu ulega reakcji
kaskadowej prowadzacej do pochodnych indenu (Schemat 14).*" Obserwowana
reaktywno$¢ kontrastuje z fotochemia ubogich i bogatych w elektrony diarylodiazo-
alkanow, ktore w takich samych warunkach ulegaja odpowiednio: cykloaddycji (Schemat

11B) oraz formalnej C—H insercji (Schemat 8 A). Eksperymenty mechanistyczne sugeruja

R
R
)’\11\2 Swiatlo niebieskie Lh—gQPh //

46 A 60-99%

Schemat 14. Fotoindukowana reakcja sprzegania a-arylo-a-diazoestrow z a-diazoestrami
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udziat karbenéw trypletowych.
5.2.2.2.2. Fotokatalityczne transformacje zwigzkow diazoorganicznych

Z uwagi na prostote metodologii oraz wysoka reaktywnos¢ a-arylo-a-diazoestrow
w obecnosci $wiatla niebieskiego, wickszo$¢ indukowanych $§wiattem widzialnym
transformacji diazo zwigzkow bazuje na bezposredniej fotolizie. Podejscie to jest jednak
dostepne tylko dla diazoalkanéw absorbujacych fotony z zakresu naswietlania. Do
przeprowadzenia reakcji z udziatem pozostatych pochodnych konieczne jest zastosowanie
fotokatalizatoréw, ktére na drodze fotoindukowanego transferu elektronu/energii generuja
reaktywne indywidua z diazo zwigzkéw lub reagujacych z nimi substratoéw. Biorac pod
uwage fakt, ze wiele katalizatorow fotoredoks moze jednoczesnie petni¢ funkcje
fotouczulacza, niejednokrotnie fotosensybilizacja zwigzkow diazoorganicznych moze
wspotistnie¢ réwnolegle z procesami fotoindukowanego transferu elektronu. Ponizej
opisane zostaly najwazniejsze metody fotochemiczne, w ktorych diazo zwiazki sa

prekursorami, lub akceptorami rodnikéw generowanych fotokatalitycznie.

Diazo zwiqzki jako prekursory rodnikéw

Zastosowanie fotokatalizatorow o odpowiednich wilasciwosciach redoks pozwala
na redukcje diazo zwiazkéw do rodnikéw alkilowych. Tego typu sposob aktywacji zostat
zasugerowany w 2016 roku przez grupe Meggersa w reakcji enancjoselektywnego
alkilowania 2-acyloimidazoli za pomoca o-diazoestrow w obecno$ci fotokatalizatora
rutenowego i chiralnego kompleksu rodu.®” Wéwczas zatozono, ze rodniki te generowane
sa na skutek redukcji a-diazoestréw, prowadzacej do wydzielenia czasteczek azotu oraz
nastepczego protonowania. Mechanizm ten zostat doktadniej zbadany przez grupe Gryko
na przyktadzie fotokatalitycznej metody alkilowania indoli oraz piroli (Schemat 15).%
Analiza pomiaréw prowadzonych technika woltamperometrii cyklicznej wykazata, ze
potencjat a-diazooctanu etylu (2) jest zbyt niski, aby ulegal on redukcji na drodze
transferu elektronu od wzbudzonych czasteczek fotokatalizatora. Natomiast w wyniku
protonowania diazoestru 2 powstaje forma A, ktora posiada wystarczajaco wysoki
potencjat redukcji, aby uczestniczy¢ w procesie PET z fotoreduktorem. Generowane,
w konsekwencji, elektrofilowe rodniki B reaguja z pochodng indolu prowadzac do
produktow alkilowania w pozycji C-2. W przypadku diazoalkanéw absorbujacych

w zakresie naswietlania, obserwowane sa produkty funkcjonalizacji w pozycji C-3
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(np. produkt 50), co tlumaczone jest mozliwym udzialem karbenéw w mechanizmie
reakcji. Analogiczna strategia zostata wykorzystana w reakcji alkilowania pochodnych

imidazoli z zastosowaniem a-diazooctanu etylu (2, EDA).
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Schemat 15. Fotokatalityczna reakcja alkilowania indoli i piroli z udzialem diazo zwigzkoéw

a-Diazoestry mogg ulega¢ redukcji nie tylko na etapie wygaszania oksydatywnego
fotokatalizatora, ale réwniez na etapie regeneracji katalizatora w cyklu wygaszania
reduktywnego. Wowczas, do zainicjowania reakcji katalitycznej koniecznie jest uzycie
zewngetrznego reduktora (np. zwigzki 55-57), ktory redukuje wzbudzony fotokatalizator
do anionorodnikow PC™ (Schemat 16). Podejscie to zostalo opracowane w 2020 roku
przez grupg¢ Doyla, a redukcje diazo zwigzku do rodnika alkilowego typu A uznano za
zachodzaca na drodze PCET (ang. Proton-Coupled Electron Transfer).89 Generowane
w obecnosci olefin rodniki typu B na skutek addycji wodoru w procesie HAT (ang.
Hydrogen Atom Transfer) prowadzity do produktow hydroalkilowania z wysokimi

wydajnosciami (np. produkt 52, 97%).

Metodologia ta okazata si¢ uzyteczna w wielosktadnikowych reakcjach
z udzialem wodoronadtlenku Iub azotynu fert-butylu umozliwiajacych synteze,
odpowiednio: 8-ketoestrow (np. 53)°° oraz oksymow (np. 54).°' Analogicznie, redukcja
roznorodnych strukturalnie diazo zwigzkow poprzez PCET w obecnosci izocyjanianéw
prowadzi do syntezy fenantrydyn.”” Opisywany mechanizm zaklada jednak PCET na

etapie wygaszania oksydatywnego barwnika organicznego - Eozyny Y.
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Schemat 16. Fotokatalityczna reakcje 1,2-difunkcjonalizacji olefin z uzyciem diazo zwigzkow

W odpowiednich warunkach reakcji a-diazoestry A ulegaja rozktadowi do
rodnikow winylowych D (Schemat 17). Rodniki te generowane sa w wyniku redukcji soli
diazoniowych C, powstajacych z diazo zwiazkéw typu A w obecnosci czwartorzedowych
soli amoniowych. Taki sposob aktywacji a-diazoestrow A zastosowano w indukowanej
§wiatlem niebieskim fotokatalitycznej benzannulacji do podstawionych I-natfoli B.”
Mechanizm przemiany zaklada reakcje rodnikow D z alkinem, z wytworzeniem formy
reaktywne] E, ktorej cyklizacja i utlenienie zamyka cykl katalityczny reakcji. Ostatnim
etapem jest wymiana kationéw prowadzaca do produktu koncowego B. Alternatywna
procedura, bazujaca na zblizonym mechanizmie, wykorzystuje ester Hantzscha w roli
fotokatalizatora a jej szeroki zakres stosowalno$ci obejmuje réznorodne strukturalnie

alkiny — takze alkilowe i ubogie w elektrony pochodne.”*

Fotokatalityczna redukcja zwigzkow diazoorganicznych o odpowiednio
zaprojektowanej strukturze umozliwia generowanie rodnikow diazometylowych typu C,
ktére rozpatrywane sg jako tzw. ekwiwalenty karbinowe. Ta innowacyjna strategia
zostala zaprezentowana przez Suero w 2018 roku dla hiperwalencyjnych zwigzkéw jodu
A zawierajacych ugrupowanie diazowe (Schemat 18A).” Reagenty te, stabilne
w obecnosci $wiatta biatego, nie rozpadaja si¢ do karbendéw, lecz w cyklu
fotokatalitycznym ulegaja redukcji do reaktywnych indywiduéw C z zachowaniem grupy
—N, w strukturze. W wyniku ich reakcji ze zwigzkami aromatycznymi otrzymywane sg

a-arylo-a-diazoalkany o charakterze donorowo-akceptorowym B.
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Schemat 17. Fotokatalityczna reakcja benzannulacji a-diazoketonow i alkinow

Opracowana metoda cechuje si¢ wysoka tolerancja grup funkcyjnych, zapewniajac dostep

do diazo zwigzkow takze o ztozonej strukturze, czesto problematycznych do otrzymania

N, A. Synteza diazoestréw B. Synteza 1,3,4-oksadiazoli
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Schemat 18. Hiperwalencyjne zwigzki jodu jako prekursory rodnikéw diazometylowych

za pomoca standardowych metod. Zsyntezowane pochodne mogg nastepnie ulegad

dalszym transformacjom na drodze indukowanej $wiattem niebieskim fotolizy do
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karbenéw w obecnosci roznorodnych reagentéw. Niewatpliwie najwickszg zaletg tego
podejscia jest zatem mozliwos¢ selektywnej difunkcjonalizacji atomu wegla pierwotnie
zwigzanego z grupa N,. Reagent A okazat si¢ rowniez skutecznym substratem do syntezy
2,5-dipodstawionych 1,3,4-oksadiazoli F (Schemat 18B).”® Wedtug proponowanego
mechanizmu, heterocykle F powstaja w wyniku reakcji rodnikéw H z acylowymi

rodnikami F, generowanymi z kwasow a-oksokarboksylowych E.

Innymi prekursorami rodnikéw diazometylowych D sg triflany typu A,
o dodatnim tadunku zlokalizowanym na atomie siarki. W przypadku takze tych
reagentéw, reaktywne indywidua D generowane sa na drodze redukcji. Prekursory te
wykorzystano w fotokatalitycznej reakcji syntezy diazo zwigzkéw B, ulegajacych
tauotomeryzacji do 1-amino-1,2,3-triazoli C (Schemat 19).”” Analogiczng procedure

opracowano z zastosowaniem hiperwalencyjnych o-diazo-zwiazkéw jodu.”®
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Schemat 19. Triflany jako prekursory rodnikow diazometylowych

W pordéwnaniu z popularnoscig transformacji diazo zwigzkdéw przebiegajacych
w obecnosci katalizatorow fotoredoks, ich aktywacja poprzez EnT jest niezwykle rzadka.
W 2022 roku Koenigs zaproponowat metod¢ syntezy furanow w wyniku
fotosensybilizacji diazoalkanéw akceptorowo-akceptorowych w obecnosci alkinow.”
Natomiast jedna z najnowszych fotokatalitycznych metod aktywacji a-arylo-
a-diazoestrow polega na ich posrednim wzbudzeniu przez czasteczki tetrafenyloporfiryny
(H,TPP, 58) (Schemat 20).*® Zastosowanie tego barwnika organicznego w roli
fotouczulacza pozwala na generowanie karbenow trypletowych A w obecnosci
niskoenergetycznego $wiatla czerwonego. Transformacje z udziatem reaktywnych
indywiduéw A otrzymanych w wyniku fotoindukowanego transferu energii (EnT),
w zalezno$ci od warunkéw reakcji, prowadza do a-ketoestrow B, estrow C, czy

cyklopropanow D.
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Schemat 20. Fotosensybilizacja a-arylo-a-diazoestrow

Diazo zwiqzki jako akceptory rodnikéw

Zwiazki diazoorganiczne sa dobrymi akceptorami reaktywnych indywidudéw
generowanych w cyklach fotokatalitycznych. Udowodnit to zespot Gryko juz w 2016
roku, prezentujac metode a-funkcjonalizacji aldehydow z zastosowaniem a-diazoestréw
jako reagentow alkilujacych.'”™ Strategia ta jest przyktadem katalizy podwdijnej — obok

katalizatora fotoredoks, dla przebiegu reakcji konieczny jest dodatek organokatalizatora

— aminy, tworzacej ze zwigzkiem karbonylowym enaming E (Schemat 21).
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Schemat 21. Fotokatalityczne a-alkilowane aldehydow i ketonow
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W wyniku fotoindukowanego transferu elektronu ulega ona utlenieniu do kationorodnika
F, ktory nastepnie reaguje z a-diazoestrem. Powstaty w ten sposob kationorodnik G ulega
redukcji odtwarzajac fotokatalizator, a hydroliza nastgpczej betainy H prowadzi do

produktu koncowego.

Wedhug analogicznego mechanizmu przebiega reakcja alkilowania ketonéw
cyklicznych, jednak w tym przypadku niektore produkty D otrzymano, cho¢ ze znaczaco
nizszymi wydajno$ciami, réwniez w warunkach bez dodatku fotokatalizatora.”'
Eksperymenty wykazaly, ze niektére enaminy E moga ulega¢ bezposredniemu
wzbudzeniu w warunkach reakcji, a nastgpnie utlenieniu do kationorodnikow F
w obecnos$ci tlenu. Analogicznie, w badaniach nad zastosowaniem porfiryn jako
katalizatorow fotoredoks w obecno$ci $wiatla czerwonego zespol XV IChO PAN
udowodnit, ze reakcja a-alkilowania 3-fenylopropanalu z udzialem EDA zachodzi
wydajnie takze w obecnosci niskoenergetycznych fotondw z zakresu promieniowania

czerwonego. 100

Diazo zwiazki reaguja réwniez z kationorodnikami C/H powstalymi w wyniku

fotokatalitycznego utlenienia olefin, a ich struktura ma znaczacy wplyw na przebieg

reakcji (Schemat 22).
A. Synteza cyklopropanéw B. Synteza cyklopentenéw
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Schemat 22. Diazoalkany jako akceptory fotokatalitycznie generowanych kationorodnikéw olefin
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W przypadku a-diazo estrow oraz a-alkilo-a-diazo estréw cyklizacja form reaktywnych
prowadzi do cyklopropanéw B.'®! Natomiast dla winylowych pochodnych otrzymywane
sa cyklopenteny G.'"* Opisywane procedury wymagaja zastosowania kompleksow
chromu badz rutenu w roli katalizatora fotoredoks a zakres ich stosowalnos$ci ograniczony
jest do olefin o potowkowych potencjatach utlenienia mieszczacych si¢ w zasiegu

wlasciwosci utleniajgcych stosowanego fotokatalizatora.

Innym przykladem reaktywnych indywiduéw chemicznych, uczestniczacych
w reakcjach z o-diazoestrami sg kationorodniki C generowane na drodze utleniania
arenow (Schemat 23).'” Opracowana procedura zaklada uzycie stechiometrycznych
ilosci obydwu reagentdow a w przypadku obecnosci kilku podstawnikéw w pierscieniu
aromatycznym substratu, zwykle obserwuje si¢ mieszaning regioizomerow alkilowania.
Postulowany mechanizm sugeruje udziat zwiazku bicyklicznego D, ulegajacego
utlenieniu z otworzeniem pierScienia. Nastepcza redukcja prowadzi do produktu

alkilowania A.

Me
WcozR Mes-Acr-BF, CO,R okt /@pﬁ— COAEt
.
N, MeCN/TFE = PhO 4
Me Me
A

swiatto niebieskie
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R1 /> 2
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te @/N . V’
2
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e |+e /N, Mes-Acr-BF 4*
Mes-Acr-BF ;* H CO,R?
Mes-Acr-BF 4 R!

D

Schemat 23. Fotokatalityczne alkilowanie arenéw

Obok fotochemicznych reakcji z kationorodnikami, diazo zwiagzki mogg reagowac
z rodnikami o obojetnym tadunku eklektycznym. Wsrod tego typu reaktywnosci
wyrozniamy reakcje z indywiduami o niesparowanym elektronie na atomie wegla oraz

tlenu (Schemat 24). Estry N-hydroksyftalimidu A s3a dobrze zbadanymi prekursorami
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rodnikéw weglowych o roznej rzedowosci. Rodniki te, wytworzone w cyklach

fotokatalitycznych, reaguja z réznorodnymi strukturalnie zwigzkami diazoorganicznymi

104

z otrzymaniem hydrazondéw B (Schemat 24A) ™. Z kolei bromki E s3g zrédlem rodnikéw

acylowych, ktore w obecnosci tlenu ulegaja konwersji do rodnikow zlokalizowanych na
atomie tlenu H. W wyniku ich reakcji z a-diazoestrami otrzymywane sg estry kwasu

szczawiowego F (Schemat 24B).105

A. Synteza hydrazonéw B. Synteza estrow kwasu szczawiowego
R? R A COR 0
N 7. .
lﬁ . >=O R6z bengalski, HE (55) HN‘N 2:o+ ( 2 Eozyna Y, O, A )K/O CO,R
RR2 DBU (56), DCM I N, OMF r Y
NPhth R1TOR2 Br o
F
53-90%
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Schemat 24. Zwiazki a-diazokarbonylowe jako akceptory rodnikow

Diazo zwiazki reaguja nie tylko z wytworzonymi w cyklach fotokatalitycznych
rodnikami, ale rdwniez z formami bgedacymi wynikiem ich przemian. Przykladem takiej
transformacji jest indukowana S$wiatlem zielonym reakcja zwigzkéow a-diazo-
karbonylowych z aminami trzeciorzedowymi A (Schemat 25).'% Kationorodniki C,
generowane z amin na drodze wygaszania reduktywnego fotokatalizatora, ulegaja
eliminacji wodoru w obecno$ci jonow O,°". W konsekwencji, tworzg si¢ kationy D
i to z tymi indywiduami reaguja diazo zwigzki prowadzac do otrzymania P-amino-
a-diazoalkanéw B. Wedtug analogicznego mechanizmu zachodzi rowniez fotochemiczna
reakcja Mannicha z udzialem amin trzeciorzgdowych i enolowych zwigzkow
diazoorganicznych107 oraz fotochemiczna reakcja N-arylowych pochodnych glicyny

z a-diazoestrami prowadzaca do N-arylowych azyrydyn.'®
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Schemat 25. Zwigzki a-diazokarbonylowe jako akceptory kationdw iminiowych

5.2.3. 1,3,4-Oksadiazoliny jako prekursory niestabilnych diazoalkanow
i karbenow

1,3,4-Oksadiazoliny reprezentuja roéznorodng strukturalnie grupe prekursorow
zwigzkow diazoorganicznych oraz karbendw. Wsrod ich zalet wymieni¢ nalezy przede
wszystkim prostot¢ syntezy, zwykle mozliwej do przeprowadzenia z handlowo
dostepnych substratow oraz wysoka stabilno$¢ wigkszosci pochodnych. Ponadto,
w zaleznosci od warunkéw reakceji, zwigzki te stanowig zrodto odmiennych indywiduow
chemicznych, tj. karbeny, ylidy, diazoalkany, a nawet rodniki (Schemat 26).**4>%
W  wyniku termolizy 1,3,4-oksadiazoliny ulegaja 1,3-dipolarnej cyklorewersji
z wydzieleniem azotu 1 generowaniem ylidu karbonylowego B.'” Ylidy te uczestnicza
w dalszych przeksztatceniach, badz rozpadajag si¢ do nukleofilowych karbenow
podstawionych heteroatomami C. Podejscie to znalazto szerokie zastosowanie do syntezy
r6znych zwigzkow heterocyklicznych z udziatem 2,2-dimetoksylowych pochodnych jako

prekursoréw karbenu dimetoksylowego. 1o

Ponadto, badania reaktywnosci oksadiazolin pod wptywem impulséw laserowych
wykazaly ich rozpad do wysoce reaktywnych, niestabilizowanych karbenow D
(Schemat 26).""""""* Mechanizm tego rodzaju aktywnosci pozostaje jednak nieznany,
a indywidua te w obecnos$ci reagentow wychwytujacych np. pirydyny identyfikowane sa

jako ylidy.
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Schemat 26. 1,3,4-Oksadiazoliny jako prekursory reaktywnych indywiduoéw

1,3,4-Oksadiazoliny wykazuja absorpcje¢ w zakresie $wiatla ultrafioletowego,
o lokalnych maksimach dla dialkoksylowych pochodnych zlokalizowanych w zakresie:
218-230 mm oraz 318-326 nm i odpowiadajacych przejéciom n>n* oraz n->n*.'"> Pod
wptywem $wiatta UV dochodzi zatem do bezposredniego wzbudzenia reagenta A,
a w konsekwencji do zerwania wigzania C—N z wytworzeniem rodnika diazenylowego E

(Schemat 26). Rodnik ten ulega rozpadowi na diazoalkan F oraz zwiazek karbonylowy G.

Mimo, iz pierwsza fotoliza 1,3,4-oksadiazoliny zostala przeprowadzona juz
w 1968 roku,'* dopiero pét wieku pozniej grupa Ley zaprezentowala syntetyczne
zastosowanie 2-metoksy-2-metylo pochodnych jako prekursorow niestabilizowanych
diazoalkanow. Analiza widm spektroskopowych IR naswietlanego roztworu prekursora
61 wykazala obecno$¢ pasm charakterystycznych dla drgah grupy diazowej oraz grupy
karbonylowej estru 62, potwierdzajac generowanie diazoalkanu 63 w warunkach reakcji
(Schemat 27A).'" Fotoliza w wyniku bezposredniego wzbudzenia jest procesem
szybkim, dlatego aby unikng¢ niebezpiecznej akumulacji wysoce reaktywnych diazo
zwigzkow transformacje 2-metoksy-2-metylooksadiazolin realizowano w reaktorze
przeplywowym. Opisane podejscie zastosowano do przeprowadzenia reakcji, bazujacych
na addycji nukleofilowej diazoalkanéw z nastgpczym wydzieleniem czasteczek azotu
(Schemat 27B). Otrzymane na skutek sprzggania z kwasami boronowymi pochodne B
przeksztatcono w alkany C oraz alkohole trzeciorzedowe D.'" Z kolei transformacje
z udziatem aldehydow, przebiegajace wedtug mechanizmu jonowego z 1,2-H migracja,
pozwolily na otrzymanie ketondéw arylowo-alkilowych oraz alkilowo-alkilowych lub
homologdéw formaldehydu F.'"'*!"7 Opracowano réwniez wielosktadnikowa reakcje
syntezy alkoholi homoallilowych H z zastosowaniem oksadiazolin jako prekursorow

diazo zwigzkow, winylowych kwaséw boronowych oraz aldehydow.'"®
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A. Detekcja diazoalkanu za pomoca spektroskopii IR
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Schemat 27. Indukowane $wiattem UV transformacje chemiczne z udziatem 1,3,4-oksadiazolin
5.2.4. Podsumowanie

Zwiazki diazoorganiczne sg reagentami, ktore znalazly szerokie zastosowanie
w transformacjach organicznych. Ich znaczenie syntetyczne wynika przede wszystkim
z prostoty syntezy, takze in situ oraz bogatej réznorodnosci strukturalnej i wysokich
reaktywnosci. Klasyczne metody ich aktywacji opieraja si¢ jednak na katalizie drogimi
i toksycznymi obecnoscia wprowadzonych grup kierujacych w czasteczkach substratow.
Z kolei naswietlanie wysokoenergetycznym $wiattem ultrafioletowym prowadzi czesto do
licznych produktow ubocznych na skutek nieselektywnego wzbudzania wielu

chromoforow.

Przetomowe odkrycie Davisa i Jurberga z 2018 roku stato si¢ punktem zwrotnym
w chemii karbenéw generowanych fotochemicznie. Od tego momentu nastapit
gwaltowny wzrost zainteresowania fotolizg zwigzkow diazoorganicznych pod wptywem
Swiatlta widzialnego. Sukcesywnie przeprowadzono reakcje wydajnie prowadzace do
produktow insercji, cykloaddycji i przegrupowania. Dotychczas opracowane metodologie
skupiajg si¢ gltownie na zastosowaniu o-arylo-a-diazoestrow, ktore absorbujg $wiatto
z zakresu 400-500 nm, odpowiadajacego barwie niebieskiej. Nieliczne procedury
syntetyczne obejmuja rowniez o-arylo-a-diazoketony 1 a-trifluorometylo-a-arylo-

diazometan, jednak reakcje z ich udziatem zwykle cechuja si¢ niskimi selektywno$ciami.
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Ostatnio, grupa Koenigsa wykazala, ze diarylodiazoalkany pochtaniajg promieniowanie
w zakresie 500-600 nm. Cho¢ na ten moment jest to grupa diazo zwigzkéw w niewielkim
stopniu przebadana pod katem reaktywnos$ci fotochemicznej, z pewnoscig tematyka ta
bedzie zglebiana w najblizszych latach. Wéréod wyzwan bezposredniej fotolizy pod
wplywem $wiatta widzialnego znajduja si¢ dalsze projektowanie nowych transformacji
oraz opracowanie warunkéw dla innych diazoalkan6w donorowo-akceptorowych,

wykazujacych absorpcje w zakresie >380 nm.

Dla indukcji reaktywnosci pozostatych diazo zwigzkéw, ktére nie pochtaniaja
swiatta  widzialnego, atrakcyjnym rozwigzaniem jest zastosowanie = metod
fotokatalitycznych. Cho¢ na ten moment opracowano jeszcze niewiele takich
transformacji, oferuja one dostgp do zarowno karbendéw trypletowych, jak 1 rodnikdw,
badz pozwalaja na zastosowanie diazoalkanow jako biernych akceptorow form
reaktywnych. Obecnie, istnieje potrzeba znaczacego wzbogacenia portfolio reakcji
fotokatalitycznych z udziatem zwiazkéw diazoorganicznych. Pozadane jest réwniez
opracowanie wigkszej ilosci metod alternatywnych, ktéore umozliwig zastgpienie
kompleksow metali barwnikami organicznymi w roli fotokatalizatora. Ponadto,
wigkszos¢ znanych transformacji bazuje na naswietlaniu $wiatlem fioletowym/
niebieskim. Korzystnym z punktu widzenia potencjalnych aplikacji biologicznych, bg¢dzie

zastgpienie go Swiatlem niskoenergetycznym np. czerwonym.

Niestety, z uwagi na niskg trwato$¢ 1 silne wiasciwosci wybuchowe, dostgp do
diazoalkan6w niestabilizowanych jest wcigz utrudniony. W literaturze znane sa
roznorodne prekursory homologow diazometanu, wsrdd ktoérych wysoka stabilnoscia
1 unikalng reaktywnos$cig wyr6zniajg si¢ 1,3,4-oksadiazoliny. Mimo, i1z wykazano, ze pod
wplywem $wiatta UV rozkladaja si¢ one do diazoalkandéw, ich reaktywnos$é

w obecnosci $wiatta widzialnego pozostaje nieznana.

Powyzszy przeglad literaturowy potwierdza, ze metody indukowane $§wiattem
widzialnym stanowig dobrg alternatywe dla wczesniej opracowanych strategii aktywacji
diazo zwigzkoéw. Podejscie to charakteryzuje si¢ tagodnymi warunkami reakcji, ktore
zwykle nie wymagaja stosowania duzych rozcienczen, bezwodnych rozpuszczalnikéw
czy eliminacji tlenu. Reakcje te daja dostgp nie tylko do karbenow i ylidow, ale rowniez
reaktywnych rodnikow. W konsekwencji, dostepne sg innowacyjne $ciezki reakcyjne,

czynigc fotochemi¢ w obecnosci $wiatta widzialnego strategia komplementarng

43



1 konkurencyjng w stosunku do tradycyjnych metod. Podejscie to wcigz jednak nie
zostalo jeszcze dostatecznie zbadane i wymaga wprowadzenia nowych rozwigzan,
niezb¢dnych do eliminacji jego ograniczen. Tematyka ta stanowi zatem interesujacy
przedmiot do dalszych badan naukowych, a osiagnigcia z nich wynikajace stanowi¢ beda

istotny wktad w nowoczesng syntezg organiczng.

44



5.3. Badania wlasne

Mimo, iz poczatki fotochemii siggaja XX wieku, dopiero od niedawna reakcje
indukowane $wiattem widzialnym staty si¢ przedmiotem intensywnych badan.
Wykorzystanie promieniowania widzialnego jako zrodia energii do tworzenia nowych
wigzan chemicznych jest szeroko docenianym podejsciem, lecz jego potencjal nie zostat
jeszcze w pelni poznany. Wcigz istnieje potrzeba odkrywania nowych reaktywnosci
znanych reagentow i projektowania indukowanych $wiattem metodologii, pozwalajacych
na otrzymywanie struktur bedacych wyzwaniem wspotczesnej chemii organicznej. Celem
mojej pracy doktorskiej bylo wykorzystanie fotochemicznych przemian
diazoalkanow i 1,3,4-oksadiazolin do opracowania nowych metod tworzenia wigzan
C—C w obecnosci S$wiatla widzialnego. W ponizszym rozdziale opisatam
zaprojektowane przeze mnie indukowane §wiattem widzialnym metody, wykorzystujace
jako substraty réznorodne strukturalnie diazo zwiazki, a takze 1,3,4-oksadiazoliny — ich
znane prekursory. W kolejnych podrozdzialach przedstawiam strategie bazujace na
wszystkich mozliwych sposobach aktywacji fotochemicznej: bezposrednim wzbudzeniu,
fotosensybilizacji oraz katalizie fotoredoks. Cze$¢ z opracowanych metod wymaga
zastosowania kompleksu metalu, badz barwnika organicznego w roli fotouczulacza, badz

katalizatora fotoredoks.

Najbardziej popularng grupe fotokatalizatoréw stanowig kompleksy irydu i rutenu,
jednakze z uwagi na ich wysoka cen¢ 1 toksyczno$¢, che¢tnie zastgpowane sg one
barwnikami  organicznymi.  Rozdziat  Sulfur  Heterocycles ~w  monografii
Photoorganocatalysis in Organic Synthesis przygotowany we wspOtpracy z dr Katarzyna
Goliszewska obejmuje  zestawienie = powszechnie stosowanych organicznych
fotokatalizatoréw siarkowych tj. biekit metylenowy, fenotiazyny i sole tiapyryliowe, ze
szczegblnym podkresleniem wilasciwosci fotofizycznych oraz mechanizmow typowych

dla reakcji katalizowanych przez dane grupy barwnikow.

[R1] K. Goliszewska, K. Orlowska, D. Gryko
Photoorganocatalysis in Organic Synthesis, Chapter 4: Sulfur Heterocycles.

World Scientific Publishing Company, 2019. (rozdzial w monografii naukowej)
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5.3.1. Indukowana Swiatlem widzialnym reakcja Doyla-Kirmsego

Struktury o skumulowanych uktadach wigzan podwojnych, tj. alleny, sa
wystepujacymi w naturze zwigzkami o unikalnych wlasciwosciach biologicznych,
jednakze ich efektywna synteza wciaz stanowi wyzwanie. Wykazano, ze zwiazki te sg
reaktywnymi substratami, uczestniczagcymi w reakcjach cykloizomeryzacji, cykloaddycji
oraz sprzegania, a ich struktura ma znaczacy wplyw na selektywnos$¢ reakeji.''®'%
Wsrod wydajnych metod syntezy 1,2-dienéw wyrdzniamy, na przyklad przegrupowanie
[2,3]-sigmatropowe ylidow siarkowych lub tlenowych, generowanych z sulfidow/alkoholi
propargilowych i diazo zwiazkéw w obecnosci soli np. zelaza, srebra, rodu.®”'**'** Taka
strategia, poczatkowo opracowana dla sulfidow allilowych przez Kirmsego, zostata dalej
rozwijana przez Doyla, m.in. dla pochodnych propargilowych. Niestety opracowane
metodologie wymagaja uzycia toksycznych zwigzkéw metali, co znaczaco podwyzsza
koszty syntez 1 czyni je nieprzyjaznymi dla S$rodowiska oraz przemyshu
farmaceutycznego. Odkrycie zjawiska absorpcji Swiatla widzialnego przez a-arylo-
a-diazoestry oraz interesujace wlasciwosci allenow zainspirowaly mnie i dr
Katarzyne Rybicka-Jasinska do opracowania fotochemicznej reakcji Doyla-

Kirmsego z udzialem a-arylo-a-diazo-estréow i sulfidéw propargilowych.

Optymalizacja warunkow reakcji modelowej diazoalkanu 64 z sulfidem 65
pozwolita na otrzymanie produktu 66 z wysoka wydajnoscia w obecnosci $wiatla
niebieskiego, bez dodatku katalizatora oraz konieczno$ci stosowania bezwodnego
rozpuszczalnika 1 atmosfery gazu obojetnego (Schemat 28). Eksperymenty kontrolne
potwierdzity, ze Swiatlo niebieskie jest czynnikiem niezb¢dnym dla wydajnego przebiegu
reakcji. Mimo, iz diazoalkan 64 wykazuje nieznaczng absorpcj¢ w zakresie $wiatla
zielonego, jest ona niewystarczajaca do produktywnej fotolizy, natomiast w wyniku
naswietlania UV powstaje ztozona mieszanina produktow na skutek nieselektywnego

wzbudzenia reagentow.

