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4. Przewodnik po rozprawie doktorskiej

4.1. Zalozenia i cel pracy

Poszukiwanie nowych metod pozwalajacych na efektywne, niskokosztowe i1 przyjazne
srodowisku tworzenie wigzan C-C pozostaje jednym =z najwazniejszych zadan
wspotczesnej syntezy organicznej. Dobrym podejsciem do tego problemu jest
wykorzystanie szybko rozwijajacej si¢ w ostatnich latach fotokatalizy. Reakcje
fotochemiczne sg nie tylko tansze i bezpieczniejsze dla srodowiska, ale czegsto pozwalajg
na otrzymywanie zwiazkoéw organicznych, niemozliwych do syntezy innymi metodami.’
Absorpcja fotonow przez czasteczke powoduje jej przejscie do stanoéw wzbudzonych
elektronowo, zatem w reakcjach fotochemicznych substratami sa czasteczki

wysokoenergetyczne, w przeciwienstwie do reakcji aktywowanych termicznie (Rysunek

1). a) b)

R

Wspétrzedna reakcji Wspbtrzedna reakcji

Rysunek 1. Profil energetyczny a) aktywacji termicznej b) aktywacji fotochemiczne;j’

Uzycie barwnikéw jako fotokatalizatoréw zdolnych absorbowaé $wiatto widzialne
pozwala na zastosowanie tej metodologii w reakcjach z wudzialem czasteczek
nieabsorbujacych fal elektromagnetycznych w zakresie widzialnym (380-780 nm).
Najczesciej jako katalizatory fotoredoks stosowane sg kompleksy rutenu 1 irydu, ktére sa
kosztowne i czgsto toksyczne, dlatego tez probuje si¢ wykorzystywac tansze, tatwiejsze do
modyfikacji 1 bardziej przyjazne srodowisku barwniki organiczne. Sposrod wielu znanych
wspotczesnej chemii barwnikéw organicznych na szczegdlne wyrdznienie zastuguja
porfirynoidy, zwigzki okreslane mianem ,pigmentow Zycia”. Sa one bowiem
odpowiedzialne za najwazniejsze procesy zyciowe: a) transport tlenu we krwi (hem), b)
transport elektronu w tancuchu oddechowym (hemoproteina — cytochrom, c¢) fotosynteza
(chlorofil). W tym ostatnim procesie nast¢puje konwersja energii §wietlnej w chemiczna,
ktora jest mozliwa dzieki szczegdlnym wiasciwosciom fotochemicznym chlorofilu. Te
same wlasciwosci decydujg réwniez o tym, ze porfiryny powinny by¢ dobrymi

fotokatalizatorami w transformacjach organicznych. Porfiryny z ich 18n- elektronowym

"' M. Fintecave Angew. Chem. Int. Ed. 2015, 54, 6946.
2 B. Kénig, Chemical Photocatalysis, 2013, De Gruyter.
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pierscieniem makrocyklicznym sq idealnym materiatem do badan, poniewaz absorbujg
swiatlo widzialne, posiadajq wysokq kwantowqg wydajnos¢ fluorescencji oraz relatywnie
dlugie czasy zycia w stanie wzbudzonym.
Gléwnym celem moich badan bylo wykorzystanie porfiryn jako nowych,

inspirowanych natura katalizatorow fotoredoks w reakcjach tworzenia wiazan C-C.

Porfiryny sg zwigzkami barwnymi, absorbujg $wiatto oraz spelniajg reguie
aromatyczno$ci Hiickla. Ich barwa zwigzana jest z obecnoscig sprzgzonych elektronoéw w,
stad posiadajg one bardzo charakterystyczne widmo UV-Vis. W widmie tym wyrdznia si¢
dwa wazne regiony absorpcji: bliski ultrafiolet (pasmo Soreta: ~420 nm) i region widzialny
(cztery stabsze pasma Q: ~518, 553, 592 and 648 nm) (Rysunek 2). Zmiany w strukturze i
symetrii porfiryny maja wplyw na proces absorpcji, a w zwigzku z tym réwniez na przebieg
widma.

0,2

0,1

Absorbancja [a.u.]

L —
450 550

A [nm]

350 650

Rysunek 2. Typowy przebieg widma UV-Vis porfiryny

Po zaabsorbowaniu $wiatta widzialnego i1 przejsciu do stanu wzbudzonego porfiryny moga
zostac uzyte jako katalizatory dzialajace na zasadzie transferu energii lub elektronu. Sg one
znanymi fotosensybilizatorami stosowanymi do generowania tlenu singletowego.
Wytworzony w ten sposob tlen singletowy jest silnym utleniaczem, ktory dalej moze
uczestniczy¢ w reakeji cykloaddycji czy reakeji enowej.’ Porfiryny w stanie wzbudzonym
moga rowniez zosta¢ stopniowo utlenione lub zredukowane do odpowiednich -
kationorodnikéw oraz m-anionorodnikéw, * zatem w stanie wzbudzonym moga by¢
zarbwno utleniaczami jak 1 reduktorami (Schemat 1). Do 2016 roku idea ta byla
wykorzystywana tylko w pracach nad sztuczng fotosynteza, w terapii fotodynamicznej czy

polimeryzacji,” brak byto jednak doniesien na temat uzycia porfiryn jako katalizatorow

M. C. DeRosa, R. J. Crutchley, Coordination Chemistry Reviews 2002, 233, 351.

4 (a) T. Lazarides, I. V. Sazanovich, A. J. Simaan, M. C. Kafentazi, M. Delor, Y. Mekmouche, B. Faure, M.
Reglier, J. A. Weinstein, A. G. Coutsolelos, T. Tron J. Am. Chem. Soc. 2013, 135, 3095. (b) C. Inisan, J. —
Y. Saillard, R. Guilard, A. Tabard, Y. Le Mest New J. Chem. 1998, 22, 823.

3 (a) H. Imahori, Y. Mori, Y. Matano J. Photochem. Photobiol. C 2003, 4, 51. D. Guest, T. A. Moore, A.
(b) L. Moore Acc. Chem. Res. 2009, 42, 1890. (c) S. Fukuzumi Bull. Chem. Soc. Jpn. 2006, 79, 177.
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fotoredoks w syntezie organicznej .°

[Porfiryna]*
hv

[Porfiryna] ——&- . Porfiryna <€ [Porfiryna]

Schemat 1. Proces transferu energii i elektronu

Wartosci potencjatow, przy ktorych zachodza opisane procesy zalezg od wielu czynnikow,
m.in. struktury porfiryny, obecnosci grup elektrono-donorowych i -akceptorowych na
zewnatrz pierScienia makrocyklicznego w pozycjach mezo i B (Rysunek 3).’ Poprzez
zastosowanie odpowiednich podstawnikbw mozna zmienia¢é wartosci potencjatow
elektrochemicznych, zwigkszajac przy tym uzytecznos¢ porfiryn w katalizowaniu reakcji

fotochemicznych.

p  mezop

B B
mezo mezo
B p

B mezo f

Rysunek 3. Struktura porfiryny z zaznaczonymi pozycjami w pierscieniu makrocyklicznym

W reakcjach nieindukowanych §wiattem, porfiryny a raczej ich kompleksy z metalami,
sg powszechnie uzywane jako katalizatory reakcji cyklopropanowania, epoksydacji, C-H
insercji, cykloaddycji, utleniania i innych.® W reakcjach tych dziataja one gléwnie na
zasadzie transferu karbenu, a wigc to metal skoordynowany we wnetrzu makrocyklicznego

pierscienia porfiryny jest odpowiedzialny za jej wtasciwosci katalitycznie.

Obecny stan wiedzy na temat enancjoselektywnych reakcji tworzenia wigzan C-C
katalizowanych kompleksami porfiryn zostatl zebrany w formie artykutlu przegladowego i

opublikowany na tamach czasopisma Journal of Porphyrins and Phthalocyanines:

SN.R. Romero, D. A. Nicewicz Chem. Rev. 2016, 116, 10075.
7 (a) K. M. Kadish, M. M. Morrison Bioinorg. Chem. 1977, 7, 107. (b) K. M. Kadish, E. Van Caemelbecke J.
Solid State Electrochem. 2003, 7, 254. (¢) R. F. X. Williams, P. Hambright Bioinorg. Chem. 1978, 9, 537. (d)
Y. Cui, L. Zeng, Y. Fang, Y., J. Zhu, C. H. Devillers, D. Lucas, N. Desbois, C. P. Gros, K. M. Kadish
ChemElectroChem 2016, 3, 228. (¢) Y. —J. Tu, H. C. Cheng, I. Chao, C.-R. Cho, R.-J. Cheng, Y. O. Su J.
Phys. Chem. A 2012, 116, 1632 (f) Y. Fang, P. Bhyrappa, Z. Ou, K. M. Kadish Chem. - Eur. J. 2014, 20, 524.
(g) K. M. Kadish, M. M. Morrison J. Am. Chem. Soc. 1976, 98, 3326.

¥ K. M. Kadish, K. M. Smith, R. Guilard Handbook of porphyrin science. Vol.21: Catalysis, Singapore,

World Scientific Pub. Co., c2012.
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[R1] K. Rybicka-Jasinska, .. W. Ciszewski, D. T. Gryko, D. Gryko J. Porphyrins
Phthalocyanines 2016, 20, 76-95: C-C bond forming reactions catalyzed by chiral
metalloporphyrins

4.2. Fotochemiczna funkcjonalizacja aldehydow katalizowana kompleksami
rutenu

W ostatnich latach kataliza fotoredoks cieszy sie coraz wickszym zainteresowaniem,’
zastosowano j3 migdzy innymi do selektywnej funkcjonalizacji zwigzkow karbonylowych.
We weczesnych pracach z tej tematyki opisano fotoindukowane metody modyfikacji
aldehydow (trifluorometylowanie, ' benzylowanie, ' alkilowanie '* ) w pozycji a.
Metodologia ta jest jednak ograniczona do uzycia aktywnych bromkow, ubogich w
elektrony olefin lub polifluorowanych zwigzkoéw organicznych jako czynnikéw
alkilujacych. W zwiazku z tym postanowilam rozszerzy¢ znana juz metodologie
podwodjnej katalizy i wykorzystaé¢ zwigzki diazoorganiczne jako zrédlo rodnikéow w
fotokatalitycznej reakcji funkcjonalizacji aldehydow.

W poczatkowym etapie badan odkrytam, ze indukowana §wiattem reakcja aldehydu z
diazooctanem etylu w obecnosci Ru(bpy);Cl, - katalizatora fotoredoks i morfoliny —

organokatalizatora prowadzi do aldehydu sfunkcjonalizowanego w pozycji a (Schemat 2).

morfolina,

R1
R~xq + AN 2 M’ -0
o) N "CO.R rozpuszczalnik,

$wiatto CO,R?

Schemat 2. Funkcjoanlizacja aldehydow w pozycji o

Zoptymalizowalam warunki reakcji, w tym aming, rozpuszczalnik, czas 1 temperaturg
prowadzenia reakcji, rodzaj 1 nat¢zenie §wiatta oraz zastosowanie réznych dodatkow. W
optymalnych warunkach sprawdzitam zakres stosowalnosci i ograniczenia badanej reakcji

(Schemat 3). Fotochemiczna reakcja C-H alkilowania r6znych aldehydow dawata

’ (a) C. K. Prier, D. A. Rankic, D. W. C. MacMillan, Chem. Rev. 2013, 113, 5322-5363. (b) K. L. Skubi, T.
R. Blum, T. P. Yoon, Chem. Rev. 2016, 116, 10035-10074. (¢) J. W. Tucker, C. R. J. Stephenson, J. Org.
Chem. 2012, 77, 1617-1622. (d) J. J. Douglas, M. J. Sevrin, C. R. J. Stephenson, Org. Process Res. Dev.
2016, 20, 1134-1147. (e) D. Staveness, I. B. Bosque, C. R. J. Stephenson, Acc. Chem. Res. 2016, 49, 2295-
2306. (f) K. Teegardin, J. I. Day, J. Chan, J. Weaver, Org. Process Res. Dev. 2016, 20, 1156-1163. (g) D.
A. Nicewicz, T. M. Nguyen, ACS Catal 2014, 4, 355-360. (h) M. H. Shaw, J. Twilton, D. W. C.
MacMillan, J. Org. Chem., 2016, 81, 6898-6926. (h) J. Twilton, C. C. Le, P. Zhang, M. H. Shaw, R. W.
Evans, D. W. C. MacMillan, Nature Reviews Chemistry 2017, 1, 0052. (i) Y.-Q. Zou, F. M. Hérmann, T.
Bach, Chem. Soc. Rev. 2018, DOI: 10.1039/C7CS00509A.

D, A. Nagib, M. E. Scott, D. W. C. McMillan, J. Am. Chem. Soc. 2009, 131, 10875-10877.

T H.-w. Shih, M. N. Vander Wal, R. L. Grange, D. W. C. MacMillan, J. Am. Chem. Soc. 2010, 132,
13600-13603.

2 D. A. Nicewicz, D. W. C. MacMillan, Science 2008, 322, 77-80.
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oczekiwane produkty z dobrymi wydajno$ciami, niestety w podanych warunkach aldehydy
posiadajace podstawniki w pozycji a byly niereaktywne. Diazoestry z ré6znymi grupami
estrowymi reagowaty rownie dobrze jak modelowy diazooctan etylu.

morfolina, ,R?

R
Rl_an & N s __Ru(py)sCly, e}
j/\o N COR” o ouszczainik,

R? LEDpiay CO,R3
88% 67% 78% 80%

" o, *C
COgEt MeO CO,Et COzEt
< N-Boc \(\ \K

CO,Et CO,Et c

71% OEt

44% R=Ph, 0%  76%
R =Et, 0%
Schemat 3. Indukowana §wiattem reakcja funkcjonalizacji aldehydéw — badanie zakresu stosowalno$ci
reakcji
W kolejnym etapie badan przeprowadzitam eksperymenty majace na celu wyjasnienie
mechanizmu badanej reakcji (Schemat 4). W pierwszym etapie tworzy si¢ enamina, ktorej
obecnos¢ w mieszaninie reakcyjnej potwierdzitam metoda spektroskopii magnetycznego
rezonansu jadrowego (NMR) oraz spektrometrii mas (MS). W oparciu eksperymenty
wykonane spektroskopiag elektronowego rezonansu paramagnetycznego (EPR) oraz
eksperymentu z dodatkiem putapki rodnikowej (TEMPO) udowodnitam, ze reakcja jest
rodnikowa. Ponadto analiza wynikow eksperymentu Sterna-Volmera wykazata, ze
enamina, w poréwnaniu do innych sktadnikdw mieszaniny reakcyjnej, silnie wygasza

luminescencj¢ kompleksu rutenowego.

Ru*2+
%\ ’tj -
l N7 ~CO,Et

Schemat 4. Proponowany mechanizm reakcji

Podsumowujac wykazatam, ze diazo zwigzki mogg by¢ stosowane jako odczynniki
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alkilujace. Zoptymalizowatam warunki reakcji a-funkcjonalizacji aldehydow, a nastgpnie
zbadalam zakres i ograniczenia metody oraz zaproponowalam mechanizm opisanej reakcji.
Wyniki opisane w tym podrozdziale zostaly opublikowane w artykule naukowym:

[P1] K. Rybicka-Jasinska, £.. W. Ciszewski, D. Gryko Adv. Synth. Catal. 2016, 358,
1671-1678: Photocatalytic Reaction of Diazo Compounds with Aldehydes

4.3. Fotochemiczna funkcjonalizacja aldehydow katalizowana porfirynami

Niska toksycznos$¢, mozliwo$¢ tatwej funkcjonalizacji struktury porfiryny 1 w zwigzku
z tym tatwa zmiana jej potencjatow fotoredoks, stosunkowo dlugi czas zycia w stanie
wzbudzonym oraz wysoka kwantowa wydajnos¢ fluorescencji sprawia, ze porfiryny
powinny by¢ efektywnymi katalizatorami fotoredoks. Co ciekawe, do 2016 roku w
literaturze nie byto przyktadéw uzycia porfiryn jako katalizatorow fotoredoks w syntezie
organicznej. Z tego wzgledu zdecydowatam si¢ przetestowac je w odkrytej przeze mnie
fotoindukowanej reakcji aldehydow ze zwigzkami diazoorganiczmi (Schemat 5). Warunki
reakcji, w tym struktura katalizatora, aminy, rozpuszczalnik, rodzaj oraz nat¢zenie Swiatla,

zostaly przeze mnie zoptymalizowane.

Ph

morfolina, R
R1\/§ . PN HoTPP, e}
N7~ “CO,R2 —— 2 ——»
0 2 2 rozpuszczalnik, . Ph Ph
LEDbiaW COZR

Ph
H,TPP

Schemat 5. Funkcjonalizacja aldehydéw w pozycji akatalizowane porfiryng H,TPP

W optymalnych warunkach sprawdzitam zakres stosowalno$ci i ograniczenia badane;j
reakcji. Reakcja C-H alkilowania roznych aldehydow dawata oczekiwane produkty z
dobrymi wydajno$ciami 1 byty one takie same lub nieco wyzsze od tych otrzymanych w
reakcji katalizowanej kompleksem rutenem. Najbardziej wymagajacym 1 jednocze$nie
najciekawszym okazato si¢ zbadanie i zaproponowanie mechanizmu reakcji, w ktorej
porfiryna pehita role katalizatora fotoredoks. W pierwszym etapie sprawdzitam
wlasciwosci elektrochemiczne porfiryn — z punktu widzenia katalizy fotoredoks istotne sa
nie tylko wartosci potencjatow redoks w stanie podstawowym, ale rowniez te w stanie
wzbudzonym. W przyblizeniu, wartosci potencjaldéw w stanie wzbudzonym sa zwigzane z
potencjatem w stanie podstawowym i spektroskopowg energia zero-zero (Ey), obliczytam

je z danych uzyskanych z woltamperometrii cyklicznej 1 spektroskopii UV-Vis (Tabela 1).
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Tabela 1. Potencjaty redukcji dla porfiryn w stanie wzbudzonym

Fotoutlenianie Fotoredukcja
Eo*[Por” /Por*] = E,,[Por” /Por] - Eq Ereq*[Por*/Por”]= Eoq[Por/Por] + Eg g
Stan singletowy (S) Stan Singletowy (S)

Eo *[TPP/TPP']=1.03V —1.94 V=-091V E.*[TPP*/TPP | =- 1.03 V + 1.94 V=0.91 V
Eo*[ZnTPP"/ZnTPP 1= 0.86 V-2.04 V=-1.18 V B, *[ZnTPP*/ZnTPP"]=-132V +2.04 V=0.79 V
Stan tripletowy (T) Stan tripletowy (T)

E. *[TPP /TPP']=1.03V — 1.45V=-0.42V E.* [TPP*/TPP | =-1.03 V + 1.45 V=042 V

Eo*[ZnTPP/ZnTPP ] =0.86 V- 159 V=-0.73V  E.*[ZnTPP*/ZnTPP"]=-1.32 V + 1.59 V=0.27 V

Obliczone potencjaty redukcji w stanie wzbudzonym dla H,TPP i jej cynkowego
kompleksu sg nieco nizsze, ale bardzo podobne do tych obliczonych dla Ru(bpy);Cl, (0.67
V) ieozyny Y (0.83 V), mimo to okazaty si¢ one wystarczajagco wysokie, aby porfiryna
mogta penic role efektywnego fotoutleniacza w badanej reakcji. Proponowany mechanizm
reakcji aldehydoéw ze zwigzkami diazoorganicznymi w warunkach katalizy porfiryna
zaktada wspotistnienie dwoch cykli katalitycznych, w ktorych kazdy ze sktadnikow
mieszaniny reakcyjnej (amina, fotokatalizator, §wiatlo) peini istotng role. Zaktadam, ze
porfiryna petni podwdjna role: fotosensybilizatora i katalizatora fotoredoks. Pod wptywem
naswietlania katalizator (H,TPP) przechodzi ze stanu podstawowego w stan wzbudzony.
Na drodze fotosensybilizacji generowany jest karben w stanie tripletowym z jednoczesng
ekstruzja azotu, poniewaz wiadomo, ze porfiryny s3 znanymi tripletowymi
fotosensybilizatorami, a ponadto obecnos$¢ dirodnika C zostata potwierdzona w
eksperymencie Sterna-Volmera oraz w eksperymencie z dodatkiem putapki rodnikowej
(TEMPO). W drugim cyklu katalitycznym aldehyd reaguje z II-rzedowa aming tworzac
enaming (A), ktérej obecnos¢ w srodowisku reakcji udowodniono metoda spektroskopii
rezonansu magnetycznego (NMR) i spektrometrii mas (MS). Nastepnie jest ona utleniana
przez porfiryng (H,TPP*) w stanie wzbudonym do kationorodnika B, o czym $wiadczy
wynik eksperymentu Sterna-Volmera. Obecno$¢ tego rodnika potwierdzitam rowniez
metodami spektroskopii NMR 1 EPR oraz spektrometrii mas (MS). Powstaly kationorodnik
B reaguje z dirodnikiem C dajac kationorodnik D, ktéry po nastepczej redukeji 1 hydrolizie

prowadzi do produktu — aldehydu sfunkcjonalizowanego w pozycji o (Schemat 6).
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H,TPP

H,TPP*
\IJ\(I/ .
SNT % \COZEt 2> CO,E
\_/ B R ><
H,TPP  H,TPP*

hv
OHC Ht
Y\CozEt -
Nl H,TPP

Schemat 6. Proponowany mechanizm reakcji

Podsumowujac, opisane przeze mnie badania wykazuja, ze porfiryny mogg petnicé
funkcje efektywnych katalizatorow fotoredoks 1 dzigki temu odkryciu mozna je dopisa¢ do
listy barwnikow juz istniejacych 1 wykorzystywanych w katalizie fotoredoks. W zwigzku
z tym, ze porfiryny sg tatwe do syntezy, a ich wtasciwosci optyczne i elektrochemiczne
moga by¢ tatwo dostosowywane do potrzeb reakcji, sg one obiecujagcymi na katalizatorami

fotoredoks.

Wyniki opisane w tym podrozdziale zostaly opublikowane w artykule naukowym:

[P2] K. Rybicka-Jasinska, W. Shan, K. Zawada, K. M. Kadish, D. Gryko J. Am. Chem.
Soc. 2016, 138, 15451-15458: Porphyrins as Photoredox Catalysts: Experimental and
Theoretical Studies

4.4. Fotochemiczna funkcjonalizacja ketonow katalizowana porfirynami

Nastepnie sprawdzitam czy katalizatory porfirynowe mozna wykorzysta¢ rowniez w
alkilowaniu mniej reaktywnych ketondéw. Zastosowanie takich samych warunkéw reakeji
jak w przypadku alkilowania aldehydow, prowadzito jedynie do odzyskania substratow.
Biorac pod uwage fakt, ze reaktywno$¢ enamin wzrasta w kierunku: morforlina >
piperydyna > aminy acykliczne > pirolidyna,"® a ketony sa zwiazkami mniej reaktywnymi
od aldehydéw, postanowitam zastosowac¢ inny organokatalizator. Uzycie pirolidyny jako
organokatalizatora oraz porfiryny jako katalizatora fotoredoks pozwolilo na otrzymanie

produktu a-alkilowania z zadawalajaca wydajnoscig (Schemat 7).

3P, M. Pihko, I. Majander, A. Erkkilid, Asymmetric Organocatalysis, (Ed.: B. List), 1 edn., Springer,
2010, pp 145-200.
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o 0]

pirolidyna,
. Nz/\COQR HZTP(p-COZMe)P, CO,R
rozpuszczalnik,
o I-EDzieIony 0
Ar
Ar A Ar= @COZMe
Ar

H,TP(p-CO,Me)P

Schemat 7. Funkcjoanlizacja ketonéw w pozycji o

Warunki reakcji, w tym struktura katalizatora, amina, rozpuszczalnik oraz §wiatlo, zostaty
przeze mnie zoptymalizowane. W opracowanych warunkach sprawdzitam zakres
stosowalnosci 1 ograniczenia badanej reakcji. Katalizowana porfiryng reakcja C-H
alkilowania réznych ketondéw cyklicznych dawata oczekiwane produkty z dobrymi

wydajnosciami (Rysunek 4).