N, Ph—S
©\ swiato niebieskie
CO,Me +
2 S/\ DCM, 24 h CO,Me
NC NC
64 65 66, 80%

Warunki reakcji: diazoester 64 (0.15 mmol, dodawany w dwdch porcjach: pierwszaw t = 0 h, druga w t = 3 h),
sulfid 65 (1.35 mmol, 9.0 ekwiw.), DCM¢, 4 5. (0.3 M), niebieska dioda LED (455+475 nm, 3 W), RT, 24 h.

Schemat 28. Fotochemiczny wariant reakcji Doyla-Kirmsego — reakcja modelowa
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Opracowane optymalne warunki reakcji wykorzystatam nast¢gpnie do zbadania
zakresu 1 ograniczen stosowalnosci metody w odniesieniu do diazo zwigzkow (Schemat
29). Proponowana strategia pozwala na otrzymanie allendw 66-85 z dobrymi i bardzo
dobrymi wydajnosciami nie tylko z oa-arylo-a-diazoestrow, ale takze dla a-arylo-
a-diazoeketonu (produkt 82, 43%). Dobrze tolerowane sa pochodne o pierscieniach
aromatycznych, podstawionych rdéznorodnymi grupami funkcyjnymi z niewielkim
spadkiem wydajnosci dla pochodnej p-nitrowej 69 i p-metoksylowej 70. Rodzaj grupy
estrowej oraz pozycja podstawnika w pier§cieniu nieznacznie wplywa na wydajnos¢
reakcji (zwigzki 74-76 i 79-81, 85). Metoda pozwala réwniez na otrzymanie allenéw
zawierajagcych w swojej strukturze pier$cienie naftalenu lub tiofenu. Indukowana
Swiatlem synteza jest bardzo dobrze skalowalna, z zachowaniem wysokich wydajno$ci
(produkt 67), a jej jedynym istotnym ograniczeniem jest konieczno$¢ stosowania diazo
zwigzku, ktéry absorbuje $wiatto niebieskie. Rownolegle do opisywanych badan, grupy
Koenigsa i Xiao opublikowaly komplementarne strategie z wykorzystaniem sulfidow
allilowych do syntezy pochodnych homoallilowych.”*** Co ciekawe, analogiczna reakcja
opracowana z zastosowaniem alkoholi propargilowych prowadzi do pochodnych

cyklopropenu (Sekcja 5.2.2.2.1., Schemat 11B)."

)Nﬁ . ©\ swiato niebieskie Ph_s)(=.=
A CEWG sy DM 24n A" CEWG
65 66-85, 88-43%

R'= R2=
-CN  -Me 66, 80%

Ph—S Ph—sS Ph—S
Ph=5 -CO,Me -Me 67, 78%,84%2
CF; -t 68,78% [ N COMe O CO,Me O CO,Me
CO,R? -NO, -Et 69,59% PR
1 -OMe -Me 70, 51% F O O
R Me  -Me 71,73% p-F 74, 88% OMe

Br  -Et 72,79% m-F 75, 72%

Cl -Me 73, 74% o-F 76,72% 77, 73% 78, 62%
Ph—S :

EWG = Ph—S Ph—S o=

Ph—S
-COZMe 79, 79% J Cone COZMe

Ewg  -CO,Bn 80, 84% | E o

-COallil 81,79% S
-COMe 82, 43% 83, 74% 84, 76% 85, 72%

d.r. 1.1:1

Warunki reakcji: diazoester (0.15 mmol, dodawany w 2 porcjach: pierwsza w t = 0 h, druga w t = 3 h), sulfid 65
(1.35 mmol, 9.0 ekwiw.), DCM, 4 5 (0.3 M), niebieska dioda LED (455+475 nm, 3 W), RT, 24 h. @skala: 1 mmol.

Schemat 29. Zakres stosowalnosci opracowanej metody w odniesieniu do zwigzkow
a-arylo-a-diazokarbonylowych

W oparciu o doniesienia literaturowe zaproponowatam mechanizm reakcji,

inicjowany przez bezposrednie wzbudzenie zwigzku a-arylo-a-diazo karbonylowego
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(Schemat 30). W wyniku nastepczej fotolizy, z wydzieleniem czgsteczek azotu,
generowane sg karbeny singletowe A, ktore w wyniku przejscia migdzysystemowego
(ISC) moga przeksztatcaé si¢ w karbeny trypletowe B. Niezaleznie od multipletowosci,
indywidua te reaguja z sulfidlem tworzac ylidy C, ulegajace przegrupowaniu [2,3]-

sigmatropowemu do zadanego allenu.

N> gwiatto niebieskie N fotoliza 0 EWG jsc ®
Ar” TEWG Ar” TEWG N rigqm ----- B Ar&giEWG
N A B
R~s 12,3]-c iﬁ\ R‘s/\
A SEWG Ar @Q\’Q
c

Schemat 30. Proponowany mechanizm reakcji

Przeprowadzone przeze mnie eksperymenty mechanistyczne wskazuja na
przewazajacy udzial karbenow singletowych w mechanizmie reakcji. W wyniku
fotosensybilizacji diazo zwigzkow generowane sa karbeny trypletowe. Zatem spadek
wydajnosci reakcji w obecnosci tetrafenyloporfiryny (58) jako fotouczulacza stanoéw
trypletowych dowodzi, ze indywidua te nie odgrywajg istotnej roli w mechanizmie reakcji
(Schemat 31A). Dodatkowo, indukowane s$wiatlem widzialnym cyklopropanowanie
z udziatem cis-stilbenu (87) zachodzi w sposob stereospecyficzny z przewaga izomeru

cis, co dodatkowo wyklucza zaangazowanie karbenow trypletowych (Schemat 31B).

A N, Ph—S

7 66,45%
COMe +pns. “Z - CO,Me 66,45%
y \/ w obecnosci H,TPP (58): 31%
NC NC
64 65, 9 ekwiw.
B i 0,C i\ 0,C l?h
+ __ P s . Me P Me >
CO,Me /—\ swiatto niebieskie N
Ph Ph Ph Ph
MeO,C NG NG
86 87, 5 ekwiw. cis-88 trans-88

40% (cis/trans: d.r. 12.5:1)

Schemat 31. Determinacja multipletowosci karbenu — eksperymenty. A. Wpltyw dodatku
fotouczulacza B. Diastereoselektywne fotochemiczne cyklopropanowanie

Powyzsze wyniki zostaty opublikowane w artykule naukowym:

[P1] K. Orlowska, K. Rybicka-Jasinska, P. Krajewski, D. Gryko Photochemical Doyle—
Kirmse Reaction: A Route to Allenes, Org. Lett. 2020, 22, 1018-1021.
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5.3.2. Indukowana $wiatlem widzialnym fotokatalityczna synteza
spirocyklopropanéw z udziatem 1,3,4-oksadiazolin

Wysoka reaktywno$¢, a w konsekwencji silne wlasciwosci wybuchowe
niestabilizowanych diazo zwigzkoéw przyczyniajg si¢ do ich ograniczonego zastosowania
syntetycznego. Dla zachowania bezpieczenstwa tego typu pochodne otrzymuje si¢ in situ
z bardziej stabilnych prekursoréw, jednak problematyczna synteza i1 koniecznos$¢
kontrolowania warunkow reakcji powoduje, ze znanych transformacji z udziatem
prostych diazoalkanow jest znacznie mniej niz tych, w ktorych biorg udziat stabilizowane
analogi. Wysoka trwalo$cig oraz tatwym dostepem do réznorodnie sfunkcjonalizowanych
pochodnych charakteryzuja si¢ 1,3,4-oksadiazoliny. Podczas, gdy w warunkach
termicznych rozktadaja si¢ do karbenéw podstawionych heteroatomami, ich fotoliza pod
wplywem $wiatta ultrafioletowego generuje niestabilizowane diazo zwiazki.** Niestety,
wysokoenergetyczne Swiatlo UV negatywnie wplywa na selektywno$¢ reakcji
fotochemicznych i ogranicza zakres ich stosowalnos$ci. Dlatego tez postanowilam
opracowa¢é strategie umozliwiajaca aktywacje 1,3,4-oksadiazolin w lagodniejszych

warunkach - w obecnosci Swiatla widzialnego.

1,3,4-Oksadiazoliny nie absorbujg $wiatta z zakresu >380 nm, zatem do ich
aktywacji pod wpltywem S$wiatla widzialnego koniecznie bylo zastosowanie
fotokatalizatora o odpowiednich wtasciwos$ciach. Jednak warto$ci potencjalow utlenienia
i redukcji tych prekursorow znaczaco odbiegaja od mozliwosci utleniajacych/
redukujacych dostepnych katalizatorow fotoredoks, co wyklucza skuteczno$¢ tego
podejscia. Zdecydowalam si¢ wigc na opracowanie rozwigzania bazujacego na
fotoindukowanym transferze energii (EnT), ktére powinno umozliwi¢ generowanie
diazoalkanow lub karbenow trypletowych z 1,3,4-oksadiazolin. W celu oszacowania
poziomdéw trypletowych réznorodnych pochodnych oksadiazolin, prof. Irena
Deperasinska wykonata obliczenia kwantowo-mechaniczne przyblizajace wartosci dla
pochodnych 89-93 (Schemat 32A). Otrzymane dane teoretyczne sugeruja, ze uzycie
w roli fotouczulacza popularnego kompleksu irydu 91 (Er = 258 kJ/mol), o energii
trypletowej zblizonej do warto$ci wyliczonych dla oksadiazolin, umozliwitoby wydajny
proces fotosensybilizacji. Przeprowadzone przeze mnie eksperymenty wstepne
potwierdzaja t¢ hipotezg, bowiem w obecnosci $wiatla niebieskiego oksadiazolina 90
ulega konwersji przy zastosowaniu katalizatora 91, podczas gdy w warunkach bez jego

dodatku konwersja ta jest znikoma (Schemat 32B). Dodatkowo, fotokatalityczny rozktad
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prowadzi do m.in. cykloheksenu (94) jako produktu 1,2-migracji wodoru, co wskazuje na

mozliwy udziat karbenéw trypletowych.

QN/\N Nj Q/O OMe Q/O><OMe QN/O><OMe Q/O><0Me

N\N OMe N:N SBn =N Me N:N Ph
89, 255. 9 90, 256.0 91, 256.2 92, 264.4 93, 266.4 [kJ/mol]
B F N CF3
fotokataliator 91 O lN/ ~~/Bu
O OMe swialo niebieskie 0 RIRLIN I
Home ¥ * Fo
N< )~OMe DCM, 1h MeO” “OMe Ry
N - ] Bu
S
20 92,81 % 93,21% 94,36 % F o1 CFs

Warunki reakgji: If[dF(CF3)ppy).(dtbpy)IPFg (91, 0.5 mol%), oksadiazolina 90 (0.1 mmol),
DCMpezw. (0.05 M), niebieskie diody LED (450 nm, 25 W), 25 °C, [Ar], 17 h.

Schemat 32. Fotosensybilizacja 1,3,4-oksadiazolin — eksperymenty wstgpne A. Zalezno$¢ energii
trypletowej od struktury B. Fotokatalityczny rozktad oksadiazoliny 90

Uzyteczno$¢ syntetyczna zaprojektowanego podejscia wykazalam na
przykladzie transformacji z udzialem ubogich w elektrony olefin, prowadzacej do
syntezy zwykle trudno dostepnych spirocyklopropanow. Przeprowadzone przeze mnie
badania majace na celu optymalizacje warunkéw reakcji pozwolity na otrzymanie
produktu 96 z bardzo dobra wydajnoscia (81%, Schemat 33). Na tym etapie badan
potwierdzitam, ze wiasciwosci fotofizyczne fotokatalizatora maja kluczowy wplyw na
przebieg reakcji cyklopropanowania. Zastosowanie fotouczulacza o zbyt niskiej wartosci
Er, spodziewanie, skutkowato brakiem badz §ladowa konwersjg prekursora 90.
Zweryfikowatam réwniez wptyw podstawienia C-2 w strukturze 1,3,4-oksadiazoliny na
wydajno$¢ transformacji, przeprowadzajac je z udzialem pochodnych 89-93. Badania te
wykazaty, ze na wydajnos$¢ cyklopropanowania wptywa nie tylko poziom Et prekursora,
ale rowniez jego stabilno$¢ elektrochemiczna 1 reaktywnos¢ generowanych w wyniku

jego rozpadu indywiduéw chemicznych.

fotokataliator 91
swiato niebieskie
Oroﬁme 2 s0ph
SO,Ph

Ne / OMe DCM, 1 h

90 95 96, 81 %
Warunki reakgiji: If[dF(CF3)ppy).(dtbpy)]PFg (91, 0.25 mol%), oksadiazolina 90 (0.2 mmol, 2.0 ekwiw.),
olefina 95 (0.1 mmol), DCM, 4 5 (0.05 M), niebieskie diody LED (450 nm, 25 W), 25 °C, 1 h.

Schemat 33. Fotokatalityczna synteza spirocyklopropanéw — reakcja modelowa
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Ponadto, skutecznym fotokatalizatorem dla omawianego przeksztatcenia okazat
si¢ tioksanton — handlowo dostepny barwnik organiczny o dlugim czasie zycia w stanie
wzbudzonym, pochtaniajacy $wiatlo z zakresu fioletowego. Dla zapewnienia dobrej
wydajnosci cyklopropanowania konieczne bylo jego uzycie w ilosci az 2.5 mol%.
W reakcji tej obok cyklopropanu wyizolowatam niewielka ilos¢ pirazolu 97,
powstajagcego w wyniku 1,3-dipolarnej cykloaddycji diazoalkanu 99 z olefing 95
(Schemat 34). Eksperymenty kontrolne bez dodatku fotouczulacza na $wietle fioletowym
(z uzyciem diod emitujagcych promieniowanie z zakresu 405 nm +/- 50 nm, a wigc
w nieznacznym stopniu takze swiatto UV) wykazaty obecnos¢ pirazolu 97 w mieszaninie
poreakcyjnej jako gtdéwnego produktu reakcji. Bezposrednia fotoliza oksadiazoliny 90 jest
jednak w tych warunkach powolnym procesem i wymaga naswietlania przez co najmnie;j
17 h, podczas gdy pelna konwersja substratu 90 w warunkach fotokatalitycznych

osiggana jest w czasie <30 min.

fotoliza (powoli) fotosensybilizacja (szybko)
Q/O OMe SOQPh 91
405 nm >L0|v|e 405 nm
lub
SOzPh 455 nm SOzPh
90 95 96
T izolacja l “
N . N
N 95 2 2
N -~ O iflub
1,3-DC
SO,Ph
98 99

Schemat 34. Poréwnanie $ciezki bezposredniego wzbudzenia i fotokatalityczne;j

Otrzymane wyniki wskazuja, ze wzbudzenie bezposrednie 1,3,4-oksadiazoliny
oraz na drodze fotoindukowanego transferu energii prowadza do réznych produktow
reakcji, a zatem w ich wyniku generowane sg r6zne indywidua chemiczne. W przypadku
wariantu fotokatalitycznego nie mozna jednak wykluczy¢ wytwarzania zard6wno karbenu
A, jak i diazoalkanu 99, poniewaz szczegdtowe eksperymenty mechanistyczne wykazaly,
ze otrzymywana in situ 1-pirazolina 98 ulega fotokatalitycznemu rozktadowi w obecnosci
kompleksu irydu 91 do cyklopropanu 96. Karbeny to wysoce reaktywne,
a w konsekwencji trudno wykrywalne indywidua, jednak ich obecno$¢ w mieszaninie

reakcyjnej popierajag wyniki eksperymentow EPR, gdzie zidentyfikowano je jako addukty

51



z MNP (2-metylo-2-nitrozopropan), popularnym reagentem wychwytujacym karbeny
trypletowe. Ponadto, rodnikowy charakter reakcji zostal potwierdzony za pomoca
eksperymentow z putapka TEMPO, ktorej zastosowanie prowadzito do catkowitego
zatrzymania reakcji. Natomiast wygaszanie fluorescencji kompleksu irydu 91 przez
1,3,4-oksadiazoliny dowodzi interakcji czasteczek prekursorow z fotokatalizatorem

w stanie wzbudzonym.

Na podstawie przeprowadzonych eksperymentow zaproponowatam mechanizm
reakcji, ktora inicjowana jest poprzez fotoindukowany transfer energii od czasteczek
fotokatalizatora 91 w stanie trypletowym (Schemat 35). W wyniku rozerwania wigzania
w strukturze wzbudzonej oksadiazoliny powstaje rodnik diazenylowy B, ktéry moze
ulega¢ dalszemu rozktadowi do karbenu trypletowego A oraz niestabilnego diazoalkanu
99. Diazoalkan ten, na drodze fotosensybilizacji, generuje karben A, badz reaguje
z olefing 95. W wyniku 1,3-dipolarnej cykloaddycji powstaje 1-pirazolina 98, ktéra na
skutek kolejnego fotoindukowanego transferu energii od czasteczek fotokatalizatora
generuje dirodnik C, powstajacy rowniez w reakcji karbenu A z olefing 95. W koncowym
etapie reakcji, ta reaktywna forma cyklizuje do pier§cienia cyklopropanu generujac
produkt spirocykliczny 96. Wspomniane S$ciezki reakcyjne sa popierane przez

szczegdtowe obliczenia DFT wykonane przez dr hab. Wojciecha Chatadaja.

[A]

[91]-hv 95 95
EnT  '[91]*

3[91]/ ISC SOZPh PhOZS SOZPh

EnT
©/0>2Me
OMe

N:N

90

Schemat 35. Proponowany mechanizm reakcji

W oparciu o badania optymalizacyjne przeprowadzitam ocen¢ zakresu
stosowalnosci 1 ograniczen proponowanej metody. Fotokatalityczna reakcja
cyklopropanowania zachodzi wydajnie dla réznorodnych 1,3,4-oksadiazolin (Schemat

36). Wsrod przetestowanych pochodnych znajdujg si¢ zaréwno pochodne podstawione
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w pozycji C-5 grupami cyklicznymi i heterocyklicznymi, jak i podstawnikami
alifatycznymi, zawierajacymi w strukturze réznorodne grupy funkcyjne. Z dobrg
wydajnos$cig otrzymane zostaty pochodne nortropinonu (113, 63%), (-)-tujonu (117, 51%)
oraz steroidu (118, 55%), podkreslajac mozliwos¢ adaptacji metody do funkcjonalizacji
zwigzkow o znaczeniu biologicznym. Wydajna synteza zwiazku 96 na skale 1.0 mmol

potwierdza bardzo dobrg skalowalno$¢ opracowanej metody.

Zakres stosowalnosci metody w odniesieniu do olefin jest takze szeroki (Schemat
37). Wsr6éd wydajnych reagentéw znajduja sie¢ ubogie w elektrony olefiny tj. sulfony,
estry, ketony, amidy, nitryl a nawet redoks-aktywna pochodna N-hydroksyftalimidu
(produkt 125), czy aldehyd (produkt 127).

n=1,100, 45%
SO,Ph ) N oea% SO.Ph SO,Ph
SO,Ph ,101,75% 2
2Ph = 4,102, 62%
n

96, 81%, 79%" . 103, 76% 104, 44% 105, 78%, (d.r. 1.3:1)

OEt

\O/\%/SOZPh EtO\P/\%/Sth O\ﬂnvsozph S@V/SOZPh
1]
0

o nn
O© AN

n=1,108, 36% n=1,110, 25%
106, 43%, (d.r. 1.1:1) 107, 64%, (d.r. 3:2) n =3, 109, 62% n =2, 111, 44%
Boc
N
Ts\N (0]
Qv/sozph O\Jv/sozph SO,Ph
SO,Ph
112, 82% 113, 63% 114, 20% 115, 11%
M
H SO,Ph © SO,Ph
Q%:\V/sozph
o
116, 64%, (d.r. 1:1) 117, 51%, (d.r.1.2:1) 118, 55%, (d.r. 1:1)

Warunki reakciji: Ir[dF(CF3)ppy).(dtbpy)]PFg (91, 0.25 mol%), oksadiazolina (0.2 mmol, 2.0 ekwiw.),
olefina 95 (0.1 mmol), DCM, 4. (0.05 M), niebieskie diody LED (450 nm, 25 W), 25 °C, 1 h. @skala 1.0 mmol

Schemat 36. Zakres stosowalnosci metody w odniesieniu do 1,3,4-oksadiazolin

Dobrze tolerowane sg akrylany zawierajagce w strukturze wigzania nienasycone —
fotokatalityczna reakcja syntezy spirocyklopropanow 119 oraz 120 zachodzi z wysoka
selektywnos$cig a uboczne produkty cykloaddycji karbenéw do nieaktywowanych wigzan
typu 7 nie zostaly wykryte. Metoda dziata wydajnie takze dla dipodstawionych olefin,
jednak dla alkenow wicynalnych otrzymywane sg jedynie umiarkowane wydajnosci
(np. zwiazki 140, 141).
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Warunki reakgiji: If[dF(CF3)ppy).(dtbpy)IPFg (91, 0.25 mol%), oksadiazolina (0.4 mmol, 2.0 ekwiw.), olefina
(0.2 mmol), DCM, 4 5 (0.05 M), niebieskie diody LED (450 nm, 25 W), 25 °C, 1 h. @5.0 ekwiw.olefiny

z (E)-olefiny: 22%, 33%?

Schemat 37. Zakres stosowalnosci metody w odniesieniu do olefin

Co istotne, zastosowanie jako reagenta zarowno fumaranu, jak i1 maleinianu dimetylu
prowadzi do otrzymania tego samego diastereoizomeru — bardziej Kkorzystnego
termodynamicznie trans-cyklopropanu 141. Taki wynik reakcji potwierdza
zaangazowanie dirodnik C w mechanizm reakcji. W przypadku niektorych reakcji dla
uzyskania umiarkowanej/dobrej wydajnosci reakcji konieczna byla modyfikacja
warunkow 1 odwrdcenie stosunku stechiometrycznego (przy zwigkszeniu nadmiaru
olefiny do 5 ekwiw). Istotnym ograniczeniem metody sg za$ olefiny bogate w elektrony —

dla styrendw produktow cyklopropanowania nie zaobserwowano.
Powyzsze wyniki zostaty opublikowane w artykule naukowym:

[P2] K. Orlowska, J. V. Santiago, P. Krajewski, K. Kisiel, I. Deperasinska, K. Zawada,
W. Chatadaj, D. Gryko UV Light Is No Longer Required for the Photoactivation of 1,3,4-
Oxadiazolines, ACS Catal. 2023, 13, 1964-1973.
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5.3.3. Wykorzystanie swiatla czerwonego w transformacjach diazo zwiazkéow
Z wytworzeniem wigzan C-C1i C-N

Szkodliwe dzialanie wysokoenergetycznego $wiatta ultrafioletowego i1 niska
selektywno$¢ reakcji zachodzacych pod jego wpltywem powoduje, ze fotochemiczne
transformacje indukowane promieniowaniem UV s3g cz¢sto uznawane za niekorzystne do
zastosowania w systemach biologicznych. Rozwigzaniem tego problemu jest
opracowanie alternatywnych strategii bazujacych na aplikacji niskoenergetycznych
fotonow z zakresu $§wiatla czerwonego i1 podczerwonego, ktére wydajnie penetruja
réznorodne media w tym tkanki, nie naruszajac przy tym ich delikatnej struktury. Znane
sa juz nieliczne przyktady biooortogonalnych transformacji w obecnosci $wiatta

12
czerwonego. >

Diazo zwiazki jako grupa reagentow o zroéznicowanej strukturze i reaktywnosci
zostaty juz wielokrotnie wykorzystane do wydajnej syntezy farmaceutykow i substancji
znaczeniu biologicznym. Do tej pory jednak, opracowane przez nasz Zespot
a-alkilowanie 3-fenylopropanalu z udzialem a-diazooctanu etylu stanowilo jedyny

przyktad transformacji diazo zwiazku przebiegajacej w obecnosci $wiatta czerwonego.'”

W odpowiedzi na luk¢ w fotochemii zwiazkow diazoorganicznych, w Zespole
XV postanowilismy zbada¢ ich reaktywnos¢ w obecnosci niskoenergetycznego
Swiatla czerwonego i udowodni¢, ze w odpowiednich warunkach reakcji, mozliwa
jest aktywacja roznorodnych strukturalnie diazo zwigzkow. W naszych badaniach
wykazaliSmy, Ze indukowane $wiatlem czerwonym transformacje tych reagentéow
moga zachodzi¢ na drodze rdéznych strategii fotochemicznych: fotolizy,
fotosensybilizacji i katalizy fotoredoks. Ponizej opisalam zrealizowane przeze mnie
badania, dotyczace strategii katalizy fotoredoks z udzialem diazoalkandw w obecnosci
Swiatla czerwonego. Badania te sa integralng czg$¢ projektu, prezentujacego takze
indukowane promieniowaniem czerwonym: fotolize diarylodiazoalkanéw oraz
fotosensybilizacje  a-arylo-o-diazoestréw, opracowane przez mgr inz. Piotra
Krajewskiego oraz mgr inz. Klaudi¢ Luczak (Schemat 8B i Schemat 20, sekcje 5.2.2.2.1
15.2.2.2.2)).

W ramach swoich badan opracowalam warunki reakcji umozliwiajace
przeprowadzenie transformacji z udzialem zwigzkow diazoorganicznych, bedacych

akceptorami lub prekursorami rodnikow wytworzonych w cyklach katalitycznych,
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w obecnosci Swiatla czerwonego. Zastosowanym przeze mnie do badanych
przeksztalcen katalizatorem fotoredoks jest tetrafenyloporfiryna (H,TPP, 58) — tani
i tatwo dostepny barwnik organiczny, ktéry pochlania $wiatlo z zakresu czerwonego,
a w reakcjach fotochemicznych moze peli¢ funkcje zarowno fotoreduktora, jak i

fotoutleniacza.

W wyniku redukcji a-diazoestrow na drodze PCET powstaja rodniki o charakterze
elektrofilowym — podejscie to zastosowano juz w reakcjach indukowanych $wiatlem
niebieskim, katalizowanych np. kompleksem Ru(bpy);(PFs), lub Eozyng Y. Bazujac na
znanej strategii redukcji diazo zwigzkéw poprzez PCET, dokonalam re-optymalizacji
warunkéw dla opracowanej przez zespét Li syntezy oksyméw (Schemat 38)°' oraz
zaproponowanej przez zespot Xuana syntezy fenantrydyn (Schemat 39),% uzywajac
niskoenergetycznego $wiatta czerwonego w miejsce niebieskiego oraz porfiryny w roli

katalizatora.

Optymalizacja warunkéw multikomponentowej reakcji syntezy oksymow
z udziatem styrenow, a-diazoestrow oraz azotynu t-butylu pozwolita na skrocenie czasu
reakcji z zaproponowanych przez Li 60 h do 37 h, w tym: 17 h naswietlania $wiattem
czerwonym w obecno$ci HyTPP (58), a nastepnie ogrzewanie do 60 °C przez kolejne
20 h (Schemat 38). Zastosowanie warunkow termicznych umozliwilo przyspieszenie

izomeryzacji nitrozo zwigzku do oksymu.

1.HTPP (88), tBUONO  HO.
N2 N DIPEA (57), DMSO |
kCOZR R $wiatto czerwone Ar)\fcozR
2. 60°C L
142-146, 27-86%

_OH
N‘ HO. el el
|
CO,Et )\(\ | |
/Ej)\A ’ PMP CO-Et Ph)\/\COZt-Bu Ph)\/\C02Bn
Me Me
142, 86% 143 144, 64% 145, 71%

z (E)-olefiny: 38% (E/Z 2.2:1)
z (2)-olefiny: 26% (E/Z 2.1:1)

146, 27%*?

CO,Et
Warunki reakcji: H,TPP (58, 5 mol%), DIPEA (57, 0.6 mmol, 1.5 ekwiw.), alken (0.2 mmol), diazoester (0.4 mmol,

2.0 ekwiw.), t-BuONO (0.4 mmol, 2.0 ekwiw.), DMSO¢, 4 5. (0.05 M), czerwone diody LED (655 nm, 25 W), [Ar],
17 h, nastepnie 60 °C przez 20 h. naswietlanie 66 h, potem 60 °C przez 20 h, DMSO/MeCN = 1:1 (v/v), (0.03 M).

Schemat 38. Indukowana §wiattem czerwonym fotokatalityczna synteza y-oksoiminoestrow
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Zaproponowane podejscie pozwala na otrzymanie produktow 142, 144 i 145
z wydajnoéciami poréwnywalnymi do warunkéw Li,”! jednak w znacznie krotszym
czasie i w obecnosci $wiatta niskoenergetycznego oraz barwnika organicznego. Niewielki
spadek wydajnosci w porownaniu z metoda indukowang $wiattem niebieskim
zaobserwowalam w przypadku trans-anetolu, przy zachowaniu podobnego stosunku E/Z
produktu 143. Niestety w zwiazku z ograniczong rozpuszczalnoscig pochodnej
steroidowej, produkt 146 otrzymatam z niskg wydajnoscig, nawet przy wydluzonym

czasie naswietlania.

Zastosowanie H,TPP pozwala na wydajng synteze fenantrydyn 147-151
w obecnosci $wiatta czerwonego (Schemat 39), z wydajnosciami lepszymi badz
poréwnywalnymi z weczeéniej opracowang na $wietle niebieskim metodologia Xuana.’?
Wstepnie okreslony przeze mnie zakres stosowalnosci indukowanej promieniowaniem
czerwonym metody jest szeroki — reakcji ulegaja zaréwno diazoalkany akceptorowe,
diazomalonian, jak 1 oa-alkilo-o-diazoester. W przypadku a-arylo-a-diazoestrow
zaobserwowalam jednak brak selektywnosci reakcji, co najprawdopodobniej
spowodowane jest konkurencyjnym procesem fotosensybilizacji diazo zwigzku
i ubocznymi reakcjami nastgpczych karbendw trypletowych. W Zespole XV wykazalismy
bowiem, ze poziom energii trypletowej H,TPP (Er = 138 kJ/mol) jest wystarczajacy do
fotoindukowanego transferu energii do czasteczek tego typu diazo zwigzkéw (Er = 133

kJ/mol, warto$¢ obliczona przez dr Wojciecha Chatadaja dla a-fenylo-a-diazooctanu

metylu).
R EWG
R CN H,TPP (58), | 7S
N2 | DIPEA (57), DMSO _
M /2L - > EWG
R” CEWG $wiatto czerwone |N
147-151, 95-42%
R
ol L
O Y~ COE Y~ COE Y~ P(0)(OMe),
I COE N N N
<8 (] g C
R'=H, 147,95% 149, 42% 150, 75% 151, 63%

R' = OMe, 148, 80%
Warunki reakcji: H,TTP (58, 5 mol%), DIPEA (57, 0.2 mmol, 1.0 ekwiw.), diazo zwigzek (1.0 mmol, 5.0 ekwiw.),
izocyjanian (0.2 mmol), DMSOy,,,. (0.2 M), czerwone diody LED (655 nm, 25 W), [Ar], RT, 18 h.