O o] 0 o]
fK/(CHzcoan Ejj/CHZCOZEt fjj/CHZCOQt-Bu ij/CHZCOZ(CHZ)ZPh
(0] (6] 0 o}
80% 83% 63% 54%
55% 64% 7% 42%
o) o)
CHoCO,Ar H{rcmcozsn CH,C0,Bn fjj/CHZCOZBn
0__0O
© e
Ar = p-OMe-Ph, X i
638/-0, 52% 30%(bis-20%) 35%(bis-20%)
Ar = p-NO»-Ph, 30% &lady 25%(bis-9%)
0%, 0% 15%
0
ij/CHzooan fjj/CHZCOZBn ij/CHzcoan R)J\/CH2002Bn
R = Me,

N 53%, 0%
48%(bis-20%) ( ) g{o/: BL}
10%(bis-3% 15%(bis-35% 0, 0%

O( ) 23%($lady) 46%(bls—22%)
Slady

Rysunek 4. Zakres stosowalnosci i ograniczenia a-alkilowania ketonéw diazoestrami'*

Badania wstepne wykazaty, ze zaréwno S$wiatto, jak 1 amina sg konieczne do
przeprowadzenia reakcji. Co ciekawe, produkt powstawal rowniez w reakcji bez
katalizatora porfirynowego chociaz z nizszag wydajnoscig. To niespodziewane odkrycie
spowodowato, ze nalezalo zaproponowa¢ nie jeden, a dwa mechanizmy reakcji

zachodzacych w obecnosci katalizatora 1 bez jego dodatku.

' Wydajnosci: kolor czerwony — z porfiryna, kolor niebieski — bez dodatku porfiryny.
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Schemat 8. Proponowany mechanizm reakcji alkilowania ketonow

W obu reakcjach (I oraz II) poczatkowo keton reaguje z aming tworzac enaming (A)
(wykryta metodg spektroskopii rezonansu magnetycznego (NMR) i spektrometrii mas
(MS)). Nastepnie zostaje ona utleniona przez porfiryne (Eyeq [Por /Por”] = 1.03 V vs SCE,
DMSO) w stanie wzbudonym do kationorodnika B. W reakcji bez dodatku porfiryny, w
srodowisku reakcji wytworzona enamina A absorbuje $wiatto 1 przechodzi ze stanu
podstawowego do wzbudzonego i jako taka zostaje utleniona tlenem (ta droga (II) mozliwa
jest tylko dla ketonoéw, ktore z pirolidyng tworzg enaminy zdolne do absorpcji $wiatta w
zakresie widzialnym — potwierdzone badaniami postepu reakcji metoda UV-Vis oraz
tworzenia si¢ enamin w czasie). Obecnos¢ kationorodnika B zostata potwierdzona metoda
spektroskopii EPR oraz eksperymentow z dodatkiem putapki rodnikowej (TEMPO).
Nastepnie powstaly w ten sposob kationorodnik B reaguje z diazoestrem dajac
kationorodnik D, ktory po nastepczej redukcji i hydrolizie daje produkt — keton
sfunkcjonalizowany w pozycji o (Schemat 8).

Nalezy wzig¢ pod uwage fakt, ze wytworzona in situ enamina moze ulegaé
cyklopropanowaniu z nastepczym otwarciem pierécienia.”” Jednakze w oparciu o wyniki
eksperymentow NMR w czasie, zastosowanie typowych dla cykopropanowania substratow
w opracowanych warunkach oraz obliczen kwantowo-mechanicznych wykluczytam taka

mozliwos¢ w przebiegu reakcji.

15 (a) M. E. Kuehne, J. C. King J. Org. Chem.1973, 38, 304. (b) A. Pereira, Y. Champouret, C. Martin, E.
Alvarez, M. Etienne, T. R. Belderrain, P. J. Perez, P. J.; Chem. Eur. J. 2015, 21, 9769. (c) S. Muthusamy, P.
Srinivasan Tetrahedron Lett. 2006, 47, 6297.
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Podsumowujac, udowodnitam, ze porfiryny w postaci wolnych zasad moga petnic role
katalizatorow fotoredoks réwniez w reakcji alkilowania ketondw diazoestrami. Reakcja
zachodzi poprzez indukowany §wiatlem transfer elektronu pomiedzy porfiryng w stanie
wzbudzonym a wytworzong in situ enaming. Odkryta przeze mnie reakcja zostata
zoptymalizowana, zbadatam jej zakres stosowalno$ci oraz ograniczenia i zaproponowatam

mechanizm reakcji.

Wyniki opisane w tym podrozdziale zostaly opublikowane w artykule naukowym:

[P3] K. Rybicka-Jasinska, K. Ortowska, M. Karczewski, K. Zawada, D. Gryko Eur. J.
Org. Chem. DOI: 10.1002/ejoc.201800542: Why Cyclopropanation is not involved in

Photoinduced a-Alkylation of Ketones with Diazo Compounds?

4.5. Fotochemiczna funkcjonalizacja zwigzkow heterocyklicznych

Alkilowanie aldehydow i1 ketondéw katalizowane porfirynami sg przyktadami reakcji, w
ktorych porfiryna pelni role fotoutleniacza, skoro porfiryny tatwo tworza rowniez
kationorodniki, naturalnym zadaniem stato si¢ przetestowanie katalizatorow
porfirynowych w reakcji, w ktoérej moga one petic role fotoreduktora. W literaturze znana
byla reakcja typu Meerweina — arylowania zwigzkow heterocyklicznych solami
diazoniowymi w warunkach katalizy Eozyna Y, ktéra w stanie wzbudzonym redukuje sol
diazoniowa do rodnika.'® W zwiazku z tym postanowitam, ze wykorzystam t¢ reakcje do

przebadania wlasciwosci fotoredukeyjnych porfiryn (Schemat 8)."7

ﬂ . NBF, _HeT(FsP)P @\

X Ar LEDjosom X7 A
X=0,S, N-Boc
Ar
F F
Ar Ar  Ar= ‘—Q*F
F F
Ar
H,T(FsP)P

Schemat 9. Arylowanie heteroarendw solami diazoniowmi katalizowane porfiryng

Warunki reakcji soli diazoniowej z furanem poddatam optymalizacji (porfiryna, rodzaj
$wiatla, rozpuszczalnik, czas prowadzenia reakcji oraz ilos¢ reagentéw). W toku badan

'D. P. Hari, P. Schroll, B. Konig J. Am. Chem. Soc. 2012, 134, 2958.

17 (a) D. Kalyani, K. B. McMurtrey, S. R. Neufeldt, M. S. Sanford, J. Am. Chem. Soc. 2011, 133, 18566. (b)
P. Hari, P. Schroll, B. Konig, J. Am. Chem. Soc. 2012, 134, 2958. (c¢) D. P. Hari, B. Konig, Angew. Chem.
Int. Ed. 2013, 52, 4734. (d) M. Majek, A. J. von Wangelin, Chem. Commun. 2013, 49, 5507.
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przebadalam katalizatory porfirynowe 2z réznymi grupami arylowymi przy
makrocyklicznym pier§cieniu, stad posiadajace rdézne potencjaty elektrochemiczne.
Okazato si¢, ze najlepszy rezultat w reakcji arylowania uzyskatam w przypadku ubogiej

w elektrony (H,T(FsP)P). Eksperyment Sterna-Volmera wykazat, ze s6l diazoniowa
wygasza luminescencj¢ wszystkich badanych porfiryn, jednakze dla kazdej z rdzng
wartoscig stalej wygaszania. Najwigksza stata wygaszania zaobserwowatam dla H,TPP,
ktora dawata produkt reakcji z nieznacznie mniejsza wydajnoscia (80%) niz ta w przypadku
dla HoT(FsP)P (86%). Korelacje wartos$ci statych wygaszenia luminescencji 1 potencjalow
utlenienia badanych porfiryn wyraznie pokazaty, ze w reakcji arylowania heteroarenow
solami diazoniowymi istnieje optymalna warto$¢ stalej wygaszenia luminescencji oraz

optymalny potencjat redoks w stanie wzbudzonym (Rysunek 5).

2,45 88 .
o H,TPP < 63 H,T(F;P)P

1,05 - 3 .
= e H,T(FsP)P S 78 H,TPP
=< e ‘T

R - 2
1,45 o ‘ e HiT(4-OMePp 2 .
- e - . H,0EP .
,.,'.'.’-ﬁ"-'- """" ot H,(p-Et,NP)P
098 0 0,00 0,01 &8
005 0,7 0,9 1,1 1,3 1,5 A7
C [mM] E [mV]

Rysunek 5. Katalizatory porfirynowe badane w arylowaniu heteroarenéw solami diazoniowmi

Nastepnie zbadatam zakres stosowalnos$ci reakcji. Przebadatam sole diazoniowe z
podstawnikami elektronoakceptorowymi (Br, Cl, I, NO;) i elektronodonorowymi (OMe,
Me). Sole z podstawnikami elektronodonorowymi sa w tej reakcji mniej reaktywne od tych
z podstawnikami elektronoakceptorowymi. Fotochemiczne arylowanie katalizowane
porfiryng mozna przeprowadzi¢ efektywnie rowniez dla tiofenu, N-Boc-pirolu i kumaryny.
Niestety, N-metylopirol 1 N-metyloindol nie ulegat reakcji w podanych warunkach. Na
wyjasnienie tego zaskakujgcego braku reaktywnosci tych zwigzkéw pozwolity
odpowiedzie¢ eksperymenty Sterna-Volmera. Wykazaly one, ze wydajno$¢ tworzonego
produktu w reakcji arylowania zalezy od statej wygaszenia luminescencji katalizatora
porfirynowego (Rysunek 4). Prawdopodobnie katalizator porfirynowy reaguje szybciej z
N-metylopirolem czy N-metyloindolem niz solg diazoniowa, co uniemozliwia tworzenie

si¢ rodnika arylowego z soli diazoniowe;.
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Rysunek 4. Eksperyment Sterna-Volmera dla réznych substratow w arylowaniu heteroarenow

Majac do dyspozycji optymalne warunki reakcji postanowitam wykonac¢ eksperymenty
majace na celu zbadanie mechanizmu reakcji. Proponowany mechanizm reakcji zaktada,
ze porfiryna w stanie wzbudzonym redukuje so6l diazoniowg do rodnika arylowego.
Nastepnie rodnik ten reaguje z furanem, dajac po kolejnych przeksztatceniach produkt
reakcji arylowania (Schemat 9). W trakcie prowadzonych badan, wykonalam miedzy
innymi eksperyment z dodatkiem pulapki rodnikow — TEMPO, w ten sposob

potwierdzitam obecno$¢ rodnika arylowego w mieszaninie reakcyjne;.
N,BF,

Q0 O-¢
=<
N (;w@e

-HBF, O
|y

Schemat 9. Proponowany mechanizm reakcji arylowanie heteroaren6w solami diazoniowmi

Podsumowujac, udowodnitam, ze porfiryny w postaci wolnych zasad mogg petni¢ rolg
katalizatorow fotoredoks w bezposrednim C-H arylowaniu heteroarenéw. Reakcja
zachodzi w wyniku indukowanego $wiattem transferu elektronu pomiedzy porfiryng w
stanie wzbudzonym a solg diazoniowa, a wiec porfiryna w tym przypadku jest
fotoreduktorem. Ponadto zoptymalizowatam warunki reakcji i zbadatam jej zakres

stosowalnosci oraz zaproponowatam mechanizm reakcji.

Wyniki opisane w tym podrozdziale zostaly opublikowane w artykule naukowym:

[P4] K. Rybicka-Jasinska, B. Konig, D. Gryko Eur. J. Org. Chem. 2017, 2104-2107:
Porphyrin-Catalyzed Photochemical C—H Arylation of Heteroarenes
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4.6. Podsumowanie

Podsumowujgc, prowadzone przeze mnie badania doprowadzilty do pierwszego
zastosowania porfiryn w postaci wolnych zasad jako katalizatorow fotoredoks w reakcjach

tworzenia wigzan C-C.

Za moje najwicksze osiggniecia badawcze uwazam:

1. Odkrycie i udowodnienie, Zze porfiryny moga peklni¢ role fotoutleniaczy (w
reakcji alkilowania aldehydow i ketonow) oraz fotoreduktoréow (w reakcji
arylowania heteroarenéw);

2. Odkrycie nowej reakcji o-alkilowania aldehydow katalizowanej zaréwno
kompleksami rutenu, jak i porfirynami;

3. Odkrycie nowej reakcji a-alkilowania ketonéw katalizowanej porfirynami
oraz udowodnienie, Ze $ciezka reakcji nie prowadzi przez produkt posredni —

cyklopropan.

Badania przedstawione w niniejszej rozprawie stanowg zwartg catos¢ i jasno demonstrujg
uzyteczno$¢ porfiryn jako katalizatorow fotoredoks i1 ich wykorzystanie w syntezie
organicznej.

Nie jest to jednak koniec, a poczatek odkrywania wtasciowosci katalitycznych porfiryn, a

w zwigzku z tym nowych reakcji, ktore moge by¢ przez nie katalizowane.
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5. Streszczenie w jezyku polskim

Badania przedstawione w niniejszej rozprawie zaktadaja opracowanie i wykorzystanie
nowych, organicznych katalizatoréw fotoredoks. W reakcjach fotochemicznych, absorpcja
fotonow przez czasteczke powoduje jej przejscie do stanow wzbudzonych elektronowo, w
zwigzku z tym, w reakcji substratami sg czgsteczki wysokoenergetyczne, w
przeciwienstwie do reakcji aktywowanych termicznie. Ponadto, zastosowanie barwnikow
jako fotokatalizatorow zdolnych absorbowac¢ §wiatto widzialne pozwala na zastosowanie
tej metodologii w reakcjach =z wudziatlem czgsteczek nieabsorbujacych fal
elektromagnetycznych w zakresie widzialnym. Wigkszos¢ reakcji fotochemicznych
przebiega poprzez transfer protonu (tworzac rodniki) lub transfer elektronu (tworzac jono-
rodniki), z ktorych oba prowadza do aktywacji wigzan C-H. Porfiryny z ich 18n-
elektronowym pierscieniem makrocyklicznym sg idealnym materialem do badan,
poniewaz absorbujg S$wiatlo widzialne, posiadaja wysoka kwantowg wydajnosé
fluorescencji oraz relatywnie dlugie czasy zycia w stanie wzbudzonym. Po absorpcji
swiatta moga one zosta¢ utlenione lub zredukowane do kationo- lub anionorodnikéw,
zatem w stanie wzbudzonym mogg petic¢ role utleniaczy lub reduktorow. Do 2016 roku
brak bylo przyktadow uzycia porfiryn jako katalizatorow fotoredoks w syntezie
organiczne;j.

Celem moich badan bylo wykorzystanie porfiryn jako nowych, inspirowanych
natura katalizatorow fotoredoks w fotochemicznych reakcjach tworzenia wiazan
C-C.

Przeprowadzone przeze mnie badania wykazaly, ze porfiryny moga pehmi¢ funkcje
katalizatorow fotoredoks. W indukowanej $wiatlem widzialnym reakcji aldehydow i
ketondw z diazoestrami dziataty jako fotoutleniacze (Schemat 1a,b), a w fotochemiczne;j

reakcji arylowania zwigzkow heterocyklicznych — jako fotoreduktory (Schemat 1b).

a) morfolina,
1 H,TPP, X
R\/§O + Nz%\COZRZ 2—> O
rozpuszczalnik, 5
LEDbiaJy COZR
b) Q piroli_dyna, Q
+ NZ/\COZR w» CO.R
rozpuszczalnik,
X I-EDzielony X
c) + -
Y . nery _HTEPP Y
X Ar LEDjospm X7 AT

Schemat 1. Indukowane $wiatlem reakcje tworzenia wigzan C-C katalizowane porfirynami
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6. Streszczenie w jezyku angielskim/Abstract in English

The following dissertation focuses on the development of new organic, photoredox
catalysts. I envisaged that porphyrins with their 18 m-electron aromatic macrocycle are
perfectly suited for this role because they a) absorb visible-light, b) have high absorption
coefficient, ¢) exhibit a small singlet-triplet splitting, d) have high quantum yield for
intersystem crossing, €) and possess longer lifetime of the triplet state in comparison to the
singlet state, not to mention straightforward synthesis. After light absorption porphyrins
are excited to the triplet state and at this state they are able to transfer energy
(photosensitization) or electrons (photoredox catalysis). These properties have been
broadly used in the generation of singlet oxygen, conversion of solar energy, and in water
splitting but before 2016 there were no example describing their use in C-C bond forming
reactions through the porphyrin ring oxidation and reduction to ion radicals.

The main goal of my research was to establish a solid background for porphyrin’s
as photoredox catalysts that can be utilized in C-C bond forming reactions.

Herein, I demonstrate a successful application of these compounds as efficient
photoredox catalysts for C-C bond forming reactions involving the reductive or oxidative
quenching. Employing dual catalytic system — photocatalysis merged with enamine-
iminium catalysis alkylation of aldehydes and ketones at the o position was accomplished
(reductive quenching) (Scheme 1a, b). I have also found that porphyrins are also effective
in catalyzing light-induced direct arylation of heteroarenes and cumarins with diazonium

salts (oxidative quenching) (Scheme 1¢).

a) morpholine, R
R1\/§o + N/\COZRZ ﬁ» \O
2 solvent,
LEDyhite CO.R?
b
) Q pyrrolidine, Q
PN porphyrin,
é " NS COR solvent COR
X LEDso50m X
c) -
U . NpBF, _HT(EPIP U\
X Ar LED 425 nm x~ TAr

Scheme 1. Porphyrins as photoredox catalysts in C-C bond forming reactions
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1. General Information
All solvents and chemicals used in the syntheses were of reagent grade and were used
without further purification. High resolution ESI mass spectra were recorded on a Mariner
and SYNAPT spectrometer. 'H and *CNMR spectra were recorded at rt on Bruker 400 and
Varian 600 MHz instruments with TMS as an internal standard. EPR spectrum was recorded
on Magnettech MS200 spectrometer. Thin layer chromatography (TLC) was performed using
Merck Silica Gel GF254, 0.20 mm thickness. GC measurements were made on Gas
Chromatograph Perkin Elmer Clarus 500. Aldehydes were purified by flash column

chromatography (hexane: AcOEt) if necessary.

Photo-induced reactions were performed using a homemade photoreactor equipped with

four LED light bulbs (1200 Lm; warm light).

2. General synthetic procedures

General procedure for a-functionalization of aldehydes:

Photocatalyst (2 mol%) was placed in a reaction tube and dissolved in DMSO and buffer pH =
4 (mixture 9:1, 10 mL). Then an aldehyde (1 mmol), morpholine (0.4 equiv., 0.4 mmol), LiBF,4
(20 mol%) and EDA (1 equiv., 1 mmol) were added into the reaction tube. The reaction
mixture was stirred at 39 °C under irradiation (4xLED, 1200 lumens) for 5 h. After that, the
light was turned off; the reaction mixture was diluted with AcOEt, and extracted with 1N HCI.
The aqueous phase was separated and then extracted with AcOEt three times. Combined
organic phases were washed with NaHCOs, brine and dried over Na,SO,, filtered and
concentrated. The crude product was purified by flash chromatography using silica gel

(hexanes/AcOEt) to afford the corresponding product.

S3
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3. Scope and limitations

Ethyl 3-benzyl-4-oxobutanoate (10) (194 mg, 88%)

'H NMR (CDCl;, 500 MHz) 6 9.79 (s, 1H, CHO), 7.31-7.17 (m, 5H, Ph), 4.11 (q, J= 7.1 Hz, 2H
COCH,CHg), 3.14-3.08 (m, 2H, CH,), 2.77-2.71 (m, 1H, CH), 2.65 (dd, J(H,H) = 7.6 Hz, 1H, CH),
1.40 (dd, J= 4.8 Hz, 1H, CH), 1.23 (t, J= 7.0 Hz, 3H, COCH,CH3).

3¢ NMR (CDCl3, 100 MHz) 6 202.2, 171.6, 137.7, 129.0, 128.6, 126.7, 60.7, 49.2, 34.6, 32.7,
14.1. IR (cm™): 3029, 2982, 2934, 2725, 1733 (CO), 1496, 1454 (CHO), 1375, 1199, 1161,
1031, 750, 702.

HRMS ESI calcd. for C13H1603 [M+Na]* 243.0997, found: 243.0993.

Elemental analysis calcd (%) for C13H1605: C 70.89, H, 7.32, found: C 70.74, H, 7.40.

Ethyl 3-formyl-4-(4-methoxyphenyl)butanoate (22) (200 mg, 80%)

'H NMR (CDCls, 500 MHz) & 9.78 (s, 1H, CHO), 7.09-7.07 (m, 2H, Ph), 6.84-6.83 (m, 2H, Ph),
4.10 (q, J= 7.0 Hz, 2H, COCH,CH; ), 3.78 (s, 3H, OCH;), 3.08-3.01 (m, 2H, CH,), 2.71-2.60 (m,
2H, CH,), 2.40 dd, J= 5.5 Hz, (1H, CH), 1.23 (t, J= 7.0 Hz, 3H, COCH,CHj3).

B3¢ NMR (CDCl5, 100 MHz) 6 202.5, 171.7, 158.3, 129.9, 129.5, 114.0, 60.7, 55.2, 49.4, 33.7,
32.6,14.1.

IR (cm™): 2982, 2958, 2935, 2837, 1731 (CO), 1612, 1514 (CHO), 1249 (OCH3), 1179, 1034,
838.

HRMS ESI calcd. for C14H1504 [M+Na]* 273.11032, found: 273.1102

Elemental analysis calcd (%) for C14H1304: C 67.18, H 7.25, found: C 67.24, H 7.10.

Ethyl 3-formylundecanoate (23) (184mg, 76%)

'H NMR (CDCls, 400 MHz) & 9.71 (s, 1H, CHO), 4.15 (g, J= 4 Hz, 2H, COCH,CHs), 2.83-2.79 (m,
1H, CH), 2.70-2.64 (m, 1H, CH), 3.39 (dd, J = 4 Hz, 1H, CH), 1.72-1.68 (m, 1H, CH), 1.49-1.43
(m, 1H, CH), 1.35- 1.23 (m, 15H, CH;), 0.87 (t, J= 4 Hz, 3H, CHs).

B¢ NMR (CDCl3, 100 MHz) 6 202.9, 171.9, 60.7, 47.7, 33.1, 31.8, 29.5, 29.3, 29.1, 28.6, 26.7,
22.6,14.1, 14.0.

IR (cm'l): 2927, 2856, 1737 (CO), 1466 (CHO), 1374, 1185, 1032, 723. HRMS ESI calcd. for
C14H2605 [M+Na]” 265.1780, found: 265.1779.

Elemental analysis calcd (%) for C14H,605: C 69.38, H 10.81, found: C 69.30, H 10.85.
S4
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Ethyl 4-oxo-3-phenylbutanoate (24)! (103 mg, 44%)

'H NMR (CDCls, 400 MHz) & 9.70 (s, 1H, CHO), 7.40-7.32 (m, 3H, Ph), 7.21-7.19 (m, 2H, Ph),
4.17-4.10 (m, 3H, COCH,CHs, CH ), 3.14 (dd, J= 8.0 Hz, 1H, CH), 2.61 (dd, J= 8 Hz, 1H, CH),
1.22 (t, J= 8 Hz, 3H, COCH,CH;).

B3C NMR (CDCl5, 100 MHz) 6 198.5, 171.5, 134.8, 129.2, 128.8, 128.0, 60.7, 54.6, 34.6, 14.0.

Ethyl 3-(3-chlorobenzyl)-4-oxobutanoate (25) (180 mg, 71%).