Schemat 39. Indukowana §wiattem czerwonym fotokatalityczna synteza fenantrydyn
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Diazo zwiagzki mogg by¢ réwniez akceptorami rodnikow generowanych w cyklu
fotokatalitycznym porfiryny inicjowanym absorpcjg S$wiatla czerwonego. Teze te
udowodnitam na przyktadzie reakcji z udzialem redoks aktywnych estrow ftalimidowych
jako prekursorow rodnikow weglowych oraz a-arylo-a-diazoestrow, prowadzacej do
syntezy hydrazonéw 147-151 (Schemat 40), uprzednio opracowanej w obecnosci §wiatla
z6tego i r6zu bengalskiego.'™ Przeprowadzone przeze mnie badania optymalizacyjne
wykazaty, ze dla utrzymania dobrych wydajnosci reakcji, konieczne jest praktycznie
calkowite wyeliminowanie tlenu ze $rodowiska reakcyjnego. Podobnie, jak w przypadku
syntezy fenantrydyn, na wydajno$¢ reakcji wplywa konkurencyjny proces

fotosensybilizacji.

o) H,TPP (58), RO,C

N2 . HE (55), DBU (56), DCM FN
ArACOZR : NHPI swiatto czerwone Ar HN—<:|
n n

147-151, 95-42%

; _NH _NH I
| NH N N \NH
\ f0) \
CO,Et CO,Me TN CO,Bn
o)
-
R'=H, 152,78% 154, 53% 155, 53% 156, 52%

R'=Br, 153, 68%

Warunki reakgcji: H,TTP (58, 5 mol%), HE (55, 0.24 mmol, 1.2 ekwiw.), DBU (56, 0.4 mmol, 2.3 ekwiw.),
diazo zwigzek (0.2 mmol), ester-NHPI (0.3 mmol, 1.5 ekwiw.), DCMyg,,,. (0.2 M), czerwone diody LED
(655 nm, 25 W), [Ar], RT, 18 h.

Schemat 40. Indukowana §wiattem czerwonym fotokatalityczna synteza hydrazonow
Powyzsze wyniki zostaty opublikowane w artykule naukowym:

[P3] K. Orlowska, K. Luczak, P. Krajewski, J. V. Santiago, K. Rybicka-Jasinska,
D. Gryko

Chem. Commun. 2023, DOI: 10.1039/D3CC05174A

Unlocking the Reactivity of Diazo Compounds on Red Light with the Use of

Photochemical Tools
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5.3.4. Podsumowanie

Celem mojej pracy doktorskiej bylo wykorzystanie fotochemicznych

przemian diazoalkanow i oksadiazolin do opracowania nowych metod tworzenia

wigzan C—C w obecnosci Swiatla widzialnego. W ramach wykonanych przeze mnie

badan:

IL.

III.

Opracowalam fotochemiczng metode¢ syntezy allenéw z a-arylo-o-diazo-
estrow i sulfidow propargilowych.

Proponowana procedura pozwala na wydajne otrzymywanie wysoce
sfunkcjonalizowanych produktéw w tagodnych warunkach reakcji bez dodatku
katalizatora. Mechanizm transformacji bazuje na bezposrednim wzbudzeniu diazo
zwiqgzku absorbujacego $wiatlo niebieskie. Generowane w wyniku tego procesu
karbeny singletowe reaguja z sulfidem tworzac ylidy, ktore ulegaja

[2,3]-sigmatropowemu przegrupowaniu do allendw.

Zbadalam dotychczas nieznang reaktywnos¢ 1,3,4-oksadiazolin w obecnoSci
Swiatla widzialnego oraz opracowalam metode syntezy spirocyklopropanow
z ich udzialem.

Zaprojektowana strategia wykorzystuje 1,3,4-oksadiazoliny jako prekursory
niestabilizowanych diazo zwigzkow 1 karbenow trypletowych. Zaproponowane
podejscie polega na aktywacji tych prekursorow na drodze fotoindukowanego
transferu energii od fotouczulacza o odpowiednim poziomie energii trypletowe;.
Generowane na skutek fotosensybilizacji 1,3,4-oksadiazolin indywidua reaguja

z elektrofilowymi olefinami prowadzac do spirocyklicznych produktow.

Wykazalam, Ze zastosowanie porfiryny jako katalizatora umozliwia
przeprowadzanie transformacji fotoredoks z udzialem diazoalkanéw pod
wplywem S$wiatla czerwonego.

Zrealizowane przeze mnie badania dowodza, ze mozliwe jest zastosowanie
niskoenergetycznego swiatla czerwonego w przeksztalceniach, w ktérych
roznorodne strukturalnie diazo zwigzki pelia funkcje prekursorow bqd?
akceptorow rodnikow. Do tego celu, koniecznie jest jednak zastosowanie
porfiryny - inspirowanego naturg barwnika organicznego, ktdry pochlaniaja
Swiatlo czerwone, a w reakcjach fotokatalitycznych moze pemi¢ funkcj¢ zarowno

fotoreduktora, jak 1 fotoutleniacza. Skuteczno$¢ opracowanej strategii
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potwierdzitam na przyktadzie transformacji prowadzacych do tworzenia nowych

wigzan C—C i C-N.

Podsumowujac, zrealizowane w ramach niniejsze pracy doktorskiej badania
znaczaco poszerzaja stan wiedzy z zakresu fotochemii zwigzkow diazoorganicznych oraz
1,3,4-oksadiazolin. Potwierdzaja one, ze diazo zwiazki oraz 1,3,4-oksadiazoliny sa
reagentami o interesujagcych reaktywnosciach fotochemicznych, w zalezno$ci od
mechanizmu reakcji, umozliwiajacych dostep do wielu indywiduéw chemicznych,
tj. karbeny, ylidy i rodniki. Indywidua te, jak i same diazo zwiazki jako akceptory
rodnikdbw, moga wydajnie uczestniczy¢é w procesach indukowanych $wiattem
widzialnym, w tym niskoenergetycznym $wiattem czerwonym. Uzyteczno$é
opracowanych przeze mnie strategii wykazatam na przykladzie szeregu przeksztalcen
fotochemicznych, prowadzacych do wytworzenia nowych wigzan C-C i C-N
z otrzymaniem roznorodnych strukturalnie produktow, takze pochodnych substancji
biologicznie czynnych. Omoéwione przeze mnie wyniki eksperymentalne stanowig nie
tylko istotny wktad w dostepng wiedze, ale z pewnoscig zainspiruja naukowcoéOw do

zglebiania fotochemii tych reagentow.
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6. Streszczenie w jezyku polskim

Zwiazki diazoorganiczne s3 powszechnie stosowane w syntezie prostych
i ztozonych struktur, w tym produktow farmaceutycznych. W zaleznosci od sposobu
aktywacji, moga by¢ one zrodlem karbendéw, metalokarbenow, ylidow lub rodnikéw.
Z uwagi na niskg stabilno$¢ prostych diazoalkanéw, do reakcji z ich udziatem konieczne
jest uzycie prekursorow, np. 1,3,4-oksadiazolin. Niestety, fotoliza pod wptywem $wiatta
UV badz termoliza diazo zwigzkéw w obecno$ci réznych substratow zachodzi czgsto
w sposob nieselektywny. Z kolei obecnos¢ metali w reakcjach przebiegajacych przez
stadium metalokarbenu, powoduje, ze sg one niekorzystne do zastosowania w przemysle
farmaceutycznym. Obecnie duzym =zainteresowaniem cieszg si¢ transformacje diazo
zwigzkow zachodzace w obecnosci $wiatta widzialnego, lecz dostgpne metody sa wciaz

nieliczne i ograniczaja si¢ do zastosowania jedynie stabilizowanych pochodnych.

Celem mojej pracy doktorskiej bylo wykorzystanie fotochemicznych
przemian diazoalkanow i oksadiazolin do opracowania nowych metod tworzenia
wiazan C—C w obecnoSci Swiatla widzialnego. W pierwszej czgsci moich badan
opracowatam fotochemiczng metodg syntezy allenéw z a-arylo-a-diazo-estrow 1 sulfidow
propargilowych. Eksperymenty mechanistyczne potwierdzaja, ze powstale w wyniku
bezposredniego wzbudzenia diazo zwigzkow karbeny singletowe odgrywaja istotng role
w mechanizmie reakcji. Nastgpnie, zbadatam dotychczas nieznang reaktywno$¢ 1,3,4-
oksadiazolin w obecnosci $wiatta widzialnego oraz opracowatam metode syntezy
spirocyklopropanow z ich udzialem. Zaproponowana strategia zaktada, ze na skutek
fotoindukowanego transferu energii do czasteczek 1,3,4-oksadiazolin, generowane s3
zarowno diazoalkany, jak i1 karbeny trypletowe. W ostatniej czgsci moich badan
wykazatam, ze zastosowanie porfiryny jako katalizatora fotoredoks umozliwia
przeprowadzanie indukowanych §wiattem czerwonym transformacji z wudzialem
diazoalkanow, w ktorych petnig one role prekursorow badz akceptorow rodnikow.
Uzyteczno$¢ zaprojektowanego podejscia przedstawitam na przykladzie syntezy

oksymow, fenantrydyn oraz hydrazonow.

Zrealizowane przeze mnie badania dowodza, ze diazo zwiazki oraz
1,3,4-oksadiazoliny sg reagentami o interesujgcych reaktywnos$ciach fotochemicznych,
ktore w zaleznosci od mechanizmu reakcji, umozliwiajg dostep do wielu indywidudéw

chemicznych, tj. karbeny, ylidy i rodniki.
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7. Streszczenie w jezyku angielskim/ Abstract in English

Diazo compounds are versatile reagents commonly applied in the synthesis of
small molecules and complex structures, and even pharmaceuticals. Depending on the
activation mode, they serve as precursors of various reactive intermediates such us
carbenes, metal carbenes, ylides and radicals. Due to low stability, simple diazoalkanes
should, however, be generated in situ from stable precursors, e.g. 1,3,4-oxadiazolines.
Although thermolysis and UV light-mediated photolysis of diazo compounds in the
presence of diverse substrates are well known approaches, these reactions generally occur
with low selectivity. On the other hand, presence of even traces of metals in products
obtained via metal-catalyzed methods limits their application in pharmaceutical industry.
Taking into consideration the benefits arising from light-induced strategies, such
transformations of diazo compounds bring the attention of organic chemists.
Nevertheless, already established methods are limited and mostly targeted at stabilized

diazoalkanes.

The aim of this thesis is the design of visible light-induced transformations of
diazo compounds and 1,3,4-oxadiazolines leading to new C—C bonds formation. In
the first part of my work, I proposed a photochemical allene synthesis from a-aryl-
a-diazoesters and propargyl sulfides. Mechanistic experiments confirm that singlet
carbenes generated via direct photolysis of diazo compounds are the key intermediates.
Next, I have explored yet unknown reactivity of 1,3,4-oxadiazolines upon visible light
irradiation. The developed activation mode relies on photoinduced energy transfer from
photocatalyst to 1,3,4-oxadiazoline, upon which both triplet carbenes and diazoalkanes
are generated. Within this part of my work, I illustrated the utility of proposed activation
method with spirocyclopropane synthesis in the presence of electrophilic olefins.
Finally, I demonstrated that with the use of porphyrins as photoredox catalysts diazo
compounds undergo photochemical transformations under red light irradiation, within
which they can serve as precursors or acceptors of reactive intermediates. This was

evidenced with the photocatalytic synthesis of oximes, phenantridines and hydrazones.

In summary, I have shown that diazo compounds and 1,3,4-oxadiazolines are
reagents of distinct photochemical reactivities, which depending on activation mode give

access to various reactive species e.g. carbenes, ylides or radicals.
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Preface

The use of catalysts in organic synthesis is mandatory for the
developmentoffrontier research in academyand industry. Nowadays,
catalysis has been actually monopolized by the use of metal catalysts
able to activate several X-Y bonds in organic molecules [1-4]. The
main drawbacks in the use of these metals is their high cost and
their toxicity, with their removal from the desired compounds being
a critical issue, if a pharmaceutical derivative is finally prepared.
A way to circumvent such problem is to avoid the use of metal
derivatives and promote the reaction by a substoichiometric quan-
tity of an organic compound. As a matter of fact, organocatalysis has
been growing at a regular pace in the last 10 years, in turn allowing
the development of enantioselective processes. It is rather difficult
to summarize the role that organocatalysts, such as amines, alka-
loids, peptides, NHC carbenes, ureas and thioureas, alcohols, phe-
nols, carboxylic and chiral Brgnsted acids, have in synthetic
planning [5-12]. The main drawback in this case, however, is the
huge amount of the organic compound required (compared to
commonly used metal complexes), that limited its application in
industry.

A different catalytic approach is that of photocatalysis. The
meaning and the use of photocatalysis dramatically changed in the
last years. More than 10 years ago, a photocatalytic reaction was
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vi Preface

strictly related to a handful of processes, notably water splitting,
photodepollution, or artificial photosynthesis. Indeed, only
inorganic derivatives were previously dubbed as photocatalysts,
titanium dioxide being the most famous and most employed one.
The definition of photocatalyst, however, dramatically changed
when photocatalytic processes were applied to organic synthesis.
Actually, according to the IUPAC definition, the photocatalyst is a:
“Catalyst able to produce, upon absorption of light, chemical transformations
of the reaction partners. The excited state of the photocatalyst repeatedly
inleracts with the reaction partners forming reaction inlermediates and
regenerates itself after each cycle of such interactions” [13].

This definition, however, fits well even for organic molecules,
acquiring the role of photoorganocatalysts (POCs). Ten years ago,
the use of POCs was quite limited and mainly involved aromatic
ketones, some quinones, and cyanoaromatics [14]. Nevertheless,
with the dramatic advancement of photocatalysis in recent years,
the use of POCs became more and more important and new
organic derivatives were designed for this purpose, or other com-
mon derivatives (e.g. dyes) acquired a new role in photochemical
reactions [14-26].

The recent impressive development in the use of POCs in
organic synthesis well justify the publication of this book. The aim
of this volume is to assimilate the photocatalyzed organic processes
having a synthetic significance, where an organic molecule acts as
the photocatalyst.

The chapters are organized according to the class of the POC
used. Each chapter will start with a brief summary on the photo-
physical characteristics of the analyzed POCs, and selected repre-
sentative synthetic applications will ensue. The recent publications
in the field (mainly in the last 10 years) have been collected, though
some “old” seminal papers have been quoted as well.

The classes of POCs considered are: simple (aromatic) ketones
and aldehydes (Chapter 1), quinones (Chapter 2), along with unfunc-
tionalized aromatics and cyano (hetero)aromatics (Chapter 3).

As pointed out in the literature, most of the POCs employed
are heteroaromatics. Thus, the use of sulfur (methylene blue (MB)
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or thiapyrylium salts, Chapter 4), oxygen (pyrylium salts, Eosin Y,
fluorescein, rhodamine, and Rose Bengal (RB), Chapters 5-7),
and nitrogen (porphyrins, acridinium salts, imides, BODIPY,
Chapters 8-10) heterocycles will come next. The last two chapters
will be devoted to the applications of photoorganocatalysis in poly-
merizations (Chapter 11) and under flow conditions (Chapter 12).
The structure of the main organic compounds acting as POGCs is
depicted in Chart 1.

In the majority of cases, photoorganocatalyzed reactions were
quoted when the POC was present in a substoichiometric amount
(usually in less than 30% mol quantity). Reactions carried out in the
presence of a metal-based or a further organocatalyst (dual catalysis)
[27] have been quoted as well, provided that the POC was uniquely
responsible for light absorption.

On the other hand, photochemical processes where the organic
molecule plays a different role were not included in this book.
Accordingly, the following reactions will be not treated here:

— when the organic molecule forms an electron donor-acceptor
(EDA) complex that is responsible for light absorption, but then
the reaction causes the consumption of the starting organic
compound (see Ref. [28] for example).

— when the (chiral) organic molecule is able to complex any
photoreactive species, but not able to absorb the light itself (see
Ref. [29] for example).

— when the organic molecule allowed for a photochemical reaction
to occur and was involved in a catalytic cycle, but did not absorb
light (e.g. thiols or disulfides, see Ref. [30]).

As for the above and according to the IUPAC definition, the type
of reactions that can be promoted by a POC are gathered in
Scheme 1.

The first process is a direct hydrogen atom transfer, where the
excited POC (POC*) is able to cleave homolytically a C-H bond
from a hydrogen donor (R-H) and a carbon-centered radical chem-
istry results (path a). This reaction is photoorganocatalyzed by
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Chart 1. Main POGs used in organic synthesis and discussed in this book.

BP = Benzophenone; DDQ = 2,3-Dichloro-5,6-dicyano-1,4-benzoquinone; AQ = Anthraquinone;
Phen = Phenanthrene; DCN = 1,4-Dicyanonaphthalene; DCP = 5,6-Bis (5-methoxythiophen-2-yl)
pyrazine-2,3-dicarbonitrile; MB* = Methylene blue; TP = 2,4,6-triphenylpyrylium salt; EY = Eosyn Y;
Fluo = Fluorescein; Rh B = Rhodamine B; RB = Rose Bengal; Mes-Acr” = 9-mesityl-10-methylacri-
dinium ion; Cbz = Carbazole; PDI = N,Nbis(2,5-di-tertbutylphenyl) perylene-3,4:9,10-tetracar-
boxydiimide; BOD = 2,6-Diiodo-1,3,5,7-tetramethyl-8-phenyl-4,4-difluoroboradiazaindacene.
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Table 1. Selected photophysical and electrochemical data of POCs depicted in Chart 1.

Ey (POCT/  Ey (POC/ B (POC'/ By (POCH/

At () D) rgnst Df 7' POC)* POC)" POC*)’ POC)’
BP 335 — 0.008 1 <1 +2.39 -1.72 ~0.61 +1.28
DDQ 330 — — 1 — — +0.49 — +3.18
AQ 326 — — 1 3200 — -0.96 — +1.77
Phen 300 0.16 — 0.83 — +1.50 -2.44 -2.1 +1.14
DCN <350 — 10.3 — — — -1.27 — +2.30
DCP <550 — — — — — -1.45 — +1.99
MB* 610 (90000) — <1 0.52 32 +1.13 -0.30 -0.68 +1.60
TP 368 0.58 438 042 — — -0.32 — +2.02
EY 539 (60800)  0.48 2.1 0.32 25 +0.76 -1.08 -1.11 +0.83
Fluo 491 0.93 473 0.03 — +0.83 -1.22 ~1.55 +1.25
RhB 550 0.58 2.45 — — +0.91 ~0.96 -1.31 +1.25
RB 549 0.09 050 0.7 — +0.84 -0.96 ~0.96 +0.81
Mes-Acr' 425 <0.08 6 0.38 — — ~0.49 — +2.06
Cbz 330 (4250) 0.38 161 0.36 170 +1.16 — — —
PDI 526 (80000) 097 3.8 <107 140 +1.65 ~0.53 — —
BOD 529 (89000)  0.03 013 097 220 +1.13 — — —

Noles: *“Maximum of the lowest energy absorption band (nm). "Molar absorption coefficient (M™ cm™). ‘Fluorescence quantum yield. ¢ Lifetime
of lowest singlet excited state S,. *Quantum yield for triplet formation. ‘Lifetime of the lowest triplet excited state T,. #Ground state oxidation
potential (V vs SCE). "Ground state reduction potential (V vs SCE). ‘Oxidation potential in the excited state (V vs SCE). /Reduction potential
in the excited state (V vs SCE).
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R-H . Direct Hydrogen
— Product
a R rocue Atom Transfer (HAT)
Y-WY-W* " Single-Electron
. b y-w - Product Transfer (SET)
hv 1 —————
e Y-W N Energy
T»Y_W — Produdt Transfer (ET)
B Proton-Coupled
Y-H, B H+y — Product | Electron-Transfer
d (PCET)

POC = Organic molecule as photocatalyst
R-H/Y-W(H) = Reactant
B-H / B" = Conjugate Acid-Base couple

Scheme 1. Types of photoorganocatalyzed reactions discussed in this book.

(aromatic) ketones and quinones, since they have an excited state
that resembles an alkoxy radical. A back-hydrogen transfer from the
catalysts to a reactive species is mandatory in order to close the cata-
lytic cycle. In most cases, the process is not efficient and requires a
huge amount (up to equimolar) of the POC to take place. The pre-
ferred pathway is, however, that of single electron transfer (path b),
nowadays known as photoredox catalysis. Here POC* may donate or
accept an electron from an organic compound Y-W to generate the
corresponding radical anion (Y-W*") or cation (Y-W*"), respectively.
A radical ion chemistry may then occur, albeit, in most cases, the
fragmentation of the radical ion generates again a reactive radical.
Most of the POCs are able to promote this reaction and a back-
electron transfer is mandatory for POC regeneration. Depending
on the oxidation (or the reduction) potential of Y-W, it is possible
to choose a suitable POC that matches the redox properties of
POC* (see Table 1), rendering the electron transfer feasible. A par-
ticular case is that of energy transfer processes (path c), where the
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POC has the role of a photosensitizer, and this is the only case where
the reaction involves the excited state of the organic substrate. In
some instances, a radical may be formed by a proton-coupled elec-
tron transfer (PCET), and as a result a formal hydrogen atom
abstraction from a Y-H bond may take place [31]. For the simplicity
of the reader we collected in Table 1 some photophysical and
electrochemical data of the POCs depicted in Chart 1.

We hope that this book will inspire and guide your future
research!

Maurizio Fagnoni, Stefano Protti and Davide Ravelli
PhotoGreen Lab, University of Pavia
April 18, 2018
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Chapter 4

Sulfur Heterocycles

Katarzyna Goliszewska, Katarzyna Ortowska,
and Dorota Gryko*

Institute of Organic Chemistry, Polish Academy of Sciences,
Kasprzaka 44/52, 01-224 Warsaw, Poland

*dorota.gryko@icho.edu.pl

4.1 Introduction

One of the most important aspects, when designing reactions induced
by light, is the choice of the photocatalyst. Sulfur heterocycles as
organic dyes are attractive alternatives to metal complexes commonly
used in this area of research. Undoubtedly, methylene blue (MB") is
the most widely applied sulfur heterocycle due to its ability to catalyze
reactions — not only by energy transfer (En7), but also by single elec-
tron transfer (SET) (Chart 4.1). Other thiazine dyes, such as
thiapyrylium salts, are considered to act only through the latter
mechanism.

Structural diversity and a plethora of modification possibilities,
which canssignificantly affect their spectroelectrochemical properties,
offer a lot of opportunities for sulfur dyes to be used as photoca-
talysts in various reactions. They have been proved to be efficient in

113
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I‘Dh Ph
AN N X I NS s\ N
ISOOWROSSREES s 1) s
Me,N S NMe, s Ph” 87 Ph .
Ccr
6

cloy

mB* PTH TPTP* -TP

Chart 4.1. Structures of most commonly used sulfur photocatalysts — methylene
blue chloride (MB*), N-phenylphenothiazine (PTH), 2,4,6-triphenylthiapyrylium
perchlorate (TPTP*), and a-sexithiophene (6-TP).

detoxification processes and in the synthesis of biologically active
compounds, highlighting the importance of expanding our
knowledge of these organic dyes.

In the following chapter, we describe sulfur heterocycles possess-
ing photocatalytic activity (Chart 4.1). Their main modes of action
under either photosensitization or photoinduced electron transfer are
discussed, along with a number of reactions catalyzed by these dyes.

4.2 MB*

MB" is the most widely used phenothiazine dye and, consequently,
the most often applied sulfur heterocycle in photochemistry. It was
first synthesized by Heinrich Caro in 1876 and was reported as the
first fully synthetic drug used in medicine [1]. Initially, applications
of MB" in biology and chemistry were related to its ability to generate
singlet oxygen. Recently, emphasis has been put on the utilization of
its redox properties under light irradiation.

4.2.1 Photophysical characteristics

MB* as the hydrochloride salt is a dark green powder, giving blue
aqueous solutions. It absorbs light in the visible region with A
at ~650 nm (depending on the solvent, protonation, or aggrega-
tion processes, Figure 4.1), with a high extinction coefficient value
(=90000 M cm™ at 610 nm) [2].

Photon absorption by MB* generates the short-lived singlet excited
state ' (MB")* (79 (S;) ~ 1 ns) of high energy (Eo,o (S,) = 1.89 eV),
which undergoes fast intersystem crossing (ISC) to the triplet state
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Absorption

= === [FEmission

Normalized intensity [-]

300 400 500 600 700 800
Wavelength [nm]

Figure 4.1. Absorption (solid line) and emission (dashed line) spectra of MB* in
DCM, ¢=1.1x 10" M, A =610 nm.

MB* ) substrates oxidized and
0, —— ™ oxygenated
products
hv EnT
. 3
3(MB") ©:

Scheme 4.1. Photosensitization of singlet oxygen.

*(MB*)*. The latter is formed with a high quantum yield (@ =0.52)
and has a significantly longer lifetime (7, (T,) ~32 pus) as well as lower
energy (E,, (T)) = 1.5 eV) [2, 3]. As a consequence, the dye is mainly
used as a triplet sensitizer.

3(MB")* can be quenched by various compounds via two possible
pathways — EnT or SET. Examples of transformations exploiting
both quenching patterns concomitantly were also reported.

EnT involves energy transfer between *(MB*)* and the ground-
state molecule, often molecular oxygen (Scheme 4.1). Shortlived
reactive singlet oxygen ('O,) generated wia this pathway readily
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oxidizes a vast number of organic compounds. The high value of the
triplet quenching rate constant (k = 2.46 x 10° M™' s™') for O, is
beneficial for reactions involving 102, however, in SET processes a
decrease in yield is observed [4].

However, not all oxidations occur with 'O,. Methylene blue
radical (MB*), formed by SET from electron donors to *(MB*)*, can
transfer one electron to *O, producing superoxide anion O, that
also can act as an oxidant [4].

In the presence of electron donors, especially amines, *(MB*)* is
reduced to radical MB® via the SET pathway (Scheme 4.2). Transfer
of asecond electron and protonation, either in a concerted (hydrogen
atom transfer (/{AT)) or stepwise manner, generates colorless leuco-
methylene blue (LMBH). Under aerobic conditions, molecular
oxygen oxidizes LMBH, regenerating MB" in the ground state almost
immediately (k, = 5.0 x 10> M™" s™). The comparison of redox
potentials with the most common transition metal photocatalysts
shows that in the triplet state *(MB*)* is a stronger oxidant than
Ru (bpy) ? or Ir(ppy),, but a weaker reductant (Table 4.1) [3, 5]. As a
result, all known photoredox transformations catalyzed by MB* pro-
ceed through the reductive quenching cycle.

*

N N
= SET :
+t 2
MezN S NM92 MezN S NMe2
MB*

3(mB*y

hv, IS% SET
N
N
§
Me,N S NMe,
cr

MB
0,
H
Me,N S NMe, Me,N S NMe,

LMBH LMB-

Scheme 4.2. Photoinduced redox cycle of MB*.
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Table 4.1. Comparison of triplet excited state
redox potentials for MB*, Ru(bpy);*, and Ir(ppy) .

E* of ®PC [V vs SCE]

Catalyst Ef e PC*/PC E*  PCT/PC*
MB* +1.60* -0.68*
Ru(bpy);* +0.77° -0.81°
Ir(ppy), +0.31° -1.73
Notes: *Measured in methanol. "Measured in

acetonitrile.

C
|| - )

I:CI) 102 C :
9 [2+2] cycloaddition [2+4] cycloaddition O
dioxetane endoperoxide

ene-type | -~
reaction Z

X
OOH
hydroperoxide

Scheme 4.3. Reactions of singlet oxygen with substrates having C-C double bonds.

4.2.2 MB' as a photosensitizer for singlet oxygen generation

Singlet oxygen is a highly reactive, energetically rich form of
molecular oxygen. The two main pathways for the generation of 'O,
include chemical transformations and photosensitization by irradia-
tion of oxygen in the presence of organic dyes. MB*, along with Rose
Bengal, tetraphenylporphyrin, and eosin Y are among the most
commonly used sensitizers in this process [6].

In MB'-catalyzed reactions, 1O2 reacts with substrates with
double bonds following one of three main mechanisms — ene-
type reactions or [2+2] and [2+4] cycloadditions (Scheme 4.3).
In the following paragraphs, we discuss known photocatalytic
transformations proceeding via these pathways.
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4.2.2.1 Ene-type reactions

Alkenes possessing at least one allylic hydrogen atom in the presence
of 1O2 form allylic hydroperoxides in which the double bond is
shifted to the adjacent position. Due to the high impact of steric and
electronic factors on the hydroperoxide formation, the mechanism
and regioselectivity of the ene-type reaction of substituted alkenes
with 1O2 have been extensively studied [7]. For trisubstituted
alkenes, hydrogen-atom abstraction occurs preferentially from the
allylic position on the more sterically-hindered side of the double
bond (ciseffect, Figure 4.2(a)) [8], while for unsymmetrical cis- and
trans-olefins it is on the larger alkyl group of the double bond
(Figure 4.2(b)) [9]. Moreover, alkyl- or aryl-substituted cyclic
alkenes 1 undergo regioselective hydrogen abstraction from the
methylene group next to the substituent, and the ratio of products
2a-f:3a-f is significantly higher for phenyl- and tert-butyl-substituted
cycloalkenes than for neopentyl derivatives (Table 4.2) [10].
Regioselectivity of the hydrogen abstraction is also influenced
by the photocatalyst form, since for reactions occurring in the
interior of MB*-doped zeolites (e.g. NaMBY), the ciseffect decreases
(Table 4.3) [11]. In solution, the sum of cis-effect products (a and b)
is always higher than 80%, while in zeolites it falls to 44%. On the
other hand, in CDSCN, gem/trans selectivity (a+c/b) is low (the ratio
of secondary to tertiary peroxides varies from 50:50 to 37:63 in the
best case), whereas zeolites enhance the selectivity up to 94:6.
It is assumed that these differences arise from the formation of
complexes in the interior of the zeolite between Na® and the
substrate or the pendant oxygen of the perepoxide intermediate

R' H Ko L - large substituent

reactive side \|/[ ve sid boLee --8 S - small substituent
i - R3‘/ unreactive side ! \
preferential hydrogen

atom abstraction

(a) (b)

Figure 4.2. Regioselective aspects of the ene-type reaction of trisubstituted
alkenes (a) and cis- and trans-olefins (b).
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Table 4.2. MB*-catalyzed regioselective formation of allylic
hydroperoxides.

R 650 W tungsten halogen lamp oo R R OOH
MB” (0.1 mol%) +
acetone or CCly, O, rt
n

n

1a-f 2a-f 3a-f
Yield [%] Yield [%]
Substrate 2 3 Substrate 2 3
Ph t-Bu
100 —_ 1d 94 6

la @
1b m/ 7129 le
1c

t-Bu

@ 97 3 1f

m@f

Ph

O

62 38

97 3

Table 4.3. Photooxidation of trisubstituted alkenes 4-7 in solution and with

zeolites Y.
Yield [%] Yield [%]
cis-effect anti cis ciseffect anti cis-
effect, effect,
Substrate gem trans gem Substrate gem trans gem

CD3 HOO CDs

8a

OOH HOO  CD,

ﬁCD3 )—<

4 8b 8c 6 10a 10b 10c
CD,CN 49 50 1 CD,CN 38 55 7
NaMBY 57 32 11 NaMBY 36 21 43

/:Q HOK H/;)g( HOO)_Q f{oa Hio)_<|33 J_g%%g HOQ CD,

5 9a 9b 9c 7 11a 11b 11c
CD,CN 18 63 19 CD,CN 48 44 8
NaMBY 9 35 56 NaMBY 61 6 33
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kinetically and
thermodynamically
preferred transition state -
anti "cis effect" product

R4 group on the same
face as pendant oxygen -
prevents access to
methylene hydrogens
\\ and enhances gem/trans
selectivity

10”

Scheme 4.4. Alkenes photooxidation in the interior of MB*-doped zeolites Y.

(Scheme 4.4). The proposed mechanism is also in agreement with
intrazeolite photooxidations of allylic alcohols [12].

Although MB*-catalyzed photooxidations of simple alkenes and
allylic alcohols, both in solution and in zeolites Y, lead to a mixture
of products, the regioselective ene-type reaction of a-cyclogeranyl
derivatives giving selectively one of the three possible regioisomers
and displaying high cis-diastereoselectivity has been reported
(Scheme 4.5) [13].