'H NMR (CDCls, 400 MHz) & 9.78 (s, 1H, CHO), 7.26-7.18 (m, 3H, Ph), 7.07-7.06 (m, 1H, Ph),
4.12 (g, J= 7.2 Hz, 2H, COCH,CHs), 3.12-3.07 (m, 2H, CH,), 2.74-2.69 (m, 1H, CH), 2.65 (dd, J=
7.1 Hz, 1H, CH), 2.40 (dd, J= 5.1 Hz, 1H, CH), 1.24 (t, J= 7.1 Hz, 3H, COCH,CH;).

B3¢ NMR (CDCl3, 100 MHz) & 201.7, 171.4, 139.9, 134.5, 129.9, 129.1, 127.2, 127.0, 60.9,
49.0,34.1,32.7,14.1.

IR (cm™): 2982, 2934, 1730 (CO), 1598, 1574, 1476, 1374 (CHO), 1198, 1157, 1027, 878, 783,
703, 684, 443.

HRMS ESI calcd. for Ci3H15ClO3 [M+CH3;OH+Na]® 309.0870, found: 309.0867. Elemental
analysis calcd (%) for C13H15ClO3: C61.30, H, 5.94, Cl 13.9, found: C61.27, H 5.91, Cl 13.86.

Ethyl 2-formyl-3-methylbutanoate (26)* (117 mg, 63%).

'H NMR (CDCls, 400 MHz) 6 9.74 (s, 1H, CHO), 4.12 (q, J= 8.0 Hz, 2H, COCH,CH3), 2.81-2.64
(m, 2H, CH), 2.42-2.28 (ddd, J= 4.0 Hz, 1H, CH), 2.19-2.01 (m, 1H, CH), 1.25-1.21 (td, J= 8.0
Hz, J= 4Hz, 3H, COCH,CH3), 1.01-0.92 (m, 6H, 2xCH3).

3C NMR (CDCl3, 100 MHz) & 203.3, 179.8, 172.2, 60.7, 60.6, 53.5, 47.2, 32.6, 29.8, 27.7, 20.1,
19.9, 19.3, 19.1, 14.0, 14.0.; residual peaks from AcOEt, hexane and CH,Cl, — product is very

volatile and difficult to dry.

L Carman, L. D. Kwart, T. Hulicky, Synth. Commun., 1986, 16, 169-182.
’p. Deslongchamps, A. Bélanger, D. J. F. Berney, H.-J. Borschberg, R. Brousseau, A. Doutheau, R. Durand, H.
Katayama, R. Lapalme, D. M. Leturc, C.-C. Liao, F. N. MaclLachlan, J.-P. Maffrand, F. Marazza, R. Martino, C.
Moreau, L. Ruest, L. Saint-Laurent, R. Saintonge, P. Soucy, Can. J. Chem., 1990, 68, 127-152.
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tert-Butyl 3-benzyl-4-oxobutanoate (29) (166 mg, 67%).

'H NMR (CDCls, 500 MHz) 6 9.78 (s, 1H, CHO), 7.30-7.16 (m, 5H, Ph), 3.10-3.04 (m, 2H, CH,),
2.74-2.2.72 (m, 1H, CH), 2.56 (dd, J= 7.6 Hz, 1H, CH), 2.35 (dd, J= 5.1 Hz, 1H, CH), 1.42 (s, 9H,
t-Bu).

3¢ NMR (CDCls, 125 MHz) 6 202.5, 170.8, 137.9, 129.0, 128.6, 126.6, 81.1, 49.4, 34.5, 34.1,
28.0.

IR (cm™): 2979, 2931, 1728 (CO), 1455, 1368 (CHO), 1255, 1150, 751, 701.

HRMS ESI calcd. for Cy5H,003 [M+CH30H+Na]* 303.1572, found: 303.1562.

Elemental analysis calcd (%) for C15H,005 : C 72.55; H 8.12, found: C 72.31, H 8.29.

Benzyl 3-benzyl-4-oxobutanoate (30) (219 mg, 78%)

'H NMR (CDCls, 500 MHz) § 9.79 (s, 1H, CHO), 7.36-7.28 (m, 6H, Ph), 7.27-7.22 (m, 2H, Ph),
7.15-7.13 (m, 2H, Ph), 5.08 (s, 2H, CH,Ph), 3.14-3.07 (m, 2H, CH,), 2.76-2.67 (m, 2H, CH,),
2.42 (dd, J = 4.0 Hz, 1H, CH).

B3¢ NMR (CDCl5, 125 MHz) 6 202.1, 171.5, 137.5, 135.5, 129.0, 128.7, 128.5, 128.3, 128.2,
126.7, 66.6,49.2, 34.5, 32.6.

IR (cm'l): 3087, 3063, 3030, 2925, 2828, 2724, 1732 (CO), 1496, 1455, 1383 (CHO), 1352,
1189, 1160, 748, 700, 491

HRMS ESI calcd. for C1gH1503 [M+CH30H+Na]* 337.1416 found: 337.1413.

Elemental analysis calcd (%) for C1gH1305:C 76.57, H 6.43, found: C 76.48, H 6.24.

3-Phenylpropyl 3-benzyl-4-oxobutanoate (31) (248 mg, 80%).

'H NMR (CDCls, 500 MHz) & 9.79 (s, 1H, CHO), 7.31-7.25 (m, 5H, Ph), 7.19-7.16 (m, 5H, Ph),
4.06 (td, J = 4.0 Hz, 2H, CH,), 3.12-3.10 (m, 2H, CH,), 2.75 (d, J = 4.0 Hz, 1H, CH), 2.68-2.62
(m, 3H, CH,+CH), 2.39 (dd, J = 4.0 Hz, 1H, CH), 1.95-1.91 (m, 2H, CH,).

B3¢ NMR (CDCl5, 125 MHz) 6 202.2, 171.7, 141.0, 137.6, 129.0, 128.7, 128.4, 128.3, 126.7,
126.0,64.2,49.2,34.6, 32.6, 32.1, 30.1.

IR (cm‘l): 3085, 3061, 3027, 2952, 2925, 2858, 1731 (CO), 1603, 1496, 1453 (CHO), 1192,
1163, 1030, 748, 701, 492.

HRMS ESI calcd. for Cy0H»,03 [M+Na]* 333.1467, found: 333.1461.

Elemental analysis calcd (%) for CyoH,,03: C 77.39, H 7.14, found: C, 77.36, H 7.01.

S6

http://rcin.org.pl



(2S)-tert-Butyl-2-(((3-benzyl-4-oxobutanoyl)oxy)methyl)pyrrolidine-1-carboxylate (32)

(266 mg, 71%).

'H NMR (CDCl3, 600 MHz) & 9.78 (s, 1H, CHO), 7.33-7.30 (m, 2H, Ph), 7.27 (m, 1H, Ph), 7.19-
7.17 (m, 2H, Ph), 4.17-3.99 (m, 3H, CH,, CH), 3.34-3.32 (m, 2H, CH,), 3.16-3.09 (m, 2H, CH,),
2.79-2.72 (m, 1H, CH), 2.69-2.61 (m, 1H, CH), 2.40 (dd, J = 6Hz, 1H, CH), 2.01-1.70 (m, 4H,
2xCH,), 1.46 (s, 9H, t-Bu).

B3¢ NMR (CDCl5, 150 MHz) 6 202.1, 171.5, 154.4, 137.5, 129.9, 128.7, 126.7, 79.7, 79.3, 64.9,
55.4,49.1,46.4,34.5, 325, 28.7, 28.4, 27.8, 23.7, 22.9.

'H NMR ((CD3),S0, 80 °C, 500 MHz) & 9.70 (s, 1H, CHO), 7.31-7.27 (m, 2H, Ph), 7.23-7.18 (m,
3H, Ph), 4.11-4.06 (m, 1H, CH), 4.05-3.99 (m, 1H, CH), 3.92-3.86 (m, 1H, CH), 3.33-3.27 (m,
1H, CH), 3.10-3.02 (m, 3H, CH,+CH), 2.80-2.73 (m, 1H, CH), 2.63-2.57 (dd, J = 6 Hz, 1H, CH),
2.49-2.41 (m, 1H, CH), 1.97-168 (m, 4H, 2xCH,), 1.41 (s, 9H, t-Bu).

3C NMR ((CD3),SO, 80 °C, 125 MHz) § 203.1, 171.4, 171.4, 154.0, 138.7, 129.3, 128.7, 126.7,
79.0, 64.9, 55.7, 55.7, 49.1, 46.7, 40.8, 40.7, 40.5, 40.3, 40.2, 40.0, 39.8, 34.2, 32.8, 28.6,
28.5, 28.3, 23.3.IR (cm™): 2975, 2932, 2880, 1736 (CO), 1693 (CO), 1394 (CHO), 1366, 1167,
1109, 702.

HRMS ESI calcd. for CyoH,,03 [M+CH30OH+Na]" 430.2206, found: 430,2208.

Elemental analysis calcd (%) for C;1H9NOs: C 67.18, H 7.79, N 3.73, found: C,67.22, H 7.72, N
3.69.
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4. Mechanistic considerations:

4.1. Proposed Mechanism

CHO R R
- Ny
\{\1+/

B — confirmed by NMR and MS experiment — see pp. S12-S14 and S15-S22.
C — confirmed by EPR experiment — see pp. $8-510.
D — confirmed EPR and MS experiment — see pp. $8-S10 and S15-522.

E — confirmed in experiment with D,O NMR — see pp. S11.

4.2. EPR spectroscopy
Carbenes with triplet ground state exhibit characteristic EPR spectra which can be used to
confirm their presence. Therefore, the reaction of 3-phenylpropanal with EDA was studied
using EPR spectroscopy. As the concentration of free radicals in the reaction mixture was too
low to be detected directly by EPR spectroscopy, the spin trapping experiment was
performed by adding phenyl-N-t-butyl-nitrone (PBN) as a spin trap to the reaction mixture
(Chart 1). In the control experiment EDA was irradiated with LED light in the presence
Ru(bpy)sCl,. Weak signal was observed, which is understandable since triplet carbenes easily
undergo intersystem crossing, confirming the formation of carbene in the triplet ground
state. Additionally, the same experiment was performed for 3-phenylpropanal and
morpholine. The characteristic signal corroborates the presence of the assumed cation-
radical. This intermediate formed upon the enamine reduction with *Ru®". Finally, the EPR
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spectrum was measured for the reaction mixture after 10 min. The formation of ‘spin
adducts’ was ascertained thus supporting the radical mechanism. On these bases, we

concluded that the C-H insertion at the a-position involves radicals.

OEt ’
N Ru(b Cl,, hol AN
o . N/Y u(bpy)sCl,, morpholine f6)
o] CH5CN 0o

OEt

Reaction conditions: 3-phenyl-propanal (1 equiv., 1 mmol), ethyl diazoacetate (1 equiv., 1
mmol) morpholine (0.4 equiv., 0.4 mmol), Ru(bpy)sCl, (2 mol%), CH3CN. After 10 min. of
stirring under irradiation (4xLED) N-tert-Butyl-a-phenylnitrone (spin trap) was added and

EPR spectra (9.3 GHz) was recorded.

spin trap: N-tert-butyl-a-phenylnitrone;
central magnetic field: 333 mT;
sweep width: 7,9 mT;

modulation amplitude: 0,06 mT;

microwave strength: 6,3 mW;
sweep time: 30s;
number of scans: 16

23000

21000

19000

17000

15000

13000

11000

9000

329.100 332.150 335.200

Chart 1. EPR spectra of the reaction mixture.

EPR data suggests that two radicals are present.

Control EPR experiments of a background’s reactions were performed:
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1. Ru(bpy)sCl; in CH3CN was stirred under light irradiation (4xLED) for 10 minutes and
then N-tert-butyl-a-phenylnitrone (spin trap) was added followed by EPR spectra (9.3
GHz) recording. No signals corresponding to radicals were detected.

2. Ru(bpy)sCl; with EDA in CH3CN was stirred under light irradiation (4xLED) for 10
minutes and then N-tert-butyl-a-phenylnitrone (spin trap) was added followed by
measurement EPR spectra (9.3 GHz). Weak signals were detected suggesting the
formation of a radical.

3. Ru(bpy)sCl; with aldehyde and morpholine in CH3CN was stirred under light
irradiation (4xLED) for 10 minutes after that N-tert-Butyl-a-phenylnitrone (spin trap)
was added followed by measurement EPR spectra (9.3 GHz). Strong signals were

detected suggesting the presence of radical.

19600
17600
15600
13600

11600
329.102 332.582 336.062

Ru(bpy)sCl, e Aldehyde + morpholine +Ru(bpy);Cl, ———  EDA +Ru(bpy)sCl,

Chart 2. EPR spectra of background’s reaction.
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4.3 Experiment with deuterated reagents (D,0)

OEt )

X Ru(bpy)sCl, hol AN
o, NN u(bpy)sCl,, morpholine o) .\ o
o) CH4CN, D,0 0 5 o

OEt OEt
RN 3 A
g¢ 58
N v
~o
OEt
~o
O
D
OEt
MLMWNM - o A twoendl ™y M " WMWWWMWMNWW k«»

T T T T T T T T T T T T T T T T T
49.5 48.5 47.5 46.5 45.5 44.5 43.5 42.5 41.5 40.5 39.5 38.5 37.5 36.5 35.5 34.5
ppm

Chart 1. C NMR spectra : 1) product of reaction without D,0, 2) product of a reaction with D,O
To prove the hypothesis of the external proton incorporation in the a-position to the ester
group, the experiment with D,O was performed. *H and *C NMR spectra suggested that
after the reaction in the presence of D,0, a mixture of deuterated and undeuterated product
formed. In *C NMR spectrum two pairs of signals 49.27, 49.21 and 34.61 and 34.59
suggested the presence of the deuterated product. In 'H NMR spectrum signals

corresponding to the deuterated product were too weak to judge about ratio of products.
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4.4, NMR studies

OEt ’
N Ru(b Cl,, hol AN
0 N N/\H/ u(bpy)sCl,, morpholine fe)
o] CH5CN 0o

Reaction conditions: aldehyde (1 equiv., 1 mmol), morpholine (0.4 equiv., 0.4 mmol), EDA (1

equiv., 1 mmol), Ru(bpy)sCl, (2 mol%), CD3:CN. The progress of the reaction was followed by
'H NMR spectroscopy. After 0, 30, 90, 150 and 210 min. of stirring under light irradiation
(4xLED) NMR spectra (400 MHz) was recorded.
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4.5, Mass spectrometry studies

OEt .
N Ru(b Cl,, hol AN
o . N/\[( u(bpy)sCl,, morpholine o
¢} CH4CN 0

Reaction conditions: aldehyde (1 equiv., 1 mmol), morpholine (0.4 equiv., (())Eltl mmol), EDA (1
equiv., 1 mmol), Ru(bpy)sCl, (2 mol%), CDsCN. To support the proposed mechanism the
progress of the reaction was also monitored by ESI-MS. After 0, 30, 90, 150 and 210 min. of
stiring under light irradiation (4xLED) MS ESI spectra was recorded.

A -0 min.:
1: TOF Ms‘ésf
i 285.05 Rulbpy),* i
B
LN 204.14 OH
ph/\) Ph/\/I\DMe
MvEH]* [2MEK]*
5 370.24
# OH Eﬁj
\ Ohde |
/\/[\ Ph OMe
Ph Ohde
MmH+K]* Ph
4 "
371.24 .
22013 338.21 Ralogcl
157.08 ‘ 32020 | 35223 449.01

o | L, I ] Wl f 4 . mz

160 180 200 220 240 260 280 300 320 340 360 ko) 200 420 449 &0

B —30 min.:

1510
1; TOF MS E3=

285.05

579.34

ke S TV
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C-90 min.:

fraes

(u} ]

1. TOF ME, E-Ca_
1m 285-C E j [ j o
N N
G Ph " or ph 0
0 o [ j
Ph 0”" e okt N
OEt OEt
[vENa] = nEEt L
Ph
DR OH Eﬁj o
I, (] :
# Ph OM
21 S N O
A
Ph o Ph Ph CO2Et W]
(u] mat CO-Et
[veH]*
OEt
[vBNa] t 200.18 e 44901
27513 : 451.01
336.20 448.01 579.34
157[03 20212 54349 446.01 49227 }530.34
ol Y 1 l Jou A I S
1401501sumummzsolzeoaoumwmmmammmmsmlszomsoseosoom&aswseom
D - 150 min.:
0 0 1 TOF NS ESe.
1.23e6
e 285.05 E j E j s
N N
Ph " or ph
0 [u]
a}
ba 350.21 ik Okt [ :I
Ph o cos VE-H]? (vE-H]* i
# [MNa] Ph /
Ph g )
0 37823
OEt
[vHNa*
202.12
157.08 L
o | Nerve ¥ 1 -
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E-210 min:

= 1500t
Z15_Wj1453 10 {0226) Cm (%:17-2:6) o (n} 1: TOF MS ES+

il 285.05 j [ j e
PhY or Ph
350.21 0 Z

Ph g
By
0
27512
2%.1/
OEt
[IvHNa]*
—— 336.20
15708 29212 54510 318.18

204.14
| . L._l . l L.

140 160 180 200 220 240 260 280 300 320 340

@

The ESI-MS analysis of the reaction shows a more complex mixture of products than NMR
data. We assume that during the experiments subsequent reactions took place in the gas

phase.

The control ESI-MS experiments of background’s reactions were also performed:

1) Ru(bpy)sCl; in CH3CN after:

a) 0 min. of stirring under light irradiation (4xLED):

1. TOF l.t?“gf:—l_’
. 28505 Rufbpy,* 2
284.56
286.06
#
284,06
283,56
28656
28206
1I:III 1SEII ZDIS 230 o 330 400 450 SO0 550 &00 * B0 * Too T3 B00 =] 500 950 10{!:“1'1
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b) 30 min. of stirring under light irradiation (4xLED):

13Fl£§3-
. 28505 Rufbpy),® g2
284 56
286.06
28406
283.56
286,56 Rt
bpy+H* 2az.06f 449.01
4438.01
157.08
o | - e N miz
100 120 140 150 130 200 220 240 260 230 300 320 340 360 350 400 420 440 450 450 SO0 5200 S40 550 580 600 G20 540 &R0 B0 TOO T20

2) Ru(bpy)sCl; with morpholine in CH3CN after:

a)

0 min. of stirring under light irradiation (4xLED):

28505 Rubpy,

5
28450 06,06
284 04
bpy+HY 5g3 54
157.08
D26.56
282.06
50653
sk Lk - L P ] e & miz
00 120 200 230 300 330 400 50 S00 550 600 850 T Fi=i] 600 as0 SO0 250 1000
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b) 30 min. of stirring under light irradiation (4xLED):

285.05 Rnfbpy,®

mZ

100,
284 56
[286.06
284 06
283 56 Rufbpy)CT
44901
451.01
bpy +H* 28206 286.56 44801
187.11 175,07 44701
15?L.08| n l 52.01
. & -
FL'i:l 150 !D; 250 300 330 400 430 500 550 .- E00 &30 “ 200 az0

3) Ru(bpy)sCl; with EDA in CH3CN after 30 min. of stirring under light irradiation (4xLED):

- TOF M5 E5¢
oo 28505 Rulbpy,® 255
N 284 56{286.06
284 .06
28356
+
by +H 282 06[286.56
157.08
l A, A
T R T A T R I e R BNt 7' R A R T T
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4) Ru(bpy)sCl, with EDA, morpholine in CH3CN after 30 min. of stirring under light

irradiation (4xLED):

ol
mmk

an 28505 Ru(bpy* B
284 56
266,06
284 06}
28356
PRy 286.56 Rufepsfc
157.08 262.06}286- 449,01
448.[]1i
FL'i:l 150 2'II‘ 230 300 350 400 430 SO0 =350 * E00 =2 700 ™= 800 Es0 200 a3 1DEDm'z
5) Ru(bpy)sCl, with 3-phenylpropanal, morpholine in CH3CN after:
a) 0 min. of stirring under light irradiation (4xLED):
- OH 370.24 ?
a /\/l\
3 Fh Ohide
KT
“ 204.14 \
/J [MH*
Fh
\ [CI
OH ﬁ'j
|
Fh
Fh Xj
[
338.21 37124
205.14 Fafbpy®
17.07 28505 35223
¢ : . & | I e
100 120 140 160 &1 200 220 240 260 280 300 320 30 350 =0 400 420 440
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b) 30 min. of stirring under light irradiation (4xLED).

o . 1: TOF ME EB-.
o 241~ 13 370.24 [ﬁj e
|

A 350.21 oh S e

Fh
ma*

Ohde o /
- Ph/\/l\DMe E j < Ph/\‘)\PME
K]+ oH & (W]
N

u}
PhA/J‘j) N (3
: 407 27 N
336.20 268.22

Ph

(" PhJ

37124 [2M
. 351 21
Rufbys Rulbpy) LT

22114 285.05 318.19 15223 408.27
24913 28456 286.06 ' 448.01
W I

s ||| || |- oka. | il Ll o L 4 L J !
00 20 23 23 M0 20 260 XD 2E0 280 300 30 320 3N 380 3 B/ OI0 B0 W0 400 410 420

L singorteg LS b miz
430 420 450 480 4T

(=

When no EDA was added to the reaction mixture the substantial formation of the aldol

product was detected.

6) Ru(bpy)sCl, with aldehyde, morpholine and EDA in CH3CN after 30 min. of stirring
under light irradiation (4xLED) TEMPO as a radical scavenger was added, and after 30

min. of stirring under light irradiation (4xLED) MS spectra was recorded.

285.05

32224

86.56 Z358.22 378.23
336.20

407.27 4490
379.23 42719

| 492 27
Ll M |
:zl:s.,caucna&nﬂﬂiin&n&ungm‘ﬁl:x%l:&mswﬂ

The experiment confirmed the tormation ot two compounds with |1EMPO hence two radical

species were presents in the reaction mixture.
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4.6. \Verification of cyclopropane-intermediate mechanism

The prepared cyclopropylamine was subjected to the developed reaction conditions. Under
light irradiation the expected ring cleavage occurred and the subsequent hydrolysis of the
iminium moiety yielded a-functionalized product. GC-MS analysis revealed the presence of
two regioisomeric derivatives 34 and 35, hence the photocatalytic ring opening was not
regioselective. As in our model reaction, only one product formed, we postulate that the
described a-alkylation proceeds mainly via the radical pathway but to some extend

cyclopropanation followed by ring opening may also operate.

0] 0

< > < >cozEt Ru(bpy)?,Clz, LEDs OHC COEt )CiZE/t\
N\_\; " Nzé\COZEt CuCl N % morpholine, solvent - OHC Ph

Ph CH,Ph

33 9

34 35
Reaction conditions: Cyclopropyloamine (1 equiv., 1 mmol), Ru(bpy)sCl; (2 mol%), DMSO (9

mL) and buffer pH=4 (1 mL) was stiring under light irradiation (4xLED) for 5 h and GC-MS

spectra was recorded.

Abundance TIC KJ28 Ddatams
1200000

1000000
Ph/\q b
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o 1428
800000 \ ‘ .
|
CHO
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\4.153

800000

0
000} 4439

200000

Tme-> 1100 1150 1200 1250 1300 1350 1400 1450 1500 1550 1600 1650 1700 1750 1800 1850 1900 1950 2000 2050 2100 2150 2200
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4.7. Stern—Volmer quenching experiment

Stern-Volmer analyses for each of the reaction components clearly showed that for enamine B
(see proposed mechanism) very strong, in comparison with EDA and morpholine, quenching
of [Ru*(bpy);CL]>" occurred thus confirming the proposed radical C being a reactive
intermediate. In accord with the proposed mechanism aldehyde resulted in minute Stern-
Volmer quenching. For 3-phenylpropanal, EDA, enamine 33, morpholine and Ru(bpy);Cl,
samples were prepared by adding solutions of substrates to Ru(bpy);Cl, solution in DMSO
(total volume 2 mL) and degassed with Ar. The concentration of Ru(bpy);Cl, in DMSO was
5710 M.

2,9 - y=41,917x+1,0107
R? =0,9988
2,4 -
/! 19 -
y = 3,3506x + 0,9876
14 4 R*=0,9636 | =2 2696x +0,9989
Jq__‘_/. R? = 0,9654
. = 1 = R y =0,4561x + 0,9905
A J 2 =
0,9 T T T T T T T T R. 0,771
0 0,01 0,02 0,03 0,04 0,05 0,06 0,07 0,08 0,09
4 Enamine + EDA = Morpholine e 3-phenylpropanal
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4.8. UV-Vis spectroscopy studies

OEt .
N Ru(b Cl,, hol AN
o . N/\[( u(bpy)sCl,, morpholine o
¢} CH4CN 0

OEt
Reaction conditions: aldehyde (1 equiv., 0,5 mmol), morpholine (0.4 equiv., 0.2 mmol), EDA

(1 equiv., 0,5 mmol), Ru(bpy)sCl, (2 mol%), CHsCN. To support the proposed mechanism the
progress of the reaction was also monitored by UV-Vis. After 0, 30, 90, 150 and 210 min. of
stiring under light irradiation (4xLED) the sample of 15 ul was taken from the reaction and it

was diluted to 5,015 ml MeCN and UV-Vis spectra was recorded.

UV-Vis - progress of the reaction in time

3,25
2,75
2,25
1,75
1,25
0,75

0,25

-0,25200 250 300 350 400 450 500 550 600 650 700

=0 min 30 min 60 min 90 min 150 min 210 min

The control UV-Vis experiments of substrates and background’s reactions were also

performed:

1) Ru(bpy)sCl; in CH3CN after O min. of stirring under light irradiation (4xLED) and 30

min. of stirring under light irradiation (4xLED):
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Ru(bpy);Cl, [2 x 103 M]

N W s~ Un,

200 300 400 500 600 700 800

= (0 min 30 min

Ru(bpy);Cl, [5.9 x 10 M]

0,6
0,5
0,4
0,3
0,2
0,1

-0,1200 300 400 500 600 700 800

e (0 min 30 min

2) 3-phenylpropanal in CH3CN after O min. of stirring under light irradiation (4xLED) and

30 min. of stirring under light irradiation (4xLED):

3-phenylpropanal [2.9 x 104 M]
1,6
1,4

1,2
1

0,8
0,6
0,4

0,2 \
0

02 200 300 400 500 600 700

() min 30 min
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3) EDA in CH3CN after 0 min. of stirring under light irradiation (4xLED) and 30 min. of

stirring under light irradiation (4xLED):

EDA [2.9 x 10* M]

200 300 400 500 600 700 800

=0 min 30 min

4) Background’s reaction in CH3CN after 0 min. of stirring under light irradiation (4xLED)
and 30 min. of stirring under light irradiation (4xLED):

200 250 300 350 400 450 500 550 600 650

——— 3-phenylpropanal + morpholine 0 min ——— 3-phenylpropanal + morpholine 30 min

Ru(bpy)3CI2 + 3-phenylpropanal 0 min Ru(bpy)3CI2 + 3-phenylpropanal 30 min

Ru(bpy)3ClI2 + morpholine 0 min Ru(bpy)3CI2 + morpholine 30 min

Ru(bpy)3CI2 + EDA 0 min Ru(bpy)3CI2 + EDA 30 min

Ru(bpy)3CI2 + 3-phenylpropanal + morpholine 0 min Ru(bpy)3CI2 + 3-phenylpropanal + morpholine 30 min

Ru(bpy)3CI2 + EDA + morpholine 0 min

Ru(bpy)3CI2 + EDA + morpholine 30 min
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'H and C NMR spectra
a) Ethyl 3-benzyl-4-oxobutanoate (10)
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b) Ethyl 3-formyl-4-(4-metoxyphenyl)butanoate (22)

Ethyl 3-formyl-4-{4-methoxyphenyl}butancate
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c) Ethyl 3-formylundecanoate (23)

Ethyl 3-formylundecanoate
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Ethyl 4-oxo-3-phenylbutanoate (24)

d)

ethyl 4-oxo-3-phenylbutancate
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e) Ethyl 3-(3-chlorobenzyl)-4-oxobutanoate (25)

Ethyl 3-(3-chlorobenzyl)-4-oxobutancate
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f) Ethyl 2-formyl-3-methylbutanoate (26)

Ethyl 2-formyl-3-methylbutanoate
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As the compound is very volatile signals corresponding to the solvents are present in both spectra
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g) tert-Butyl 3-benzyl-4-oxobutanoate (29)

Tert-butyl 3-benzyl-4-oxobutanoate
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h) Benzyl 3-benzyl-4-oxobutanoate (30)

Benzyl 3-benzyl-4-oxobutanoate

00'g-—

ET°L
£T°L
¥
ST'L
we
STL
Pl &
&L
8T'£A
et
OE'L—F
€L
ZEL
TEL
£E°L
£ez
¥E'L]
bee
AT
oc s

~o

o._.Ph

TE |
Feoz |

Feoz I

ooz

FPBT

T

T'9

2.0

4.0

4.5

5.0

6.0

6.5

7.0

90 85 8.0

95

1.0

1.5

25

3.0

3.5

55

7.5

10.0

ppm

PIZE
BSHE—

9Tk —

o' —

SL'9L 18

QoLL
STLL

8£'92T
8Z'8CT
TE'BTT
84°BTT
TL'8ZT
T0'62T
B5'SET —~
BS'LET

£8'TLT —

-4-oxobutanoate

benzyl

81202 —

Benzyl 3

~o

A A ] 4 o s A S

0. _Ph

40 30

50

80 70

90

160 150 140 130 120 110
ppm

170

200 190

210

S35

http://rcin.org.pl



3-Phenylpropyl 3-benzyl-4-oxobutanoate (31)

i)

3-phenylpropyl 3-benzyl-4-cxobutancate
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j) (2S)-tert-Butyl2-(((3-benzyl-4-oxobutanoyl)oxy)methyl)pyrrolidine-1-carboxylate (32)

(2S)-tert-butyl2-(((3-benzyl-4-oxobutanoyl)axy)methyl)pyrrolidine-1-carboxylate {CDCI3)
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6. Emission spectra mesurements:

a) ‘household’ LED
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b) ‘household’ CFL bulb

500

100000

= 400 -
[a.u.]

300

200 -

100

350 400 450 500 550 600 650 700 750 goo [nm]

S39

http://rcin.org.pl



. Photoreactor

540

http://rcin.org.pl



pubs.acs.org/JACS

JOURNAL OF THE AMERICAN CHEMICAL SOCIETY

Porphyrins as Photoredox Catalysts: Experimental and Theoretical
Studies

Katarzyna Rybicka-Jasifiska,” Wengian Shan,” Katarzyna Zawada,** Karl M. Kadish,**
and Dorota Gryko™"

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

i[University of Houston, Department of Chemistry, Houston, Texas 77204-5003, United States

YMedical University of Warsaw, Faculty of Pharmacy with the Laboratory Medicine Division, Department of Physical Chemistry,
Banacha 1, 02-097 Warsaw, Poland

© Supporting Information
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electron transfer processes. Indeed, we have found that free base
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alkylated derivatives. The performance of a porphyrin catalyst can be
optimized by tailoring various substituents at the periphery of the
macrocycle at both the # and meso positions. This allows for the fine
tuning of their optical and electrochemical properties and hence their catalytic activity.

ACS Publica‘tions © 2016 American Chemical Society 15451 DOI: 10.1021/jacs. 6609036
W J. Am. Chem. Soc. 2016, 138, 15451—15458

http://rcin.org.pl


pubs.acs.org/JACS
http://dx.doi.org/10.1021/jacs.6b09036
https://pubs.acs.org/doi/pdf/10.1021/jacs.6b09036

Journal of the American Chemical Society

15452 DOI: 10.1021/jacs.6b09036
J. Am. Chem. Soc. 2016, 138, 1545115458

http://rcin.org.pl


http://dx.doi.org/10.1021/jacs.6b09036

Journal of the American Chemical Society

15453 DOI: 10.1021/jacs.6b09036
J. Am. Chem. Soc. 2016, 138, 1545115458

http://rcin.org.pl


http://pubs.acs.org/doi/suppl/10.1021/jacs.6b09036/suppl_file/ja6b09036_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.6b09036/suppl_file/ja6b09036_si_001.pdf
http://dx.doi.org/10.1021/jacs.6b09036

Journal of the American Chemical Society

15454 DOI: 10.1021/jacs.6b09036
J. Am. Chem. Soc. 2016, 138, 1545115458

http://rcin.org.pl


http://dx.doi.org/10.1021/jacs.6b09036

Journal of the American Chemical Society

15455 DOI: 10.1021/jacs.6b09036
J. Am. Chem. Soc. 2016, 138, 1545115458

http://rcin.org.pl


http://pubs.acs.org/doi/suppl/10.1021/jacs.6b09036/suppl_file/ja6b09036_si_001.pdf
http://dx.doi.org/10.1021/jacs.6b09036

Journal of the American Chemical Society

15456 DOI: 10.1021/jacs.6b09036
J. Am. Chem. Soc. 2016, 138, 15451—15458

http://rcin.org.pl


http://pubs.acs.org/doi/suppl/10.1021/jacs.6b09036/suppl_file/ja6b09036_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.6b09036/suppl_file/ja6b09036_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.6b09036/suppl_file/ja6b09036_si_001.pdf
http://dx.doi.org/10.1021/jacs.6b09036

Journal of the American Chemical Society

15457 DOI: 10.1021/jacs.6b09036
J. Am. Chem. Soc. 2016, 138, 1545115458

http://rcin.org.pl


http://pubs.acs.org
http://pubs.acs.org/doi/abs/10.1021/jacs.6b09036
http://pubs.acs.org/doi/suppl/10.1021/jacs.6b09036/suppl_file/ja6b09036_si_001.pdf
mailto:dorota.gryko@icho.edu.pl
http://ww2.icho.edu.pl/gryko_group
http://ww2.icho.edu.pl/gryko_group
mailto:katarzyna.zawada@wum.edu.pl
mailto:kkadish@uh.edu
http://dx.doi.org/10.1021/jacs.6b09036

Journal of the American Chemical Society

15458 DOI: 10.1021/jacs.6b09036
J. Am. Chem. Soc, 2016, 138, 1545115458

http://rcin.org.pl


http://dx.doi.org/10.1021/jacs.6b09036

Supporting Information (SI)
for

Porphyrins as Photoredox Catalysts - Experimental and
Theoretical studies

Katarzyna Rybicka-Jasifiska,* Wengian Shan,? Katarzyna Zawada,** Karl Kadish,?* Dorota
Gryko™*

! Institute of Organic Chemistry Polish Academy of Sciences, Kasprzaka 44/52, 01-224 Warsaw, Poland
? University of Houston, Department of Chemistry, Houston, Texas 77024-5003, USA

* Medical University of Warsaw, Faculty of Pharmacy with the Laboratory Medicine Division, Department of
Physical Chemistry, Banacha 1, 02-097 Warsaw, Poland

S1

http://rcin.org.pl



Table of Contents

1. General information sS4
2. General synthetic procedures S4
3. Scope and limitations S5
4. Optimization studies S11
5. Mechanistic considerations S15
5.1. Proposed mechanism S15
5.2. EPRstudies S16
5.3.  NMR studies S24
5.4. Mass spectrometry studies S27
5.5. Electrochemical studies S29
5.7. Stern—Volmer quenching experiments S35
5.6. UV-Vis measurement S40
6. 'Hand *CNMR spectra S43
a) Ethyl 3-benzyl-4-oxobutanoate (3) S43
b) Ethyl 3-formyl-4-phenylpentanoate (14) S44
c) Ethyl 3-formyl-4-(4-methoxyphenyl)butanoate (15) S45
d) Ethyl 3-(3-chlorobenzyl)-4-oxobutanoate (16) S46
e) Ethyl 4-oxo-3-phenylbutanoate (17) S47
f) Ethyl 3-formyl-4-methylpentanoate (20) S48
g) Ethyl 3-formylundecanoate (21) S49
h) tert-Butyl 3-benzyl-4-oxobutanoate (22) S50
i) Benzyl 3-benzyl-4-oxobutanoate (23) S51
j)  3-Phenylpropyl 3-benzyl-4-oxobutanoate (24) S52

k) (2S)-tert-Butyl-2-(((3-benzyl-4-oxobutanoyl)oxy)methyl)pyrrolidine-1-carboxylate
(25) (CDsCl, rt) S53

1) (2S)-tert-Butyl-2-(((3-benzyl-4-oxobutanoyl)oxy)methyl)pyrrolidine-1-carboxylate

(25) (DMSO-dg, 80 °C) S54

m) Ethyl 3-formyldodec-11-enoate (26) S55

n) (E)-Ethyl 3-formylnon-7-enoate (27) S56
S2

http://rcin.org.pl



o) (2)-Ethyl 3-formyldec-7-enoate (28) S57

p) (E)-Ethyl 3-formyldodec-9-enoate (29) S58

Emission spectra measurements S59

. The photoreactor S60

References S60
S3

http://rcin.org.pl



1. General Information
All solvents and chemicals used in the syntheses were of reagent grade and were used without
further purification. High resolution ESI mass spectra were recorded on a Mariner or SYNAPT
spectrometer. 'H and >CNMR spectra were recorded at rt on Bruker 400 or Varian 600 MHz
instruments with TMS as an internal standard. EPR spectrum was recorded on Magnettech MS200
spectrometer. IR spectroscopy measurements were performed on FTIR Jasco 6200 instrument. Thin
layer chromatography (TLC) was performed using Merck Silica Gel GF254, 0.20 mm thickness. GC
measurements were made on Gas Chromatograph Perkin EImer Clarus 500. Aldehydes were purified

by flash column chromatography (hexane: AcOEt) if necessary.

Photo-induced reactions were performed using a homemade photoreactor equipped with four LED

light bulbs (1200 Lm; warm light).

2. General synthetic procedures

General procedure for a-functionalization of aldehydes:

A photocatalyst (1 mol%) was placed in a reaction tube and dissolved in a mixture of DMSO and
buffer pH = 4 (mixture 9:1, 10 mL) then an aldehyde (1 mmol), morpholine (0.4 equiv., 0.4 mmol),
LiBF4 (20 mol%), and EDA (1 equiv., 1 mmol) were added. The reaction mixture was stirred under
light irradiation (4xLED, 1xLED = 300 lumens, 39 °C - generated by the light sources in the
photoreactor) for 5 h. The light was turned off, the reaction mixture was diluted with AcOEt, and
washed with 1N HCI. The aqueous phase was extracted with AcOEt three times. Combined organic
phases were washed with saturated NaHCOs,,, brine, dried over Na,SO,, filtered, and concentrated.

The crude product was purified by flash chromatography using silica gel (hexanes/AcOEt).
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Scope and limitations

Ethyl 3-benzyl-4-oxobutanoate (3) (colorless oil, 198 mg, 90%)

'H NMR (CDCls, 500 MHz) & 9.79 (s, 1H, CHO), 7.31-7.17 (m, 5H, Ph), 4.11 (q, J = 7.1 Hz, 2H
COCH,CHs), 3.14-3.08 (m, 2H, CH,), 2.77-2.71 (m, 1H, CH), 2.65 (dd, J = 7.6 Hz, 1H, CH), 1.40
(dd, J = 4.8 Hz, 1H, CH), 1.23 (t, J = 7.0 Hz, 3H, COCH,CHs) ppm.

3C NMR (CDCl3, 100 MHz) 6 202.2, 171.6, 137.7, 129.0, 128.6, 126.7, 60.7, 49.2, 34.6, 32.7,
14.1 ppm.

IR film (cm™): 3029, 2982, 2934, 2725, 1733 (CO), 1496, 1454 (CHO), 1375, 1199, 1161, 1031,
750, 702.

HRMS ESI calcd. for C13H1603 [M+Na]* 243.0997; found: 243.0993.

Elemental analysis calcd (%) for C13H1603: C 70.89, H, 7.32; found: C 70.74, H, 7.40.

GC (mobile phase: hydrogen, flow rate: of 40 mL/min, the injector temperature: 220 °C,

temperature range: 50 °C to 300 °C, time: 52 min) tr=42.2 min.

Ethyl 3-formyl-4-phenylpentanoate (14) (colorless oil, 119 mg, 51%, as a mixture of two
diastereoisomers)

'H NMR (CDCls, 400 MHz) & 9.86 (s, 1H, CHO), 9.69 (s, 1H, CHO), 7.32- 7.17 (m, 10H, 2 x Ph),
4,10- 4,02 (m, 4H, 2 x COCH,CH3), 3.26 (m, 1H, CH), 3.11- 3,07 (m, 3H, 3 x CH), 2.75- 2.68 (dd,
J=8.0 Hz, 1H, CH), 2.58- 2.53 (dd, J = 8.0 Hz, 1H, CH), 2,37-2,36 (dd, J = 4.0 Hz, 1H, CH), 2.32-
2.31(dd, J = 4.0 Hz, 1H, CH), 2.27- 2.26 (dd, J = 4.0 Hz, 1H, CH), 2.23- 2.22 (dd, J = 4.0 Hz, 1H,
CH), 1.38 (d, J = 8.0 Hz, 4H, CHs3), 1.31 (d, J = 8.0 Hz, 4H, CHs), 1.25- 1.17 (m, 6H, 2 x CHs)
ppm.

B3¢ NMR (CDCl5, 100 MHz) 6 203.5, 202.8, 172.1, 171.9, 143.1, 142.8, 128.7, 128.7, 127.5,
127.4,126.9,126.9, 60.7, 53.8, 39.9, 38.9, 32.8, 30.6, 19.2, 17. 5, 14.1 ppm.

IR film (cm™): 3086, 3061, 3029, 2977, 2833, 2730, 1732 (CO), 1603, 1495, 1454 (CHO), 1374,
1331, 1242, 1200, 1178, 1029, 767, 703.

HRMS ESI calcd. for C14H1503 [M+Na]* 257.1154; found: 257.1153

Elemental analysis calcd (%) for C14H1803: C 71.77, H 7.74; found: C 71.63, H 7.93.
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Ethyl 3-formyl-4-(4-methoxyphenyl)butanoate (15) (colorless oil, 195 mg,78%)

'H NMR (CDCls, 400 MHz) & 9.78 (s, 1H, CHO), 7.09-7.07 (m, 2H, Ph), 6.84-6.83 (m, 2H, Ph),
4.10 (g, J = 7.0 Hz, 2H, COCH,CHs ), 3.78 (s, 3H, OCH3s), 3.08-3.01 (m, 2H, CH;), 2.71-2.60 (m,
2H, CH,), 2.40 (dd, J = 5.5 Hz, 1H, CH), 1.23 (t, J = 7.0 Hz, 3H, COCH,CHs) ppm.

B3¢ NMR (CDCl5, 100 MHz) 6 202.5, 171.7, 158.3, 129.9, 129.5, 114.0, 60.7, 55.2, 49.4, 33.7,
32.6, 14.1 ppm.

IR film (cm™): 2982, 2958, 2935, 2837, 1731 (CO), 1612, 1514 (CHO), 1249 (OCH3), 1179,
1034, 838.

HRMS ESI calcd. for C14H1504 [M+Na]* 273.11032; found: 273.1102

Elemental analysis calcd (%) for C14H1804: C 67.18, H 7.25; found: C 67.24, H 7.10.

Ethyl 3-(3-chlorobenzyl)-4-oxobutanoate (16) (colorless oil, 185 mg, 73%).

'H NMR (CDCls, 400 MHz) & 9.78 (s, 1H, CHO), 7.26-7.18 (m, 3H, Ph), 7.07-7.06 (m, 1H, Ph),
4.12 (g, J = 7.2 Hz, 2H, COCH,CHs), 3.12-3.07 (m, 2H, CH,), 2.74-2.69 (m, 1H, CH), 2.65 (dd, J =
7.1 Hz, 1H, CH), 2.40 (dd, J = 5.1 Hz, 1H, CH), 1.24 (t, J = 7.1 Hz, 3H, COCH,CH3) ppm.

13C NMR (CDCl5, 100 MHz) § 201.7, 171.4, 139.9, 134.5, 129.9, 129.1, 127.2, 127.0, 60.9,
49.0,34.1,32.7, 14.1 ppm.

IR film (cm™): 2982, 2934, 1730 (CO), 1598, 1574, 1476, 1374 (CHO), 1198, 1157, 1027, 878,
783, 703, 684, 443.

HRMS ESI calcd. for C13H15Cl05 [M+CH3OH+Na]* 309.0870; found: 309.0867.

Elemental analysis calcd (%) for C;3H15ClO5: C 61.30, H, 5.94, Cl 13.9; found: C 61.27, H 5.91,
Cl 13.86.

Ethyl 4-oxo-3-phenylbutanoate (17)* (colorless oil, 112 mg, 47%)

'H NMR (CDCls, 400 MHz) 6 9.70 (s, 1H, CHO), 7.40-7.32 (m, 3H, Ph), 7.21-7.19 (m, 2H, Ph),
4.17-4.10 (m, 3H, COCH,CH3, CH ), 3.14 (dd, J = 8.0 Hz, 1H, CH), 2.61 (dd, J = 8.0 Hz, 1H, CH),
1.22 (t, J = 8.0 Hz, 3H, COCH,CH3s) ppm.

13 NMR (CDCl3, 100 MHz) 6 198.5, 171.5, 134.8, 129.2, 128.8, 128.0, 60.7, 54.6, 34.6, 14.0

ppm.
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Ethyl 3-formyl-4-methylpentanoate (20) (colorless oil, 120 mg, 66%).

'H NMR (CDCls, 400 MHz) 6 9.74 (s, 1H, CHO), 4.12 (q, J = 8.0 Hz, 2H, COCH,CHs), 2.81-2.64
(m, 2H, CH), 2.42-2.28 (ddd, J = 4.0 Hz, 1H, CH), 2.19-2.01 (m, 1H, CH), 1.25-1.21 (td, J = 8.0
Hz, J=4.0 Hz, 3H, COCH,CH3s), 1.01-0.92 (m, 6H, 2xCH3) ppm.

3C NMR (CDCl3, 100 MHz) & 203.3, 179.8, 172.2, 60.7, 60.6, 53.5, 47.2, 32.6, 29.8, 27.7, 20.1,
19.9, 19.3, 19.1, 14.0, 14.0 ppm; residual peaks from AcOEt, hexane and CH,Cl, — product is

very volatile and we were not able to dry.

Ethyl 3-formylundecanoate (21) (colorless oil, 188 mg, 78%)

'H NMR (CDCls, 400 MHz) 6 9.71 (s, 1H, CHO), 4.15 (q, J = 4.0 Hz, 2H, COCH,CHs), 2.83-2.79
(m, 1H, CH), 2.70-2.64 (m, 1H, CH), 3.39 (dd, J = 4.0 Hz, 1H, CH), 1.72-1.68 (m, 1H, CH), 1.49-
1.43 (m, 1H, CH), 1.35- 1.23 (m, 15H, CH,), 0.87 (t, J = 4.0 Hz, 3H, CHs) ppm.

3C NMR (CDCls, 100 MHz) § 202.9, 171.9, 60.7, 47.7, 33.1, 31.8, 29.5, 29.3, 29.1, 28.6, 26.7,
22.6,14.1, 14.0 ppm.

IR film (cm™): 2927, 2856, 1737 (CO), 1466 (CHO), 1374, 1185, 1032, 723.

HRMS ESI calcd. for C14H2603 [M+Na]* 265.1780; found: 265.1779.

Elemental analysis calcd (%) for C14H,603: C 69.38, H 10.81; found: C 69.30, H 10.85.

tert-Butyl 3-benzyl-4-oxobutanoate (22) (colorless oil, 162 mg, 65%).