Transition states analysis indicates that 'O, attack occurs preferen-
tially from the upper face of the double bond giving cisproduct 13a-d
from the more stable TS1 with the R-substituent in the axial position.

Other substrates for the MB*-catalyzed ene-type reaction are
1,3-dicarbonyl compounds 13a-c that give a mixture of products
15a-c-19a-c (Scheme 4.6) [14, 15]. In this case, the abstraction of
the hydrogen atom from the enol group gives products 15a-c, while
from the 2-methyl group furnishes hydroperoxides 16a-c that
0O, In the final step, H,O,
oxidizes 17a-c to epoxides 18a-c. This reaction is strongly solvent-

decompose to 17a-c with the loss of H

dependent; in alcohols, olefin 17a-c reacts faster with a solvent
affording product 19a-c instead of epoxide 18a-c (Table 4.4).
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300 W Xenon lamp

MB* (0.1 mol%) HOO R HOO. R
+
) DCM‘ 02’ rt"]h ) o)
12a-d cis-13a-d trans-13a-d
a R=CH,OH >97% 3%
b R=CH,0Ac >97% 3%
¢ R=CH,Br 87% 13%
d R=CHO 93% 7%
- -t
102 +O/(:)
R N
— | , cis
\%‘% Ill preferred
B TS1 |
1 _ _
0O, - 7%
+o/(_:)
H H oot
7 ~ ': —  ftrans
R R H
L TS2 |
Scheme 4.5. MB*-catalyzed regioselective photooxidation of a-cyclogeranyl
derivatives.
R1 N OH o 100 W tungsten lamp
MB* (1 mol%)
1 MeCN or MeOH, rt, 3-15 h
R
14a-c
HO OOHO
. Rz
R'" o o
R1 5
15a-c 163": J /@\)KE[OLR
1 1
H202 0, " 1?
Rl 0 O / ae
R2 cOH R'" OH O
R! R! NOOR
17a-c R R! “OMe
19a-c

Scheme 4.6. MB"-catalyzed reaction of 1O2 with 1,3-dicarbonyl compounds 14a-c.
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Table 4.4. Solvent-dependent photooxidation of 1,3-diketones

14a-c.
Yield [%]
Substrate Solvent 15 17 18 19
14a  R'=Me R’=FEt MeCN 28 31 10 —
MeOH 25 — 6 40
14b  R!'=Me R?=iPr MeCN 32 37 7 —
MeOH 27 — 7 47
14c  R'=¢éPr  R%=iPr MeCN 36 55 — —
MeOH 37 — — 52
7N
e
[2+2] cycloaddition ene-type reaction OOH
dioxetane polar solvent non-polar solvent hydroperoxide
low-temperature high-temperature

Scheme 4.7. Favorable conditions for dioxetane formation.

4.2.2.2 [2+2] Cycloaddition

Next to ene-type reactions, the oxidation with 1O2 photogenerated
by MB* can follow a [2+2] cycloaddition pathway leading to dioxe-
tane products. For substrates that can also undergo the ene-type
reaction, the ratio of products depends on the polarity of a solvent
and temperature (Scheme 4.7). Non-polar solvents and higher tem-
peratures favor the ene reaction, while in polar solvents (alcohols),
dioxetanes or products obtained from the subsequent nucleophilic
addition of the solvent are formed [16]. Notably, dioxetane interme-
diates readily decompose at an elevated temperature, hence their
isolation or even detection is challenging.

For example, the MB*sensitized photooxidation of 5,6-dihydro-
1,4-dithiins 20a-d with 1O2 proceeds via the [2+2] cycloaddition
pathway (Scheme 4.8) [17]. Depending on the electron-withdrawing
character of the substituent R, the thermal decomposition of
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o)
A s

Ky s

21a-d 0O 22a-d

s R
[ I MB* (0.5 mol%)
MeOH, Oy, -20 °C, 3h [ Ig
20a-d

o B »

—_—
g 2|
cis-23a-d trans-23a-d

I [ I Yield [%]

21 22 cis-23 trans-23 24 25

O
650 W Xe lamp ]

+N=0

. ) R‘\\\ o
»ﬂ o e

+(/)<O

24a-d 25a-d

a R=Ph 25 38 8 15 9
b R=CO,Me - - 67 7 26 -
¢ R=CONHPh 20 9 - 3 68 -
d R=CON(Me)Ph - - 44 _ 56 -

Scheme 4.8. MB"-catalyzed photooxidation of 1,4-dithiins 20a-d.

R'O 940 W Na lamp 0-0
+Bu MB* (2 mol%) ""5%“3”
- S

S DCM, O,,0°C,2.5h  R'O .

R? R?
26a-c 27a-c

a R'=Me R?=0OAc 88%
b R'=Me R2=OMe 85%
¢ R'=Ac R2?=OMe 85%

Scheme 4.9. Synthesis of dioxetanes 27a-c.

dioxetane to 21a-d and 22a-d competes with the formation of keto-
sulfoxides 23a-d. In protic solvents, oxidation of sulfur occurs as a
competitive reaction (products 24a-d and 25a-d).

Although dioxetanes are usually unstable, the introduction of
bulky substituents at the dihydrothiophene ring enables their isola-
tion with no S-oxidation (Scheme 4.9) [18]. 1O2 attacks the double
bond exclusively from the less-hindered side, consequently, only
trans-products are formed.
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400 W tungsten lamp
Ph Ph 00
MB* (0.5 mol%) Ph\{/ th

R1N\[rNR2 CHCI3/MeOH 1:1, rt, 1h R1N\H/NR2
o) o)
28a-d 29a-d

a R'=H R?=H 97%

b R'=Ph R2=Ph 50%

¢ R'=Me R2%=Me 90%

d R'=n-Bu R2=n-Bu 92%

Scheme 4.10. Synthesis of diacylureas 29a-d via oxidation of imidazolin-2-ones
28a-28d.

The formation of a dioxetane-type intermediate was also sug-
gested for the MB*-sensitized photooxidation of imidazolin-2-ones
28a-d, though with no clear evidences (Scheme 4.10) [19]. The reac-
tion rate is higher for imidazolin-2-ones 28a-d with electron-donating
substituents as they enhance the nucleophilicity of the double bond,
while the oxidation of N-phenyl derivatives proceeds slowly due to the
nitrogen lone pair being partially conjugated with the phenyl ring.

The [2+2] cycloaddition of 'O, to pyrrole derivative 30 leads to
different products depending on the Nsubstitution pattern [20].
Photooxidation of Nmethyl pyrrole gives amido diester 31, while
Nansubstituted substrate affords, in the presence of various nucleo-
philes including alcohols, amines, and 3-diketones, the corresponding
5-substituted adducts 33a-d or o,o/-coupling products 34 (Scheme 4.11).
The more nucleophilic the character of the initially-formed 5-substituted
adducts 33a-d, the higher the yield of a,o/-bipyrroles 34a-d.

4.2.2.3 [2+4] Cycloaddition

Among MB*-catalyzed oxidations, the most common reactions proceed
via the [2+4] cycloaddition pathway. They lead to endoperoxides,
which, as in the case of dioxetanes, are also highly unstable and
undergo subsequent transformations. The course is strongly influ-
enced by the reaction conditions and the structure of the substrate.
For example, decomposition of furan-derived endoperoxides follows
one of four general pathways leading to products A-D (Scheme 4.12).
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OMe

i
N~ ~CO,t-Bu
|
Me
30
OMe 650 W tungsten lamp 650 W tungsten lamp MeO,C
dOOH MB* (catalytic amount) | MB* (catalytic amount) \u i
SN~ TCOt-Bu NuH NuH N ~CO,t-Bu
MeOH, O,, -78 °C, 30 min MeOH, O,, -78 °C, 30 min ’\‘/Ie
32 R=H R=Me 31
NuH
l‘Hzoz Yield [%]
OMe OMe OMe 33 34
ﬂ\ %2 i a NuH=MeOH 40 2
Nu™ >N~ ~CO,t-Bu H20, =N N~ “COyt-Bu b NuH=pyrrole 42 -
H Nu H ¢ NuH=piperidine 33 -
CO,t-Bu d NuH=1,3-cyclohexadione - 53
33a-d 34a-d

Scheme 4.11. Photooxidation of N-substituted and N-unsubstituted pyrroles 30.

R R? R® R?
NuH = Me,S —
pa HoO 0" 'R! HO) 0" R
A !
[ RO R? ) RS R?
M —
i’ R4 (S’S+ — s 1
3 2 R3 R2 path Il - y N R R
RS R HO} O R 0O

0—0 A = o) R2
— A y | — N
path Il RQ () \)R
base = R3 R?
path IV H Ng O H /d

—_—
ko/fo> HO g~ ~0

L base: D

Scheme 4.12. Four pathways for endoperoxide transformation in the [2+4]
cycloaddition of 'O, to furans.

e PathI

In alcoholic or aqueous solutions, the oxidation of furan derivatives
usually gives hydroperoxydihydrofurans of type A (Scheme 4.12,
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1) 300 W Xe lamp (o) fe)
R3 R4 + o
MB™ (0.5 mol%) R? R2 R% R2
1 7\ H,0, O,, 0 °C, 30 min OH O Ho
R™"No L2 2) Et3N (4 eq.) R3 R! R3 R
35a-d 38a 39b-d
N‘oz, H,0 Et3,\/
R® R*
R'O
HO /=\ OOH _EtN_~
R1 0) —_— R2
R2 37a- 3 4
36a-d R® R
o o 0 0 0
{ Lomoe " = °
[«OH
K HO HO HO
38a 39b 39¢ 39d
77% 58% 45% 50%

Scheme 4.13. MB'-catalyzed one-pot synthesis of 4-hydroxy-substituted-2-cyclo-
pentenones 38a and 39b-d from alkyl furans 35a-d.

path I). This was utilized in the elegant one-pot synthesis of
4-hydroxy-2-cyclopentenones 38a and 39b-d (Scheme 4.13) [21]. In
this transformation (occurring in the presence of water as the
nucleophile), intermediate 36a-d is formed and then decomposed
to enedione 37a-d. Final cyclization yielding cyclopentanones 38a
and 39b-d proceeds via an aldol reaction catalyzed by the base.

On the other hand, if a nucleophilic group is present in the start-
ing material, an intramolecular reaction preferentially occurs, as in
the reaction of 2,5-disubstituted furans 40a-b, giving bis-spiroketals
43a-b (Scheme 4.14) [22, 23].

The formation of the first spiro ring results from the intramo-
lecular nucleophilic attack of the hydroxyl group at the endoperox-
ide ring, whereas the second nucleophilic attack requires prior
reduction of hydroperoxide 41a-b by Me,S followed by ketalization.

Similarly, bicyclic compounds are formed in the synthesis of
pyrrolizidinones 45a-e (Scheme 4.15) [24]. Notably, 1O2 generated
by MB*-sensitization reacts exclusively with the furan ring with no
amine oxidation.
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1) 300 W Xe lamp

I\ MB* (0.5 mol%) =
( n O )n DCM, Oy, 0 °C, 5 min ™o n
2) Me,S (10 eq.), 1t, 12h © -0
HO 40a-b OH 43a-b
1 pr— pr—
0, OOH OH J
-1 NN Me,S_ (*' % o Yield of 43 [%]
n o)
a n=1 80
b n=2 77
41a-b OH 42a-b OH

Scheme 4.14. One-pot synthesis of [5,5,5]- and [6,5,6]-bis-spiroketals 43a-b.

1) 300 W Xe lamp o R2
NH, MB* (3 mol%)
/o\ ; MeOH, O,, 0 °C, 2 min NTB)
n
1 R? 2) Me,S (4 eq.), MeOH
R ) MeS (4 eq.), OH R
44a-e 45a-e
o] o] o] o "CeHis
N N N N N
\ \ N \ S
OH OH OH pn HO HO
45a 45b 45¢ 45d 45¢
65% 69% 70% 58% 63%

Scheme 4.15. Synthesis of pyrrolizidinone derivatives 45a-e via photoorganocata-
lyzed oxidation of furylalkylamines 44a-e.

The synthesis of 5-hydroxy-1H-pyrrol-2(5H)-ones 50a-c from
alkyl furans 46a-c, and their dehydrated counterparts, 5-ylidenepyr-
rol-2(5H)-ones 5la-c proceeding via 2-pyrrolidinones 49a-c is a
unique example of transformations utilizing MB* as both the photo-
sensitizer and the redox agent in the ground state (Scheme 4.16a)
[25]. Lactams 49a-c generated via sequential lO2 photooxidation,
reduction by Me,S, and then nucleophilic addition of an amine
undergo subsequent proton-coupled electron-transfer (PCET)
catalyzed by MB*, but this reaction does not require light
(Scheme 4.16b). Importantly, such a cascade process is possible only
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1) 300 W Xe lamp 1) 300 W Xe lamp
MB* (2 mol%) MB™* (2 mol%)
o) MeOH, O,, 0 °C, 5 min MeOH, O,, 0 °C, 5 min o)
R! 2) Me,S (2 eq.) RO R 2) Me,S (2 eq.) R!
N 2 q. 2 q. N "
HO | —R* 3)R'NH,(1.1-2 eq.) 7\  3)R'NH, (1.1-2 eq.), HCO,H R
R3 (one pot) ) (@) (one pot) 7 3
R2 R Rz R
50a-c 46a-c 51a-c
72% a R'=Bn R?=CH,CO,Et R®=H R*=H 70%
71% b R'=Bn R?=(CHp)l  R’=H R*=H 66%
66% ¢ R'=H R?=nBu R®=H R*=Me 68%
(a)
RS R* RS R4 R® R* R! ?
— N
7\ 'Oz MeOH MeO /= Me,S MeO RNH, )R
- OOH OH =
(0] (¢} (6] s
R? R2 R? rR2 R
46a-c 47a-c 48a-c 49a-c
lPCET
(b) 50a-c

Scheme 4.16. One-pot synthesis of 5-hydroxy-1H-pyrrol-2(5H)-ones 50a-c
and b5-ylidenepyrrol-2(5H)-ones 5la-c (a) and with a simplified reaction
mechanism (b).

in the presence of MB* and does not occur for other sensitizers,
such as Rose Bengal.

The path I mechanism was also confirmed for a one-pot
stereoselective transformation of 2-methoxyfurans 52a-d to methyl
cis4-oxoalk-2-enoates 53a-d (Table 4.5) [26]. Interestingly, even
furans with substituents sensitive to oxidation, such as the sulfinyl
group, are readily transformed to the corresponding enediones
[27]. Similarly, 2-thiofurans and 2,5-bis-(thio)furans 54a-d are
oxidized as well, but instead of the expected §,$bis(thio)maleate
derivatives 57a-d, O,Sthiomaleates 55a-d and b56a-d are formed
(Table 4.6) [28]. Itis assumed that the fast removal of the phenylthio
group enables the rapid decomposition of hydroperoxide A (Scheme
4.12) even in the absence of a reducing agent. S,5Bis(thio)maleates
57a-d form only in the case of the photooxidation of compound 54c
possessing the methylthio group that does not act as a leaving group.
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Table 4.5. Synthesis of methyl cis4-oxoalk-2-enoates b3a-d via
MB*sensitized photooxidation.

1) 650 W lamp
R2 R MB* (0.8 mol%) R R
M\ MeOH, O, -40 °C, 2h L\g:gf
R Ng” ~OMe 2) Et,S (2 eq.) R Y & OMe
52a-d 53a-d
Substrate R! R? R® Yield of 53 [%]

52a CO,Me Et Et 77
52b CO,Me Ph Ph 84
52c H COQMC (4-Br)Ph 98
52d CO,Me H (4-Br)Ph 80

Table 4.6. Synthesis of O,Sthiomaleates 55a-d and 56a-d via MB'-sensitized
photooxidation.

R'  Br R'  Br H  Br H Br
650 W lamp — — —
s A N, MB* (0.8 mol%) Meomsaaphsmomﬂ MeSHSMe
R'S™ 0”7 "SR MeOH, O, 0 O (e}N6e] 0 O
54a-d -40 °C, 6h 55a-d 56a-d 57a-d
Yield [%]
Substrate R R? R? 55 56 57
54a Br Ph Ph 96 — —
54b H Ph Ph 87 6 —
54c H Me Me 59 — 28
54d H Me Ph 84 6 —
e Path II

By changing methanol or water to non-nucleophilic solvents, the
photooxidation of furans follows path II (Scheme 4.12). In aceto-
nitrile, 1OQ-induced rearrangement of furfuryl alcohols 58a-e leads
to enedial intermediate B (Scheme 4.12), which in the presence of
a strong acid such as TsOH, cyclizes giving predominantly product
59a-e (Scheme 4.17) [29]. By-products alkylidenefuran-2-ones 60a-e
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1) 300 W tungsten lamp
o MB* (1.0 mol%) o

o)
N R o)

\ MeCN, O,, -40 °C, 1.5h w . )

R 2) Me,S (12 eq.), TsOH (1 eq.) CHO J

HO -40°Ctort, 2h R
58a-e 59a-e 60a-e
a R=Ph 74% 5%
b R=tBu 26% 26%
¢ R=n-Pr 38% 8%
d R=Bn 73% <2%
e R=4-MeOCgH, 29% 15%

Scheme 4.17. 102-ir1duced rearrangement of furfuryl alcohols 58a-e to
2-substituted-3-furfurals 59a-e via path II.

result from the reductive cleavage of the endoperoxide and their
formation can be enhanced by in situ treatment with methanesulfo-
nyl or toluenesulfonyl chlorides.

e Path II and Path III

The direction of endoperoxide decomposition can be controlled by
the careful selection of the reaction conditions. In the photo-
oxygenation of 2-((Gglucosyl)furan 61, depending on the condi-
tions used in the second step, cis-Gglucosyl derivative 62 (via path
II, Scheme 4.12) or cisO-glucopyranoside 64 (via path III,
Scheme 4.12) are selectively obtained (Scheme 4.18) [30]. Both
products can subsequently isomerize to the corresponding trans-
derivatives 63 and 65.

e Path IV

In the presence of a hindered base, oxidation of 2- or 2,5-disubsti-
tuted furans follows the path IV mechanism. The reaction leads to
r-hydroxybutenolides D (Scheme 4.12), which convert easily to acids
under basic conditions [31-33]. The MB*-sensitized photooxidation
of 2-aryl-3,4-dicarbomethoxyfuran 66 to 4-oxoacid 67 also occurs via
this pathway (Scheme 4.19) [34]. The subsequent acylation in the
presence of Tf,O and anisole furnishes diarylfuranones 68 and 69 in
good yield and regioselectivities up to 82:18.
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B ‘OBn

OBn

131

o
Y ?
O W (0] W
BnO ~"N cDCly _ BnO . W
no* N BnO" “ogn  ©

OBn
63, 60%

(\>\ 62, 70%

BnO OSo 1) 650 W lamp  |2) PhsP, DCM
K ", MB* (4 mol%
BnO OBn DCM, O,

64, 90% 65, 70%

Scheme 4.18. MB*-sensitized photooxidation of 2-(Gglucosyl)furan 61.

+
CO,Me 1) hv, MB (0.6 mol%) MeOLC CO,Me
2,6-lutidine (2.5 eq.) 2N

MeO,C
I\g neat, O,, -20 °C, 2.5h CO,H
(0] Ph (@]

Ph
66 2) Et,NH (1.2 eq.) 67

anisole (35 eq.)
Tf,0 (2.5 eq.)
-20 °C, 2.5h

OMe

MEOZC COzMe MEOZC
— COzMe
Ph + /

o SO T PhNg S0

MeO 68 69

yield=70%
ratio 68:69 - 82:18

Scheme 4.19. One-pot, three-step synthesis of diarylfuranones 68 and 69.
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e
| 450 W Hg lamp O/O R R
PhN-2C  MB* (1 mol%) N-J%O hv Ne} 0
| Pz MeOH, O rt2h‘ ' N or heat %QJ\N
3 25 1L Ph
Ph N R Ph \ Ph Ph \
70a-d 71a-d
-PhCN
25 o, 8, 8
NHM
o o><ff e _MeOH . N)H(R
o) I o
73a-d 72a-d
a R=Me 26%
b R=Et 43%
¢ R=i-Pr 18%
d R=Ph 0%

Scheme 4.20. Photocatalytic oxidation of pyrazine-2-ones 70a-d.

Other heterocycles also undergo oxidation by MB*-generated
singlet oxygen. For instance, pyrazine-2-ones 70a-d undergo [4+2]
cycloaddition to 'O, giving 3,6-epidioxypyrazin-2-ones 71a-d (Scheme
4.20), reasonably stable in the solid state at room temperature [35].
When heated or irradiated with visible light, these products decom-
pose to a-oxoimides 72a-d by electrocyclic ring opening with the
release of a nitrile. The subsequent nucleophilic attack at the carbonyl
group provides rearranged o-methoxyamides 73a-d in moderate yields.

4.2.2.4 Oxidation of heteroatoms via 'O,

Singlet oxygen generated by MB*-photosensitization can also oxidize
heteroatoms. For example, the visible-light irradiation of 1,3-dithi-
anes 74a-b in the presence of MB* under an oxygen atmosphere
gives desired ketones 75a-b and sulfur oxidation products, sulfoxides
76a-b and 77, and sulfones 78 (Scheme 4.21). The ratio strongly
depends on the substitution pattern with preferential formation of
the deprotected ketone 75b for more substituted dithiane 74b [36].

The problem associated with the selectivity in the oxidation of
sulfides is not present when a bentonite-bound MB* is used as a
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R' R? hv >390 nm RUR* R R RlR?
SXS MB* (3 mol%) R%rRz sxso os><so s><so2
MeCN, O, rt, 1-10h o L)L
74a-b 75a-b  76a-b 77a-b 78a-b
a R'=(4-Me)Ph R?=H 13% 71% 4% -
b R'=(4-Me)Ph R?=(4-Me)Ph 48% - - 23%

Scheme 4.21. MB*sensitized photooxidation of 1,3-dithianes 74a-b.

;
1O o O+ R\ /Rz
RISR —=| & ———~ S
R1 S\R2 O/
79a-b E F
a R'=n-Bu R2=n-Bu 79 79
b R'=Ph  R?=Me Y v
0 0 Lo
1§\ , + R1-§-~R2 E 1§\ ) : final
R'™"R o + R R® 0 product
80a-b 81a-b i 80a-b 5

Scheme 4.22. Formation of sulfoxides 80a-b in the MB*-catalyzed photooxidation
of sulfides 79a-b in a clay medium.

POC [37]. A persulfoxide intermediate E is not well stabilized in a
clay media and, as a result, is in equilibrium with the thiadioxirane
intermediate F (Scheme 4.22). In the presence of an excess of
sulfides 79a-b, the equilibrium is shifted towards the sulfoxides 80a-b.
The reaction is very much concentration-dependent and the ratio of
products 80/81 varies from 100:0 for di(n-butyl)sulfide (79a) in a
0.001 M solution to 86:14 in a 0.01 M solution.

4.2.2.5 C-X bond formation

The formation of C-X bonds is not a typical reaction involving
singlet oxygen, with only two examples reported. One of them is
the tandem transformation of B-oxoesters 82a-d leading to
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4xCFL lamp Yield of 84 [%
U MB* (2 mol%) 6 0 leld of 84 [%]
R OMe  Ca(OH);(0.1eq)  Meo ome 2 R=mBu 80
MeOH, Oy, rt, 5h K OH b R=Et 60
¢ R=n-Pr 79
82a-d 84a-d d Reip 5
Ca(OH)i/ \ =FPr 8
,Ca
\
MeOH (‘
M MOMi MOMe base R%OMe
10)OMe
83a-d

Scheme 4.23. Mechanism of tandem transformation of #-oxoesters 82a-d.

4xCFL lamp
+ 0 ~
Ar/\NHz MB™ (1.0 mol%) AN A
K,CO3 (3.7 eq.)
85a-e 86a-e

MeCN, Oy, rt, 10h

L0, 070 L0,

86b
94% 91% 63%
86e
99% 100%

Scheme 4.24. Oxidative coupling of benzylamines 85a-e catalyzed by MB".

2-hydroxymalonic esters 84a-d via oxidation and rearrangement steps
(Scheme 4.23) [38]. The reaction involves the nucleophilic addition
of the enolate of substrate 82a-d to 102. The final products 84a-d are
formed as a consequence of the base-induced rearrangement of tri-
carbonyl intermediates 83a-d. Under similar conditions, f-oxoamides
are successfully converted to 2-hydroxymalonic amides [38].
Another example of C-X bond formation in the presence of
MB* and oxygen is the oxidation of benzylamines 85a-e to imines
86a-e with various substituents, although amines bearing electron-
donating groups are preferred (Scheme 4.24) [39]. The reaction
involves hydrogen atom abstraction from the amine leading to
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phenylmethanimine and subsequent nucleophilic addition of the
second molecule of the amine.

4.2.2.6 Photogenerated 'O, in the synthesis of natural compounds

Singlet oxygen has been extensively employed in the total synthesis
of natural products [6]. Due to space limitations, in this chapter,
only a few examples are presented.

Within a multistep total synthesis of biologically active com-
pounds, usually only one stage utilizes 'O,. For example, an ene-type
reaction was employed during the total synthesis of the antimalarial
agent (+)-yingzhaosu [40], or a [2+4] cycloaddition to bicyclic diene
in the construction of acetylcholinesterase inhibitor arugacin A
[41]. However, one of the most characteristic features of 102 is its
ability to promote cascade reactions which allows for the one pot
synthesis of complex molecules, significantly reducing the number
of synthetic steps. For instance, Vassilikogiannakis et al. found an
extremely convenient way to synthesize pandamarine (89), an alka-
loid present in the leaves of the tropical plant Pandanus amaryllifolius
(Scheme 4.25) [42]. An MB"-photocatalyzed transformation is the
key step involving the oxidation of bisfuran derivative 87 to bis
5-hydroxy-1 H-pyrrol-2 (5 H)-one 88 via three stages — [2+4] cycload-
dition of 102, reduction, and nucleophilic addition of ammonia.

1) 300 W Xe lamp
MB* (0.25 mol%)

H OH 0. 0C ) HO H OH
~ N _ MeOH, O,, 0 °C, 2.5 min 7 A A N\
N6 g 0 2) MB" (6 mol%) NH  gg HN
(6} o

Me,S (7 eq.), rt, 75 min

3) NH; (4 eq.), t, 5h
TFA (2 eq.), MS 4 A
CHCl3, rt, 2h
0
N
4 HN
NH P
o

pandamarine (89)
30%

Scheme 4.25. MB*-catalyzed step of the total synthesis of pandamarine (89).
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SiMe;
300 W Xe lamp
MB* (0.4 mol%)
CDClj3, O,
8 °C, 30 sec

1) 300 W Xe lamp

MB* (0.4 mol%) ‘
CDClj3, O, 8 °C, 3 min

2) PTSA or Si0, '

8-epi-premnalane A (92) (+)-premnalane A (93)
yield=73%
ratio 92:93=2:1

Scheme 4.26. MB*-catalyzed reactions in the total synthesis of (+)-premna-
lane A (93).

Subsequent ketalization and dehydration steps under acidic condi-
tions afford pandamarine (89) in the 30% overall yield.

A similar “one-pot” approach was employed in the total synthesis
of (+)-premnalane A (93), an antibacterial natural product isolated
from Premnaoligtricha (Scheme 4.26) [43]. In this process, MB*
promotes the [2+4] cycloaddition of 'O, to furan followed by an
ene-type reaction. The final ketalization step yields a mixture of
easily separated products 92 and 93.

Although in total synthesis, the photooxidation of furan precur-
sors is the most often used transformation catalyzed by MBT,
other examples have been reported. For example, the oxidative
cleavage of indole derivative 94 during the synthesis of two natural
products — melohenine B (95) and O-ethyl-14-¢pimelohenine B
involves 1O2 (Scheme 4.27) [44]. It is assumed that these
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red LEDs
MB* (3 mol%)
MeOH, air, rt, 12h
quant

(x)-melohenine B (95)

Scheme 4.27. Photooxidation of indole derivative 94 in the total synthesis of
melohenine B (95).

transformations proceed via a dioxetane intermediate, quantita-
tively yielding only one diastereoisomer.

4.2.3 MB" as photoredox catalyst

Despite its undeniable utility in En7, MB* can also be involved in the
photoinduced electron-transfer processes. As a photoredox catalyst,
MB" efficiently promotes important chemical transformations such as
carbon—carbon or carbon-heteroatom bond formation, removal of
protecting groups, and oxidation of various nitrogen compounds. The
following paragraphs discuss SET processes catalyzed by MB* and reac-
tions involving both electron transfer and EnT for 'O, generation.

4.2.3.1 C-C bond formation

The oxidation of transstilbene to benzaldehyde represents one of
the first transformations where singlet oxygen generation in a dye-
sensitized reaction was excluded and, instead, SET from the olefin
to the excited dye was proposed [45]. Fluorescence quenching
studies and experiments with 'O, trapping agents revealed that MB*
acts as a photoredox catalyst in this process. This fact was also con-
firmed by subsequent studies on dye-sensitized oxidation and
dimerization of 4-methoxystyrene (96, Scheme 4.28) [46]. The
reaction proceeds via generation of radical cation 96°" which, under
aerobic conditions, can dimerize to cyclobutanes 97 or be oxidized
to aldehyde 98 by 02". In this transformation, 4-methoxystyrene
(96) quenches excited state of photocatalysts, with the highest
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400 W Hg lamp

A weesesn [ [
+ +
AN MeOH, 0Ny, 1t ArcHo
Ar Ar  Ar Ar

conversion ~ 4%

96 cis-97 trans-97 98
cis + trans: 22% 28%
Ar = (4-MeO)Ph under Oz ati cis:trans=12:88 °
under N cis + trans: 31% _
_____________________________________ ratio cis:trans=15:85
ArCHO
98
o+
96 X Ar
AT AT ~ AT TN
96 96" G
I
ey |
mMB* Ar Ar AR Ar
Oz cis-97 trans-97
hv
mB*
0,

Scheme 4.28. Photoinduced transformation of 4-methoxystyrene (96) in the
presence of MB* and proposed mechanism.

fluorescence quenching constant value for *(MB*)*. Very low
conversion for MB* can be attributed to the most positive value of
reduction potential (—0.32 V vs Ag/AgCl) which makes reduction of
radical cation G less efficient (Table 4.7). These results clearly show
that MB*-photoorganocatalyzed reactions can represent an interes-
ting alternative to C—C bond formation in the presence of transition
metal complexes or other dyes.

The concept of MB" acting through SET was not elaborated until
2013 when Pitre et al. demonstrated that *(MB*)* can be quenched by
aliphatic amines resulting in the formation of two reactive radicals —
semireduced MB® and an amine-radical H (Scheme 4.29) [4].
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Table 4.7. Comparison of photophysical characteristics and conversions for
transformation of 4-methoxystyrene (96) under light irradiation in the presence
of selected dyes.

gy [V
Dye Conversion [%] kq [108 M s™] 7 (ns) (POC/POC)
Acriflavine 31 58 4.61 —1.06
Rhodamine 6G 10 18 4.16 -0.83
MB* 4 185 0.75 -0.32
Eosin Y 17 4.0 4.44 -1.19
Rose Bengal 18 7.0 2.68 -1.15
Note: *Measured vs Ag/AgCl in MeCN.
R3\'§¢\R1
R3 R?
N" R R3S A
R2 NR
_H+ R2 s -—
H
S
W)
MB*
S
hv
mB*
.

Scheme 4.29. General mechanism for MB*photoorganocatalyzed reactions in the
presence of amines.