'H NMR (CDCl3, 500 MHz) 6 9.78 (s, 1H, CHO), 7.30-7.16 (m, 5H, Ph), 3.10-3.04 (m, 2H, CH,),
2.74-2.2.72 (m, 1H, CH), 2.56 (dd, J = 7.6 Hz, 1H, CH), 2.35 (dd, J = 5.1 Hz, 1H, CH), 1.42 (s, 9H,
t-Bu) ppm.

13C NMR (CDCls, 125 MHz) § 202.5, 170.8, 137.9, 129.0, 128.6, 126.6, 81.1, 49.4, 34.5, 34.1,
28.0 ppm.

IR film (cm™): 2979, 2931, 1728 (CO), 1455, 1368 (CHO), 1255, 1150, 751, 701.

HRMS ESI calcd. for C15H2003 [M+CH30H+Na]* 303.1572; found: 303.1562.

Elemental analysis calcd (%) for CisH,003 : C 72.55; H 8.12; found: C 72.31, H 8.29.

Benzyl 3-benzyl-4-oxobutanoate (23) (colorless oil, 234 mg, 83%)

'H NMR (CDCls, 500 MHz) & 9.79 (s, 1H, CHO), 7.36-7.28 (m, 6H, Ph), 7.27-7.22 (m, 2H, Ph),
7.15-7.13 (m, 2H, Ph), 5.08 (s, 2H, CHPh), 3.14-3.07 (m, 2H, CH,), 2.76-2.67 (m, 2H, CH,),
2.42 (dd, J=4.0 Hz, 1H, CH) ppm.
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B3¢ NMR (CDCl5, 125 MHz) 6 202.1, 171.5, 137.5, 135.5, 129.0, 128.7, 128.5, 128.3, 128.2,
126.7, 66.6, 49.2, 34.5, 32.6 ppm.

IR film (cm™): 3087, 3063, 3030, 2925, 2828, 2724, 1732 (CO), 1496, 1455, 1383 (CHO), 1352,
1189, 1160, 748, 700, 491

HRMS ESI calcd. for CigH1503 [M+CH30H+Na]* 337.1416; found: 337.1413.

Elemental analysis calcd (%) for C1gH1803: C 76.57, H 6.43; found: C 76.48, H 6.24.

3-Phenylpropyl 3-benzyl-4-oxobutanoate (24) (colorless oil, 260 mg, 84%).

'H NMR (CDCls, 500 MHz) & 9.79 (s, 1H, CHO), 7.31-7.25 (m, 5H, Ph), 7.19-7.16 (m, 5H, Ph),
4.06 (td, J = 4.0 Hz, 2H, CH,), 3.12-3.10 (m, 2H, CH,), 2.75 (d, J = 4.0 Hz, 1H, CH), 2.68-2.62
(m, 3H, CH, + CH), 2.39 (dd, J = 4.0 Hz, 1H, CH), 1.95-1.91 (m, 2H, CH,) ppm.

3¢ NMR (CDCls, 125 MHz) 6 202.2, 171.7, 141.0, 137.6, 129.0, 128.7, 128.4, 128.3, 126.7,
126.0,64.2,49.2,34.6, 32.6, 32.1, 30.1 ppm.

IR film (cm™®): 3085, 3061, 3027, 2952, 2925, 2858, 1731 (CO), 1603, 1496, 1453 (CHO), 1192,
1163, 1030, 748, 701, 492.

HRMS ESI calcd. for CyoH2,03 [M+Na]* 333.1467; found: 333.1461.

Elemental analysis calcd. (%) for CyoH,,03: C 77.39, H 7.14; found: C, 77.36, H 7.01.

(2S)-tert-Butyl-2-(((3-benzyl-4-oxobutanoyl)oxy)methyl)pyrrolidine-1-carboxylate (25)
(colorless oil, 251 mg, 67%).

'H NMR (CDCl3, 600 MHz) & 9.78 (s, 1H, CHO), 7.33-7.30 (m, 2H, Ph), 7.27 (m, 1H, Ph), 7.19-
7.17 (m, 2H, Ph), 4.17-3.99 (m, 3H, CH,, CH), 3.34-3.32 (m, 2H, CH,), 3.16-3.09 (m, 2H, CH,),
2.79-2.72 (m, 1H, CH), 2.69-2.61 (m, 1H, CH), 2.40 (dd, J = 6.0 Hz, 1H, CH), 2.01-1.70 (m, 4H, 2
x CH»), 1.46 (s, 9H, t-Bu) ppm.

B3C NMR (CDCl5, 150 MHz) 6 202.1, 171.5, 154.4, 137.5, 129.9, 128.7, 126.7, 79.7, 79.3, 64.9,
55.4,49.1,46.4,34.5,32.5,28.7,28.4, 27.8, 23.7, 22.9 ppm.

'H NMR (DMSO-ds, 80 °C, 500 MHz) & 9.70 (s, 1H, CHO), 7.31-7.27 (m, 2H, Ph), 7.23-7.18 (m,
3H, Ph), 4.11-4.06 (m, 1H, CH), 4.05-3.99 (m, 1H, CH), 3.92-3.86 (m, 1H, CH), 3.33-3.27 (m,
1H, CH), 3.10-3.02 (m, 3H, CH,+CH), 2.80-2.73 (m, 1H, CH), 2.63-2.57 (dd, J = 6.0 Hz, 1H, CH),
2.49-2.41 (m, 1H, CH), 1.97-168 (m, 4H, 2 x CH,), 1.41 (s, 9H, t-Bu) ppm.
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B3C NMR (DMSO-dg, 80 °C, 125 MHz) 6 203.1, 171.4, 171.4, 154.0, 138.7, 129.3, 128.7, 126.7,
79.0, 64.9, 55.7, 55.7, 49.1, 46.7, 40.8, 40.7, 40.5, 40.3, 40.2, 40.0, 39.8, 34.2, 32.8, 28.6,
28.5, 28.3, 23.3 ppm.

IR film (cm™): 2975, 2932, 2880, 1736 (CO), 1693 (CO), 1394 (CHO), 1366, 1167, 1109, 702.
HRMS ESI calcd. for CygH2505 [M+CH30H+Na]* 430.2206; found: 430,2208.

Elemental analysis calcd. (%) for C;1H,9NOs: C 67.18, H 7.79, N 3.73; found: C, 67.22, H 7.72,
N 3.69.

Ethyl 3-formyldodec-11-enoate (26) (colorless oil, 148 mg, 58%)

'H NMR (CDCls, 400 MHz) 6 9.70 (s, 1H, CHO), 5.84-5.74 (m, 1H, CH=), 5.00-4.91 (dd, J = 8Hz
2H, CH,=CH), 4.16-4.10 (q, 2H, J = 8.0 Hz, COCH,CH3), 2.80-2.78 (m, 1H, CH), 2.71-2.67 (dd,
1H, J = 8.0 Hz, CH), 2.41-2.36 (dd, J = 4.0 Hz, 1H, CH), 2.04-2.02 (m, 2H, CH,), 1.79-1.66 (m,
1H, CH), 1.48-1.44 (m, 1H, CHH), 1.38-1.23 (m, 13H, CHH + 6 x CH,) ppm.

3C NMR (CDCl3, 100 MHz) § 202.9, 171.9, 139.2, 114.2, 60.7, 47.7, 33.7, 33.2, 29.5, 29.2,
28.9, 28.8, 28.6, 26.7, 14.1 ppm.

IR film (cm'l): 3076, 2976, 2927, 2855, 2717, 1736, 1640, 1463, 1415, 1394, 1373, 1348,
1300, 1254, 1184, 1097, 1033, 995, 910, 874.

HRMS ESI calcd. for C15H2603 [M+Na]* 277.1780; found: 277.1778.

Elemental analysis calcd (%) for C15sH,603: C 70.83, H 10.30; found: C, 71.00, H 10.30.
(E)-Ethyl 3-formylnon-7-enoate (27) (colourless oil, 103 mg, 43%, as a mixture of two
diastereoisomers)

'H NMR (CDCls, 400 MHz) & 9.75 (s, 1H, CHO), 9.69 (s, 1H, CHO), 5.08-5.05 (m, 2H, CH=CH),
4.15-4.10 (q, J = 8.0 Hz, 4H, 2 x CH,), 2.91-2.89 (m, 2H, CH), 2.77-2.66 ( m, 2H, CH), 2.30-2.26
(m, 2H, CH), 2.02-1.99 (m, 5H, 3 x CH3), 1.68 (d, J = 4.0 Hz, 6H, 2 x CH3), 1.60 (d, J = 4.0 Hz,
6H, 2 x CH3), 1.41-1.37 (m, 2H, CH), 1.33-1.22 (m, 9H, CH, CH,), 1.25 (d, J = 8.0 Hz, 3H, CHs),
0.97 (d, J=8.0 Hz, 3H, CH3) ppm.

3C NMR (CDCl3, 100 MHz) & 203.3, 203.1, 172.5, 172.42, 132.2, 132.1, 126.6, 123.5, 60.7,
52.86, 52.1, 34.5, 33.9, 32.8, 31.3, 30.4, 28.7, 25.7, 25.7 25.7, 25.6, 17.7, 17.0, 15.96, 14.12,
14.1 ppm.

IR film (cm™): 2965, 2925, 2875, 2857, 2720, 1736, 1459, 1376, 1344, 1299, 1244, 184, 1097,

1034, 341, 876, 829, 742, 565, 446.
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HRMS ESI calcd. for C14H2403 [M+Na]* 263.1623; found: 263.1625.
Elemental analysis calcd (%) for C14H,403: C 69.96, H 10.07; found: C, 70.06, H 10.10.

Z)-Ethyl 3-formyldec-7-enoate (28) (colorless oil, 160 mg, 70%
(Z)-Ethy y (28) ( ) g )

'H NMR (CDCls, 400 MHz) & 9.70 (d, J = 4.0 Hz, 1H, CHO), 5.37-5.35 (m, 1H, CH=), 5.28-5.25
(m, 1H, CH=), 4.15-4.12 (q, J = 8.0 Hz, 2H, COCH,CHs), 2.80-2.78 (m, 1H, CH), 2.71-2.65 ( dd, J
= 8.0 Hz, 1H, CH), 2.41-2.36 (dd, J= 4.0 Hz, 1H, CH), 2.01-1.99 (m, 4H, 2 x CH,), 1.75-1.73 (m,
1H, CH), 1.43-1.39 (m, 3H, CH, CH,), 1.24 (t, J = 8.0 Hz, 3H, CHs), 0.94 (t, J = 8Hz, 3H, CHs)
ppm.

3C NMR (CDCls, 100 MHz) & 202.8, 171.9, 132.53, 127.9, 60.7, 47.6, 33.1, 28.1, 26.9, 26.8,
20.5, 14.3, 14.1 ppm.

IR (cm™): 3001, 2963, 2933, 2861, 2719, 1735, 1461, 1373, 1302, 1256, 1187, 1096, 1070,
1031, 969, 902, 873, 757, 722, 581, 445.

HRMS ESI calcd. for C13H2,03 [M+Na]* 249.1467; found: 249.1466.

Elemental analysis calcd (%) for C13H,,03: C 68.99, H 9.80; found: C, 68.84, H 9.50.

E)-Ethyl 3-formyldodec-9-enoate (29) (colorless oil, 200 mg, 78%
(E)-Ethy y (29) ( , g )

'H NMR (CDCls, 400 MHz) & 9.70 (s, 1H, CHO), 5.34-5.30 (m, 2H, CH=CH), 4.14-4.12 (g, J = 8.0
Hz, 2H, COCH,CHjs), 2.80-2.78 (m, 1H, CH), 2.71-2.67 ( dd, J = 8.0 Hz, 1H, CH), 2.41-2.36 (dd, J
= 4.0 Hz, 1H, CH), 2.04-1.98 (m, 4H, 2 x CH,), 1.73-1.69 (m, 1H, CH), 1.50-1.47 (m, 1H, CH),
1.45-1.33 (m, 6H, 3x CH,), 1.26 (t, J = 4.0 Hz, 3H, CHs), 0.94 (t, /= 8.0 Hz, 3H, CHs) ppm.

3C NMR (CDCls, 100 MHz) & 202.9, 171.9, 131.8, 128.9, 60.7, 47.7, 33.2, 29.41, 29.1, 28.5,
26.9, 26.7, 20.5, 14.3, 14.1 ppm.

IR (cm™): 2962, 2932, 2857, 2717, 1736, 1463, 1373, 1247, 1184, 1096, 1070, 1033, 873, 725,
585.

HRMS ESI calcd. for C15H2603 [M+Na]* 277.1780; found: 277.1776.

Elemental analysis calcd (%) for C1sH,603: C 70.83, H 10.30; found: C, 70.73, H 10.20.
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3. Optimization studies

OEt
So NZ/\[‘( H,TPP, morpholine, light o
o DMSO, buffer pH = 4 o

OEt

Background reactions:

entry catalyst amine yield, (%)°

1° Eosin Y morpholine 68
2° Methylene blue morpholine

3° Fluorescein morpholine 8
4° Rose bengal morpholine 32
5° H,TPP, 4 morpholine 84
6° ZnTPP, Zn-4 morpholine 88
7° no morpholine 0
g TPP, 4 no 0
9° TPP, 4 morpholine 0

®Reaction conditions: aldehyde 1 (0.5 mmol), morpholine (0.4 equiv.), catalyst (0.5 mol%), EDA (2, 1 equiv.),
DMSO:buffer pH =4 (5 mL, 9:1 mixture), 5 h. |[’Aldehyde 1 (1 equiv., 0.5 mmol), morpholine (0.4 equiv.), catalyst
(1 mol%), EDA (2, 1 equiv.), DMSO: buffer pH = 4 (5 mL, 9:1 mixture), 5 h. “No light %ields were determined by
GC.

Porphyrins tested in the alkylation reaction:

R, Ry Ry y
R, R2
R
R, R,
R, R, \ R
RZ R1 R2
10, Ry = CgHqq, Ry = H 12, R = CO,H, PPIX
11, Ry = H, Ry = Et 13, R = CO,Et
4,R,=Ry=R3= R, =Rs = H, H,TPP
5 R;=R,=Ry=R,=Rg=F
6,R1=R2=R4=R5=H,R3=002Me
7,R1=R2=R4=R5=H,R3=Me
8,Ry=R,= H, Ry=R,=Rs=Me
9,R,=Ry=R,=Rs=H, R;= OMe
S11
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entry catalyst yYield/%"°
1 TPP, 4 84
2 5 traces
3 6 44
4 7 14
5 8 10
6 9 60
7 10 8
8 11 15
9 PP-IX, 12 15
10 PP-IX diethyl ester, 13 54
11 ZnTPP, Zn-4 88
12 Zn-6 0
13 Zn-7 54
14 Zn-9 75

®Reaction conditions: aldehyde 1 (0.5 mmol), morpholine (0.4 equiv.), porphyrin (1 mol%), EDA (2, 1 equiv.),
DMSO:buffer pH = 4 (5 mL, 9:1 mixture), 5 h. ®Yields were determined by GC.

Optimization of the catalyst loading:

entry catalyst loading/ mol% yield/(%)°
1 H,TPP, 4 1.5 73
2 H,TPP, 4 1.0 84
3 H,TPP, 4 0.7 63
4 H,TPP, 4 0.4 65
5 H,TPP, 4 0.1 61
6 ZnTPP, Zn-4 2.0 84
7 ZnTPP, Zn-4 1.5 90
8 ZnTPP, Zn-4 1.0 88
9 ZnTPP, Zn-4 0.8 86
10 ZnTPP, Zn-4 0.6 84
11 ZnTPP, Zn-4 0.4 86
12 ZnTPP, Zn-4 0.2 82
13 ZnTPP, Zn-4 0.1 80

®Reaction conditions: aldehyde 1 (1 equiv., 0.5 mmol), morpholine (0.4 equiv.), porphyrin (1 mol%), EDA (2, 1
equiv.), DMSO:buffer pH =4 (5 mL, 9:1 mixture), 5 h. ®Yields were determined by GC.
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The influence of an amine used:

entry catalyst amine pK,> yield/ %"
1 H,TPP, 4 pyrrolidine 2.89 57
2 H,TPP, 4 piperidine 2.73 59
3 H,TPP, 4 piperazine 4.19 26
4 H,TPP, 4 N-methylpiperazine 4.87 24
5 H,TPP, 4 morpholine 5.6 84
6 ZnTPP, Zn-4 pyrrolidine 2.89 68
7 ZnTPP, Zn-4 piperidine 2.73 83
8 ZnTPP, Zn-4 piperazine 4.19 79
9 ZnTPP, Zn-4 N-methylpiperazine 4.87 73
10 ZnTPP, Zn-4 morpholine 5.6 88

®Reaction conditions: aldehyde 1 (0.5 mmol), morpholine (0.4 equiv.), porphyrin (1 mol%), EDA (2, 1 equiv.),
DMSO:buffer pH = 4 (5 mL, 9:1 mixture), 5 h. ®Yields were determined by GC.

The influence of pH buffer used in the reaction:

entry catalyst solvent yield/%b
1 H,TPP, 4 DMSO/buffer pH=6 9:1 66
2 H,TPP, 4 DMSO/buffer pH=4,5 9:1 67
3 H,TPP, 4 DMSO/buffer pH=4 9:1 84
4 H,TPP, 4 DMSO/buffer pH=3,5 9:1 65
5 H,TPP, 4 DMSO/buffer pH=3 9:1 66
1 ZnTPP, Zn-4 DMSO/buffer pH=6 9:1 83
2 ZnTPP, Zn-4 DMSO/buffer pH=4,5 9:1 82
3 ZnTPP, Zn-4 DMSO/buffer pH=4 9:1 88
4 ZnTPP, Zn-4 DMSO/buffer pH=3,5 9:1 66
5 ZnTPP, Zn-4 DMSO/buffer pH=3 9:1 63

®Aldehyde 1 (1 equiv., 0.5 mmol), morpholine (0.4 equiv.), H,TPP, 4 (1 mol%), EDA (2, 1 equiv.), DMSO: buffer
pH = 4 (5 mL, 9:1 mixture), 5 h. “Yields were determined by GC.
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The influence of oxygen on the yield of the reaction:

100
g b S
E ) p—
T I
-
.......... .
0 4 I I I
1 2 3 |

Influence of oxygen

1- degassed, under Ar 2 - only degassed 3 - open to air 4 - under O,

®Reaction conditions: aldehyde 1 (0.5 mmol), morpholine (0.4 equiv.), H,TPP (4, 1 mol%), EDA (2, 1 equiv.),
DMSO:buffer pH =4 (5 mL, 9:1 mixture), 5 h. Yields were determined by GC.

Co-catalyst effect:

entry catalyst co-catalyst pk.* yield/%*
1° H,TPP, 4 PhCO,H 4.20 32
2 H,TPP, 4 4-methylbenzoic acid 4.37 47
3° H,TPP, 4 4-hydroxybenzoic acid 4.54 a4
4° H,TPP, 4 AcOH 4.76 64
5° H,TPP, 4 ascorbic acid 4.17;11.60 21
6° H,TPP, 4 H,0 - 31
7 H,TPP, 4 BF;(OEt), ] 17
8’ H,TPP, 4 Zn(0Ac), ; 64
9’ H,TPP, 4 LiBF, ; 76
10° H,TPP, 4 LiBF, - 90

®Reaction conditions: aldehyde 1 (0.5 mmol), morpholine (0.4 equiv.), H,TPP (4, 1 mol%), EDA (2, 1 equiv.),
DMSO (5 mL), 5 h. baldehyde 1 (0.5 mmol), morpholine (0.4 equiv.), H,TPP (4, 1 mol%), EDA (2, 1 equiv.),
DMSO:buffer pH = 4 (5 mL, 9:1 mixture), 5 h. “Yields were determined by GC.
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5. Mechanistic considerations:

5.1. Proposed Mechanism

COzEt
TPP*

TPP*
) /}4 “
COzEt
P

R CHE%
R Pl"
~NT Etozc/\)
H D R
PP~

+

/& ~ [\l+/

A - confirmed by NMR and MS experiment — see pp. S24, S27
B — confirmed by EPR and MS experiment — see pp. S16, S27
C — confirmed by EPR and MS experiment — see pp. S16, S27
D — confirmed EPR and MS experiment — see pp. S16, S27
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5.2. EPR spectroscopy — experimental and theoretical studies

spin trap: N-tert-butyl-a-phenylnitrone (PBN) or
5,5-dimethyl-1-pyrroline N-oxide (DMPO)

central magnetic field: 333 mT;

sweep width: 7,9 mT;

modulation amplitude: 0,06 mT;

microwave strength: 6,3 mW,

sweep time: 30s;

number of scans: 16

simulation EasySpin package in Matlab

OFEt
So NZA( H,TPP, morpholine, light o
o DMSO, buffer pH = 4 S

Reaction conditions: 3-phenyl-propanal (1 mmol), EDA (1 equiv., 1 mmol) morpholine (0.4 equiv., 0.4
mmol), H,TPP (1 mol%), DMSO: buffer pH = 4 (10 mL, 9:1). After 10 min. of stirring under irradiation
(4xLED) N-tert-butyl-a-phenylnitrone (BPN) or 5,5-dimethyl-1-pyrroline N-oxide (DMPO) was added

and after next 10 min. of stirring under irradiation (4xLED) EPR spectra (9.3 GHz) was recorded.

In accordance with the proposed mechanism reactive radicals are formed. To confirm their
presence, EPR spectroscopy experiments were performed. As the concentration of free radicals in
the reaction mixture was too low to be detected directly, EPR measurements were performed with
two spin traps N-tertbutyl-a-phenylnitrone (PBN) (Figure S1) and 5,5-dimethyl-1-pyrroline N-oxide
(DMPO) (Figure S3). Additionally, the spectra were simulated using EasySpin package in Matlab
(Figure S2 and S4). EPR spectra of the reaction mixture were recorded after 10 min of irradiation.
They show the same pattern but the total signals’ intensity is significantly higher in the experiment
with DMPO. Spectral simulations indicate the presence of three paramagnetic species with the
intensity ratio of the two corresponding components being almost the same. A weak component
(8% of total intensity, ay = 1.36 mT, ayg = 0.73 mT, ay, = 0.17 mT) can be tentatively ascribed to a

peroxy radical adduct based on the literature data.’
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Figure S1. EPR spectra of the reaction mixture with PBN
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Figure S2. Simulated EPR spectra of the reaction mixture with PBN
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Figure S3. EPR spectra of the reaction mixture with DMPO

16000 -
11000 ~

6000 -

1000 -
-4000 -
-9000 -
-14000 -

-19000 -
329 330 331 332 333 334 335

measured simulated

S17

http://rcin.org.pl



Figure S4. Simulated EPR spectra of the reaction mixture
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a) EPR measurements of the background’s reactions with N-tert-butyl-a-phenylnitrone

(BPN) as a spin trap

1. H,TPP in DMSO: buffer pH =4 (10 mL, 9:1) was stirred under light irradiation (4xLED) for 10
minutes and then BPN was added and after next 10 min. of stirring under irradiation (4xLED)
EPR spectra (9.3 GHz) was recorded.

No signals corresponding to radicals were detected.

2. H,TPP with an 3-phenylpropanal and morpholine in DMSO: buffer pH =4 (10 mL, 9:1) was
stirred under light irradiation (4xLED) for 10 minutes and then BPN was added and after next

10 min. of stirring under irradiation (4xLED) EPR spectra (9.3 GHz) was recorded.

Figure S5. EPR spectra of the mixture of H,TPP (4) with 3-phenylpropanal (1) and morpholine in
DMSO: buffer pH =4 (9:1) with PBN
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Figure S6. Simulated EPR spectra of the mixture of H,TPP (4) with 3-phenylpropanal (1) and
morpholine in DMSO: buffer pH =4 (9:1) with PBN
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In The EPR spectrum of H,TPP (4), morpholine, and aldehyde (1) with no EDA added was registered
in the presence of PBN after light irradiation (Figure S4, blue line). The simulated EPR spectrum
shows two components (Figure S6) each as a six-line signal corresponding to PBN radical adducts.
The signal (component 1) with the higher intensity (73% of total) is the triplet of doublets
characterized by the hyperfine splitting constant with nitrogen ay = 1.50 mT and the hyperfine
splitting constant with B-hydrogen ay = 0.32 mT. It can be assigned to a carbon-centered radical,
most probably to the radical B, as the values obtained for these type of species are usually in the
range of 1.55-1.6 mT for ay and 0.3-0.35 for ay. The second signal (27% of total intensity) relates to
DMSO-derived radical (PBN-DMSO adduct), as its parameters ay = 1.37 mT and ay = 0.23 mT are the

same as those given by Buettner.’

3. H,TPPwith EDA in DMSO: buffer pH=4 ( 9:1) was stirred under light irradiation (4xLED) for 10
minutes then BPN was added and after next 10 min. of stirring under irradiation (4xLED) EPR

spectra (9.3 GHz) was recorded.

Figure S7. EPR spectra of the mixture of H,TPP (4) EDA in DMSO: buffer pH =4 (9:1) with PBN
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Figure S8. Simulated EPR spectra of the mixture of H,TPP (4) EDA in DMSO: buffer pH =4 (9:1) with

PBN
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Subsequently the EPR spectrum was measured for a mixture of H,TPP (4) and EDA (2) in the
presence of PBN (Figure S7). Two components are present in the simulated EPR spectrum (Figure
$8). One of the components (23% of total intensity) is the same as observed previously and it
corresponds to the DMSO-derived radical adduct. The second, more intensive is the six-line signal
with nitrogen hyperfine splitting constant of 1.49 mT and hydrogen hyperfine splitting constant of
0.4 mT. It can be assigned to a carbon-centered radical adduct, as the ay value is similar to that of
the PBN-aliphatic radical adduct, and is larger than that for O-centered radical adducts with PBN. It
is known that the thermal decomposition of diazo compounds leads to the formation of carbon-
centered radicals that with PBN give adducts with ay = 1.54 mT and a4 = 0.4 mT.5 Our measured
parameters are very similar thus suggesting that the signal corresponds to a radical formed during
photolysis of EDA (2), e.g. radical C. But its hyperfine splitting constants are also similar to those
obtained for PBN-benzoyl radical adduct in DMSO solution (ay = 1.45 mT and a4 = 0.47 mT), so its

presence can be considered as an alternative.’

4. TPP with morpholine in DMSO: buffer pH = 4 ( 9:1) was stirred under light irradiation (4xLED)
for 10 minutes and then BPN was added and after next 10 min. of stirring under irradiation

(4xLED) EPR spectra (9.3 GHz) was recorded.
No signals corresponding to radicals were detected.

b) EPR measurements of the background’s reactions with 5,5-dimethyl-1-pyrroline N-
oxide (DMPO) as a spin trap
1. TPP (4) with 3-phenylpropanal (1) and morpholine in DMSO: buffer pH = 4 (9:1) was stirred
under light irradiation (4xLED) for 10 minutes and then DMPO was added and after next 10

min. of stirring under irradiation (4xLED) EPR spectra (9.3 GHz) was recorded.
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Figure S9. EPR spectra of the mixture of H,TPP (4) with 3-phenylpropanal (1) and morpholine in
DMSO: buffer pH =4 (9:1) with DMPO
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Figure $10. Simulated EPR spectra of the mixture of H,TPP (4) with 3-phenylpropanal (1) and
morpholine in DMSO: buffer pH =4 (9:1) with DMPO
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Additionally the EPR spectrum of the mixture of H,TPP (4), morpholine and 3-
phenylpropylaldehyde (1) was registered in the presence of 5,5-dimethyl-1-pyrroline N-oxide
(DMPO spin trap) after light irradiation. When the DMPO spin trap was used, again two
components can be seen in EPR spectrum (Figure S9). The first one, responsible for 63% of intensity
(an = 1.40 mT, ayg = 1.47 mT and ay, = 0.20 mT) corresponds to a carbon-centered radical adduct as
indicated by the value of a,g higher than ay value and a small difference between them suggests
the bulkiness of a radical (radical B) (Figure $S10). The other component (ay = 1.41 mT and a, = 2.05
mT) corresponds to the DMSO-derived radical (DMPO-DMSO adduct), as a very similar radical
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adduct was observed during UV irradiation of DMPO in DMSO solution.? These experiments clearly
suggest the formation of enamine radical B.
2. H,TPP (4) with EDA (2) in DMSO: buffer pH = 4 (9:1) was stirred under light irradiation (4xLED)
for 10 minutes and then and then DMPO was added and after next 10 min. of stirring under

irradiation (4xLED) EPR spectra (9.3 GHz) was recorded.

Figure S11. EPR spectra of the mixture of H,TPP (4) with EDA (2) in DMSO: buffer pH = 4 (9:1) with
DMPO

o J\ ﬂ/\V\ J\A

1000 1 \\/V/w V\V W
-6000 -

329,50 330,50 331,50 332,50 333,50 334,50
measured simulated

Figure S12. Simulated EPR spectra of the mixture of TPP (4) with EDA (2) in DMSO: buffer pH =4 (9:1)
with DMPO
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When a mixture of H,TPP (4) and EDA (2) was irradiated in the presence of DMPO, simulated EPR
spectrum showed again two components (Figure S11). The spectrum is dominated (86% of intensity)
by a signal with parameters as follows: ay = 1.29 mT, apg = 1.04 mT and ay, = 0.15 mT. This signal can
be tentatively ascribed to a peroxy radical, as it is similar to the DMPO --O0OH adduct signal in DMSO
(an = 1.27 mT, ayg = 1.03 mT, no ay, given) (Figure S12). The second component comes from a radical
adduct with ay = 1.32 mT, ayg = 0.80 mT and ay, = 0.25 mT. These parameters suggest an oxygen-
centered radical. As it is known that PBN adduct with oxygen-centered radicals are not stable,
contrary to the DMPO adducts, it is possible that at this stage of reaction oxygen-centered radicals
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and radical adducts are formed, and then in case of PBN spin trap they react with a solvent to form
secondary carbon-centered products. Parameters for the second component suggest an oxygen-
centered radical. So this spin-trap is not suitable for the detection of radical C. Contrary to the
experiment with BPN as an spin trap in the presence of DMPO no signal from DMSO-derived radical

adduct could be seen.

Concluding, when the recorded EPR spectrum of the reaction mixture in the presence of PBN is
very similar to the one simulated for a mixture of H,TPP (4) and EDA (2) with no aldehyde added
(Figure S8), while in the presence of DMPO to the one simulated for a mixture of H,TPP (4),
morpholine and aldehyde (1) (Figure S4 and Figure S7). Hence the use of two different spin-taps in
the EPR experiments proved beneficial allowing the detection of two paramagnetic species B and C
thus supporting the proposed mechanism. However, it should be clearly stated that we were not

able to detect the radical D using this technique.

Simulated hyperfine splitting constants of spin adducts:

Component | PBN DMPO
an aH % | an aug an, % |

3- 1 1.50 |0.32 73 1.40 1.47 0.20 63
phenylpropanal
+ morpholine

2 1.37 |0.23 27 1.41 2.05 - 37
EDA 1 1.49 |0.40 76 1.29 1.04 0.15 86

2 1.37 |0.23 24 1.32 0.80 0.24 14
Reaction 1 1.49 |0.40 77 1.40 1.48 0.19 62

2 1.37 |0.23 23 1.41 2.04 - 30

3 1.36 0.73 0.17 8
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5.3. NMR studies

OEt
So NZA( H,TPP, morpholine o
o] DMSO, buffer pH = 4 0o

Reaction conditions: aldehyde (1) (0.5 mmol), morpholine (0.4 equiv., 0.2 mmol), EDA (2, 1 equiv., 0.5
mmol), H,TPP (4, 1 mol%), DMSO-ds (5 mL). The progress of the reaction was followed by 'H NMR
spectroscopy. After 0, 30, 60, 120, 180, 240 and 300 min. of stirring under light irradiation (4xLED)
NMR spectra (400 MHz) was recorded.
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5.4. Mass spectrometry studies

OEt
~o 4 NZ/\[‘( H,TPP, morpholine o
o) DMSO, buffer pH = 4 0o

Reaction conditions: aldehyde (1, 1 mmol), morpholine (0.4 equiv., 0.4 mmol), EDA (2, 1 equiv., 1
mmol), H,TPP (4, 1 mol%), DMSO: buffer pH = 4 (10 mL, 9:1) after 30 min. of stirring under light
irradiation (4xLED) TEMPO as a radical scavenger was added, and after 30 min. of stirring under light

irradiation (4xLED) MS spectra was recorded.

Li-Widi-£u 1o

KR-4721 11:28:18
z15_kij751 11 (0.243) Cm (3:13-36) 1: TOF MS ES+
OH 1.92e5
. P 370.24
Ph OMe
[2M+K]*

.

P N

[M+H]*

204.14

%

Ph Ph/j:;o
o
>(Nj< Q [M+Na]*
‘ N O
e~ PR O
N

242.29 o~ MFHITOsy
o MJ*
\ 329.13
202.12|205.14
156.14 ‘2 309 291 12 305 08 338.21
D-.---E.----.----.----|.'--'r-.-‘-‘-.----.--'-‘-.- ‘. -'-" l‘- M miz
160 180 200 220 240 260 280 340 360 380 400 420 440 460
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The experiment confirmed the formation of three compounds with TEMPO hence three radical
species were presents in the reaction mixture.

Ph/\AO
1

1. Morpholine, EDA, H,TPP,
solvent, 30 min, hv
2. TEMPO, 30 min, hv

Ph/\(CHO Ph/ICHO COzEt

CO,Et *

UUU

528
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5.5. Electrochemical studies

Materials:
CH3COONa (s), CH3;COOH (1), distilled water, DMSO, TBAP (as a supporting electrolyte).
Experimental:

All the cyclic voltammetry experments were performed under nitrogen and without bench light.
Three-electrode system in home-made cell was used. Glass Carbon electrode was the working
electrode, whlie Pt wire served as the counter electrode. Saturated calomel electrode was used as a

reference.

) Cyclic voltammograms of two Zn porphyrins with and without buffer added to the

DMSO solutions containing 0.1 M TBAP:

without buffer

with buffer -1.32

— -1.78

without buffer

71.40 17
ove  with buffer g6  -Lgé
—
===
T T T T T T T T T T T
1.6 1.2 0.8 0.4 0.0 0.4 0.8 -1.2 -1.6 2.0 2.4

Potential (V vs SCE)
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) The comparison of Cyclic voltammograms of H,TPP (4) with buffer and only buffer in

DMSO, containing 0.1 M TBAP:

with Buffer/DMSO (1:9)

P e—
~—
0.75
T T T T T T T T T T T
1.6 12 0.8 0.4 0.0 -0.4 -0.8 -1.2 -1.6 -2.0 2.4

Potential (V vs SCE)

The reduction of ZnTPP (Zn-4) is located at E;/; = -1.32 and -1.71 V and the oxidation at E;;, = 0.86 V
and 1.06 V. The reduction of H,TPP (4) is at E;;; = -1.03 and -1.46 V and the oxidation at 1.03 in
DMSO, 0.1 M TBAP. A second oxidation is beyond the positive potential limit of the solvent.

a) ZnTPP in DMSO, 0.1 M TBAP

0.74mg/1.0ml, 100mV/s, 10pA/inch,
GCE vs SCE, N,

> 1.71
0.86 4_"; -1.32
1.06
b) H,TPP in DMSO, 0.1 M TBAP
0.70mg/1.5ml, 100mV/s, 2pA/inch
(not completely dissolved), GCE vs SCE, N,
= 21,03 4G
-
.03
16 12 0.8 04 0.0 -0.4 08 12 -1.6 20 24
Potential (V vs SCE)
porphyrin | solution | electrode | cell red.(V) ox.(V)
ZnTPP DMSO GCE regular -1.32,-1.71 0.86, 1.06
ZnTPP DMSO Pt thin-layer -1.31,-1.70, (ox.-0.61) | 0.85
ZnTPP DMSO Pt regular -1.33,-1.72, (ox. -0.54) | 0.85
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The cyclic voltammogram of DMSO:buffer pH = 4 (9:1) mixture shows one broad irreversible
reduction at a peak potential between -1.20 and -1.36 V. There is also a re-oxidation peak at around

E,=-0.50V (see CV below). We think the reduction results from protons in the buffer solution.

-0.48
f//l

0.84

1.6 12 0.8 0.4 0.0 0.4 08 12 -16 2.0 24
Potential (V vs SCE)
The CV of ZnTPP (Zn-4) or H,TPP (4) in the DMSO:buffer pH =4 (9:1) (0.1 M TBAP) is almost the same
as the CV of the buffer in DMSO alone with 0.1 M TBAP. This is because the current for reduction of
protons in the buffer is higher than that of the porphyrin when added to the buffer solution. Thus, it

was not possible to observe the reduction of the porphyrin in the buffer solution.

-1.40‘/
.
A

—_——

AR T
-
-0.50
0.82
1.6 12 0.8 0.4 0.0 04 08 12 16 2.0 24

Potential (V vs SCE)

Summary of selected measured potentials

No | Porphyrin Solution electrode cell red.(V) ox.(V)
1 none DMSO GCE regular range: 0.0 ~-2.3 range: 0.0~ 1.3
2 ZnTPP, Zn-4 DMSO GCE regular -1.32,-1.71 0.86, 1.06
3 H,TPP, 4 DMSO GCE regular -1.03,-1.45 1.03
9 none DMSO Pt regular range: 0.0 ~-2.0 range: 0.0~ 1.1
10 | ZnTPP, Zn-4 DMSO Pt regular -1.33,-1.72, 0.85
11 H,TPP, 4 DMSO Pt regular -1.04, -1.46 --
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Electrochemical data for porphyrins 4, 5, 9

Porphyrin on Ered on*s on*t Ered*s Ered*t EOOs EOOt
TPP 1.03 -1.03; | -0.91 -0.42 0.91 0.42 1.90 1.45°
-1.43
T(p-OMeP)P | 0.91 -1.07; | -0.99 -0.54 0.83 0.38 1.90" 1.45%
-1.46
T(FsP)P 0.89; |-1.28; |-1.04 -0.78 0.65 0.39 1.93" 1.67%
1.23" | -1.71"

Ered/Eox VS SCE

The dependence of the reaction yield on reduction potentials of porphyrins

100 -
Th2
50 - R=09s1s
60 - e
40 -
20 -
.
0 : : :
0.65 0.83 0.91
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Energetics - considerations

Because of the irreversible electrochemical oxidation of the enamines, and solvents used
(DMSO:buffer), we do not have exact values for the potentials for their oxidation. For acetonitrile,
the voltammograms show peak potentials between about 0.3 and 0.6 V vs. SCE for oxidation of
enamines.” For irreversible oxidation the inflection points, rather than the peak potential, are
representative for the standard reduction potentials.’* Therefore, we can assume that the reduction
potentials for oxidation of enamines ranges between about 0.2 and 0.6 V vs. SCE. Furthermore, an
increase in the media polarity causes negative shifts in the potentials of oxidation, making the
enamines better electron donors; there are also positive shifts in the potentials of reduction, making
the porphyrins better electron acceptors.” Therefore, for PET initiated from the singlet-excited state
of the porphyrins, AG most likely assumes negative values of a tens of electronvolts (estimated -0.39
V), making it thermodynamically favorable. Conversely, the triplet excited states of the sensitizers lie
about half an electron volt below their singlet states, which may or may not results in positive values

for the AGPET(O) estimates. Therefore, we cannot necessarily claim a triplet manifold for PET.

For estimating the driving force, ~AG), , of photoinduced electron transfer (PET) from the enamine

to the photoexcited porphyrin, we use Rehm-Weller equation:

AGHy = F(ES), - )

*/D A/A™

)—@;—00+AGS+W

Where E[(;Z/D(on) is the reduction potential for oxidation of the donor (the enamine); ESL (Ereq) is

the reduction potential for reduction of the acceptor (the porphyrin), F is the Faraday constant (F=1
e for calculating the energy in eV), Ey is the zero-to-zero energy for PET from the singlet excites
state, and the triplet energy for PET from the triplet excited state, AGs is the Born solvation energy
(accounting for the interaction energy between the generated ions and the solvent environment),
and W is the Coulomb work term (accounting electrostatic interaction energy between the generated

jons).

If the reduction potentials and Eqy are measured for the same solvent media, AGs = 0.
Eox = estimated ~ + 0.6 V vs. SCE in CH3CN*

E,eq(TPP) = -1.03 V vs. SCE

Ew=1.94 eV

W='ez/4Tl780€RDA
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Where the dielectric permittivity of vacuum is, & = 8.854 x 102 Fm?=5526x10" eV A™

For the center-to-center donor-acceptor distance, Rpa, we can use the sum of the van der Waals radii
of the donor and the acceptor, assuming that the PET occurs during contact (collision) between them

(i.e., inners sphere ET). For the dielectric constant, we used the dielectric constant of DMSO, ¢ = 47.
W =-0.061 eV for Rpa=5 A
W =-0.077 eV for Rpa = 4 A

W =-0.102 eV for Rpp =3 A

Making AGY) acquire negative value (- 0.39 V), implying that PET is thermodynamically possible.

PET
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5.6. Stern—Volmer quenching experiment

a. H,TPP (4)

Stern-Volmer analyses for each of the reaction components clearly showed that enamine and EDA (2)
strong, in comparison with morpholine and 3-phenylpropanal (1), quenching of H,TPP (4) occurred.
For 3-phenylpropanal, EDA, 4-(3-phenylprop-1-enyl)morpholine, morpholine and H,TPP (4) samples
were prepared by adding solutions of substrates to H,TPP (4) solution in DMSO (total volume 2 mL)
and degassed with Ar. The concentration of H,TPP (4) in DMSO was 3.6 x 10° M. Samples were

irradiated at 420 nm, and emission was detected at 651 nm.

.o
1,45 ‘
y=7,7164x+0,9792
1,35 R2=0,9855
— 125 .
)
- y= 3‘2711x+ 1,002
........................ R?=0,98736
L5 | T
y=0,0212x+1
108 R2=0,97224
y =0,0095x+ 1
R?=0,99163
0,95
0 0,01 0,02 0,03 0,04 0,05 0,06 0,07
M]
* EDA * 4-(3-phenylprop-1-enyl)morpholine 3-phenylpropanal * morpholine

Stern—Volmer quenching rate data:
Rates of quenching (kq) were determined using Stern—Volmer kinetics:

I
70 =1+ k4 -7-[quencher]
Where Iy - the luminescence intensity without the quencher,

| - the intensity with the quencher,

T - the lifetime of the photocatalyst (for TPP is 9.95 ns]*®

a) EDA:k, =73 - 108 [M~'s™']
b) 4-(3-phenylprop-1-enyl)morpholine : k, = 3.3 - 108 [M~1s™']
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b. Porphyrin 9

Stern-Volmer analyses for each of the reaction components clearly showed that enamine and EDA (2)
strong, in comparison with morpholine and 3-phenylpropanal (1), quenching of porphyrin 9 occurred.
For 3-phenylpropanal, EDA (2), 4-(3-phenylprop-1-enyl)morpholine, morpholine and porphyrin 9
samples were prepared by adding solutions of substrates to TPP solution in DMSO (total volume 2
mL) and degassed with Ar. The concentration of porphyrin 9 in DMSO was 3.4 x 10” M. Samples were

irradiated at 420 nm, and emission was detected at 651 nm.

2,8 y = 22,664x + 0,9904
2 _
26 R*=0,98833
2,4
2,2
> 2 °
1,8
.

1,6
14 . y =2,6969x +0,9937 y=0,0301x+ 0,9999

’ R?=0,98419 R2=0,98034
12 ................ . y=0,0061x+1

. T T S [ R?0,05158

0 0,01 0,02 0,03 0,04 0,05 0,06 0,07
[c]
* EDA * 4-(3-phenylprop-1-enyl)morpholine 3-phenylpropanal * morpholine

Stern—Volmer quenching rate data:
Rates of quenching (kq) were determined using Stern—Volmer kinetics:

I
70 = 1+ k4 -7 [quencher]
Where Iy - the luminescence intensity without the quencher,

| - the intensity with the quencher,

T - the lifetime of the photocatalyst (for porphyrin 9 is 8.6 ns]*’

a) EDA:k, =26 -10°[M~1s7!]
b) 4-(3-phenylprop-1-enyl)morpholine : k, = 2.9 - 10% [M~*s™1]
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c. Porphyrin 5:

Stern-Volmer analyses for each of the reaction components clearly showed that enamine and EDA (2)
strong, in comparison with morpholine and 3-phenylpropanal (1), quenching of porphyrin 5 occurred.
For 3-phenylpropanal, EDA (2), 4-(3-phenylprop-1-enyl)morpholine, morpholine and porphyrin 5
samples were prepared by adding solutions of substrates to porphyrin 5 solution in DMSO (total
volume 2 mL) and degassed with Ar. The concentration of porphyrin 5 in DMSO was 3.8 x 10° M.

Samples were irradiated at 411 nm, and emission was detected at 636 nm.

3,5
3 y=31,284x+0,8975  °
RZ= O,9887_§_V__.‘.-~-"""'
2,5 e
=
2
y=10,477x + 0,9828 y =2,2128x+ 1,0009
15 e R? = 09836 R?=0,97276
y=1,1019x + 1,0059
........................ PR _E X=p o]y
1
0 0,01 0,02 0,03 0,04 0,05 0,06 0,07
[c]
* EDA * 4-(3-phenylprop-1-enyl)morpholine 3-phenylpropanal * morpholine

Stern—Volmer quenching rate data:
Rates of quenching (kq) were determined using Stern—Volmer kinetics (E1):

I
70 = 1+ k4 -7 [quencher]
Where Iy - the luminescence intensity without the quencher,

I - the intensity with the quencher,

T - the lifetime of the photocatalyst (for porphyrin 5 is 10.1 ns]*®

a) EDA:k, =29 - 10°[M~1s71]
b) 4-(3-phenylprop-1-enyl)morpholine : k;, = 1.0 - 108 [M~*s™1]
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d. Stern—Volmer quenching experiment for EDA — comparison of catalysts used:

3,4
y = 31,284x+0,8975
29 R?=0,98878
- y = 22,664x+0,9953
24 | e e R? = 0,98866
- o | e e y =7,042x+ 0,987
""""""""" R?=0,97991
1,4 T JIRRIRRORERRE S Guereeresneneest
............ ..'
0,9 S R
0 0,01 0,02 0,03 0,04 0,05 0,06 0,07 0,08 0,09
(M)
* TPP (4) < Porphyrin 9 Porphyrin 5
e. Photophysical properties of H,TPP and ZnTPP
dye of f ki kisc ¢T 1T k+ EooS1 | Eoo Ta
[ns] [s] [s] [ps] [s] [ev] | [eV]
H,TPP 0.13" | 13.6" 8.7 4.7x10" | 0.82" 1.94° | 1.45°
15 73 19 19
ZnTPP | 0.04"° | 2.7 | 1.7x10’ 3.6x10° | 0.88" 0.38x10° | 2.04" | 1.59"
19 19 19
Ru(bpy)s 890 0.04° | 0.6% 2.12%
f. Photophysical data for porphyrins 4, 5, 9
H,T(p-OMeP)P H,TPP H,T(FsP)P
reaction yield 60 84 traces
To 8.6 ns 9.95ns 10.1ns
kq,enamine 29- 108 [M~1s71] 3.3 - 108 [M~1s71] 1.0- 10° [M~1s71]
kq,EDA 2.6+ 10° [M‘ls‘l] 7.3 - 108 [M~1s71] 2.9 - 10°[M~1s71]
E,qP* 0.83V 091V 0.65V
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g. The dependence of the reaction yield on the luminescence quenching rate by
enamine

90 -
80 - °  R?=0,95118
70 - ’ .
60 - .
50 - '
40 -
30 -
20 -
10 -

0 T T T 1
29 26 3.3
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5.7. UV-Vis spectroscopy studies

OEt
~o n NN Zn-TPP, morpholine o
0 DMSO, buffer pH = 4 o)
OEt
Reaction conditions: aldehyde (1, 0.5 mmol), morpholine (0.4 equiv., 0.2 mmol), EDA (2, 1 equiv., 0.5

mmol), Zn-TPP (0.2 mol%), CH3CN (5mL). To support the proposed mechanism the progress of the
reaction was also monitored by UV-Vis. After 0, 30, 60, 120, 180 and 240 min. of stiring under light
irradiation (4xLED) the sample of 200 uL was taken from the reaction and it was diluted with DMSO

to 10.2 mL and UV-Vis spectra was recorded.