Subsequently, both species can readily reduce numerous organic sub-
strates initiating synthetically important chemical transformations.
Following this mechanism, radical trifluoromethylation of
electron—rich heterocycles 99a-d and hydrotrifluoromethylation of
terminal alkenes 102a-c or alkynes 103a-c was accomplished (Scheme
4.30) [47]. The adoption of MB* as POC, an amine as a sacrificial
reductant, and the electrophilic CF, reagent 100 allows for the synthe-
sis of organofluorine compounds 10la-d, 103a-c, and 105a-b,
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(a)

white LEDs 1
MB* (2 mol%) R-X
/ TMEDA (2 eq.) UCFs
DMF, rt, 6h R?
99a d 100 CFs 101a-d
M602C
CO,Me
101a 101b 101c 101d
70% 44% 63% 42%
(b) white LEDs
MB* (2 mol%
= _MB” 2mol%) _ R™>N"cF
RN+ 100 i 2eq) 3
102a-c DMF, rt, 3h 103a-c
/Hg,\/\cF3 HO’H‘;\/\CF;; PhOZC’H\/\CF;;
103a 103b 103c
67% 48% 83%
(c) white LEDs
MB™* (2 mol%) %
RN R™ "¢
TN+ 00 DBU (2 eq.) 3
104a-b DMF, rt, 3h 105a-b
Br Br
CF
”wca 0N s
105a 105b
66% 79%
(E:Z=10:1) (E:Z=6:1)

Scheme 4.30. MB*-catalyzed radical trifluoromethylation of electron-rich hetero-
cycles 99a-d and hydrotrifluoromethylation of terminal alkenes 102a-c, or alkynes
104a, 104b.

respectively, without the use of transition-metal complexes. Kinetic
studies and laser flash photolysis analyses reveal that satisfying results
are obtained when the amine outcompetes other reagents in *(MB*)*
quenching. N,N,N’,N"-Tetramethylenediamine (TMEDA), having the
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highest quenching rate constant out of the examined amines, gives
the best yield in the trifluoromethylation of heterocycles 99a-d.
Furthermore, despite having the lowest reduction potential, the
Umemoto’s reagent is not effective in the production of CF,’ radicals,
as it competes with TMEDA in the quenching of *(MB*)*. In this case,
the utilization of Togni’s reagent (100) with a much lower quenching
rate constant gives superior results. Additionally, in the hydrotrifluo-
romethylation of terminal alkenes 102a-c and alkynes 104a-b, the
replacement of TMEDA with DBU, having a lower quenching rate
constant, leads to a more efficient product formation. This can be
attributed to the formation of a charge-transfer complex with MB*
facilitating SET process. MB* proves also to be suitable for the genera-
tion of CF3' radicals from CFSSOgNa/ TFA, however, trifluoromethyla-
tion of arenes is low-yielding [48].

Under light irradiation, MB* is able to induce the [3+2] cycload-
dition of azomethine ylide J (from compound 106) with dipolaro-
phile 107, which, after oxidative aromatization, gives pyrrolo [2,1-a]
isoquinoline derivative 109 (Scheme 4.31) [49]. The photocatalyst

hv (fluorescent lamp)

+ 0,
©i> + E0,C—==—CO,Et MB™ (1 mol%) \N COLE
N._ CO,Et MeCN/THF, O, rt, 100h /
COEt okt
106 107 109
48%
©i]\l\/COZEt h

N
106 ms*)’ =S — 109
O, EtO,C CO,Et
108
107
H202

2 COzEt _~ l}rl\_/C02Et

J

Scheme 4.31. *-photoorganocatalyzed formation of pyrrolo[2,1-alisoquinoline 109.
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plays a dual role — oxidizes the tetrahydroisoquinoline 106 via SET
and generates singlet oxygen via EnT. 102 forms a peroxy anion
which deprotonates the imine cation I to produce azomethine ylide
J that undergoes [3+2] cycloaddition with electron-deficient alkenes
and alkynes. The subsequent oxidative aromatization occurs without
an additional oxidant and may involve either singlet oxygen,
hydrogen peroxide generated in situ, or a second SET process.

4.2.3.2 C-X bond formation

Another group of photoredox processes catalyzed by MB* consists
of carbon-heteroatom bond forming reactions. These transforma-
tions furnish either linear or cyclic compounds, very often of
potential pharmacological importance. For example, the photore-
dox intramolecular cyclization of indole derivative 110 yields
4-benzoxazine 112 (Scheme 4.32) [50]. In this reaction, radical

N—Ts 34 W LEDs

(@)
N\ H MB* (4 mol%) (:[ j\/>
N TsOH (1 eq.) N N
H

MeOH, O, rt, 1h H Ts
110 112
99%
OMe
D
H

— Y \
N 3MB*) TN H o Ts
110 mB* 112
T MeOH
L)
- N
MB* N \
0z H Ts

Scheme 4.32. Intramolecular cyclization of indole derivative 110 catalyzed by MB".
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Ph Ph
Ph 500 W tungsten lamp
Z “SiMe, + 0 Ph_~
T MB™ (1 mol%) SiMe,
ph - SiMe; DCM/MeOH, rt =
Ph
Ph Ph
113 114, 79%
Ph
Ph Ph
Ph sty T ~ sivte,

2 siMe,
Ph N SiM62
Ph -
113
SIMez

SlMe
= 2
SIM62 @SIMez
N SIMez SlMe2 S'Mez

113”7 K

Scheme 4.33. MB"-catalyzed ring contraction of 1,2-disila-3,5-cyclohexadiene 113.

cation 110°*" is generated via SET and then undergoes an intramo-
lecular attack by a tethered heteroatom and the subsequent addi-
tion of the superoxide radical anion O,™ to afford hydroperoxide
111. In the last step, an acid-catalyzed rearrangement gives the
final product 112.

Alternatively, MB*-catalyzed processes may lead to cyclic products
via ring contraction. In the presence of the POC, 1,2-disila-3,
5-cyclohexadiene 113 undergoes photolysis [51]. As the reaction is
not inhibited by *(MB*)* quenchers, ' (MB*)* is assumed to partici-
pate in SET (Scheme 4.33). The possible mechanism starts with a
SET from the substrate 113 to the singlet excited state '(MB*)*
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white LEDs

/©/B(OH)2 MB* (1 mol%) /©/OH
R DIPEA (5 eq.) R

MeCN/H,0, Oy, 1t, 7h

115a-e 116a-e
a R=H 94%
b R=0OMe 96%
¢ R=NO, 98%
d R=Cl 100%
e R=CN 99%
R A RS
NTR R
R? H R2
3 -H’ o
R‘N/\R1 2 fast
|2 .
R mB —  ArB(OH),
—— > 116a-e
3MB*) hydrolysis
slow
hk O,
mB*

Scheme 4.34. Oxidative hydroxylation of arylboronic acids 115a-e.

giving a radical cation 113*". After mesolytic Si-Si bond cleavage,
subsequent intramolecular attack of the silyl cation on diene K,
elimination of the silyl group, and SET, gives the final silole 114.

MB*/amine catalytic systems are efficient not only in carbon—car-
bon bond forming reactions, but also for oxidations proceeding via SET
[4]. In this line, visible-lightinduced oxidative hydroxylation of arylbo-
ronic acids 115a-e to phenols 116a-e engages the superoxide anion
(Scheme 4.34) [52]. In the catalytic cycle, the SETfrom o-amino radical
H to oxygen occurs faster than from the semireduced MB” to O,.

MB* efficiently catalyzes the o-functionalization of aldehydes
117a-d leading to a-oxyaminated products 119a-d in good to moder-
ate yields via enamine catalysis (Scheme 4.35) [53]. Notably, the
reaction works well also for a,4-unsaturated aldehydes and gives the
y-substituted product 119c.
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l{l 4xCFL lamp CHO
R/\/CHO + MB* (2 mOI%) > R/Y
morpholine (0.2 eq.) O\N
DMF, rt, 5h
117a-d 118 119a-d
CHO
CHO _ CHO /\)/ __cHO
5
O. O. (ON O.

N N N N
119a 119b 119¢ 119d
75% 50% 20% 55%

Scheme 4.35. o-Oxyamination of aldehydes 117a-d catalyzed by MB*.

The reaction of alkyl or aryl thiosulfates 121a-d with diazonium
salts is efficiently catalyzed by Ru(bpy),Cl, and gives sulfides 122a-d
under basic conditions. However, the catalytic system is not suitable
for pyridine derivative 120 [54]. Employing MB* and using LiQCOS
as the base significantly improves the yield for this starting material
(Scheme 4.36). The differences in the catalytic efficacy between
Ru(bpy) 4Cl, and MB* supposedly stems from the Ru coordination to
the N-atom of pyridine or lower stability of pyridinium substrate 120
under irradiation with more energetic absorption wavelength
required for Ru(bpy) ;CL.

4.2.3.3 C-X bond cleavage

Multistep organic synthesis is not usually possible without a count-
less number of protection and deprotection steps. The more com-
plex the target molecule, the more selective and milder conditions
required for these reactions. In this line, photocatalysis offers
great synthetic advantages, often eliminating the need for strong
acids or bases. The first reported deprotection reaction catalyzed
by a sulfur heterocycle was the cleavage of the dithio protecting
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N N,BF, CFL lamp N S
| N MB* (2 mol%) R
_ + R SOsNa |

120 121a-d DMSO/MZ0, 1%, 8h 45924
a R=Bn 66% Vs. 26% for Ru(bpy)s2*
b R=(4-Cl)Ph 83%
¢ R=(4-OMe)Ph 55%
d R=(4-Me)Ph 80%

Scheme 4.36. MB*-photoorganocatalyzed reaction of pyridine diazonium salt 120
with alkyl/aryl thiosulfates 121a-d.

Ph>< hv

$7S Me* (3mai%) j\+ HS_~_SH
Mg(CIO4), (03 6q)  Ph
123 MeCN/H,0, Ny, rt, 3-4h 124 125

Scheme 4.37. Deprotection of the dithio group catalyzed by MG*.

group in the presence of methylene green (MG"), a derivative of
MB* (Scheme 4.37) [55]. Similar to MB*, 3(MG*)* acts in this
process as an oxidant and accepts an electron from dithiane 123.
The subsequent C-S bond cleavage and nucleophilic addition of
water followed by back-electron transfer leads to acetophenone
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Scheme 4.38. Photocleavage of quinoline methyl ether 126.

124 and dithiol 125. The method is efficient for deprotection of
both aldehydes and ketones.

Both MB*" and MG" are able to catalyze the photocleavage of
methyl ether-protected alcohols [56]. Irradiation of quinoline
methyl ether 126 in the presence of a photocatalyst, D-sorbitol as a
radical scavenger, and Et,N as the sacrificial reductant, results in a
mixture of three products — quinoline alcohol 127, quinoline
aldehyde 128, and derivative 129 (Scheme 4.38). The initial step for
the formation of compounds 127 and 128 involves the generation of
radical cation 126" via SET from 126 to the photocatalyst PC. The
subsequent addition of water to cation 126°* furnishes alcohol 127,
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while H* abstraction produces aldehyde 128. The reduced form PC*”
goes back to the ground state PC by SET, along with the formation
of radical anion 126°7, which then decomposes to the adequate radi-
cal or anion and produces the final product 129 by H* or H" abstrac-
tion. This mild method for the methyl ether deprotection represents
a good alternative for other chemical and electrochemical reactions
which often require harsh reaction conditions.

Oxidative cleavage of the C-N bond enables one of the most
important metabolic pathways — N-demethylation. This biological
process can be mimicked by employing visible-light photocatalysis
[67]. N,N-Dimethylaminophenyl derivative 130, when irradiated in
the presence of a photocatalyst under aerobic conditions, affords
secondary amine 131 (Table 4.8, Scheme 4.39). Notably, the use of a
photoorganocatalyst proved to be more efficient than [Ru(bpy),]Cl,,
with the addition of acetic acid accelerating the formation of
hydroperoxide L via the deprotonation and protonation steps.
Intermediate L decomposes or dehydrates to give, respectively,
N-hydroxymethyl derivative 132 and Nformyl compound 133. The
first decomposes spontaneously to N-demethylated product 131,
whereas the latter hydrolyzes to the final product under acidic
conditions. The developed deprotection method was applied to the
demethylation of various pharmaceutical compounds, giving
deprotected amines in ~60% yield even on gram-scale.

Table 4.8. Selecting the photocatalyst for the visible-light-induced N-demethylation
of 4-(N,N-dimethylamino)-acetophenone 130.

| H
N 34 W LEDs N
catalyst (5 mol%)
(@]
AcOH (25 eq.), DABCO (5 mol%)
130 MeCN, rt 131
Catalyst Time [h] Conversion [%] Yield of 131 [%]

RB 3 97 91
MB* 4 98 86
Acr-Me* 1.5 >99 79

[Ru(bpy)4]Cl, 4 <5 —
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Scheme 4.39. Mechanism of N-demethylation of 130.

4.2.3.4 Oxidation of nitrogen containing compounds

Among the reactions catalyzed by MB*, the photooxidation of
heterocyclic nitrogen compounds and hydrazine derivatives via SET
is of great importance. The relatively low oxidation potentials of
tetraalkylhydrazines, in comparison to tertiary amines, and the
unique stability of their radical cations (generated by SET), resulting
from the equal distribution of the formal charge between the two
nitrogen atoms, facilitated photocatalytic processes [58].

The oxidation of Narylamino-l-pyrrolidine or N-arylamino-l-
piperidine 134 in the presence of a catalytic amount of MB", under
aerobic conditions, leads to stable radical cations 134**. The reac-
tion supposedly involves either SET from the substrate 134 to
*(MB*)* or singlet oxygen generation (Scheme 4.40) [59].

Subsequent processes strongly depend on the nucleophiles
present in the reaction. With trimethylsilyl cyanide (TMSCN),
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Scheme 4.40. Two possible pathways for the MB*-catalyzed generation of
hydrazinium radical cation 134" followed by the formation of hydrazinium
cations M.

a-hydrazinonitriles 135a-c are obtained in a regio and stereoselec-
tive manner, and the proton abstraction occurs on the more
substituted C-H bond (Scheme 4.41, path I) [60]. When further
oxidation is performed under aqueous conditions, lactam 136a-c
is formed [59]. The initial photooxidation of hydrazine deriva-
tives 134a-c may also lead to a C-N cleavage and ring opening
[61]. In the presence of alcohols, the main products are azo-
dialkylacetals 137a-c (Scheme 4.41, path II), while in water alde-
hydes 138a-c are obtained in excellent yields (Scheme 4.41, path
IIT). The synthesis of carbonyls proceeds regioselectively with the
preferential cleavage of the less-substituted C-N bond and can be
utilized in the synthesis of aminoaldehydes.

The MB*-catalyzed photooxidation of arylhydrazines in the pres-
ence of alkenes may give the corresponding hydrazones [62] or
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Scheme 4.41. MB*-catalyzed oxidation of Narylamino-1-pyrrolidines or
N-arylamino-1-piperidines 134a-c.

blue LEDg blue LEDg

o)
H MB* (2 mol%) H MB* (2 mol%)
XN~ + — = LMoth) Ph
Ph™ "N" "Ph 2 g-lutidine (1 eq.) Ph/N‘NH2 P " DABCO (1 eq.) Ph/tk/
141 MeCN, air, rt 139 140 MeCN, air, rt 142

Scheme 4.42. Formation of hydrazones and ketones in the MB*-catalyzed
photooxidation of arylhydrazines.

ketones (Scheme 4.42) [63]. The reaction outcome mainly depends
on the amine required as an additive, with other reaction conditions
being the same.

Photooxidation of heterocyclic nitrogen compounds is utilized
in bioorthogonal chemistry. In this line, irradiation of MB* with red
light allows for the rapid oxidation of dihydrotetrazine 143 to tetra-
zine 144, turning on its reactivity toward dienophiles, e.g. com-
pound 145 (Scheme 4.43) [64]. Despite the fact that the reaction
can be catalyzed by Rose Bengal, the use of MB* proves to be benefi-
cial due to its low toxicity, high solubility, and suitability for medical
applications. The exact reaction mechanism is not known, but a SET
process was suggested, since the involvement of singlet oxygen was
excluded.
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Ph Ph
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Scheme 4.43. MB*-catalyzed tetrazine 144 ligation.

4.3 Other Thiazines

MB* belongs to the class of thiazine dyes. Their structure is based on
a 6-membered ring containing S and N atoms. Phenothiazines
possessing two additional aromatic rings are especially worth of
attention (Figure 4.3). Functionalizations of these organic dyes
include the introduction of alkyl or phenyl groups at the nitrogen
atom or modification of aromatic rings at the 3- and 7- positions, for
example via the Vilsmeier reaction and subsequent condensation
with carbonyl compounds [65].

4.3.1 Photophysical properties

Photophysical properties of phenothiazine dyes are strongly influ-
enced by the nature of the substituents present in the core structure.
Such modifications allow for a fine tuning of their redox properties.
The most commonly used PTH absorbs in the near-UV (Chart 4.2),
while the absorption maxima of 3,7-disubstituted thiazine dyes are
usually located between 400-450 nm with the tendency of shifting
towards the blue region when strong electron donating groups are
introduced [65]. As a result, the oxidation potential is lowered, thus
facilitating the oxidation of the photocatalyst (oxidation potentials
0.47-0.53 V vs SCE) and shifting HOMO and LUMO to higher
energy levels (-5.26 eV to —5.22 eV and -2.88 eV to —2.60 eV,
respectively, Table 4.9) [65]. Besides their oxidizing properties,
thiazines can also act as strong reductants (e.g. E*p ) = —2.1 V vs
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Figure 4.3. Thiazine dyes.

N
1
A
o ;A
LN ] \
2 [
= ) X
506 - 4 \
= \
- \ = === Emission
a \
= 0.4 4 “ Absorption
E \
=) \
b= \
1 \
0,2 .
\
N
\\
- -
0 T —== Y — =
300 400 500 600 700

Wavelength [nm]
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Table 4.9. Influence of aryl substituents on the photophysical properties of dyes
148-153 [65].

Phenothiazine Egy [V]? Ef o V] HOMO LUMO

dye POC'/POC E(),() [eV] POC'/POC* [eV] [eV]
148 0.48 2.54 -2.06 -5.23 -2.69
149 0.47 2.59 -2.12 -5.23 -2.64
150 0.45 2.62 -2.17 -5.22 -2.60
151 0.53 2.36 -1.83 -5.26 -2.88
152 0.51 2.41 -1.90 -5.25 -2.83
153 0.48 2.43 -1.95 -5.22 -2.78

Notes: *Measured vs Ag/AgCl in MeCN. Calculated from E_ and E, ; values.

SCE for PTH) [66]. The introduction of electron-withdrawing
groups (i.e. acetyl groups in 147, Figure 4.3) to the aromatic rings
of PTH leads to an increase of its excited state oxidation potential
(E*ox = —1.5 Vvs SCE, in comparison with F*  =-2.1 V vs SCE),
hence limiting the catalytic ability of compound 147 [67].

4.3.2 Thiazines as photoredox catalysts
4.3.2.1 Thiazines as oxidants

The oxidative properties of thiazine dyes have not been extensively
explored, with only a few examples being reported. The oxidative
coupling of primary benzyl amines in the presence of a thiazine
photocatalyst gives the desired imines (Scheme 4.44) [65].
3,7-disubstituted N-butyl phenothiazine 153 proves to be the most
effective in catalyzing this process, while asymmetric, 3-substituted
thiazine dyes 148-150 are less efficient. Additionally, the oxidation
of benzylamine (85b) proceeds quantitatively when 0.25 mol% of
thiazine 153 is used, while application of twice of the amount of MB*
is needed for other amines tested and the resulting yields are slightly
lower (Scheme 4.44). Oxidation of amines to imines proceeds
under an oxygen atmosphere for a broad range of primary benzyl
amines, but not for alkyl amines. Alkyl imines can only be obtained
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(a) blue LEDs
/-NHz catalysts 148-153 (0.25 mol%) Ph/\NAPh

Ph MeCN, O, rt, 20h

85b 86b
Catalyst Yield of 86b [%]

148 22

149 24

150 46

151 51

152 80

153 83

153 (0.5 mol%) 100

(b) R? blue LEDs RZ R2

R1J\NH catalyst 153 (0.5 mol%) 1J\ /)\ ]
2 MeCN, O, t, 20h ROONR
154a-d, 85e 155a-d, 86e
Yield [%]
154a R'=(4-Me)Ph R?=H 155a 94
154b R'=(4-F)Ph R2=H 155b 93
85e R'=(4-OMe)Ph  R?=H 86e 88
154c R'=2-thiophenyl R?=H 155¢ 84
154d R'=Ph R2=Me 155d 30

Scheme 4.44. Thiazine-catalyzed oxidation of primary benzyl amines under light
irridation: scope of phenothiazine dyes (a) and amines (b).

by the coupling of an alkyl amine with benzylamine (85b). The reac-
tion mechanism involves the reduction of molecular oxygen to the
superoxide ion followed by the oxidation of the amine (at the
thiazine recovery step).

4.3.2.2 Thiazines as reductants
e C—Xbond cleavage

Phenothiazines are good reductants for aryl halides 156a-f with a
nice correlation with their low oxidation potentials (£* ), =-2.1 V
vs SCE for PTH, Scheme 4.45) [66]. With such redox properties,
phenothiazine dyes are able to activate challenging C-Br bonds
(reduction potentials from —2.57 V to —2.05 V vs SCE) [68, 69].
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hv (380 nm)
PTH (5 mol%)
R oM (5 eq.), BusN (5 eq.) RH
> eq.), Bus eq.
156a-f MeCN, rt 157a-f
a R=(4-OMe)Ph X=1 92%
b R=(4-CO,Bn)Ph X=| 95%
¢ R=3-pyridyl X=Br 94%
d R=2-thiophenyl X=Br 92%
e R=Et02C(CH2)3 X=Br 81%
f R=(4-CO,Bn)Ph x=C| 83%

Scheme 4.45. Phenothiazine photocatalyzed dehalogenation of aryl halides
156a-f.

As the reaction is not quenched by oxygen, a popular triplet
quencher, PTH is likely to act via the singlet excited state. The reac-
tion proceeds via oxidative quenching of the substrate with the
amine additive acting as a source of hydrogen atoms for carbon-
centered radical intermediates.

Phenothiazine photocatalysts are suitable for the chemo-
selective radical dehalogenation of aryl derivatives bearing multi-
ple carbon-halogen bonds [67]. The reduction of C-Cl and C-F
bonds requires much stronger reducing agents than the reduc-
tion of C-I and C-Br bonds. By modifying the PTH structure,
hence its redox properties, a high reaction selectivity can be
achieved. When different halogen bonds are present in the start-
ing material 158, analogue 147 catalyzes deiodination selectively,
while, under PTH catalysis, both deiodination and debromi-
nation take place with C-Cl and C-F bonds remaining intact
(Scheme 4.46) [67].

e C-C bond formation

PTH-catalyzed dehalogenation reactions allow for subsequent C-C
bond formation. For example, an excess of a heterocycle favors
arylation over hydrogen atom abstraction (Scheme 4.47) [67]. Both
mono and diarylation are possible by tuning the properties of the
photocatalyst.
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hv (380 nm) Cl

Cl PTH or 147 (5 mol%) N /©/CI
F HCO,H (5 eq.), BusN (5eq.) F F
B MeCN, rt Br
r
158 catalyst 159 160 time
PTH 5% 90% 48h
147 96% 4% 5h

Scheme 4.46. Chemoselective dehalogenation of arene 158 bearing multiple
carbon-halogen bonds.

/ CN
147 (5 mol%) | Br
N
50h H
CN
Br hv (380 nm) 162
pyrrole (50 eq.), BuzN (5 eq.) 55%
DMSO, rt
161 CN HN
® PTH(5mol%) ¢ | \
Ly =
42h N
163
50%

Scheme 4.47. Chemoselective dehalogenation of arenes bearing multiple
carbon-halogen bonds leading to C—-C bond formation.

4.4. Thiapyrylium Salts

Next to thiazines, thiapyrylium salts represent a group of important
POCs containing a sulfur heterocycle with the TPTP* being the
most commonly used. It is easily obtained from 2,4,6-triphenylpyry-
lium tetrafluoroborate (TPP*) and sodium sulfide on a gram scale
(Scheme 4.48) [70].

4.4.1 Photophysical properties

TPTP", a yellow solid, is unstable in neutral and basic media (to
prevent degradation of TPTP* in solution, it should be acidified to
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Ph Ph
X 1) NayS X
| oo,
> 2) HCIO,4 v
Ph”™ S0~ “Ph Ph” 8™ “Ph
BF4 Cloy
TPP* TPTP*

Scheme 4.48. Synthesis of thiapyrylium salt (TPTP*) from pyrylium salt (TPP*).

Table 4.10. Comparison of TPTP* and TPP* photophysical properties [3, 72].

Efpip (59) [Vivs E* pip (1)) [Vvs
Catalyst  7,(S,) [ns]  7,(T)) [ps] SCE] POC*/POC~  SCE] POC*/POC"
TPTP 3.6 6.9 +2.45 +2.09
TPP* 2.7 9.6 +2.55 +2.02

pH < 3.0) [70]. Thiapyrylium salts and their oxygen counterparts,
pyrylium salts, have similar photophysical properties, which depend
on the nature of the heteroatom, as well as the substituents on the
aryl moiety. TPTP" has a longer lifetime in the singlet excited state,
while the triplet excited state is lower in energy in comparison to
TPP*. TPTP" has lower singlet excited state reduction potential
than TPP* (Table 4.10), consequently, TPP* is more easily reduced
than TPTP*. Both dyes are not able to reduce molecular oxygen,
hence they do not generate the superoxide radical anion O, Since
thiapyrylium salt undergoes efficient ISC (@, = 0.97, calculated
ko = 2.7 % 10® ') [71], it can act as a POC in both singlet and
triplet excited states (half-wave triplet excited state reduction
potential value of 2.09 V vs SCE [3] and ground state reduction
potential of —0.19 V vs SCE [3]).

TPTP* absorbs visible light in the blue region with two absorp-
tion maxima at ~370 nm and ~400 nm (depending on the solvent,
Chart 4.3).

With 3.6 ns fluorescence lifetime, TPTP* encompasses fluores-
cence with a maximum in ~470 nm (k,= 8 x 10°s™), although the
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Chart 4.3. Absorption (dashed line) and emission (solid line) spectra of TPTP*
in DCM, ¢=7.3x10° M, A =373 nm.

fluorescence quantum yield is very low (®, = 0.03) [71]. The T-T
absorption spectrum band is located within 460-600 nm with a life-
time of 6.9 us [72].

4.4.2 Thiapyrylium salts as photoredox catalysts
4.4.2.1 Oxygenations

Photocatalytic oxygenations are a promising alternative to the
application of strong oxidizing reagents [73, 74]. These procedures
usually employ singlet oxygen generated photochemically in the
presence of light and a photosensitizer [75]. Another mechanism of
photooxygenation involves oxygen in the ground state. Thiapyrylium
and pyrylium salts absorb light and, in the excited state, oxidize the
starting materials through SET, generating a radical cation that
subsequently reacts with molecular oxygen giving oxidation prod-
ucts (Scheme 4.49) [76].

Following this mechanism, TPTP* efficiently oxidizes heter-
oatoms like sulfur [77] or phosphorus [78] in organic compounds
and promotes detoxification of model pollutants, for example
cinnamic acids [79].
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hv
TPTP* (TPTP*)*
S
TPTP
o+ 302
S —=— oxidation products

Scheme 4.49. Mechanism of TPTP-catalyzed photooxygenation (simplified).

Table 4.11. Photooxygenation of sulfides 164a-c in the presence of TPTP".

hv(@@t0om
TPTP* (immobilized on { o o) ‘;
s. zeolite HY) & 4 S._R®. & g2+ R-8-5 + R'SOsH +R'CHO!
RITTR2————————> 192 'R'T"S 19~ g~ oo 3 !
solvent, rt ROR : RS o R? !
164a-c 165a-c | 166a-c 167a-c 168a-c 169a-c  170a-c '
sulfoxide ! C-S bond cleavage products w

Yield[%]

Substrate R! R?  Solvent 165 166 167 168 169 170

164a Et Et MeCN 75 — — — 24 —
164a Et FEt DCE 73 9 3 10 — —
164b Bn Et MeCN 35 — — — — 18
164c Ph #Bu MeCN — 35 — — — —

Albini et al. reported the photocatalytic oxidation of sulfides
164a-c in the presence of immobilized thiapyrylium and pyrylium
salts [77]. The method is not only suitable for a number of aliphatic,
aromatic, and aliphatic-aromatic sulfides leading mainly to sulfox-
ides 165a-c, but also for products that are derived from C-S bond
which is cleaved, such as compounds 166a-c-169a-c or aldehydes
170a-c as by-products (Table 4.11).

In solution, thiapyrylium and pyrylium photocatalysts are sus-
ceptible to degradation. Their stability increases by immobilization
inside zeolites or adsorption on mesoporous silica, which also
enables their easy recovery.

Thiapyrylium salts under visible-light irradiation catalyze the
oxidation of triphenylphosphine (171) to phosphine oxide (172,
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Scheme 4.50) [78]. The rate of product 172 formation depends on
the solvent used, with acetonitrile being the most efficient. In nucle-
ophilic media, slight photocatalyst degradation (only 3% of the
employed amount of TPTP*) occurs, but phosphine oxide (172) is
still obtained in 92% yield. The predominant role of the triplet
excited state of TPTP" is assumed based on high ISC quantum yield
(@4 = 0.94), which is in contrast to the pyrylium analogue (TPP*)
acting mainly from the singlet excited state [78].

In this reaction, the initial step involves SET between the excited
thiapyrylium salt *(TPTP*)* and phosphine 171, leading to the
formation of the radical/radical cation pair N. Depending on the
solvation power of the reaction medium, the oxygenation of
the intermediate N occurs either at this step (path I, Scheme 4.50),
or after solvation (path II, Scheme 4.50). The degradation of the
photocatalyst results from oxygen transfer from TPTP-OO* to 171,
and may occur even after formation of pair O.

hv (400 nm)

+
Php — TPTP" _ ppp-0o
solvent, O, rt

171 172
T tprPr 72
(TPTP*)*
v/ sc [TPTP" PhyP™*] pathll ;
N — | TPTP ;
TPTP* path | L 4o PP
0> A TPTP-OO' :
Ph;PO [TPTP-00" PhaP™] ~ | .o

171
o
172 / <172

.
[TPTP-OO-PPhy]

PhsP further photocatalyst's
171 degradation

Scheme 4.50. Visible-light-mediated triphenylphosphine (171) oxidation in the
presence of TPTP".
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SN

H I H H
N P— N P—
-~ s” 1 OMe - s~ “OMe
\ﬂ/\ OMe \ﬂ/\ OMe
(@) (0]
Dimethoate (173) 176, 20%
| NN /@ 300 W Xenon lamp | NN
_ TPTP* (<5 mol% Z
. \_ ( 0) NJ\NHZ
H H,0, O,, 1t, 1h
Perimethanil (174) 177, 45%
(0]
cl NH;
NN\

Alachlor (175) 178, 13%

Scheme 4.51. Photodegradation of pollutants 173-175 in the presence of TPTP*.

Over the past decade, researchers not only considered
thiapyrylium salts as efficient POCs in the oxidation processes for
synthetic purposes, but also emphasized their potential in the
solar-driven photodegradation of pollutants [80]. Mild reaction
conditions, with air as the source of oxygen, as well as the use of
POGs in aqueous media, meet the expectations of green chemistry.

Dimethoate (173), perimethanil (174), and alachlor (175) are
popular pesticides that were used as model pollutants to evaluate
TPTP" activity in the photodetoxification processes (Scheme 4.51)
[81]. These pesticides in aqueous media, in the presence of a cata-
lytic amount of TPTP* (<5 mol%) after a short irradiation time, give
degraded products 176, 177 and 178 in yields of 20%, 45%, and
13%, respectively.

In this process, the singlet excited state of thiapyrylium salt is
involved in the electron transfer to the pesticide. Based on Stern—
Volmer experiments, the formation of the ground state complex of
the photocatalyst and a pesticide within which SET occurs upon
excitation is suggested.

Subsequently, the detoxification abilities of thiapyrylium salts
under air and visible-light irradiation were tested with ferulic acid
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and the commercial pesticide Senvol bearing the carbaryl active
moiety [81]. In the presence of TPTP*, 85% of ferulic acid and 80%
of Senvol are eliminated, while TPP* is only capable of detoxifying
59% of the ferulic acid.

4.4.2.2 C-C bond formation

Apart from oxygenation, thiapyrylium salts in the presence of light,
also catalyze C-C bond forming reactions including cycloadditions
[71] and dimerizations [72]. The TPTP-catalyzed Diels—Alder reac-
tion of indoles 179a-c with cyclohexadienes 180a-c affords cycload-
ducts 181a-c in yields exceeding 33%, but with selectivity lower than
that for TPP* (Scheme 4.52) [71]. Earlier studies revealed that the
nitrogen atom of the indole ring should be protected, but the reac-
tion of Nacetylindole with cyclohexadiene derivatives gives only
traces of the adduct. Hence, it was assumed that the acylation of the
product was required. Photophysical experiments (e.g. TPTP* fluo-
rescence quenching by reactants) revealed that both singlet and
triplet excited states are involved in the process.

The selectivity of the reaction of aryl-alkenes 182a-c with thioben-
zophenone (183) is also unsatisfactory, leading to a mixture of two
diastereoisomers cis-184a-c and #rans184a-c with only a slight excess
of the transisomer being formed (¢rans positions of two aryl substitu-
ents, Scheme 4.53) [82]. In this case, the proposed mechanism
involves SET from thiobenzophenone (183) to the triplet-excited

1 2
Ry R hv (320-400 nm)
N TPTP* or TPP* (5 mol%)
.
/ CH3COCI (1 eq.), NaHCO3 (2 eq.)
DCM, rt, 6h 4\ R1
3

179a-c 180a-c endo-181

exo-181

Yield of 181 [%], (endo:exo ratio)

] ) 5 TPTP* TPP*
a R=H R%=H R°=H a 62 (21) 70, (3:1)
b R'=H R?=Me R3=i-Pr b 66, (2:1) 57, (2:1)
¢ R'=Me R?=H R®=H c 33, (21) n.d.

Scheme 4.52. Diels-Alder reaction catalyzed by TPTP*.
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Ph  hv (280-500 nm)
\L _TPTP* (10 mol%) _ )
MeCN, rt, 1h /@
R

S

Ph

182a-c cis-184 trans-184

a Ar=Ph 46% 52%
b  Ar=(4-OMe)Ph 37% 45%
c Ar=(4-Cl)Ph 35% 52%

(TPTP")*
TPTP"
\LAr
TPTP 182

183

7—3

Ph

Ar ) +k
P Ph

184

Scheme 4.53. [2+4] cycloaddition of alkenes 182 and thiobenzophenone 183
catalyzed by TPTP*.

TPTP*. The radical cation 183" reacts then with aryl-alkene 182
generating the intermediate P. Cyclization and back electron trans-
fer from TPTP* to the radical cation closes the catalytic cycle, lead-
ing to the recovery of TPTP* and cycloadduct 184.

Dimerization of 1,3-cyclohexadiene (180a) may be initiated by
TPTP", though high solvent dependence is observed (Scheme 4.54)
[83]. The photocatalystfree reaction affords exclusively [2+2]
products 186. On the other hand, the reaction in dichloromethane
leads only to [2+4] cycloaddition products 185, whereas, in chloro-
form, mainly [2+2] cycloadducts 186 are formed. Both [2+4] and
[2+2] cycloadditions lead preferably to the endo product.

The use of TP(4-OMe)TP* in the reaction of 1,1”-bicyclohexe-1-yl
(187) with styrene (140) efficiently furnishes [4+2] cycloadducts 188
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450 W Xe lamp

TPTP* or H M H H H

@ TP(4-OMe)TP* (2 mol%) /7 H L/ . @:D R Q:D
DCM, 15 °C, 20 min — H H
180a H H H H H
endo-185 exo-185 endo-186 exo-186
J \
Y Y
[4+2] cycloadducts [2+2] cycloadducts

Scheme 4.54. Light-induced dimerization of 1,3-cyclohexadiene (180a) catalyzed
by TPTP* and TP(4-OMe)TP".

= 450 W Xe lamp
+ TPTP* or TP(4-OMe)TP* (1 mol%)
DCM, 15 °C, 2h
187 140 K endo-188 exo-188 /
[4+2] cycloadducts
catalyst Yield of 188, (endo:exo ratio)
TPTP* 1%, (1:12)
TP(4-OMe)TP* 68%, (1:11)

Scheme 4.55.  Diels—Alder reaction of 1,1-bicyclohexen-1-yl (187) with styrene
(140) catalyzed by thiapyrylium salts.

with exo selectivity in the 68% yield, while unmodified TPTP* results
in a significant decrease in the yield (Scheme 4.55) [83]. These
results clearly emphasize the structural impact of POCs on the
photophysical properties and catalytic efficiency.

4.4.2.3 C-X bond cleavage

The catalytic properties of thiapyrylium salts enable C-X bond cleav-
age reactions. In this line, photodeprotection of 1,3-dithianes 189a-d
in the presence of TPTP" leads to the corresponding aldehydes and
ketones 190a-d in moderate to good yields (Scheme 4.56) [84].
The reaction is less efficient for substrates with phenyl rings
substituted either with electron-withdrawing or electron-donating
groups. The complete inhibition of the reaction by 1,4-benzoquinone,
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hv (>350 nm)

(Y TPTP* (10 mol%) J(J)\

S.__S

R><R2 MeCN, Oy, rt R OR2

189a-d 124, 190a-d
189a R'=Ph R2=H 190a 55%
189b R'=(4-OMe)Ph R2=H 124 27%
189¢ R'=(4-CN)Ph R2=H 190c  27%
189d R'=Ph R2=Ph 190d 89%

(TPTP**

7N
3(TPTP*)* o
( SXS I - §}
H R"™ S
189

TPTP*
190 T 191
0, :

TPTP N
S s] [ s
0, [ _a|s_ s s 1

)
S —— 2 +
RXHl J
+

X

7]

RN

s
R' 1>_O\ -
. R R ¢}
189 R T

Scheme 4.56. Photodeprotection of 1,3-dithianes 189a-189d catalyzed by TPTP*.

a superoxide ion quencher, suggests the importance of oxygen in
the deprotection mechanism [85]. Laser flash photolysis experi-
ments revealed the involvement of the triplet excited state of TPTP*
and the formation of radical cation 189*" via SET to the photoca-
talyst. The radical cation 189°" degrades to the distonic radical
cation R which exists in two forms, with the closed ring form T being
more stable. As such, it immediately reacts with the superoxide ion
through nucleophilic attack, which is thermodynamically and kineti-
cally favorable, leading to deprotected carbonyl compounds 190
and by-product 191.

4.4.2.4 Cycloreversion

Cycloreversion reactions, involved in DNA reconstruction after UV
irradiation damage [86], are well-known transformations in the
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hv E R! hv ‘:

R‘1 X ' 1 R3 |

I X + R I

cyanoarene | TPTP / |

]\ + l 3™ ! D \=x * T !

Rz R . RZ R R !
X=CH, O, S

Scheme 4.57. Possible pathways of cycloreversion depending on the photo-
catalyst used.

ISC R!
R j:i
1(TPTP*) 3(TPTP+)
hv (
TPTP+ TPTPH
R3 )/\V
=
R2

Scheme 4.58. Mechanism of TPTP*-photoorganocatalyzed cycloreversion of
oxetanes.

field of organic chemistry. Miranda et al. reported the thiapyrylium
photocatalyzed cycloreversion of oxetanes, thietanes, and cyclobu-
tanes [87]. In comparison with cyanoarene photocatalysts, initially
used in this type of reaction [88], thiapyrylium salts furnish
products derived from different C-X and C-C bond cleavages
(Scheme 4.57).

Mechanistic studies suggest SET from the oxetane ring to the
excited *(TPTP*)* (Scheme 4.58) [89]. The resulting radical cation
U decomposes, releasing an aldehyde and a radical cation W which
is reduced by TPTP® to the final alkene, thus regenerating the
photocatalyst. Although thermodynamic calculations imply that
both the triplet and singlet excited states of TPTP* are likely to
participate in SET; the high value of @ (. indicates the involvement
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of mainly the triplet excited state of the photocatalyst in the electron
transfer [90, 91]. This is in opposition to cyanoarenes which catalyze
the cycloreversion reaction from the singlet excited state [88]. An
analogous mechanism operates for thietanes and cyclobutanes.

Applying TPTP" in the presence of light for the cycloreversion
of oxetane 192 furnishes the acetaldehyde (193) and transstilbene
(194) quantitatively, while in the case of the pyrylium salt, which is
characterized by a lower @ (. value, only small amounts of products
are formed (Table 4.12) [89].

Nucleophilic trapping experiments were undertaken in order to
evaluate which bond, either C-O or C-C, breaks first in the starting
material [92]. The formation of a five-membered ring from the sub-
strate 195, as a consequence of C-C bond rotation, confirms the
initial C-O bond cleavage (Scheme 4.59).

Table 4.12. Cycloreversion of oxetane 192 catalyzed by
(thia) pyrylium salts.

hv (>340 nm)

’,

Ph
‘—O0 catalyst (2 mol% ___
yst( % > MecCHO + 7~
., CDC|3, AI’, rt Ph
Ph Ph
192 193 194
Catalyst Conversion [%]
TPTP* 100
TPP* 8

/Z/Ph
PH 194 __ph
o

H
TPTP**/ 194"

TPTP" TC C bond cleavage

3 +\% .
o— (TPTP) i‘ 0 g H
" HO = IwH
g OH ,
S 2pn CCbond ph

o+

C-O bond ‘_) nucleophilic ., O
cleavage rotation Ph trapping PH 'Ph

195 196

Scheme 4.59. Formation of product 196 via a photoorganocatalyzed
cycloreversion.
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Miranda et al. also reported another nucleophilic trapping
experiment in which acetonitrile attacks the oxetane radical cation
U (Scheme 4.58) leading to a six-membered heterocycle, clearly
supporting the suggested mechanism [93].

The substitution pattern has a great influence on the bond
breaking order and the reaction pathway [94]. Introduction of
electron donating groups, such as the methoxy group, to the phenyl
substituent at the C; position in the oxetane 197c¢ changes the
reaction pathway leading to another bond cleavage, similar to the
cyanoarene-catalyzed reaction (Scheme 4.60) [95]. This divergence
may be caused by the stabilization of the positive charge in the
radical cation U by the OMe group. However, substitution of the aryl
ring with the electron-withdrawing CN-group makes the oxetane
197b resistant to cycloreversion, while replacing it with the methyl
group leads to products 193 and 198a resulting from the cleavage of
O—C2 and CB—C 4 bonds [94].

Unexpectedly, irradiation of thietanes 199a-c in the presence of
TPTP" furnishes two types of products: not only cycloreversion
products (the corresponding alkene and thiobenzophenone 183),
but also secondary [2+4] cycloadducts (¢is-200 and trans200)
(Table 4.13) [96].

hv (> 350 nm)
TPTP* (5 mol%)
CD3CN, Ar, 15 min

la R=Me b R=CN lc R=0Me
no reaction
R \ O + MeCHO RM+ PhCHO
198a 193 198c 190a

Scheme 4.60. Cycloreversion controlled by the structure of substrates 197a-c.
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Table 4.13. Cycloreversion of thietanes 199a-199c catalyzed by TPTP".

R! Hg lamp , s R\__S._ Ph
s TPTP* (4 mol%) RI L .
. Ph MeCN, Ny, rt, 30 min |R2 Ph” “Ph R?'
R2
Ph
199a-c 182a, 194, 183 cis-200 trans-200
198c
Yield [%]

Substrate  R! R? alkene 183 ¢is-200 trans-200
199a Me Ph 182a — — 48 52
199b Me (4-OMe)Ph  198c 26 28 33 39
199c Ph Ph 194 100 85 — —

R "
—S

RZ IRt

R3

Figure 4.4. Structure of an IMC.

The ratio of the products depends on the structure of the
starting material. For thietane 199a, substituted with one methyl and
three phenyl groups in the presence of thiapyrylium, only cyclore-
version occurs, while the replacement of the phenyl group at C,
position with methyl gives exclusively cycloaddition products 200
(Table 4.13). These reactivity differences can be explained based on
the ion-molecule complex (IMC, Figure 4.4) formation through
the C-C and C-S bonds cleavage. Elimination of the radical cation
from the complex leads to cycloreversion, while complex rearrange-
ment results in [2+4] cycloaddition.

In the presence of light, TPTP* catalyzes the cycloreversion of
cyclobutanes.1,2,3,4-Tetraphenylcyclobutanes 201a and 201b furnish
transstilbene (194) as the sole photoproduct (Scheme 4.61) [97].
Laser flash photolysis experiments exclude the formation of a radi-
cal cation corresponding to cisstilbene. The mechanism is similar to
the one shown in Scheme 4.58, with TPTP" in the triplet excited
state being involved in SET.
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~
Ph,  .Ph
: Y 450 W Xe lamp

Ph Ph

201a \___TPTP* (2 mol%) —_/Ph
Ph,, Ph MeCN, rt Ph

194

P “Pnh

201b /

Scheme 4.61. TPTP*-catalyzed cycloreversion of cyclobutanes 201a-b.

4.5. Sexithiophene and Polymeric Benzothiadiazole Systems

Among sulfur photocatalysts, only a few examples of thiophene
applications are reported. For instance, 6-TP is an efficient photore-
dox catalyst for dehalogenation of activated vicinal-dibromides 202
(Scheme 4.62) [98]. The reaction proceeds with the heterogenous
6-TP photocatalyst in the presence of a tertiary amine acting as a
sacrificial electron donor.

The 6-TP lifetimes in the singlet and triplet excited states are
respectively, 0.81 ns and 16 us [2]. Thermodynamic calculations
support SET from the single excited state of thiophene hexamer to
dibromide reagent 202a-g as the initial reaction step. However, laser
flash photolysis reveals that both singlet and triplet excited states of
6-TP are involved in the photocatalytic cycle. Initially, vicinal dibro-
mides 202a-g transform to the corresponding alkenes with the
release of a bromide anion and a bromide radical. The 6-TP*" and
the bromine radical are reduced by an amine acting as a sacrificial
reductant.

Another sulfur photocatalyst is a microporous cross-linked poly-
meric system based on benzothiadiazole units (B-BT) (Figure 4.5).
It was obtained in the Sonogashira-Hagihara cross-coupling reac-
tion of 1,3,5-triethynylbenzene with 4,7-dibromo-benzo[¢][1,2,5]
thiadiazole. B-BT catalyzes the [2+2] cycloaddition of styrene
(140) and its derivatives giving products in decent yields with high
substrate tolerance and only a small amount of homocyclo-
adducts as by-products (Scheme 4.63) [99]. It also enables the
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Br white LEDs
RN R2 6-TP (1 mol%) R1/\/R2
5 TMEDA (2 eq.)

202a-g DMF, Ar, rt, 1-3h 140, 194, 203-207
a R'=Ph R2=Ph 194 >99%
b R'=Ph R2=C(O)Ph 203  84%
¢ R'=(4-OMe)Ph R2=C(O)Ph 204  77%
d R'=(4-OMe)Ph R2=C(O)(4-OMe)Ph 205 79%
e R'=Ph R?=CO,Et 206 68%
f R'=3,4-dihydro-1(2H)-naphthalenone R?=Ph 207 65%
g R'=Ph R?=H 140 57%

hv
/\ Br
+ 2
1" 1P 6-TP* R1JV;R
Br
TMEDA’ 202
HB .
r 6-TP™* R?
Br TMEDA g BB

Scheme 4.62. Sexithiophene-catalyzed reductive debromination.
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Figure 4.5. Structure of B-BT.
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R blue LEDs R,
ﬂ/ L B-BT (1 mg/ml) D
. :

MeNO, air, rt
Ar1 AI’2 e 2, air. Ar1 Ar2

198c, 208 140, 209-211 Ar'=(4-OMe)Ph 212-216
198¢ R=Me 140 Ar’=Ph 212 85%
198¢ R=Me 209 Ar?=(2-Me)Ph 213  86%
198¢c R=Me 210 Ar?=(4-Me)Ph 214  75%
198¢ R=Me 211 Ar’=(4-F)Ph 215 82%
208 R=CH,0H 210 Ar?=(4-Me)Ph 216  75%

Scheme 4.63. B-BT-photocatalyzed [2+2] cycloaddition.

(@
blue LEDs
BTZ-based polymer (3-5% Gel) o
|
CHClj3, air, rt, 1.5h (0]
217 218 N
) >95% conversion N:s
B(OH)2 blue LEDs OH
BTZ-based polymer (5% Gel)
DIPEA (2 eq.)
DMF, air, rt, 24 h
R R
115 116
R=H, 4-OMe, 4-Me, >99% conversion
4-CF3, 4-COzMe, 3-NO, BTZ-based polymer

Scheme 4.64. BTZ-based polymer as 102 photosensitizer in the oxidation of
a-terpinene (217) (a) and as the photoredox catalyst in the hydroxylation of arylbo-
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ronic acids 115 (b).

facile synthesis of the biologically active endiandrin A and

di-O-methylendiandrin A, potent antiinflammatory drugs.

The free radical copolymerization of 2,1,3-benzothiadiazole

(BTZ)-based vinyl crosslinker with a large excess of styrene (140)

furnishes the heterogeneous sulfur-containing photocatalyst BTZ.
BTZ-based polymer has been used in a stable form of gel and it
enables the photogeneration of 1O2 (Scheme 4.64(a)) as well as



PHOTOORGANOCATALYSIS IN ORGANIC SYNTHESIS
http://www.worldscientific.com/worldscibooks/10.1142/g0180

©World Scientific Publishing Company. For author review only. No further distribution is allowed.

174 K. Goliszewska, K. Ortowska, and D. Gryko

the superoxide ion (O,") for hydroxylation of arylboronic acids
115 (Scheme 4.64(b)) [100].

Photooxidation of a-terpinene (217, Scheme 4.64) to ascaridole
(218) with 1O2 in the presence of a gel containing 5% of BTZ units
under light irradiation leads to product 218 with an almost quantita-
tive conversion of the starting substrate. Photocatalytic polymeric
systems are stable and resistant towards oxidation by 'O,, which is in
contrast to styrene-BZT monomer (due to the high reactivity
between vinylarenes and 'O,). These reactions can be carried out in
a continuous flow manner with sunlight as an alternative to LEDs.

4.6. Conclusions

Sulfur heterocyclic POCs consist mainly of thiazines and thiapyry-
lium salts with MB* being at the forefront. As structural modifica-
tions strongly influence the photophysical properties of these dyes,
various functionalizations of the sulfur heterocycles provide an
impressive set of photocatalysts with distinct characteristics.

Taking into account the absorption maxima of the four most
commonly used sulfur catalysts (Table 4.14), one can realize that
these compounds can be applied in reactions that proceed with the
more energetic near-UV light (PTH, TPTP"), as well as the near-IR
radiation of lower energy (MB*). Due to the fast ISC to the long-
living triplet state, their photocatalytic activity mainly involves
energy or electron-transfer processes from the triplet excited state.
As the substitution pattern strongly affects the redox potential
values, they span from as low as —2.15 V vs SCE on the cathodic to
+2.45 V vs SCE on the anodic site, thus facilitating selective reactions
for complex starting materials.

The spectroelectrochemical differences among these sulfur het-
erocycles are reflected in their catalytic properties. MB* acts as both
a photoredox catalyst and a photosensitizer. Ene-type reactions,
[2+2] and [2+4] cycloadditions include 1O2 photogeneration
through EnT from 3(MB*)*, while, through electron transfer, MB*
catalyzes C-C and C-X bond formation as well as cleavage of C-X
bonds. Other phenothiazine dyes include PTH, which are the only
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Table 4.14. Summary of the photophysical properties of the most commonly

used sulfur POCs [2, 3].

A absorption
max

A___ emission

max

POC (nm) e (M cm™) (nm) o (ns) Do
MB* 650-660 9400 678 0.60-1.0  0.52
PTH 320 13900 444 0.81-2.3  n.d.
TPTP* 370-400 4500 463 3.1 0.94
a-6T 435 26100 510 n.d. n.d.
Eo,o [eV]
PC 7o (5;) (ns) 7o (T}) (s) Eyo (S Eyo (T
MB* 1 32 1.89 1.50
PTH 3 n.d. 2.80 2.40
TPTP* 6.9 2.64 2.28
6T 0.81 16 2.58 1.82
E of POC E* of "POC* E¥ of *POC*
[V vs SCE] [V vs SCE] [V vs SCE]

Frep Eox B pep Eox B e Eox

POC/ POCY/ POC*/ POC*/ POC*/ POC*/
PC POC POC POC POC* POC POC*
MB* —-0.30 +1.13 +1.56 -0.73 +1.60 —-0.68
PTH n.d. +0.68 n.d. -2.10 n.d. -1.70
TPTP* -0.19 n.d. +2.45 n.d. +2.09 n.d.
6T n.d. +0.42 n.d. -2.15 n.d. -1.44

sulfur photocatalysts with the ability to act as both reductants and
oxidants via a SET mechanism. Apart from the participation in
oxygenations via SET, thiapyrylium salts also catalyze C—C bond
formation, C—X bond cleavage, and cycloreversion reactions.
Thanks to their high photocatalytic activity, sulfur heterocycles
have found application in total synthesis, drug development, and
detoxification processes. To this end, their structural and photo-
chemical diversity enables the rational selection of a suitable
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photocatalyst for the desired transformation. They were efficiently

immobilized in the interior of zeolites or in gel, thus increasing

their stability and enabling photocatalyst recovery.
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ABSTRACT: This Letter describes the metal-free, blue-light-
induced [2,3]-sigmatropic rearrangement of sulfonium ylides
generated from donor/acceptor diazoalkanes and propargyl
sulfides. The reaction furnishes highly functionalized allenes
from a broad range of starting materials in decent yield.
Mechanistic experiments supported by the literature data
suggest singlet carbenes as intermediates in this reaction.

he unique reactivity of the 1,2-diene moiety and its

presence in a number of natural products have attracted
considerable attention over the last several decades.' ™ Allenes
undergo a wide variety of reactions including cycloisomeriza-
tion,"> cycloaddition,"~® and cross-coupling” "' reactions
furnishing a valuable collection of small and complex molecules
with impressive regio- and diastereoselectivities.'”'” As a
result, this functionality has often been installed in biologically
active molecules, such as steroids'* or nucleosides,”® to tune
their pharmacological properties.

The appealing chemistry of allenes results in a variety of
synthetic methods for their preparation, starting from classical
procedures16 to more recent reports on enantioselective
methods promoted by metal catalysts (e.g, copper,'’
palladium,"® or gold"”). Prominent among these are rearrange-
ment reactions involving sulfonium or oxonium propargyl
ylides. Typically, these reactive intermediates are generated
from propargyl sulfides or alcohols and extremely electrophilic
metal carbenes derived from diazocarbonyl compounds.”~**

Unlike carbene chemistry induced by metal catalysts,”*°
photolytic reactions are less explored, with only a few examples
being promoted by visible light.”” Our group developed
photocatalytic procedures for the functionalization of alde-
hydes,”® ketones,” and indoles,” evidencing that in the
presence of blue light, a-diazo esters can act as eflicient
alkylating reagents. On the contrary, the decomposition of aryl
diazoacetates to free carbenes under blue-light irradiation
proved to be feasible because these compounds absorb light in
the wavelength region of 400—500 nm.”"** As a consequence,
the reactivity of donor/acceptor diazo compounds under blue-
light irradiation has been extensively studied. Indeed, visible-
light-induced cyclopropanation,® cyclopropenation,”* benzan-
nulation,® and cross—coupling‘6 as well as C—H,** O—-H,*
and N—H’**" insertion reactions have been recently reported.

Photochemically generated carbenes react with propargyl
tertiary alcohols,”” giving cyclopropenes in contrast with metal-
catalyzed [2,3]-sigmatropic rearrangement involving ylide
intermediates (Scheme 1A).**
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Such ylides, in general, can undergo either [1,2]- or [2,3]-
sigmatropic rearrangements, but for allyl sulfides, the Doyle—
Kirmse reaction predominates (Scheme 1B). 94034

In this line, we questioned whether in the presence of blue
light propargyl sulfides would follow a pattern of propargyl
alcohols and undergo a photochemical cyclopropenation
reaction or rather furnish [2,3]-sigmatropic rearrangement
products, as reported by Kirmse'' and Doyle* in metal-
catalyzed reactions.

Herein we report that under blue-light irradiation the
Doyle—Kirmse reaction of propargyl sulfides with donor/
acceptor diazoalkanes leads to allenes, valuable building blocks
toward complex molecules (Scheme 1C).

Received: December 19, 2019
Published: January 3, 2020

DOI: 10.1021/acs.orglett.9b04560
Org. Lett. 2020, 22, 1018—1021


pubs.acs.org/OrgLett
http://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.orglett.9b04560
http://dx.doi.org/10.1021/acs.orglett.9b04560

Organic Letters

Table 1. Background and Optimization Studies”

N oh
@ cOMe " ©\ e ° CO,Me
- 3/\ solvent, rt . 2
1 2 3
entry light yield (%)”
1 blue 76
2 no light 0
3° blue 70
4 green 45
54 green 65
6° uv 12
7C.f uv 22
8% blue 80

“Reaction conditions: 1 (0 15 mmol), 2 (9 equiv), DCM (0.5 mL),
single blue LED, 24 h, rt. “Isolated yields. “Methylene blue (1 mol %)
was added. dEosm Y (1 mol %) was added. “Reaction time: 8 h.
fBenzophenone (20 mol %) was added. Reaction was started with 1
(0.075 mmol) in DCM (0.25 mL); a second portion of 1 (0.07S
mmol) in DCM (0.25 mL) was added after 3 h.

Taking into consideration the optical properties of donor/
acceptor diazo compounds (see the SI), specifically, the local
absorbance maximum for the lowest energy absorption, we
selected methyl (4-cyano)phenyl diazoacetate (1) as a model
diazoalkane and reacted it with phenyl propargyl sulfide (2)
under blue-light irradiation (Table 1). To our delight, the
reaction furnished allene 3 in 76% yield (entry 1). Control
experiments demonstrated the crucial role of light (entry 2)
and revealed that the addition of a photosensitizer to the
reaction performed under blue light did not significantly affect
the reaction yield (entry 3). Consequently, because some diazo
compounds absorb in the wavelength around 500 nm, the
model reaction was irradiated with green light. The desired
product 3 formed, however, in diminished yield. Keeping in
mind that suitable sensitizers induce the generation of
carbenes, we examined whether the addition of eosin Y, an
organic photocatalyst, improved the reaction outcome. The
yield indeed increased up to 65% (entry S). On the contrary,
reactions with and without the addition of benzophenone (a
photosensitizer) under high-energy UV light were less efficient
and led to the decomposition of starting materials just after 8 h
(entries 6 and 7). Presumably, in these cases, the photo-
excitation of not only diazo ester 1 but also propargyl sulfide 2
contributed to the loss of reaction selectivity. Dichloromethane
(DCM) ensured the formation of product in the highest yield.
Notably, there was no need to use dry, degassed solvents. (For
details, see the SI.) The yield further improved when diazo
compound 1 was added portionwise to the solution of 9 equiv
of sulfide 2 in DCM (second portion after 3 h, entry 8).

With the optimal conditions in hand, we investigated the
scope of aryl diazoacetates (Scheme 2) and propargyl sulfides
(Scheme 3). The visible-light-induced Doyle—Kirmse reaction
works well for a broad range of aryl diazo compounds
regardless of the position and electronic effects of a substituent
in the phenyl ring. In the case of electron-donating substituents
(allenes 15—17), as compared with those with electron-
withdrawing groups (products 3—6), yields slightly decrease as
a result of the lower electrophilicity of carbenes generated from
diazo reagents. Halogen substituents on the phenyl ring within
the diazo compound structure (7—11) are also well tolerated,

1019

Scheme 2. Scope of Reaction: Aryl Diazocarbonyl
Compounds”
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= —
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s s s 2
CO,Me /Y coMe Y
S o}
17, 73% 18, 74% 19, 79%
20, 84% 21,72% (d.r. 1.1:1) 22, 43%

“Reaction conditions: diazoalkane (0.15 mmol, added in two
portions), phenyl propargyl sulfide (2, 9 equiv), DCM (0.5 mL),
single blue LED, 24 h. "Reaction performed on a 1 mmol scale.

with the 4-fluoro derivative giving the best result (9, 88%).
Furthermore, the substitution position does not strongly affect
the reaction yield; for two- and three-substituted products 10
and 11, yields decrease to some extent, as compared with four-
substituted diazoalkane derivative 9.

The reaction is also efficient for diazoacetates bearing
unsubstituted aryl and naphthyl aromatic rings, affording
products 12—14 in good yield. Even allene 18 bearing a
heteroaromatic moiety can be synthesized in satisfactory yield,
in contrast with allene bearing the pyridine unit.

Various esters of aryl diazoacetate including (—)-menthyl are
well tolerated with benzyl diazoester (A, = 430 nm) giving
allene 20 in the highest yield. Additionally, the reaction is
easily scalable, and the synthesis of compound 4 on a 1 mmol
scale gives product 4 in even slightly better yield (4, 84%
compared with 78% on the 0.15 mmol scale).
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Scheme 3. Scope of Reaction: Propargylic Sulfides”
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“Reaction conditions: diazoalkane 1 (0.1S mmol, added in two
portions), propargylic sulfide (9 equiv), DCM (0.5 mL), single blue
LED, 24 h.

It is noteworthy that under developed conditions, aryl
diazoketone also absorbing blue light gives allene 22 in 43%
yield (Figure 1). In contrast, methyl 2-diazo-3-phenyl-
propionate (4,,,, = 410 nm, Figure 1) is not reactive under
developed conditions, suggesting that the absorption of light in
the blue region is not the only prerequisite for an efficient
reaction.

As far as propargyl sulfides are concerned, the reaction
tolerates not only derivatives with substituted phenyl rings

0.8 - N7 Co,Me
@ (p-CN)Ph
2 06 - — X
s N7~ CO,Me
5
204 - Ph
< — L
N7 “COMe
0.2 -
:—\
0 T 7 T ' . d S—Ph

300 350 400 450 500 550 600
Wavelength [nm]

Figure 1. Absorption spectra of various diazoalkanes (6 ymol-mL™" in
DCM) and phenyl propargyl sulfide 2 (3.6 ymol-mL ™" in DCM). For
UV—vis spectra of other aryl diazocarbonyl compounds, see the SI.

giving allenes 23—25 in good yield but also nitrogen-
containing heteroaromatics, for example, pyridine, tetrazole,
quinolone (26—29), and aliphatic sulfides, for which products
form (30—32) in only slightly diminished yield (Scheme 3). A
valuable example is allene 33 bearing the cysteine moiety,
which was obtained in 58% yield with, as expected, no
diastereoselectivity. The effect of substitution on the propargyl
moiety was also examined, and due to steric hindrance, allenes
34 and 35 were obtained but in moderate yield.

On the basis of recent reports on the reactivity of aryl
diazoacetates under blue-light irradiation,” we assume that the
photoexcitation of an aryl diazocarbonyl compound is also the
initial step in their reaction with propargyl sulfides (Scheme 4).