UV-Vis in time

0,9
0,8
0,7
0,6
0,5
0,4
0,3
0,2

0 — ———
01 350 400 450 500 550 600 650 700

(

——O0min ——30min 60 min  ——120min —— 180 min 240 min

The experiment shows that to the end of the photochemical reaction porphyrin is still present in the

reaction mixture but its concentration slightly decreases.
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The control UV-Vis experiments of substrates and background’s reactions were also performed:

1) Zn-TPP after 0 min. of stirring under light irradiation (4xLED) and 30 min. of stirring under
light irradiation (4xLED):

Zn-TPP, DMSO

0,9
0,8
0,7
0,6
0,5
0,4
0,3
0,2

0,1
S—————

350 400 450 500 550 600 650 700

——TPP-Zn, DMSO, 0 min ——TPP-Zn, DMSO, 30 min

2) Zn-TPP, 3-phenylpropanal and morpholine in DMSO after 0 min. of stirring under light

irradiation (4xLED) and 30 min. of stirring under light irradiation (4xLED):

Zn-TPP, aldehyde, morpholine, DMSO

0,8
0,6
0,4

0,2

350 400 450 500 550 600 650 700
-0,2

——TPP-Zn, Aldehyde, Morpholine, DMSO, 0 min

—— TPP-Zn, Aldehyde, Morpholine, DMSO, 30 min

S41

http://rcin.org.pl



3) Zn-TPP and EDA in DMSO after 0 min. of stirring under light irradiation (4xLED) and 30 min. of

stirring under light irradiation (4xLED):

TPP-Zn, EDA, DMSO

0,9
08
0,7
0,6
0,5
0,4
03
0,2
0,1

350 400 450 500 550 600 650 700

——TPP-Zn, EDA, DMSO, 0 min ——TPP-Zn, EDA, DMSO, 30 min

4) Zn-TPP and morpholine in DMSO after 0 min. of stirring under light irradiation (4xLED) and 30

min. of stirring under light irradiation (4xLED):

Zn-TPP, morpholine, DMSO

1,2

0,8
0,6
0,4

0,2

350 400 450 500 550 600 650 700
-0,2

——TPP-Zn, Morpholine, DMSO, 0 min  ——TPP-Zn, Morpholine, DMSO, 30 min

The background experiments showed that in the presence of EDA porphyrin decomposes.
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6. 'H and *C NMR spectra
a) Ethyl 3-benzyl-4-oxobutanoate (3)
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b) Ethyl 3-formyl-4-phenylpentanoate (14)
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c) Ethyl 3-formyl-4-(4-methoxyphenyl)butanoate (15)
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d) Ethyl 3-(3-chlorobenzyl)-4-oxobutanoate (16)
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e) Ethyl 4-oxo-3-phenylbutanoate (17)
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f) Ethyl 3-formyl-4-methylpentanoate (20)
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As the compound is very volatile signals corresponding to the solvents are present in both spectra
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g) Ethyl 3-formylundecanoate (21)
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h) tert-Butyl 3-benzyl-4-oxobutanoate (22)
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Benzyl 3-benzyl-4-oxobutanoate (23)
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3-Phenylpropyl 3-benzyl-4-oxobutanoate (24)
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CHO
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k) (2S)-tert-Butyl2-(((3-benzyl-4-oxobutanoyl)oxy)methyl)pyrrolidine-1-carboxylate (25)
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1) Ethyl 3-formyldodec-11-enoate (26)
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Tare
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m) (E)-Ethyl 3-formylnon-7-enoate (27)
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n) (Z)-Ethyl 3-formyldec-7-enoate (28)
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o) (E)-Ethyl 3-formyldodec-9-enoate (29)
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7. Emission spectra mesurements:

a) ‘household’ LED
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8. Photoreactor
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1. General information

All solvents and chemicals used in the syntheses were of a reagent grade and were used without
further purification. High resolution ESI mass spectra were recorded on a Mariner or SYNAPT
spectrometer. 'H and >C NMR spectra were recorded at rt on Bruker 400 instrument with TMS as an
internal standard. EPR spectrum was recorded on Magnettech MS200 spectrometer. IR spectroscopy
measurements were performed on FTIR Jasco 6200 instrument. Thin layer chromatography (TLC)
was performed using Merck Silica Gel GF254, 0.20 mm thickness. GC measurements were made on
Gas Chromatograph Shimadzu GC-2010Plus with Zebron ZB-5MSi 30 m 0.25um/0.25 mm column.
Ketones were purified by flash column chromatography (hexane : Et,0O) if necessary.

Photo-induced reactions were performed using a homemade photoreactors equipped with: LEDgreen —

single diode or LEDgeen stripes.

2. General synthetic procedures

General procedure for a-mono-alkylation of ketones in the presence of porphyrin — method A:

To a 10 mL vial equipped with a stir bar a porphyrin (1 mol %) was added and dissolved in a mixture
of DMSO and buffer pH 4 (mixture 9:1, 5 mL). The vial was sealed and solvents were purged with
argon for 5 min. Then a ketone (0.5 mmol), pyrrolidine (0.2 equiv., 0.1 mmol) and a diazo ester (1.2
equiv., 0.6 mmol) were added. The reaction mixture was stirred under light irradiation (LEDspsm,
25°C) for 5 h. The light was turned off, the reaction mixture was diluted with Et,O, and washed with
IN HCI. The aqueous phase was extracted with Et,O three times. Combined organic phases were

washed with saturated NaHCO3aq, brine, dried over MgSOs,, filtered, and concentrated. The crude

product was purified by flash chromatography using silica gel (hexane/Et,0).
General procedure for a-mono-alkylation of ketones with no porphyrin added — method A’:

To a 10 mL vial equipped with a stir bar a mixture of DMSO and buffer pH 4 (mixture 9:1, 5 mL)
were added than a ketone (0.5 mmol), pyrrolidine (0.2 equiv., 0.1 mmol) and a diazo ester (1.2

equiv., 0.6 mmol) were added without purging with argon. The reaction mixture was stirred under

light irradiation (LEDsysum, 25 C) for 5 h. The light was turned off; the reaction mixture was diluted
with Et,O, and washed with IN HCI. The aqueous phase was extracted with Et;O three times.

Combined organic phases were washed with saturated NaHCOj;aq, brine, dried over MgSOs, filtered,

and concentrated. The crude product was purified by flash chromatography using silica gel

(hexane/Et,0).
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General procedure for a-bis-alkylation of ketones in the presence of porphyrin — method B:

To a 10 mL vial equipped with a stir bar a photocatalyst (1 mol %) was added and dissolved in a
mixture of DMSO and buffer pH 4 (mixture 9:1, 5 mL). The vial was sealed and solvent were purged
with argon for 5 min. Then a ketone (1 equiv., 0.25 mmol), pyrrolidine (0.4 equiv., 0.1 mmol) and a
diazo ester (3 equiv., 0.75 mmol) were added. The reaction mixture was stirred under light
irradiation (LEDs;sym, 25 'C) for 5 h. The light was turned off, the reaction mixture was diluted with
Et,0, and washed with 1N HCI. The aqueous phase was extracted with Et,O three times. Combined
organic phases were washed with saturated NaHCO;aq, brine, dried over MgSO,, filtered, and
concentrated. The crude product was purified by flash chromatography using silica gel

(hexane/Et,0).
General procedure for a-bis-alkylation of ketones with no porphyrin added — method B’:

To a 10 mL vial equipped with a stir bar a mixture of DMSO and buffer pH 4 (mixture 9:1, 5 mL)
were added a ketone (1 equiv., 0.25 mmol), pyrrolidine (0.4 equiv., 0.1 mmol) and a diazo ester (3

equiv., 0.75 mmol) were added without purging with argon. The reaction mixture was stirred under

light irradiation (LEDs;s,m, 25 C) for 5 h. The light was turned off; the reaction mixture was diluted
with Et,O, and washed with IN HCI. The aqueous phase was extracted with Et,O three times.

Combined organic phases were washed with saturated NaHCO;aq, brine, dried over MgSOy, filtered,

and concentrated. The crude product was purified by flash chromatography using silica gel

(hexane/Et,0).
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3. Scope and limitations
1) ethyl 2(4-oxotetrahydro-2H-pyran-3-yl)acetate (10h) (colorless oil, Method A: 74 mg,

80% with porphyrin, 51 mg, 55% - no catalyst)
0

ﬁ‘j/\COZEt

(0]
'H NMR (400 MHz, CDCl,, 25°C): & = 4.30-4.23 (m, 2 H, CH,CO), 4.16-4.10 (m, 2 H, CH,CH),
3.72-3.66 (td, 1 H, >y = 2.9, 11.7 Hz, CHH), 3.40 (t, 1 H, *J; 5 = 11 Hz, CHH), 3.13-3.05 (m, 1 H,
CH), 2.74-2.69 (m, 2 H, CHH ), 2.41-2.37 (dq, 1 H, *Jyyn = 1.7, 14.3 Hz, CHH), 2.18-2.12 (dd, 1 H,
3Jun = 6.52, 16.88 Hz, CHH), 1.25 (t, 3 H, /iy = 7.2 Hz, CH,CH3) ppm.

C NMR (100 MHz, CDCl,, 25°C): 8 = 206.1, 171.5, 72.1, 68.6, 60.7, 47.7, 42.4,29.9, 14.1 ppm.
IR film v = 3630, 3536, 3418, 2979, 2936, 2856, 2759, 2726, 1734, 1716, 1475, 1447, 1415, 1371,
1352, 1306, 1254, 1213, 1181, 1152, 1100, 1028, 976, 945, 891, 865, 776, 751, 703, 526, 480, 426
cm’™.
HRMS (ESI) calcd. for CoH1404Na [M+Na]+: 209.0790; found: 209.0784.

Elemental analysis calcd. (%) for CoH;404: C, 58.05, H, 7.58; found: C, 57.92, H, 7.75.

2) benzyl 2-(4-oxotetrahydro-2H-pyran-3-yl)acetate (10a) (colorless oil, Method A: 103 mg,

83% with porphyrin, 79 mg, 64% - no catalyst)
0

ﬁﬁ/\cozsn

(6)
'H NMR (400 MHz, CDCl,, 25°C): & = 7.38-7.32 (m, 5 H, Ph), 5.13 (brs, 2 H, CH,), 4.30-4.23 (m, 2
H, CH,), 3.71-3.64 (td, 1 H, *Juyu = 2.8, 11.7 Hz, CHH), 3.40 (t, 1 H, *Jyy = 11.1 Hz, CHH), 3.14-
3.09 (m, 1 H, CH), 2.82-2.74 (dd, 1 H, *Jyy = 6.3, 16.9 Hz, CHH), 2.73-2.67 (m, 1 H, CHH), 2.43-
238 (dq, 1 H, *Jyn = 1.7, 14.2 Hz, CHH), 2.25-2.20 (dd, 1 H, *Ji 1 = 6.4, 16.9 Hz, CHH) ppm.
C NMR (100 MHz, CDCl,, 25°C): & = 206.0, 171.4, 135.7, 128.6, 128.3, 128.2, 72.1, 68.6, 66.6,
47.6,42.4,29.9 ppm.
IR film v = 3088, 3064, 3033, 2966, 2921, 2854, 1961, 1736, 1715, 1606, 1585, 1497, 1456, 1415,
1385, 1355, 1311, 1253, 1226, 1213, 1171, 1150, 1102, 1050, 971, 891, 868, 749, 699, 579, 504,
463,403 cm™.
HRMS ESI caled. for C14H;404Na [M+Na]" 271.0946; found: 271.0939.

Elemental analysis calcd. (%) for C14H;604: C, 67.73, H, 6.50; found: C, 67.52, H, 6.54.
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3) tert-butyl 2-(4-oxotetrahydro-2H-pyran-3-yl)acetate (10i) (colorless oil, Method A: 67 mg,

63% with porphyrin, 11 mg, 10% - no catalyst)
o)

flj/\COZt-Bu

o)
'H NMR (400 MHz, CDCl,, 25°C): 6 =4.29-4.21 (m, 2 H, CH,), 3.72-3.65 (td, 1 H, Jan=2.9,11.6
Hz, CHH), 3.40 (t, 1 H, *Juu = 10.9 Hz, CHH), 3.07-3.02 (m, 1 H, CH), 2.73-2.67 (m, 1 H, CHH),
2.67-2.60 (dd, 1 H, *Juy = 6.3, 16.8 Hz, CHH), 2.42-2.37 (dq, 1 H, *Jyy = 1.96, 14.3 Hz, CHH),
2.11-2.06 (dd, 1 H, *Jyu = 6.6, 16.7 Hz, CHH), 1.43 (brs, 9 H, C(CH3)3) ppm.

C NMR (100 MHz, CDCl,, 25°C): 8 =206.3, 170.7, 80.9, 72.2, 68.6, 47.9, 42.4, 31.2, 28.0 ppm.
IR film v = 2977, 2930, 2852, 1722, 1475, 1415, 1367, 1255, 1221, 1156, 1102, 977, 947, 890, 850,
759,702 cm’.

HRMS ESI calcd. for C;;H;3504Na [MJrNa]+ 237.1103; found: 237.1092.

Elemental analysis calcd. (%) for C;;H;304: C, 61.66, H, 8.47; found: C, 61.70, H, 8.51.

4) phenethyl 2(4-oxotetrahydro-2H-pyran-3-yl)acetate (10j) (colorless oil, Method A: 82 mg,

54% with porphyrin, 68 mg, 42% - no catalyst)
)

ﬁ‘j/\COZCHZCHZPh

o
'H NMR (400 MHz, CDCl,, 25°C): 6 = 7.32-7.20 (m, 5 H, Ph), 4.33-4.17 (m, 4 H, 2 x CH,), 3.70-
3.63 (td, 1 H, *Juu = 2.8, 11.3 Hz, CHH), 3.36 (t, 1 H, *Jyu = 10.9 Hz, CHH), 3.09-3.06 (m, 1 H,
CH), 2.93 (t, 2 H, *Jyu = 7.0, CHH), 2.74-2.66 (m, 2 H, CH,), 2.41-2.36 (dq, 1 H, *Jyn = 1.8, 14.3
Hz, CHH), 2.18-2.12 (dd, 1 H, *Jis = 6.6, 16.9 Hz, CHH) ppm.

C NMR (100 MHz, CDCl,, 25°C): & = 206.1, 171.4, 137.7, 128.9, 128.5, 126.6, 72.1, 68.6, 65.2,
47.6,42.4,35.0,29.9 ppm.

IR film v = 3061, 3030, 2964, 2921, 2855, 1734, 1716, 1604, 1497, 1455, 1415, 1386, 1356, 1310,
1253, 1212, 1174, 1151, 1102, 1051, 973, 890, 751, 701, 569, 494, 419 cm™".

HRMS ESI calcd. for C;sH;304Na [MJrNa]+ 285.1103; found: 285.1096.

Elemental analysis calcd. (%) for CsH;304: C, 68.68, H, 6.92; found: C, 68.40, H, 6.98.
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5) 4-methoxybenzyl 2-(4-oxotetrahydro-2H-pyran-3-yl)acetate (10k) (colorless oil, Method
A: 87 mg, 63% with porphyrin, 72 mg, 52% - no catalyst)
o OMe
Mov@/
o 0
'H NMR (400 MHz, CDCl,, 25°C): & = 7.29-7.27 (m, 2 H, Ph), 6.90-6.86 (m, 2 H, Ph), 5.06 (brs, 2
H, CH,), 4.30-4.21 (m, 2 H, CH,), 3.80 (s, 3 H, OCH3), 3.70-3.63 (td, 1 H, *Jyy = 2.9, 11.4 Hz,
CHH), 3.42-3.37 (t, 1 H, *Jyy = 11 Hz, CHH), 3.12-3.08 (m, 1 H, CH), 2.78-2.66 (m, 2 H, 2 x
CHH), 2.42-2.37 (dq, 1 H, *Juu = 1.8, 14.0 Hz, CHH), 2.22-2.16 (dd, 1 H, *Juu = 6.5, 17.0 Hz,
CHH) ppm.
C NMR (100 MHz, CDCl,, 25°C): & = 206.1, 171.4, 159.7, 130.1, 127.8, 114.0, 72.1, 68.6, 66.4,
55.3,47.6,42.4,30.0 ppm.
IR film v = 2963, 2839, 1733, 1715, 1613, 1586, 1516, 1461, 1417, 1385, 1354, 1304, 1250, 1171,
1150, 1102, 1033, 969, 891, 822, 752, 705, 560, 523 cm’".
HRMS ESI calcd. for C;sH;350sNa [MJrNa]+ 301.1052; found: 301.1046.
Elemental analysis calcd. (%) for C5H;30s: C, 64.74, H, 6.52; found: C, 64.71, H, 6.60.

6) benzyl 2-(2-oxocyclohexyl)acetate (10b) (colorless oil, Method A: 59 mg, 48% with

porphyrin, 12 mg, 10% - no catalyst)’
0

é/\cozsn

'"H NMR (400 MHz, CDCl,, 25°C): & = 7.36-7.25 (m, 5 H, Ph), 5.12 (brs, 2 H, CH,), 2.90-2.80 (m, 2
H, CHH), 2.44-2.34 (m, 2 H, CHH), 2.22-2.06 (m, 3 H, CH, CH,), 1.90-1.82 (m, 1 H, CH), 1.73-
1.59 (m, 2 H, CHH), 1.46-1.37 (m, 1 H, CHH) ppm.

13C NMR (100 MHz, CDCl,, 25°C): & = 210.8, 172.4, 136.0, 128.5, 128.1, 128.1, 66.3, 47.1, 41.8,
34.4,33.9,27.7,25.2 ppm.

7) benzyl 2-(4-oxotetrahydro-2H-thiopyran-3-yl)acetate (10d) (colorless oil, Method A: 46

mg, 35% with porphyrin, 24 mg, 20% - no catalyst)
0

f‘j/\cogsn

S

"H NMR (400 MHz, CDCl,, 25°C): & = 7.36-7.25 (m, 5 H, Ph), 5.12 (brs, 2 H, CHy), 3.26-3.15 (m,
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1 H, CH), 2.98-2.90 (m, 3 H, CHH, CH,) 2.90-2.83 (dd, 1 H, *Jyu = 6.96, 16.8 Hz, CHH), 2.80-2.73
(m, 3 H, CHH, CHy), 2.39-2.33 (dd, 1 H, *Jyu = 6.24, 16.8 Hz, CHH) ppm.

*C NMR (100 MHz, CDCl,, 25°C): 8 = 207.9, 171.5, 135.8, 128.6, 128.3, 128.2, 66.5, 49.4, 44.1,
35.5,34.2,30.8 ppm.

IR film v = 3065, 3032, 2954, 2915, 2836, 1734, 1711, 1497, 1455, 1425, 1386, 1342, 1319, 1297,
1276, 1216, 1186, 1158, 1116, 970, 810, 742, 699, 583, 477 cm™.

HRMS ESI calcd. for C14H;40:SNa [M+Na] 287.0718; found: 287.0708.

Elemental analysis calcd. (%) for C14H605S: C, 63.61, H, 6.10, S, 12.13; found: C, 63.45, H, 6.29,
S, 12.38.

8) benzyl 2-(N-methyl-4-oxopiperidin-3-yl)acetate (10e) (colorless oil, Method A: 20 mg,

15% with porphyrin, 30 mg, 23% - no catalyst)
o)

ﬁlj/\cozsn

N
|

'H NMR (400 MHz, CDCl,, 25°C): 6 = 7.35-7.30 (m, 5 H, Ph), 5.12 (brs, 2 H, CHy), 3.13-3.07 (m, 3
H, CHH, CH,), 2.83-2.78 (dd, 1 H, *Ji. = 6.24, 16.76 Hz, CHH), 2.72-2.63 (m, 1 H, CH), 2.39-2.32
(m, 5 H, N-CH3, CHH), 2.24-2.18 (dd, 1 H, *Ju s = 6.48, 16.76 Hz, CHH), 2.17-2.07 (m, 1 H, CHH)
ppm.

5C NMR (100 MHz, CDCl,, 25°C): 6 = 208.0, 171.8, 135.9, 128.5, 128.2, 128.2, 66.4, 60.8, 55.9,
45.9,45.1,40.7, 31.8 ppm.

IR film v = 3033, 2945, 2850, 2789, 1736, 1716, 1497, 1454, 1416, 1379, 1352, 1313, 1277, 1232,
1163, 1146, 1118, 1064, 982, 879, 806, 748, 699, 579, 461, 411 cm™.

HRMS ESI calcd. for C5sHyoNO3 [MJrH]+ 262.1443; found: 262.1443.

Elemental analysis calcd. (%) for C;sH;oNO;3: C, 68.94, H, 7.33, N, 5.36; found: C, 68.87, H, 7.32,
N, 5.23.

9) benzyl 2-(2,2-dimethyl-5-0x0-1,3-dioxan-4-yl)acetate (10g) (colorless oil, Method A: 42

mg, 30% with porphyrin, 21 mg, 15% - no catalyst)
o)

HH/\CO2Bn

0. _0

A
'"H NMR (400 MHz, CDCl,, 25°C): § = 7.37-7.32 (m, 5 H, Ph), 5.16 (brs, 2 H, CH,), 4.73-4.70 (m, 1
H, CH), 4.32-4.27 (dd, 1 H, *Jyy = 1.52, 17.08 Hz, CHH), 4.04-4.00 (d, 1 H, *Jy; = 17.04, CHH),
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2.97-2.91 (dd, 1 H, *Jyy = 4.12, 16.72, CHH), 2.69-2.63 (dd, 1 H, *Jyy = 7.84, 16.8 Hz, CHH),
1.43-1.40 (d, 6 H, *Jy = 14.76, 2 x CHs) ppm.

*C NMR (100 MHz, CDCl,, 25°C): 6 = 207.9, 170.1, 135.6, 128.5, 128.3, 128.3, 101.2, 71.6, 66.7,
66.5,34.3,23.7,23.5 ppm.

IR film v = 3475, 3066, 3033, 2989, 2939, 2887, 1746, 1498, 1456, 1422, 1376, 1327, 1288, 1255,
1222, 1168, 1106, 1080, 1034, 969, 906, 835, 753, 699, 579, 516, 462 cm™.

HRMS ESI calcd. for C;5H;30sNa [M+Na]" 301.1052; found: 301.1045.

Elemental analysis calcd. (%) for CsH;30s: C, 64.74, H, 6.52; found: C, 64.59, H, 6.57.

10) benzyl 2-(8-0x0-1,4-dioxaspiro[4.5]decan-7-yl)acetate (10f) (colorless oil, Method A: 70

mg, 46% with porphyrin, 8 mg, 5% - no catalyst)
0

Q/\cogsn

0" o
/

'H NMR (400 MHz, CDCl,, 25°C): 6 = 7.37-7.29 (m, 5 H, Ph), 5.15-5.07 (m, 2 H, CH,), 4.03-3.94
(m, 4 H, 2 x CHy), 3.23-3.18 (m, 1 H, CHH), 2.81-2.75 (dd, 1 H, *Juu = 6.88, 16.72 Hz, CHH),
2.74-2.65 (m, 1 H, CHH), 2.41-2.35 (ddd, 1 H, *Jyu = 2.76, 5.04, 14.44 Hz, CH), 2.27-2.21 (dd, 1
H, *Juu = 6.16, 16.72 Hz, CHH), 2.11-1.92 (m, 3 H, CHH, CH,), 1.79 (t, 1 H, *Jyyu = 13.16 Hz,
CHH) ppm.