Scheme 4. Plausible Mechanism of the Photochemical
Doyle—Kirmse Reaction

N, .
P blue LED, Na N,
a”ewe — - |
1 R ©
.. S/\\ R. R. o
A EWG — SNy — s
‘ A~ CEWG
11ISC ArOEWG
¥ ylide
A EWG

Under light irradiation, nitrogen extrusion occurs, leading to a
singlet carbene that can either undergo intersystem crossing to
the triplet state or, as such, react with a propargyl sulfide,
generating a sulfonium ylide. The subsequent [2,3]-sigma-
tropic rearrangement furnishes the desired allene. Exploring
the mechanistic aspects of the reaction, we questioned the
nature of carbene species involved in the visible-light-induced
Doyle—Kirmse reaction. Our recent studies on the porphyrin-
photocatalyzed a-alkylation of ketones with a-diazo esters
suggest the generation of triplet carbenes detected as an adduct
with TEMPO.”® Concurrently, the reported reaction is not
halted by the addition of TEMPO, and no adducts with
carbenes can be observed. (See the SI) Taking into
consideration the fact that direct photolysis of diazo
compounds leads to the generation of singlet carbenes,
whereas photosensitization furnishes triplet carbenes,*** we
performed the reaction with and without the addition of a
triplet sensitizer, tetraphenyl porphyrin (TPP, Scheme SA).
When TPP was added, a decrease in the yield was indeed
observed compared with the porphyrin-free reaction. More-

Scheme 5. Mechanistic Experiments

) " Ph
Ph. s
S RN e
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over, blue-light irradiation of aryl diazoacetate with cis-stilbene
led to the diastereoselective cyclopropanation reaction
(Scheme SB).

This outcome is typical for singlet carbene species, as
cyclopropanations engaging triplet carbenes are believed to be
two-step processes with a loss of stereospecifity.*” Con-
sequently, the predominant generation of singlet carbenes in
the reaction course is assumed.

In summary, we have shown that the Doyle—Kirmse
reaction of propargyl sulfides with diazo compounds can be
induced by visible light and does not require any catalyst. Our
method enables the synthesis of a broad range of highly
functionalized allenes in good to excellent yield under mild
reaction conditions.

Mechanistic considerations support the involvement of
singlet carbenes that react with propargyl sulfides, forming
ylides. The subsequent [2,3]-sigmatropic rearrangement leads
to allenes. Our investigations contribute to broadening the
knowledge of visible-light-induced processes employing diazo
compounds, as only comprehensive studies will fulfill this
research area.
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ABSTRACT: Carbenes play a key role in a plethora of organic
transformations. Although stabilized diazo carbonyl compounds
predominate as a source of electrophilic carbenes, the hazardous
nature of nonstabilized analogues calls for their in situ generation
from stable precursors. Among these, 1,3,4-oxadiazolines serve as
diazoalkane surrogates under UV light irradiation. In view of their
high stability, diverse reactivities, and straightforward synthesis,
milder methodologies for the activation of these compounds that
permit the use of UV-light-sensitive substrates are highly valued.
Herein, we report the visible-light-induced activation of oxadiazo-
lines by triplet energy transfer catalysis that, in contrast to UV-
induced processes, alters their reactivity and enables the generation

SN O TGRE] LSt

m  access to non-stabilized dialkyl carbenes

= triplet energy transfer photocatalysis

mild reaction conditions, broad scope

= extensive mechanistic studies

% 2

of carbenes. The formed reactive species react with electron-poor olefins, thereby giving valuable spirocyclopropanes. Mechanistic
investigations, both theoretical and experimental, uncover plausible pathways and highlight the importance of the triplet energy

transfer steps.

KEYWORDS: triplet energy transfer photocatalysis, photosensitization, diazoalkanes and dialkyl carbenes, 1,3,4-oxadiazolines,

visible-light induced transformations, spirocyclopropane synthesis

B INTRODUCTION

Carbene chemistry represents an extremely valuable branch of
organic synthesis that has already proven to be a powerful tool
for the construction of a wide range of C—C and C-X
bonds,' ™ including transformations of pharmaceutical inter-
est.*”® Over the years, various precursors of carbene
intermediates were developed, among which diazo carbonyl
compounds stand at the forefront generatin% this reactive
species under thermal” and photochemical”*~"° conditions or
in metal-catalyzed reactions."'~'* Most of their applications
are, however, limited to stabilized reagents with at least one
electron-withdrawing group adjacent to the diazo carbon
atom.”"” In contrast, the safe synthetic use of nonstabilized
counterparts requires in situ generation from, for example,
hydrazones,l(’_zo diazirines,”"*” or 1,3,4-oxadiazolines.””**
Compared with other diazo surrogates, 1,3,4-oxadiazolines
exhibit high stability and the unique ability to provide distinct
reactive intermediates depending on the conditions used
(Scheme 1A). The well-known reactivity is based on
thermolysis to ylides that spontaneously decompose into
heteroatom-substituted carbenes.”** Along this line, they have
been widely studied by Warkentin and implemented as
dimethoxycarbene surr0§ates in the synthesis of structurally
diverse heterocycles.”*™*" Although effective in the formation
of aX (X = O, N, S) divalent carbon species, 1,3,4-

© 2023 The Authors. Published by
American Chemical Society
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oxadiazolines were only evidenced to give alkylidene carbenes
trapped as pyridinium ylides under laser flash photolysis (LFP)
at 308 nm.”’ "> When exposed to UV light, nonstabilized
diazo compounds are, however, generated.‘%_36 While the first
photolysis report dates back to 1968,”* it was only recently that
the Ley group proposed their application as diazo precursors in
UV-light-induced aryl—alkyl cross-coupling’’ and C-H
functionalization reactions of aldehydes.**™*°

The use of highly energetic UV light often, however, leads to
undesired side reactions and precludes broader applications of
these stabile and easily available precursors. To address these
challenges, we propose a novel strategy for the activation of
1,3,4-oxadiazolines on the basis of the energy transfer event
taking place under visible light irradiation. We illustrate the
utility of the developed methodology in the photosensitized
synthesis of the precious spirocyclopropane skeleton (Scheme
1B).
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Scheme 1. Reactivity of oxadiazolines

A. Established reactivities of 1,3,4-oxadiazolines
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B RESULTS AND DISCUSSION

Proposed Strategy. Visible-light-mediated energy transfer
(EnT) catalysis has already emerged as a beneficial tool to give
access to highly reactive species via indirect excitation
(sensitization) of a substrate by a photocatalyst in its excited
state.""*> Such processes occur productively if a sensitizer
features a sufficient triplet energy level of lifetime long enough
to transfer the energy to an intended molecule rather than to
follow another relaxation pathway. The feasibility of the EnT
process can therefore be estimated on the basis of the
similarities between the triplet excited state energies of a
photocatalyst and a substrate. Consequently, we began our
investigations with density functional B3LYP/6-31G(d,p)
calculations to assess S, — T excitation maxima correspond-
ing to triplet energy values for a set of 5,5-cyclohexylidene
oxadiazolines 1—5 with different substitution patterns at the

position C, (Figure 1).
N
XN] 5, 255.9

N:N

4

(0]

R = OMe, 1, 256.0
O OMe R=S8Bn, 2,256.2
R=Me, 3,264.4

N:Ny" R R=Ph, 4,266.4

Figure 1. E values of oxadiazolines 1-§ (kJ/mol).

The calculated triplet energies are at a similar level with
slightly lower values exhibited by compounds 1, 2, and §. In
view of its stability and synthetic feasibility, the $,5-cyclo-
hexylidene-2,2-dimethoxy analogue 1 was selected for further
theoretical investigations and initial experiments.

Considering the prospective rich chemistry of compound 1,
various decomposition pathways were computationally inves-
tigated at singlet (both ground and first excited) and triplet
potential energy surfaces (PES) (Figure 2). Generally,
concerted, one-step transformations were identified at singlet
PESs, with considerably lower barrier heights for excited states.
For example, cycloelimination of diazoalkane 7 from oxadiazo-
line 1 is associated with an activation energy of only 11.7 kJ/
mol for the excited state S;, which is significantly lower than

1965

the respective value for the ground state S, (121.0 kJ/mol).
This is in line with the known facile UV-induced generation of
diazoalkanes from 1,3,4-oxadiazolines.”> On the contrary, a
more complex reactivity pattern emerged for the system in the
triplet spin state.

Typically, reaction trajectories involve consecutive bond
cleavage and the presence of diradical intermediates. The most
feasible pathway initiates with scission of the C,—Nj; bond
within oxadiazoline 1 leading to diazenyl intermediate I (AG¥
14.1 kJ/mol), followed by a practically barrierless
dissociation of N,, and finally, the liberation of the triplet
carbene II (AGH 52.3 kJ/mol). The elimination of
diazoalkane 7 from intermediate I is also accessible (AGH =
34.4 kJ/mol). Further analysis of the potential energy surface
around TS1 (Figure 2B) revealed a flat region and viability of
the bifurcation of the reaction trajectory, thereby enabling
direct decomposition of precursor 1 in the triplet state T1 to
compound 7. Moreover, the subsequent carbene formation
with the nitrogen extrusion from triplet diazoalkane 7 should
proceed noticeably easier than for the molecule in the singlet
ground state Sy (AGi = 63.8 kJ/mol from triplet 7 in
comparison with AG¥ = 125.1 kJ/mol calculated for the singlet
ground state S;). Given the relatively high barrier for this
process, a prior relaxation of triplet diazoalkane 7 to a singlet
ground state S, and further participation of the latter in
reaction pathways seems also probable.

Taking into account the relatively high value of Ey = 256.0
kJ/mol [calculated with the B3LYP/6-31G(d,p)] for oxadiazo-
line 1, among the typically used triplet sensitizers, iridium
catalyst {Ir[dF(CF;)ppy],(dtbpy) }PF, (6) with Ey = 258 kJ/
mol should promote energy transfer from its exited state to
compound 1.** We supported our hypothesis by illuminating
reagent 1 with blue light in the presence of catalyst 6. Almost
complete conversion of substrate 1 was observed, in contrast to
the catalyst-free experiment (Scheme 2). Dimethyl carbonate
(8), cyclohexanone (9), and cyclohexene (10) were identified
as main products, with the latter one resulting from the 1,2-H
migration, a transformation typical for alkylidene carbenes,®
which suggests its formation in a triplet energy transfer process.

Cyclopropanation Optimization Studies. The known
activation modes of oxadiazolines give access to ylides, diazo
compounds, and carbenes — either dialkyl or heteroatom-
substituted, both of nucleophilic type but differing in stability
and reactivity.%’44 Therefore, for the further studies, electron-
poor olefins were selected as electrophilic reaction partners.
The blue-light-induced model reaction of oxadiazoline 1 with
phenyl—vinyl sulfone (11) in the presence of catalyst 6
furnished cyclopropane 12 in 41% yield (Table 1, entry 1)
along with traces of (E)-olefin 13. Control experiments proved
light and the catalyst as factors required for the formation of
product 12, which is inaccessible via a thermal approach
(entries 2—4). Optimization studies revealed that a simple
modification, such as lowering an excess of oxadiazoline 1, led
to an almost 2-fold increase in the yield of cyclopropane 12
with traces of (E)-olefin 13 also formed (entry 5). It is
noteworthy that the reaction is only slightly sensitive to the
presence of air and moisture and proceeds effectively under
blue light irradiation of both low and high intensity; however, a
significant decrease of the yield was observed in the case of
highly concentrated solutions [for details see Supporting
Information (SI) Section S]. Notably, we were able to reduce
both the catalyst loading to only 0.25 mol % and the reaction
time to 1 h while maintaining the high reaction efficacy (entry
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A) Reaction paths at various PESs
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Figure 2. Various decomposition paths of oxadiazoline 1, calculated at the M06/6-311++G(d,p)/SMD(DCM)//B3LYP-D3/6-31G(d) level of
theory (TD-DFT for S, PES).

Scheme 2. Initial Experiments—Proof of Concept”

o
o
OMe
o Ir cat. (6) )j\
— A
O(_ OMe Y lue LEDs MeO™ “Ome™ *
N=N CD,Cl,

1

8,81% 9,21% 10, 36%

no 6 added: residual conversion

“Conditions: {Ir[dF(CF;)ppy],(dtbpy)}PFs (6, 0.5 mol %),
oxadiazoline (1, 0.1 mmol), CD,Cl, (0.05 M), blue LEDs (450 nm,
25 W, for details see Supporting Information), Ar atmosphere, 17 h.
NMR yields, CH,Br, used as internal standard.

6). In contrast, the reaction exposed to UV irradiation without
the catalyst added yielded compound 12 in only 10%,
regardless of almost full conversion of the starting materials
(entry 7), thus corroborating the significance of the triplet—
triplet energy transfer process for the reaction selectivity.

We evaluated the influence of the substitution pattern at the
position C, on the reaction yield by testing oxadiazolines 2—5
under the developed conditions (Scheme 3). Within all
analogues tested, only reagent 1 proved to be an adequate
substrate and efficiently furnished desired cyclopropane 12.
Thioalkoxy derivative 2 with a triplet state energy level almost
equal to oxadiazoline 1 brought only 18% yield within a
multitude of byproducts, along with dibenzyl sulfide. Although
the calculated emission maxima for derivatives 3 and 4 are
comparable, the reaction outcomes differ significantly.
Oxadiazoline 3 yielded product 12 in 40% yield despite full
conversion of olefin 11. In this case, we cannot exclude the

1966

Table 1. Background and Optimization Studies of Visible-
Light-Induced Cyclopropanation

SO,Ph
Q/O OMe SO,Ph Ir. cat (6) . —
- >/~OMe ﬁ blue LEDs
NN SO,Ph
1 1 12 13, traces
yield of 12
entry deviation from standard conditions” (%)
1 none 41
2 no catalyst 6 0
3 no light 0
4 no light, no catalyst 6, in toluene, 110 °C 0
S 2.0 equiv of 1 71
6°  0.25 mol % of catalyst 6, 2.0 equiv of 1, 1 h, 25 °C 81
74UV light, no catalyst 6, 2.0 equiv of 1, 1 h, 25 °C 10

“Conditions: {Ir[dF(CF;)ppy],(dtbpy)}PF; (6, 1 mol %), oxadiazo-
line (1, 0.5 mmol, 5.0 equiv), phenyl—vinyl sulfone (11, 0.1 mmol),
DCM,,;, (0.05 M), blue LEDs (450 nm, 25 W), 17 h, 18 °C. “Isolated
yields. “DCM p.a. grade was used. 9365 nm light was used.

formation of other reaction intermediates, since 2-methyl-2-
methoxy derivatives are known to fragment unselectively upon
thermolysis.”>*® When oxadiazoline 4 was used, a complex
mixture of products formed with only traces of the desired
product and cyclohexyl benzoate, the latter presumably
originating from a diradical i};ecies—an intermediate postu-
lated for 2-phenyl derivatives.”” Oxadiazoline S, which proved
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Scheme 3. Cyclopropanation with Various Oxadiazolines”
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“Isolated yield. "Conditions: {Ir[dF(CF,)ppy],(dtbpy)}PFq (6, 0.25
mol %), oxadiazoline (1—5, 0.4 mmol, 2.0 equiv), PVS (11, 0.2
mmol), DCM (0.05 M), blue LEDs (450 nm, 25 W), 1 h, 25 °C, GC
yields.

unstable under electrochemical conditions (see SI Section 6.3),
provided cyclopropane 12 with only a moderate yield.

These findings demonstrate that an appropriate E; value is
not the only prerequisite required for ensuring the reaction
efficiency. Among crucial factors are also the stability, as well as
reactivity, of generated intermediates, which we shall take into
consideration.

Mechanistic Investigations. Various experiments were
performed to investigate the reaction mechanism. The Stern—
Volmer analysis confirmed the interaction between the excited
state of photocatalyst 6 and oxadiazolines, revealing the
correlation between the Ep value of the latter and their Ir
fluorescence quenching ability (Figure 3). For oxadiazolines

quencher:
184 ~"®¢-1
--e -2
T16 1 --e-3 _--*
= o
S --e -1 -
=14 .-
e~ --e
1,2 A -~ Y R
B .,—___.____—o—____ ee—®
1 ¢ == -——===== == - - ————?
0 0,01 0,02 003 004 0,05
’ “Tc[M] ’ ’

Figure 3. Stern—Volmer (SV) Analysis for Photocatalyt 6.

1-3, the higher the E; value is, the lower the quenching rate
constant is [1 (256.0 kJ/mol) < 2 (256.2 kJ/mol) < 3 (264.4
kJ/mol), and 1 (542 X 10°s™' M™") >2 (220 x 10°s™' M™!)
> 3 (9.35 x 10° s7' M™)]. Thus, the lower the E; is for
oxadiazoline, the more intensive the quencher of the Ir catalyst
luminescence is. In contrast, no significant influence of
substrate 11 was observed on the fluorescence intensity of
catalyst 6.

Furthermore, the formation of product 12 via a competitive
single electron transfer (SET) process was ruled out because
oxadiazoline 1 exhibits oxidation and reduction potentials (for
details see SI Section 6.3) significantly exceeding those of the
examined photocatalysts (Table 2). Expectedly, sensitizers
with low Ep values were not effective in catalyzing the
cyclopropanation reaction (catalysts 14—16). Although
iridium catalysts 17 and 18 with triplet energy levels
comparable with those of oxadiazoline 1 catalyzed the reaction,
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they were less efficient. Interestingly, the model reaction in the
presence of a common organic triplet sensitizer, thioxanthone
(19, Ay = 360 nm),” which exhibits remarkably long-lived
and highly energetic triplet species, provided cyclopropane 12
in diminished yield (63%), even upon increased catalyst
loading and the use of violet light. The application of short-
lived xanthone (20, A,,,, = 340 nm)>° also gave desired product
12 but in much lower yield (25%); pyrazoline 21 was isolated
(70%) instead, similarly to the catalyst-free reaction performed
under violet LEDs (Table 3, entries 1, 2).

The 1,3-dipolar cycloaddition of sulfone 11 to diazoalkane 7
leads to compound 22, which isomerases to isolated hetero-
cycle 21 (NMR analysis, see SI Section 6.7). The generation of
the diazo compound from oxadiazoline 1 via direct photolysis
exhibits slow kinetics because only traces of product 21 formed
within 1 h in the catalyst-free conditions (entry 3). In contrast,
the Ir-photosensitized cyclopropanation efficiently vyields
cyclopropane 12 after 1 h of irradiation (entry 4). The distinct
distribution of products upon direct photolysis and in the Ir-
catalyzed reaction unambiguously indicates that these
processes operate via different mechanisms involving various
reactive intermediates. While direct absorption of violet light
by reagent 1 slowly leads to diazoalkane 7, a triplet
sensitization presumably gives fast access to dialkyl carbenes.
If accessed in that way, as is typical for the triplet energy
transfer process, they should possess triplet multiplicity and
undergo stepwise addition to olefin 11, thereby generating a
diradical species. Overall, these studies reveal a high absorption
coeflicient and long excited state lifetime of a catalyst, together
with its triplet energy level comparable with the E| value of a
substrate, as prerequisites for the reaction efficacy.

The radical nature of the mechanism was verified with
experiments in the presence of TEMPO (Scheme 4A). The
reaction was halted completely once the radical trap was added
prior to exposure to light. When added just 2 min after the
start of the reaction, cyclopropane 12 formed, though in a
diminished yield along with pyrazoline 21. ESI-MS analysis of
the reaction mixture revealed the presence of a peak
corresponding to TEMPO adduct 23, formed from a radical
generated upon the addition of triplet carbene to olefin 11.
The observation of pyrazoline 21 in the radical trapping
experiment suggests the parallel diazoalkane 7 formation under
the developed conditions. This was further supported by the
isolation of heterocycle 21 when the reaction was stopped after
2 min (Scheme 4B). Because this compound is not observed
under optimal conditions, one can conclude that 1-pyrazoline
22 converts to cyclopropane 12 during the reaction course. In
fact, preprepared compound 22 efficiently transformed into
cyclopropane 12 when exposed to blue LED irradiation in the
presence of catalyst 6 (Scheme 4C). These results directly
point to compound 22 and, therefore, diazoalkane 7 as
intermediates involved along with carbene in the reaction
mechanism.

Alkylidene carbenes, especially those with a cyclic structure,
are extremely reactive species with short lifetimes (0.1—0.7 ns
in C4H,, for cyclohexylidene),” so for EPR measurements,
DMPO (§,5-dimethyl-1-pyrroline N-oxide) and MNP (2-
methyl-2-nitrosopropane) as spin traps were used, the latter
being a typical carbene trapping agent.

Simulations performed with the EasySpin package in Matlab
revealed EPR spectra of the reaction mixture as a superposition
of multiple components when DMPO was applied, which
predominantly arose from capturing the diazenyl radical I
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Table 2. Photophysical Properties of Commonly Used Photocatalysts
photocatalyst® Er [kJ/mol] T [ns] ilizel[f;)]b’c of
Ru(bpy)3Cl2 (14) 205 1100 0
Ir[(dtbbpy)(ppy)2]PFs (15) 206 557 traces
Jac-Tr(ppy)3 (16) 231 | & 1900 traces
Ir[dF(Me)ppy)2(dtbbpy)]PFs (17) 252 'g 1221 50
[Ir(dFCF3ppy)2(bpy)]PFs (18) 253 § 2280 49
Ir[dF(CF3)ppy)2(dtbpy)]PFs (6) 258 2300 71)
thioxantone (19) 265 73000 634¢
xanthone (20) 310y 20 25de

“Photophysical properties of listed photocatalyst from reported data.*>** bConditions: photocatalyst (1 mol %), oxadiazoline (1, 0.5 mmol, 5.0
equiv), phenyl vinyl sulfone (11, 0.1 mmol), DCM,,, (0.05 M), blue LEDs (450 nm, 25 W), 17 h, 18 °C. “GC yields, isolated yields in

parentheses.

“Irradiation with violet LEDs (405 nm, 25 W). 2.5 mol % of catalyst loading.

Table 3. Oxadiazoline Reactivity under Violet Light
Irradiation

direct photolysis (slow) photosensitization (fast)

Q/o OMe SOZPh cat. 6
N <’ 405nm >Low|e 405 nm
50,Ph S0,Ph
21 1 11 12
Tisol. l U
" N .. N
! 7,3DC @ O andlor ij
SO,Ph
22 7
yield of 12 yield of 21
entry conditions® [9%]° [9%]°
1 xanthone (20, 2.5 mol %), 17 h 25 70
2 catalyst-free, 17 h 15 62
3 catalyst-free, 1 h 0 traces
4 catalyst 6 (0.25 mol %), 1 h 84 0

“Conditions: oxadiazoline (1, 0.5 mmol, 5.0 equiv), phenyl—vinyl
sulfone (11, 0.1 mmol), DCM,,;, (0.05 M), violet LEDs (40S nm, 25
W), 18 °C. PIsolated yields.

Scheme 4. Mechanistic Experiments

A. TEMPO trapping experiment

Ir cat. (6)
TEMP
1411 (6] (2 equiv.)
blue LEDs, 1 h SO,Ph
SO2P“ SOzPh ‘
TEMPO added at: t =0 min 0% 0%
t=2min 54% 18% 23 m/z 408.2
B. Reaction kinetics
Ir cat. (
1+1
blue LEDs
SOZPh S0P S0P
t=2min 30% 33%
t=60min  81% 0%
C. Conversion of 1-pyrazoline to cyclopropane
Ir cat. (6
1+11 —mM8M [\/l ®
violet LEDs, 17 h N blue LEDs, 1 h
SO,Ph SOzFh
22, detected by NMR 12, 81%

(Figure 4A, for details, see SI Section 6.9). However, one of
the signals could be tentatively ascribed to a biradical species,
which correlates well with carbene—DMPO adduct c1 [Figure
4A, hyperfine couplings (HFCs): ay = 1.22 mT, a = 2.27 mT
for the nitroxide moiety and ay = 0.31 mT, ay(mioxide) = 1.87
mT, and ay(cy,) = 1.45 mT for the cyclohexane moiety with

rather fast spin exchange (J = 6.55 mT)]. The formation of
carbene was further implied in an experiment with the MNP
spin trap because a weak signal between the DTBN peaks (di-
tert-butyl nitroxide) of parameters matching to a biradical
adduct c2 appeared (Figure 4B; for details see SI Section 6.9).

For better insight into the reaction mechanism, putative
intermediates resulting from the reactivity of diazoalkane 7
toward olefin 11 were investigated computationally in both

1968

singlet (black) and triplet (green) spin states (Figure S). At a
singlet PES, the concerted cycloaddition of diazocyclohexane
7, which provides product 22, should proceed more feasibly
(TS12 with AG# = 82.5 kJ/mol) than its prior denitrogenation
through TS9 that leads to singlet carbene II (AGE =125.1 kJ/
mol).

In contrast, triplet 7 (calculated E; = 195.8 kJ/mol, see SI
Table T8), would preferentially lose the N, molecule rather
than enter a stepwise addition to olefin 11 (TS10 and TS13,
AGE = 63.8 and 77.9 kJ/mol). If a stepwise process occurs, the
subsequent intermediate IM1 is prone to dinitrogen
elimination along a practically barrierless path leading to
biradical IIIL.

The alternative cyclization of IM1 to heterocycle 22 through
a TS16 is hardly accessible (AGH = 104.6 kJ/mol), while the
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A. Ir-catalyst 6 + oxadiazoline 1 + PVS (11) + DMPO

exp.
Wil
——2 M A
(o]
326 328 330 332 334 c1
B [mT]
B. Ir-catalyst 6 + oxadiazoline 1 + MNP
exp.
sim. O.\’\“k
e}
c2 c2
326 328 330 332 334
B [mT]

Figure 4. EPR spectra of selected reagents with (A) DMPO and (B)
MNP used as the spin trap (spin traps added 15 s after irradiation);
whole spectra (exp., experimental; sim., simulated) and selected
components with plausible structures attached.

1 SO,Ph SOzPh
N § NT
N N
— N O SO,Ph
S| W~ 2 TS16
£ ! % 139.4
2 Cstm y [E—
Q0 106.8' O / '
" Ts9 ) 22
C AL 2%1; N _SOZPh\ﬂ).S
, . —
7 JTs12 | R ©ONS
—3'—/ ﬂ\ \\\ 35.6 - M1 ,)\
L — 34.8 "\ e
iy SOZPh \—\‘ SO,PH, TS15' SO,Ph
LN PR v 32.10°
EnT ) Nt 2te N U
i Yo EnT
" \s\ \\ 1
—— R oo
7 RN v -62.3
-47.8 Y AN e
N \ \\ ’
1" \\ /\/\
+N \ // \\
N e AN
A N 22
. N
@ SOPh )/ -144.3
N
SO,Ph
N
12 N
-289.6

Figure S. Plausible reaction paths calculated at the MO06/6311+
+G(d,p) /SMD(DCM)//B3LYP-D3/6-31G(d) level of theory.

reverse decomposition process of triplet pyrazoline 22
(accessed via EnT from sensitizer 6) ultimately leading to
biradical III seems a viable reactivity channel (AG¥ = 59.1 kJ/
mol). Conversely, the extrusion of nitrogen from compound
22 in a close-shell process is sluggish (AG} = 147.2 kJ/mol)
but would lead to olefin 13, which may also originate from the
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insertion of a singlet carbene II into the C—H bond of sulfone
11 (AGE = 81.5 kJ/mol).

On the basis of the above experimental and theoretical
findings, a plausible mechanism is featured in Scheme 5. The

Scheme S. Plausible mechanism

1) »Oro oo ' @
-0oMe M92003
N=y'

6 hv 11
EnT  (6)*
ISC
%) so,ph  PhO2S S
EnT N
Q/ OMe
R OMe
1 12

reaction is initiated with light absorption by catalyst 6 that,
after intersystem crossing, transfers energy to oxadiazoline 1 in
its triplet state. Consequently, the cleavage of the C2 N; bond
within oxadiazoline leads to the literature-known® diazenyl
radical I, that decomposing to triplet carbene II and
diazoalkane 7. Regardless of the source of species II, in the
presence of olefin 11, it furnishes cyclopropane 12 in a
stepwise manner with diradical intermediate III.

Concurrently, diazoalkane 7 undergoes 1,3-dipolar cyclo-
addition to olefin 11, thereby giving pyrazoline 22, which is an
intermediate that upon photosensitization leads to spirocyclo-
propane 12 through intermediate ITII. Mechanistic experiments
confirm both carbene and diazoalkane-mediated pathways;
however, at this point, no evidence is known for if any pathway
prevails.

Scope and Limitation Studies. The spirocyclopropane
scaffold is found in numerous, naturally occurring, bioactive
compounds and constitutes a useful building block in the
synthesis of carbocycles and heterocycles, etc.”'™>* For this
reason, efficient methods for their preparation are highly
valued. Therefore, we resolved to evaluate the utility of the
developed methodology in the synthesis of structurally diverse
spirocyclopropanes (Scheme 6). To this end, reactions with a
variety of oxadiazolines substituted variously at the Cy position
were performed. Starting materials bearing cycloalkylidenes of
different size are well tolerated giving spirocyclic products 24—
28 in decent yields (45—76%). Interestingly, the oxadiazoline
containing the cyclopropyl moiety furnishes product 29 in 78%
with the cyclopropyl group remaining intact. Although no
rearrangement occurs, this cannot be recognized as evidence of
a nonradical mechanism since diradical species thermally
generated from the analogous 2-phenyl-2-methoxy derivative
were postulated to undergo reactlons that are faster than the
cyclopropane ring opening.”’ A modest yield for oxetane 32
(36%) was observed, presumably because of the strain
generated upon the formation of the spirocycle or because of
the higher reactivity and, therefore, lower selectivity of the
generated intermediates. Generally, for reactions leading to
compounds 32—35, a decrease in yield was observed; in
contrast, N-tosyl derivative 36 formed productively (82%).
Intrigued by the distinct reactivities displayed by oxadiazolines
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Scheme 6. Spirocyclopropane Synthesis under Visible Light Irradiation®
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X ; ,
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.
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- Ph
SO,Ph )n 50,Ph M= 1, 24, 45? SO,Ph SO,Ph \O/\%/SOz
n=2,2575%
n=4,26,62%
12, 81% _ o .
n=29,27,76% 28, 44% 29, 78%, (d.r. 1.3:1) 30, 43%, (d.r. 1.1:1)
1 mmol scale: 79%?
N
OEt S
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SO,Ph Ve SO,Ph
\|/0
O\Jv/sozph SO,Ph SO,Ph
38, 20% 39, 11% 40, 64%, (d.r. 1:1) 41,51%, (d.r.1.2: 1) 42, 55%, (d.r. 1:1)

monosubstituted olefins

from (-)-thujone from pregnenolone

OV/SOZB

43, 74%

OV/COQR

PG =Ts, 44, 71%
PG = Boc, 45, 68%

O

(0]
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PG =Ts, 46, 70%

O
3,81\0/\/\/

PG =Ts, 47, 83%

OO
N
OV)%

2 0,
R =Bn, 48, 74% 50, 79% (d.r. 1:1) 51,70% (d.r. 1:1) 52, 45%
R = (p-CN)Ph, 49, 60% from (-)-menthol from estrone
Ts< PG. O 0
N N
07 i OV)LN/ OV)L w OV o
|
R = COMe, 53, 52% PG = Ts 56 83%
- o b =1Is, 96, 0 o o, [
R = CHO, 54, traces, 41% PG = Boc, 57, 81% 58, 71% 59, 65% 60, 71%
R =CN, 55, 79%
disubstituted olefins
Ts< SO,Ph
N 5 ? CO,Bn
NHAc
COZBn CO,Et CO,Bn
CO,Me
R = CO,Me, 61, 90% 63, 77% 64, 90% 65, 86% 66, 56%

R = COMe, 62, 38%, 41%°
Ts.

Ts .

CO,Me 67 (d.r. >99:1)
from (E)-olefin: 22%, 33%P

“Reaction performed on 10 W LEDs for 5 h. “Oxadiazoline used as the limiting substrate (5.0 equiv, 1.0 mmol);

wCO2Me g8 (d.r. >99:1)

CO,Me

electron-rich olefing =——

Ov/Ph 69, n.r.

n.r. = no reaction. “Conditions:

from (2)-olefin: 12%, 47%°
from (E)-olefin: 48%?P

{Ir[dF(CF;)ppy],(dtbpy) }PF4 (6, 0.25 mol %), oxadiazoline (0.4 mmol, 2.0 equiv), olefin (0.2 mmol), DCM (0.05 M), blue LEDs (450 nm, 25

W), 1 h, 25 °C.

S§10—S12, we estimated their E; values (see SI Table T8).
These are considerably lower than triplet energy levels
predicted for S5,5-cyclohexylidene analogues 1—5. The
obtained values correspond well with the Stern—Volmer
analysis (see SI Section 6.5), which revealed that reagent
S12 (E = 247.0 kJ/mol), which has a k, remarkably higher
than all other examined derivatives (1.18 X 107 s™ M™),
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affords cyclopropane 36 in high yield (82%). Beneficially,
oxadiazolines derived from naturally occurring nortropinone,
(—)-a-thujone, and prognenolone efficiently furnished spiro-
cycles 37, 41, and 42, thereby emphasizing the utility of the
developed method. Moreover, the reaction can be performed

on a larger scale, but prolonged irradiation time is required
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Scheme 7. Preliminary Studies on Other Transformations
A. Carbonyls as reaction partners

‘ ’-O OMe
>L0Me

N:N
X=0H,H

g Orro

Ir. cat (6
blue LEDs

9

R'=Ph, 70, 92% 72, 78% 73,67% 74, 78%
R' = (p-OMe)Ph, 71, 94%

B. Alkyne as reaction partner

Ts
N Ts <
O OMe Ir. cat (6) N
Y-oMme * blue LED
Ns e ue s
N
75, 19%°

“Conditions: {Ir[dF(CF3)ppy]g(dtbpy)}PF6 (6, 0.25 mol %), oxadiazoline (1, 0.2 mmol, 2.0 equiv), acid (0.1 mmol), DCM (0.1 M), blue LEDs

(447 nm, 7 W), 1.5 h, 25 °C.

Conditions: {Ir[dF(CF;)ppy],(dtbpy)}PF, (6, 0.25 mol %), oxadiazoline (1, 1.0 mmol, 5.0 equiv), aldehyde (0.2

mmol), DCM (0.05 M), blue LEDs (450 nm, 25 W), 2.5 h, 25 °C. “Conditions: {Ir[dF(CF;)ppy],(dtbpy)}PFs (6, 0.25 mol %), oxadiazoline
(812, 0.4 mmol, 2.0 equiv), alkyne (0.2 mmol), DCM (0.05 M), blue LEDs (450 nm, 25 W), 1 h, 25 °C, NMR vyield with 1,3,5-trimetoxybenzene

used as internal standard.

(79% for cyclopropane 12 in the case of S h of irradiation with
5 W blue LEDs, Scheme 6).

Next, we explored the scope of olefins in conjunction with
oxadiazolines 1 and S12 (Scheme 6). Numerous olefins that
carry various electron-withdrawing groups, including sulfone
(43), ester (44—52), ketone (53), nitrile (55), amide (56—
59), and phosphonate (60) moieties, are well tolerated. The
reaction proceeds selectively in the presence of unactivated
alkenes and alkynes to furnish 46 and 47 with high yields. It is
noteworthy that our method is suitable for late-stage
functionalizations, as evidenced by the cyclopropanation of
olefins bearing menthol and estrone scaffolds (50 and 51, 79%
and 70%, respectively). Although acrolein initially did not react
productively, the modification of a substrate ratio enabled the
synthesis of product 54 in decent yield (41%). Additionally,
various N-protecting groups are well tolerated, thereby
providing cyclopropanes 44 and 45, as well as 56 and 57,
with comparable efficacies. Geminal olefins with either one
EDG and one EWG or two EWG groups work similarly to
monosubstituted alkenes with yields even up to 90% for 61
and 64. Products 67 and 68 can be synthesized from vicinal
alkenes, albeit in considerably lower vyields that can be
improved upon by increasing the amount of olefin used.

We could not observe any discrimination between the (E)-
and (Z)-isomers of the starting material, with the more
thermodynamically favorable trans diastereoisomer furnished
solely from olefins of both configurations (products 67 and
68), which further supports a stepwise, diradical-mediated
mechanism. Expectedly, the reaction with styrene did not led
to spirocycle 69, indicating electron-rich olefins as a limitation
of the method.

The developed strategy is not limited to the cyclo-
propanation reaction: preliminary studies also uncovered
oxadiazolines as suitable starting materials for O—H insertion
into carboxylic acids (Scheme 7A). Both aryl and alkyl
carboxylic acids efficiently reacted with oxadiazoline 1, which
led to corresponding cyclohexyl esters 70—73 in yields up to
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94%. When an aldehyde was applied as the reaction partner,
ketone 74 was obtained similarly to the Ley et al. report.*®
Additionally, we were able to proceed a cyclopropenation
reaction, albeit with low efficiency, possibly because of the low
stability of cyclopropene 75 (Scheme 7B).

B CONCLUSIONS

Herein, we have demonstrated that 1,3,4-oxadiazolines —
known as extremely stable diazo precursors — give access to
reactive dialkyl intermediates when activated by a photo-
sensitizer under visible light irradiation, which we utilized for
the efficient synthesis of spirocyclopropanes. The proposed
approach not only eliminates the need for the use of highly
energetic UV light, thus enabling broader applications, but also
alters the reaction pathway. While the developed photo-
sensitized method affords cyclopropanes, violet-light-mediated
direct photolysis leads to 2-pyrazolines. The use of UV-light
impedes the reaction selectivity. It is, therefore, the visible-
light-induced energy transfer event from the excited state of
the photocatalyst to 1,3,4-oxadiazolines that makes the
reported method compatible with numerous electron-deficient
olefins to furnish spirocyclopropanes productively.

Both experimental and theoretical investigations corroborate
that alkylidene carbenes, as well as diazoalkanes, are
intermediates in the reaction mechanism and reveal the
appropriate triplet energy level of a sensitizer as crucial for
the reaction efficacy. In addition, preliminary results, including
the extension of the scope of the reaction partners to carbonyls
and alkynes, are enclosed. Further studies on the reactivity of
oxadiazolines under visible light irradiation are ongoing in our
laboratories.
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Structurally diversified diazoalkanes can be activated under red
light irradiation relying on direct photolysis, photosensitization or
photoredox catalysis.

Bioorthogonal chemistry represents chemical transformations
that proceed selectively in biological environments without
perturbing the structure of biomolecules or interfering with
biochemical pathways.'® Several photoactivated methods have
been designed, yet most of them employ short-wavelength light
emitting sources.” ' The phototoxicity of high energetic
photons makes them inappropriate for biological applications.
Therefore, switching to less energetic light is desirable. Along
this line, tetrazole bioorthogonal chemistry was performed
under NIR radiation via two-photon excitation or upconversion
processes.'™? Dihydrotetrazine oxidation in vivo can also be
achieved with less energetic photons.™® Yet, red light-induced
reactions even in synthetic chemistry call for in depth studies.**

Diazoalkanes are versatile reactants for photochemical
synthesis of small/complex structures'>*” and functionaliza-
tion of bioactive compounds.'®>" They have been utilized in
enzymatic cyclopropanation, ring expansion, cyclopropenation,
or insertion reactions.”*’ So far, however, generation of
carbenes in biological systems is mostly limited to diazirines
that are activated in UV/violet light.>*>° In view of benefits
arising from the application of low energetic photons, red light-
induced diazo chemistry is highly desirable. Given the struc-
tural diversity of diazoalkanes, they can be directly photolyzed
or activated via photocatalytic processes under visible light
(even red, Fig. 1A). We wondered whether it is possible to
unlock the potential of red light toward the generation of
reactive species from structurally diversified diazo compounds
utilizing various photochemical modes. While studying the
photocatalytic activity of porphyrins under red-light irradiation,
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Unlocking the reactivity of diazo compounds in
red light with the use of photochemical tools¥

Joao V. Santiago,

we found that they catalyze photoalkylation of aldehydes with
ethyl diazoacetate.® Herein, we present our comprehensive
study on the red light-induced photolysis, photosensitization,
and photoredox-driven generation of reactive intermediates
from diazo reagents (Fig. 1B).

Photolysis - Direct photolysis of diazoalkanes enables car-
bene generation with no catalyst required. Although acceptor-
only and acceptor/acceptor diazo compounds exhibit light
absorption beyond the visible range, replacing H/one of the
acceptor groups with an aryl substituent bathochromically
shifts the Amay toward the visible spectrum.'®** By increasing
the donating character of the phenyl ring, 1.y is shifted even
further (for ~-OMe, /ma = 543 nm),*® and has an impact on the
carbene spin state. Given the ubiquity of free hydroxy-, amino-,
and thio-groups in natural compounds, we focused on red
light-induced photolysis of diaryldiazoalkanes in the presence
of alcohols, amines, and thiols (Scheme 1). The light-induced
method works well for primary alcohols efficiently affording
ethers 1-5. Incorporation into the phenolic O-H bond, a

A. UV/Vis spectra of diazo compouds
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Fig. 1 Red light-induced reactions of diazoalkanes.
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Scheme 1 Scope of red light-induced carbene insertion into the X—H bond.

tyrosine model, also proved successful (6, 72%). Secondary and
tertiary alcohols were slightly less effective (7, 8 and 10), but
cholesterol derivative 9 formed almost quantitatively. On the
other hand, irradiation of diaryl diazoalkane bearing amino
groups at p-positions (Imax = 566 nm)** in the presence of
benzyl alcohol led to product 11 in a diminished yield (45%).
Noteworthily, when beneficial, the substrate ratio could be
reversed and diazoalkane excess could be used instead. Benzyl
and aromatic amines formed in a slightly diminished yield,
in contrast with productive amine 15 formation (84%).
2-Hydroxypyridine gave a mixture of O-H and N-H insertion
products but, upon isolation, full conversion to amide 18
occurred. The scope of tolerated thiols is broad, and even
thiophenol and bulky adamantanethiol efficiently furnished
products 20 and 21. Furthermore, the feasibility of the method
was examined with N-Boc protected cysteine ester, and inser-
tion occurred on both the N-H and S-H bonds (23, 74%).
Photosensitization - Most carbene precursors, including
diazo compounds, do not, however, absorb red light (Fig. 1A),
and for their activation photocatalytic approaches are required.
Among these, photosensitization with the use of a dye of proper
Er level gives access to triplet excited states via triplet-triplet
energy transfer (EnT).>>?® Only recently, mild Ir-sensitized
strategies to access triplet carbenes from diazirines and
1,3,4-oksadiazolines under blue light irradiation were proposed
by MacMillan and our group,®®*” but approaches relying on
red light remain challenging. Porphyrins are sensitizers
widely applied in photooxidation, photodynamic therapy
and artificial photosynthesis.’®™*' We tested these red-light-
absorbing organic dyes for photosensitization of diazoalkanes.
When aryldiazoesters (Er ~ 133 kJ mol ', calculated using

Chem. Commun.

SMD(DCM)/M06/6-311++g(d,p)//B3LYP-D3/6-31g(d)), were irradiated
with red light in the presence of H,TPP (Ey = 138 kJ mol ")*
and oxygen, B-ketoesters 24-26 formed (Scheme 2A).

For more electrophilic aryl diazoalkane, a loss of selectivity
was observed (26, 40%). Since porphyrins are well-known 'O,
sensitizers,*®*° maintaining oxygen-free conditions was crucial
to prevent competitive oxidation pathways in consecutive O-H
insertion (Scheme 2A) and cyclopropanation (Scheme 2B, see
ESIt). The insertion into O-H carboxylic bonds works for

A. Photosensitized oxygenation and O-H insertion

N, H,TPP (1 mol%), X
__ M TPP (1 mol%), X

A" CO,Me red light (640 nm) 2430
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R= R'=
R=H, 24, 94% H Me 27, 84%
R=0Me, 25 70% OMe Me 28, 50%
~ R=CN. 26 40% o Br Et 29, 42%
o ’ F Me 30,55%
Me0,C R'O,C }—Ph
[e]
B. Photosensitized cyclopropanation
Ar
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¥ ZE
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cyclopropanation
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Scheme 2 Red light-induced photosensitized transformations of diazo
compounds.
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various aryldiazoesters leading to products 27-30. Electron-
poor aryldiazo ester reached the highest cyclopropanation
productivity (34, 90%). The method is suitable for both
electron-rich and -poor styrenes, with a better outcome for
p-methoxy-styrene-derived product 35 (70%). A modest yield was
observed when the internal olefin was subjected to the reaction
conditions giving cyclopropane 37 (55%). o-Diazo esters, diazo-
malonates, and aryldiazoketones possessing higher Er values than
porphyrin (calculated Ey = 158 kJ mol ' for EDA) cannot, in
principle, be activated under the developed conditions. Intuitively,
the reaction rate for diazoalkane transformation depends on the
carbene rate formation, which for the red light-mediated EnT-
approach occurs slower than via direct photolysis under blue light
(see ESIY).

Photoredox catalysis - To unlock the red-light mediated
reactivity of yet unconquered a-diazo esters, we screened the
possibilities offered by photoredox catalysis. These acceptor-
only types of diazoalkanes are reduced to alkyl radicals via
proton coupled electron transfer (PCET, Eggp = —1.28 V vs. SCE
for EDA).** In this view, numerous blue light-induced meth-
odologies utilizing diazoesters as surrogates of alkyl radicals
have been reported.***® Recently, we have proved that porphyr-
ins are suitable photo-oxidants and photo-reductants for red
light-mediated organic transformations.*” Therefore, we har-
nessed their photoredox abilities to tune already reported blue
light-induced, radical-based transformations of o-diazoesters
and applied them on red illumination instead. Our studies were
initiated with the redesign of the photocatalyzed synthesis of
y-oximino esters, originally performed by Li under blue light
with the use of a-diazoester, styrene and TBN as starting
materials.** Optimization studies substantially shortened the
reaction time (reported on blue: 60 h) to 37 h by thermally
accelerating the isomerization of the nitroso compound to the
final product 38 (see ESIt). Our method works well for various
a-diazoesters giving esters 38, 40 and 41 in yields comparable to
those reported by Li (Scheme 3A). A slight yield decrease was
observed for trans-anethole, though with a similar E/Z ratio
(product 39). Due to solubility problems, the synthesis of
pregnenolone-derived ester 42 was less efficient. For the Ru-
catalyzed reaction a key step relies on the reduction of diazo
ester by the photocatalyst in the excited state. In our case, as
the reduction potential of the porphyrin in the excited state
(~0.91 vs. SCE)*" is higher than that of EDA (-1.28 V vs. SCE), we
assume that the excited porphyrin oxidizes DIPEA, thus gen-
erating a strongly reducing porphyrin radical anion, similar to
the mechanism reported for the generation of radicals from
aminopyridinium salts.*

Next, we examined an analogous PCET-based approach
toward phenanthridines utilizing isocyanobiphenyls and
diazoalkanes.”® Scheme 3B shows the optimization of the red
light-mediated protocol-enabled synthesis of heterocycles
43-47 with better productivity or comparable to the Xuan
methodology. Finally, there are methodologies involving diazo
reagents in which the diazo moiety remains intact or
does not generate reactive intermediates. To fill the picture of
the photochemistry of diazo compounds under red-light

This journal is © The Royal Society of Chemistry 2023
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A. Photocatalyzed synthesis of y-oximino esters

H
H,TPP (5 mol%), TBN N

Ar
'\“( . | DIPEA, DMSO |
CO,R R 1. red light (655 nm) Ar CO,R
then 2. 60 °C R

y-oximino esters

HO
N‘/OH L‘N N‘/OH
COLE PMPJ\ﬁCOzEl Ph)\/\COZR
Me
Me' 39

38, 86%

R =t-Bu, 40, 64%
R=Bn, #1,71%

from (E): 38% (E/Z 2.2:1)
from (2): 26% (E/Z 2.1:1)

HO
AN
Q /,
42, 27%
(e)

CO,Et

B.Ph talyzed sy is of

ridines

R™ TEWG  H,TPP (5 mol%),
+ DIPEA, DMSO
R

| N red light (655 nm)
O

phenanthridines
O O
] CO,Et | P(O)(OMe),
98 98

R
R = CO,Et, 45, 42%

CO,Et
‘ I CO,Et
r
H
R=Me, 46,75%

R'=H, 43 95%
R'= OMe, 44, 80%

47, 63%

Scheme 3 Diazo compounds as radical precursors in red light-mediated
photocatalyzed transformations.

irradiation, such transformations were studied. Given that sole
H,TPP is unable to photoreduce EDA, we tested H,TPP as a
photo-oxidant of diversely substituted tetrahydroisoquinolines
in the presence of EDA and red light, similar to Zhou’s report.>"
In fact, products 48-51 were obtained in decent yields
(Scheme 4A). Furthermore, diazo compounds have been shown
to react with radicals generated under photochemical condi-
tions, including alkyl radicals generated from NHPI esters in
the presence of Rose Bengal on yellow LEDs.”> We performed
this transformation with the H,TPP catalyst instead, under red
light irradiation. A wide range of donor/acceptor diazoalkanes
reacted under the developed conditions to give hydrazones
52-56 (Scheme 4B).

In summary, this study demonstrates that photochemistry
provides tools for red light-driven activation of various diazo
compounds. A proper structural modification of diazoalkane
results in a bathochromic shift of the absorption maxima
allowing for direct photolysis under low-energetic, red-light
irradiation. If this pathway is not possible, we induce transfor-
mations of diazo compounds taking advantage of nature-
inspired dyes, established as safe and effective for photody-
namic therapy and artificial photosynthesis. The triplet energy
level of the porphyrin excited state is sufficient for productive
EnT to aryl-diazo esters giving access to triplet carbenes. Other
diazoalkanes may be activated through porphyrin-mediated
photoredox processes by undergoing reduction to alkyl radicals
or by serving as radical acceptors. Therefore, three-modes of
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activation of diazo compounds under red-light irradiation have
been unlocked.
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dokonaniu przegladu literaturowego i przygotowaniu czesci rozdziatu dotyczacych
zastosowania barwnikow heterocyklicznych tj. tiazyny, sole tiapyryliowe, struktury
polimeryczne (sekcje 4.3, 4.4, 4.5), rejestracji widm absorpcji i emisji oraz przygotowaniu
wszystkich wykreséw absorpcji i emisji zamieszczonych w rozdziale (Figure 4.1., Chart 4.2,,
Chart 4.3).

» K. Ortowska, K. Rybicka-Jasiriska, P. Krajewski, D. Gryko Org. Lett. 2020, 22, 1018-1021.
Photochemical Doyle—Kirmse Reaction: A Route to Allenes

wspdétopracowaniu koncepcji badan, wspotuczestnictwie w badaniach optymalizacyjnych
i syntezie diazo zwigzkéw, dokonaniu pomiardw absorpcji diazo zwigzkéw Sla-Siu, zbadaniu
zakresu i ograniczen stosowalnosci metody w odniesieniu do diazo zwigzkow (synteza zwigzkow
3-22), przeprowadzeniu wszystkich badan mechanistycznych, interpretacji otrzymanych
wynikow i przygotowaniu manuskryptu.

» K. Ortowska, J.V. Santiago, P. Krajewski, K. Kisiel, |. Deperasifiska, K. Zawada, W. Chatadaj,
D. Gryko ACS Catal. 2023, 13, 1964-1973.
UV Light Is No Longer Required for the Photoactivation of 1,3,4-Oxadiazolines

wspdtopracowaniu koncepcji badar, przeprowadzeniu eksperymentdw wstepnych oraz catych
badarh optymalizacyjnych, wspdétuczestnictwie w badaniu zakresu i ograniczen stosowalnosci
metody w odniesieniu do 1,3,4-oksadiazolin oraz olefin (synteza zwigzkéw 12-27, 29, 31, 33, 35,
36, 39, 40, 42- 53, 55-65, 67, 68), przeprowadzeniu wszystkich eksperymentow
mechanistycznych  (w tym wspotuczestnictwo w przeprowadzeniu pomiardw EPR),
uczestnictwie w interpretacji otrzymanych wynikdw i przygotowaniu manuskryptu.

) K. Orfowska, K. tuczak, P. Krajewski, J.V. Santiago, K. Rybicka-Jasinska, D. Gryko Chem.
Commun. 2023, DOI: 10.1039/d3cc05174a
Unlocking the Reactivity of Diazo Compounds on Red Light with the Use of Photochemical Tools




wspotopracowaniu koncepcji badan, optymalizacji warunkow fotokatalitycznych reakcji syntezy
oksymow, fenantrydyn i hydrazondw oraz wstepnym zbadaniu zakresu stosowalnosci
zoptymalizowanych metod (synteza zwigzkéw 38-47, 52-56), interpretacji wynikow
i przygotowaniu manuskryptu

Drigitally signed by Dorota Gryko
Dorota Gryko Date:2023.12.05 142632
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' Instytut Chemii Organicznej
's Polskiej Akademii Nauk

Prof. dr hab. Dorota Gryko
Kierownik zespotu XV

Instytut Chemii Organicznej PAN
ul. Kasprzaka 44/52
01-224 Warszawa, Polska

Warszawa, 04.12.2023r.

Oswiadczam, ze mdj wktad w powstanie ponizszych publikacji polegat na:

) K. Goliszewska, K. Ortowska, D. Gryko Photoorganocatalysis in Organic Synthesis, Chapter 4:
Sulfur Heterocycles. World Scientific Publishing Company, 2019.
wspdtopracowaniu koncepcji przegladu i uczestnictwie w jego pisaniu.

y K. Orfowska, K. Rybicka-Jasinska, P. Krajewski, D. Gryko Org. Lett. 2020, 22, 1018-1021.
Photochemical Doyle—Kirmse Reaction: A Route to Allenes

wspotopracowaniu koncepcji badan, interpretacji wynikow i przygotowaniu manuskryptu

) K. Orfowska, 1.V. Santiago, P. Krajewski, K. Kisiel, I. Deperasifiska, K. Zawada, W. Chatadaj,
D. Gryko ACS Catal. 2023, 13, 1964-1973.
UV Light Is No Longer Required for the Photoactivation of 1,3,4-Oxadiazolines

wspotopracowaniu koncepcji badar, interpretacji wynikdw i przygotowaniu manuskryptu
) K. Orfowska, K. tuczak, P. Krajewski, J.V. Santiago, K. Rybicka-Jasiriska, D. Gryko Chem. Commun.

2023, DOI: 10.1039/d3cc05174a
Unlocking the Reactivity of Diazo Compounds on Red Light with the Use of Photochemical Tools

wspoétopracowaniu koncepcji badan, interpretacji wynikow i przygotowaniu manuskryptu

Digitally signed by
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Dziat Grantéw
+48 22 343 23 32
katarzyna.goliszewska@icho.edu.pl

Instytut Chemii Organicznej PAN
ul. Kasprzaka 44/52
01-224 Warszawa, Polska

Warszawa, 24.11.2023r.

Oswiadczam, ze mdj wkiad w powstanie ponizszego rozdziatu w monografii naukowej polegat na:

) K. Goliszewska, K. Orfowska, D. Gryko Photoorganocatalysis in Organic Synthesis, Chapter 4:
Sulfur Heterocycles. World Scientific Publish'Ing Company, 2019.
dokonaniu przegladu literaturowego i zgromadzeniu literatury dotyczacej opisywanych
zagadnien, przygotowaniu czesci rozdzialu dotyczace] wstepu oraz zastosowania btekitu
metylenowego jako fotouczulacza oraz katalizatora fotoredoks (sekcje 4.1 4.2).
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".‘ Polskiej Akademii Nauk

dr Katarzyna Rybicka-Jasinska
Kierownik zespotu XVb

Instytut Chemii Organicznej PAN
ul. Kasprzaka 44/52
01-224 Warszawa, Polska

Warszawa, 22.11.2023r.

Oswiadczam, ze méj wktad w powstanie ponizszych publikacji polegat na:

) K. Orfowska, K. Rybicka-Jasiriska, P. Krajewski, D. Gryko Org. Lett. 2020, 22, 1018-1021.
Photochemical Doyle—Kirmse Reaction: A Route to Allenes

wspdtopracowaniu koncepcji badan, wspodtuczestnictwie w badaniach optymalizacyjnych,
zbadaniu zakresu stosowalnosci i ograniczen metody w odniesieniu do sulfidow, uczestnictwie
w interpretacji wynikow i przygotowaniu manuskryptu

) K. Orfowska, K. tuczak, P. Krajewski, J.V. Santiago, K. Rybicka-Jasiriska, D. Gryko Chem.
Commun. 2023, DOI: 10.1039/d3cc05174a Unlocking the Reactivity of Diazo Compounds on
Red Light with the Use of Photochemical Tools
wspatopracowaniu koncepcji badan, interpretacji wynikow i przygotowaniu manuskryptu

Elektronicznie
Katarzyna | sipeony L
RYbIC ka- f::;f::ana Rybicka-

v i Data: 2023.11.23
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Instytut Chemii Organicznej
Polskiej Akademii Nauk mgr inz. Piotr Krajewski
doktorant, Zespat XV

Instytut Chemii Organicznej PAN
ul. Kasprzaka 44/52
01-224 Warszawa, Polska

Warszawa, 22.11.2023r.

Oswiadczam, ze moj wkiad w powstanie ponizszych publikacji polegat na:

K. Orfowska, K. Rybicka-Jasiriska, P. Krajewski, D. Gryko Org. Lett. 2020, 22, 1018-1021.
Photochemical Doyle—Kirmse Reaction: A Route to Allenes

uczestnictwie w procesie optymalizacji reakcji oraz syntezie substratow

) K. Ortowska, J.V. Santiago, P. Krajewski, K. Kisiel, |. Deperasinska, K. Zawada, W. Chatadaj,
D. Gryko ACS Catal. 2023, 13, 1964-1973.
UV Light Is No Longer Required for the Photoactivation of 1,3,4-Oxadiazolines

syntezie substratéw oraz uczestnictwie w oczyszczaniu otrzymanych produktéw

K. Ortowska, K. tuczak, P. Krajewski, J.V. Santiago, K. Rybicka-Jasifska, D. Gryko Chem. Commun.
2023, DOI: 10.1039/d3cc05174a
Unlocking the Reactivity of Diazo Compounds on Red Light with the Use of Photochemical Tools

optymalizacji warunkéw reakcji O-H, N-H i S-H insercji z udziatem diarylodiazoalkandw oraz
zbadaniu zakresu stosowalnosci metod, interpretacji otrzymanych wynikéw i uczestnictwie
w przygotowaniu manuskryptu
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'P Polskiej Akademii Nauk Jodo Victor Santiago

Postdoc position, Team XV

Instytut Chemii Organicznej PAN
ul. Kasprzaka 44/52
01-224 Warszawa, Polska

Warszawa, 01.09.2023r.

To whom it may concern, | declare that my contribution to the following publications included:

) K. Ortowska, J.V. Santiago, P. Krajewski, K. Kisiel, |. Deperasinska, K. Zawada, W. Chatadaj,
D. Gryko ACS Catal. 2023, 13, 1964-1973.
UV Light Is No Longer Required for the Photoactivation of 1,3,4-Oxadiazolines

substrates’ synthesis, synthesis of compounds 28, 30, 32, 34, 37, 38, 41, 54, 66, participation in
purification of obtained products and manuscript preparation

) K. Ortowska, K. tuczak, P. Krajewski, J.V. Santiago, K. Rybicka-Jasifiska, D. Gryko Chem. Commun.
2023, DOI: 10.1039/d3cc05174a
Unlocking the Reactivity of Diazo Compounds on Red Light with the Use of Photochemical Tools

optimization of reaction conditions for photocatalyzed synthesis of B-amino-a-diazoesters and
synthesis of products 48-51.
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Instytut Chemii Organicznej ]
Polskiej Akademii Nauk mgr inz. Kacper Kisiel
doktorant, Zespot XV

Instytut Chemii Organicznej PAN
ul. Kasprzaka 44/52
01-224 Warszawa, Polska

Warszawa, 22.11.2023r.

Oswiadczam, ze moj wkiad w powstanie ponizszej publikacji polegat na:

K. Ortowska, J.V. Santiago, P. Krajewski, K. Kisiel, |. Deperasifiska, K. Zawada, W.
Chatadaj,

D. Gryko ACS Catal. 2023, 13, 1964-1973.

UV Light Is No Longer Required for the Photoactivation of 1,3,4-Oxadiazolines
syntezie i oczyszczeniu produktow 70-73
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' INSTYTUT FIZYKI POLSKIEJ AKADEMII NAUK
INSTITUTE OF PHYSICS, POLISH ACADEMY OF SCIENCES

02-668 WARSZAWA, Al. LOTNIKOW 32/46
fax: (48-22) 843-0926; http://info.ifpan.edu.pl

dr hab. Irena Deperasinska
e-mail: deper@ifpan.edu.pl

Warszawa, 28 listopada 2023

Oswiadczenie

Oswiadczam, ze m6j wkiad w powstanie ponizszej publikacji:

K. Ortowska, |.V. Santiago, P. Krajewski, K. Kisiel, I. Deperasinska, K. Zawada, W.
Chatadaj, D. Gryko ACS Catal. 2023, 13,1964-1973.

UV Light Is No Longer Required for the Photoactivation of 1,3,4-Oxadiazolines

polegat na przeprowadzeniu obliczenn DFT dotyczacych wartosci energii trypletowych
oksadiazolin1,2,3,4,5,510,511, S12 oraz diazoalkanu 7.
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UNIWERSYTET
MEDYCZINY

ZAKEAD CHEMII ORGANICZNEJ I FIZYCZNEJ

Warszawa, 22.11.2023

OSWIADCZENIE

Oswiadczam, Ze m6j wkiad w powstanie ponizszej publikacji:

K. Orlowska, |.V. Santiago, P. Krajewski, K. Kisiel, I. Deperasinska, K. Zawada, W. Chaladaj,

D. Gryko, UV Light Is No Longer Required for the Photoactivation of 1,3,4-Oxadiazolines.
ACS Catal. 2023, 13, 1964-1973

polegat na przeprowadzeniu pomiaréw EPR oraz obliczeri potrzebnych do interpretacji
wynikéw EPR (symulacja widm), analizie i interpretacji otrzymanych wynikéw, a takze

przygotowaniu czesci manuskryptu dotyczacej badan EPR.

()

Katarzyna Zawada

ul. Banacha 1 tel: +48 22 57 20 950

02-097 Warszawa malgorzata.lisowska@wum.edu.pl
www.wum.ed.pl
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Instytut Chemii Organicznej .
PGlSkiEj Akademii Nauk mgr inz. Klaudia tuczak
doktorant, Zespét XV

Instytut Chemii Organicznej PAN
ul. Kasprzaka 44/52
01-224 Warszawa, Polska

Warszawa, 22.11.2023r.

Oswiadczam, ze moj wkiad w powstanie ponizszej publikacji polegat na:

) K. Ortowska, K. tuczak, P. Krajewski, J.V. Santiago, K. Rybicka-Jasiniska, D. Gryko Chem. Commun.
2023, DOI: 10.1039/d3cc05174a
Unlocking the Reactivity of Diazo Compounds on Red Light with the Use of Photochemical Tools

optymalizacji warunkéw reakcji i zbadaniu zakresu stosowalnosci rekgji fotosensybilizacji
a-arylo-a-diazoestrow z udziatem tlenu, kwasu benzoesowego i styrendw, analizie otrzymanych
wynikéw oraz wspdtuczestnictwie w przygotowaniu manuskryptu
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' Instytut Chemii Organicznej
" Polskiej Akademii Nauk

dr hab. Wojciech Chatadaj, prof. IChO PAN
Kierownik zespotu VI

Instytut Chemii Organicznej PAN
ul. Kasprzaka 44/52
01-224 Warszawa, Polska

Warszawa, 22.11.2023r.

Oswiadczam, ze méj wktad w powstanie ponizszej publikacji polegat na:

) K. Oriowska, J.V. Santiago, P. Krajewski, K. Kisiel, |. Deperasifnska, K. Zawada, W. Chafadgj,
D. Gryko ACS Catal. 2023, 13, 1964-1973.
UV Light Is No Longer Required for the Photoactivation of 1,3,4-Oxadiazolines

przeprowadzeniu obliczen DFT mechanizmu reakcji, analizy i interpretacji otrzymanych danych
oraz przygotowaniu czesci manuskryptu dotyczacej tych danych.

Wojciech | ycenincrans
= Date: 2023.11.22 08:56:07
Jan Chatadaj 7o
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