C NMR (100 MHz, CDCl,, 25°C): 6 =209.4, 171.8, 136.0, 128.8, 128.1, 128.1, 107.1, 66.3, 64.8,
64.6,43.1,40.1, 37.8, 34.6, 34.0 ppm.

IR film v = 3066, 3032, 2960, 2892, 1735, 1716, 1497, 1455, 1438, 1389, 1346, 1308, 1280, 1233,
1169, 1144, 1056, 999, 948, 930, 822, 743, 699, 579, 479, 454, 421 cm’".

HRMS ESI calcd. for C;7H,¢0OsNa [MJrNa]+ 327.1208; found: 327.1204.

Elemental analysis calcd. (%) for C17H,00s: C, 67.09, H, 6.62; found: C, 67.05, H, 6.67.

11) benzyl 2-(5-methyl-2-oxocyclohexyl)acetate (10c) (colorless oil, Method A: 39 mg, 30%

with porphyrin, traces - no catalyst)
o)

¢/\COZBn

'H NMR (400 MHz, CDCl,, 25°C): two diastereoisomers (D1:D2 =2 : 1) 6 =7.36-7.29 (m, 2 x 5 H,

Ph), 5.12 (s, 2 x 2 H, CH>), 3.09-3.00 (m, 1 H, CH), [2.95-2.87 (m, 1 H, CH)], 2.84-2.77 (m, 2 x 1 H,
2 x CH), 2.55-2.46 (m, 1 H, CH), 2.45-2.37 (m, 1 H, CH), 2.34-2.26 (m, 2 x 1 H, 2 x CH), 2.25-2.14
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(m, 2 x 1 H, 2x CH), 2.13-1.197 (m, 3 H, CH, CH>), 1.95-1.74 (m, 2 x 2 H, 2 x CHy), 1.72-1.63 (m,
2x 1 H,2x CH), 1.43-1.33 (m, 1 H, CH), 1.99 (d, 3 H, *Jyu = 7.08 Hz, CH3), [0.97 (d, 3 H, *Jyuu =
6.24 Hz, CH3)] ppm.’

C NMR (100 MHz, CDCl,, 25°C): two diastereoisomers 6 = 211.5, [211.0], [172.4], 172.2,
[136.0], 136.0, 128.5, 128.2, 128.1, 66.3, [66.3], [46.1], 42.5, [41.8], [41.0], 39.1, 37.3, [35.7], 34.7,
[34.3], 33.1, [31.9], 26.9, [21.1], 18.1 ppm.

IR film v = 3064, 3033, 2956, 2927, 2869, 1737, 1712, 1497, 1456, 1384, 1348, 1325, 1264, 1226,
1158, 1132, 1095, 1001, 913, 846, 744, 699, 580, 546, 504, 461 cm™.

HRMS ESI caled. for Ci¢H>0O3Na [M+Na]+ 283.1310; found: 283.1305.

Elemental analysis caled. (%) for C6H,003: C, 73.82, H, 7.74; found: C, 73.58, H, 8.00.

dr=67:33 (GC; t; = 15.38 min, t, = 15.28 min, injection temp: 300; column flow: 1.50; split ratio:
20; purge flow: 3; temperature: 100-340°C, time of analysis: 30 min)

12) benzyl 4-oxopentanoate (10m) (colorless oil, Method A: 36 mg, 36% with porphyrin

Method B: 27 mg, 53% with porphyrin , 0% - no catalyst)?
o)

)l\/\CO2Bn
'H NMR (400 MHz, CDCls, 25°C): & = 7.37-7.29 (m, 5 H, Ph), 5.12 (brs, 2 H, CH,), 2.76 (t, 2 H,
Jun = 6.56 Hz CH,), 2.63 (t, 2 H, *Jyn = 6.80 Hz, CHy), 2.17 (s, 3 H, CHz) ppm.
C NMR (100 MHz, CDCl,, 25°C): § = 206.4, 172.5, 135.9, 128.5, 128.2, 128.1, 66.5, 37.9, 29.8,

28.0 ppm.

13) dibenzyl 2,2'-(2-oxocyclohexane-13-diyl)diacetate (10bb) -+ diastereoisomer (8: 2,

colorless oil, Method B: 79 mg, 80% with porphyrin, traces - no catalyst)
0

BnOZC/\é/\COZBn

'H NMR (400 MHz, CDCl,, 25°C): 6 = 7.38-7.29 (m, 10 H, 2 x Ph), 5.12 (brs, 4 H, 2 x CH,), 2.97-
291 (m, 2 H, 2 x CHH), 2.87-2.82 (dd, 2 H, 3JH,H =6.84, 16.56 Hz, 2 x CHH), 2.26-2.19 (dd, 2 H,
3JH,H =6.36, 16.6 Hz, 2 x CHH), 2.19-2.14 (m, 2 H, 2 x CH), 1.87-1.79 (m, 2 H, 2 x CHH), 1.43-
1.39 (m, 2 H, CH;) ppm.

BC NMR (100 MHz, CDCl,, 25°C): & =209.9, 172.2, 136.0, 128.5, 128.1, 128.1, 66.3, 47.0, 34.4,
34.3, 25.0 ppm.

1 . .
[1— concerns second diasteroisomer
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IR film v = 3064, 3033, 2935, 2859, 1736, 1712, 1497, 1455, 1413, 1388, 1346, 1276, 1166, 1117,
1000, 911, 864, 751, 698, 580, 457 cm’™".

HRMS ESI calcd. for C,4H0sNa [M+Na]" 417.1678; found: 417.1671.

Elemental analysis calcd. (%) for C24H,60s: C, 73.08, H, 6.64; found: C, 72.76, H, 6.72.

dr = 82:18 (GC) (GC; t; = 15.1 min, t, = 14.7 min, injection temp: 300; column flow: 1.50; split

ratio: 20; purge flow: 3; temperature: 100-340°C, time of analysis: 30 min)

14) dibenzyl 2,2'-(4-oxotetrahydro-2H-thiopyran-3,5-diyl)diacetate (10dd) + diastercoisomer

(8 : 2, colorless oil, Method B: 80 mg, 77% with porphyrin, traces - no catalyst)
o)

BnOzC/\ij/\COﬁn

S
'"H NMR (400 MHz, CDCl,, 25°C): & = 7.38-7.29 (m, 10 H, 2 x Ph), 5.12 (brs, 4 H, 2 x CH,), 3.35-
3.29 (m, 2 H, 2 x CH), 2.98-2.96 (m, 2 H, 2 x CHH), 2.88-2.84 (dd, 2 H, *Jiy; = 6.72, 16.84 Hz, 2 x
CHH), 2.80-2.73 (m, 2 H, 2 x CHH), 2.36-2.30 (dd, 2 H, *J;4 = 6.52, 16.88 Hz, 2 x CHH) ppm.
13C NMR (100 MHz, CDCl,, 25°C): & = 207.8, 171.3, 135.8, 128.6, 128.3, 128.2, 66.5, 49.8, 36.3,

34.2 ppm.

IR film v = 3089, 3064, 3033, 2955, 2837, 1736, 1712, 1607, 1586, 1497, 1455, 1428, 1410, 1386,
1342, 1298, 1168, 1108, 1002, 923, 876, 751, 698, 580, 505, 456 cm".

HRMS ESI caled. for Cy3H»405SNa [MJrNa]+ 435.1242; found: 435.1232.

Elemental analysis calcd. (%) for C3H,405S: C, 66.97, H, 5.86, S, 7.77; found: C, 67.13, H, 6.14, S,
7.74.

dr = 77:33 (GC) (GC; t; = 22.3 min, t; = 22.1 min, injection temp: 300; column flow: 1.50; split

ratio: 20; purge flow: 3; temperature: 100-340°C, time of analysis: 30 min)

15) dibenzyl 2,2'-(4-oxotetrahydro-2H-pyran-3,5-diyl)diacetate (10aa) + diastereoisomer (7 :

3, colorless oil, Method B: 74 mg, 75% with porphyrin, traces - no catalyst)
o)

BnOZC/\ij/\COZBn

(0]
'H NMR (400 MHz, CDCl,, 25°C): § = 7.37-7.31 (m, 10 H, 2 x Ph), 5.12 (brs, 4 H, 2 x CH,), 4.32-
428 (m, 2 H, 2 x CH), 3.38 (t, 2 H, *Jyyy = 11.28, 2 x CHH), 3.24-3.21 (m, 2 H, 2 x CHH), 2.88-
2.77 (dd, 2 H, *Jyp = 6.20, 17.04 Hz, 2 x CHH), 2.21-2.16 (dd, 2 H, *Jyy = 6.52, 16.96 Hz, 2 x

11
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CHH) ppm.
C NMR (100 MHz, CDCl,, 25°C): 6 = 205.8, 171.3, 135.7, 128.6, 128.3, 128.2, 72.8, 66.6, 47.2,

29.7 ppm.

IR film v = 3089, 3064, 3033, 2959, 2845, 1736, 1716, 1586, 1497, 1456, 1413, 1383, 1355, 1254,
1219, 1172, 1133, 1081, 1059, 946, 868, 752, 698, 580, 498, 470 cm".

HRMS ESI calcd. for Co3H,40¢Na [M+Na] 419.1471; found: 419.146.3

Elemental analysis calcd. (%) for C3H2404: C, 69.68, H, 6.10; found: C, 69.58, H, 6.05.

dr = 72:28 (GC) (GC; t; = 22.2 min, t, = 21.8 min, injection temp: 300; column flow: 1.50; split

ratio: 20; purge flow: 3; temperature: 100-340°C, time of analysis: 30 min)

16) dibenzyl 2,2'-(1-(fert-butoxycarbonyl)-4-oxopiperidine-3,5-diyl)diacetate (1000) +
diastereoisomer (8 : 2) colorless oil, Method B: 103 mg, 83% with porphyrin, traces - no

catalyst)
o)

BnOzc/\ﬁ‘j/\COZBn
N

Boc
'H NMR (400 MHz, CDCl,, 25°C): 6 = 7.37-7.31 (m, 10 H, 2 x Ph), 5.12 (brs, 4 H, 2 x CH,), 4.56-
4.35 (m, 2 H, 2 x CH), 3.06-3.00 (m, 2 H, 2 x CHH), 2.83-2.77 (m, 4 H, 2 x CH»), 2.31-2.26 (m, 2
H, 2 x CHH), 1.48 (s, 9 H, C(CHs)3) ppm.

C NMR (100 MHz, CDCl,, 25°C): § = 206.8, 171.8, 154.1, 135.8, 128.5, 128.2, 128.2, 80.9, 66.6,
46.2,31.2,28.3, 28.0 ppm.

IR film v = 3628, 3449, 3090, 3065, 3033, 3005, 2976, 2931, 1806, 1738, 1717, 1696, 1608, 1497,
1475, 1454, 1420, 1392, 1366, 1305, 1278, 1241, 1166, 1119, 1048, 1030, 971, 889, 827, 750, 699,
580, 500, 460 cm".

HRMS ESI calcd. for Co3H33NO7Na [M+Na]+ 518.2155; found: 518.2154.

Elemental analysis calcd. (%) for C,3H33NO7: C, 67.86, H, 6.71, N, 2.83; found: C, 68.05, H, 6.90,
N, 2.75.

dr = 76:24 (GC) (GC; t; = 14.5 min, t, = 13.8 min, injection temp: 300; column flow: 1.50; split

ratio: 20; purge flow: 3; temperature: 170-340°C, time of analysis: 30 min)

17) dibenzyl 2,2'-(1-methyl-4-oxopiperidine-3,5-diyl)diacetate (10ee) + diastereosiomer (7 :
3, colorless oil, Method B: 55 mg, 54% with porphyrin, traces - no catalyst)

12
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(0]

Bnozc/\h/\cozsn

N
Me

'H NMR (400 MHz, CDCl,, 25°C): & = 7.37-7.25 (m, 10 H, 2 x Ph), 5.11 (brs, 4 H, 2 x CH,), 3.26-
3.21 (m, 2 H, 2 x CH), 3.17-3.12 (m, 2 H, 2 x CHH), 2.85-2.79 (dd, 2 H, *Jy = 6.2, 16.76 Hz, 2 x
CHH), 2.35 (s, 3 H, CH3), 2.21-2.11 (m, 4 H, 2 x CH;) ppm.

5C NMR (100 MHz, CDCl,, 25°C): 6 = 207.6, 171.7, 135.9, 128.5, 128.2, 128.2, 66.4, 61.3, 45 .4,
44 .8, 31.6 ppm.

IR film v = 3064, 3033, 2945, 2850, 2785, 1737, 1717, 1607, 1497, 1454, 1413, 1380, 1355, 1281,
1235, 1171, 1121, 1059, 975, 950, 911, 862, 825, 750, 699, 580, 467 cm'".

HRMS ESI caled. for Cy4HsNOs [M+H]+410.1967; found: 410.1960.

Elemental analysis calcd. (%) for C,4H,7NOs: C, 70.40, H, 6.65, N, 3.42; found: C, 70.50, H, 6.90,
N, 3.47.

dr = 73:27 (GC) (GC; t; = 13.3 min, t, = 12.5 min, injection temp: 300; column flow: 1.50; split
ratio: 20; purge flow: 3; temperature: 100-340°C, time of analysis: 30 min)

18) dibenzyl 2,2'-(8-0x0-14-dioxaspiro[4.5]decane-7,9-diyl)diacetate (10ff) + diastereoisomer

(7 : 3, colorless solid, Method B: 67 mg, 59% with porphyrin, traces - no catalyst)
o)

BnOZC/\@/\COZBn

Qo
'H NMR (400 MHz, CDCl;, 25°C): & = 7.36-7.25 (m, 10 H, 2 x Ph), 5.12 (2 x brs, 4 H, 2 x CH,),
4.02-3.93 (m, 4 H, 2 x CH,), 2.83-2.77 (dd, 2 H, *Jyu = 6.44, 13.48 Hz, 2 x CHH), 2.27-2.21 (dd, 2
H, *Jun = 6.48, 16.76 Hz, 2 x CHH), 2.13-2.08 (m, 2 H, 2 x CH), 1.78 (t, 2 H, *Jy s = 18.88 Hz, 2 x
CH) ppm.
C NMR (100 MHz, CDCl,, 25°C): & = 208.8, 171.7, 135.9, 128.5, 128.2, 128.2, 106.6, 66.3, 64.8,
64.7,42.9,40.8, 33.9 ppm.
IR film v = 3065, 3033, 2956, 2891, 1736, 1718, 1497, 1455, 1389, 1350, 1291, 1234, 1170, 1119,
1096, 1057, 1031, 998, 950, 793, 752, 698, 580, 459, 434 cm’".
HRMS ESI calced. for C,6H007 [M+H]" 475.1733; found: 475.1720.
Elemental analysis calcd. (%) for C,cH307: C, 69.01, H, 6.24; found: C, 69.07, H, 25.
dr = 71:28 (GC) (GC; t; = 18.1 min, t; = 17.7 min, injection temp: 300; column flow: 1.50; split

ratio: 20; purge flow: 3; temperature: 100-340°C, time of analysis: 30 min)
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19) dibenzyl 2,2'-(5-methyl-2-oxocyclohexane-1,3-diyl)diacetate (10cc) + diasterecoisomer (8 :

2, colorless oil, Method A: 41 mg, 20% with porphyrin, traces - no catalyst)
0

BnOQC/\¢/\COQBn

'H NMR (400 MHz, CDCl,, 25°C): two diasteroisomers: & = 7.36-7.25 (m, 10 H, 2 x Ph +
diastereoisomer m, 10 H, 2 x Ph), 5.12 (brs, 4 H, 2 x CHy), [5.13 (brs, 4 H, 2 x CH,)], 3.20-3.08 (m,
2 H, 2 x CH), [3.05-2.80 (m, 2 H, 2 x CH)], 2.87-2.81 (dd, 2 H, *Jyu = 6.84, 16.64 Hz, 2 x CHH),
[2.76-2.56 (m, 2 H, 2 x CH)], 2.28-2.06 (m, 4 H, 4 x CHH + diastereoisomer m, 4 H, 4 x CHH),
1.95-1.90 (m, 2 H, 2 x CHH + diastereoisomer m, 2 H, 2 x CHH), 1.69-1.63 (m, 1 H, CHH +
diastereoisomer m, 1 H, 4 x CHH), 1.28 (d, 3 H, *Jyyu = 7.20 Hz, CHs), [0.96-0.94 (d, 3 H, *Juu =
6.28 Hz, CH3)]* ppm

5C NMR (100 MHz, CDCl,, 25°C): 6 = 210.4, 172.2, 136.0, 128.5, 128.3, 128.1, 66.3, 42.0, 40.1,

34.3,27.1, 17.8 ppm.

IR film v = 3064, 3033, 2957, 2925, 1737, 1712, 1607, 1497, 1456, 1413, 1386, 1348, 1229, 1170,
1119, 1001, 970, 924, 750, 699, 580, 467 cm™.

HRMS ESI caled. for Cy5H7905 [M+H]Jr 431.1834; found: 431.1830.

Elemental analysis calcd. (%) for C,sH,30s: C, 73.51, H, 6.91; found: C, 73.48, H, 7.00.

dr=79:21 (GC) (GC; t; = 22.1 min, t; = 21.9min, injection temp: 300; column flow: 1.50; split ratio:
20; purge flow: 3; temperature: 100-340°C, time of analysis: 30 min)

2 . .
[1— concerns second diastereoisomer
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4. Optimization studies

Table S1. Background reactions®

pyrrolidine
porphyrin

LEDs, solvent

0]

ﬁ‘j/\cozsn
0

Entry Amine Light Temp Photocatalyst Additive Yield [%]

1 pyrrolidine  LEDspsym, rt H,T(p-CO,MeP)P - 68

2 pyrrolidine  LEDspsym rt - - 51
3® pyrrolidine  LEDspsym t - - 25

4 pyrrolidine - rt H,T(p-CO,MeP)P - 3

5 pyrrolidine - 45°C H,T(p-CO,MeP)P - traces
6 - LEDs5>50m rt H,T(p-CO,MeP)P - 0

7 NEt3 LED525nm It HzT(p-COzMeP)P - 0

8 pyrrolidine uv rt benzophenone - 20

9 pyrrolidine  LEDspsym rt H,T(p-CO,MeP)P benzochinone™ 0
10 pyrrolidine  LEDspsym rt - benzochinone™" 0
11 pyrrolidine  LEDspsym rt H,T(p-CO,MeP)P 1 ,3-cycloheksadien*** 0
12 pyrrolidine  LEDspsym rt - 1 ,3-cycloheksadien*** traces
13 pyrrolidine  LEDspsm It - CAN 0
14 pyrrolidine  LEDspsm rt - nitrobenzene 0
15 pyrrolidine  LEDspsum It - K,S,04 25

Reaction conditions: “ketone (0.5 mmol), diazo ester (0.5 mmol), photocatalyst: H,T(p-CO,MeP)P (1.0 mol%) or benzophenone (20
mol%), amine (20 mol%), DMSO/buffer pH 4.0 = 9:1 (V/V, 5 mL), 8 h. Pketone (0.5 mmol), diazo ester (0.5 mmol), photocatalyst:
H,T(p-CO,MeP)P (1.0 mol%) or benzophenone (20 mol%), amine (20 mol%), DMSO (5 mL), 8 h, LEDsys,,,. *Isolated yields **
Quencher of triplet excited states® “Quencher of singlet and triplet excited states®.

Table S2. Light”

Entry Photocatalyst Light Yield [%]b
1 H,T(p-CO,MeP)P LEDs)50m 61
2 - LEDs;50m 53
3 H,T(p-CO,MeP)P LEDussnm 55
4 - LED4s4nm 30
5 H,T(p-CO,MeP)P LEDs)s, - stripes 68
6 - LEDs)5,,- stripes 51
7 H,T(p-CO,MeP)P LEDys4nm- Stripes 50
8 - LEDys4nm- Stripes 32

Reaction conditions: *ketone (0.5 mmol), diazo ester (0.5 mmol), photocatalyst (1.0 mol%), pyrrolidine (20 mol%), DMSO/buffer pH
4.0=9:1(V/V, 5 mL), 8 h, LEDsys,.. *Isolated yields.

Table S3. Time®

Entry Time [h] Yield [%]b
1 4 60
2 6 61
3 7 71
4 8 68
5 9 68
6 10 58
7 12 47

Reaction conditions: “ketone (0.5 mmol), diazo ester (0.5 mmol), H,T(p-CO,MeP)P (1.0 mol%), pyrrolidine (20 mol%), DMSO/buffer
pH 4.0=9:1 (V/V, 5mL), X h, LEDss,. “Isolated yields
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Table S4. Photocatalyst®

R
H,TPP H,T(p-CO,MeP)P
R R
R F
*_Q‘ OMe F
R
F F )
H,T(p-OMeP)P H,TPP, octaethylporphyrin
Entry Photocatalyst Yield [ %]*
1 H,T(p-CO,MeP)P 71
2 H,T(p-CO,MeP)P-Zn 65
3 H,TPP 44
4 H,TPP; 14
5 H,T(p-OMeP)P 65
6 octaethylporphyrin 45

Reaction conditions: *ketone (0.5 mmol), diazo ester (0.5 mmol), photocatalyst (1.0 mol%), pyrrolidine (20 mol%), DMSO/buffer pH
4.0=9:1(V/V)5mL, 7 h, LEDs5nm. *Isolated yields

Table S5. Solvent”
Entry Solvent Yield [%]b
1 DMSO/buffer pH = 4 71
2 DMSO 22
2 DMSO/H,0 59
3 DMF/buffer pH = 4 24
4 DMF 27
5 MeCN 30
6 MeCN/buffer pH = 4 traces
7 MeOH 24
8 MeOH/buffer pH = 4 0
9 MTBE 0
10 DCM 0
11 Toluene 0
12 EtOH 0
13 EtOH/buffer pH =4 0
14 1,1,1,3,3,3-hexafluroisopropanol 0

Reaction conditions: *ketone (0.5 mmol), diazo ester (0.5 mmol), H,T(p-CO,MeP)P (1.0 mol%), pyrrolidine (20 mol%), solvent
(5 mL) or solvent/buffer pH 4.0 =9:1 (V/V, 5mL), 7 h, LEDs,s;. “Isolated yields

Table S6. pH of buffer”
Entry Solvent Yield [%]b
1 DMSO/buffer pH = 3.0 56
2 DMSO/buffer pH = 4.0 71
2 DMSO/buffer pH = 5.0 50
3 DMSO/buffer pH = 7.0 59
4 DMSO/buffer pH = 8.0 33

Reaction conditions: “*ketone (0.5 mmol), diazo ester (0.5 mmol), H,T(p-CO,MeP)P (1.0 mol%), pyrrolidine (20 mol%), DMSO/buffer
pH =X, 9:1 (V/V, 5mL), 7 h, LEDsysm. *Isolated yield

16
http://rcin.org.pl



Table S7. Amine®

Entry Amine pK, Yield [%]b
1 pyrrolidine 2.89 71
2 morpholine 5.60 21
2 piperazine 4.19 21
4 dicyclohexylamine 3.60 0

Reaction conditions: “ketone (0.5 mmol), diazo ester (0.5 mmol), H,T(p-CO,MeP)P (1.0 mol%), amine (20 mol%), DMSO/buffer
pH =4, 9:1 (V/V, 5 mL), 7 h, LEDsjs,m. "Isolated yields

Table S8. Light vs. time®

Entry Light Time Yield [%]b
1 LEDs,sm - stripes 7 71
2 LEDs)50m 4 48
3 LEDsj50m 5 74
4 LEDs50m 6 71

Reaction conditions: "ketone (0.5 mmol), diazo ester (0.5 mmol), H,T(p-CO,MeP)P (1.0 mol%), pyrrolidine (20 mol%), DMSO/buffer
pH4=9:1 (V/V, 5mL), X h, LEDss5,. “Isolated yields

Table S9. Amine — amount®

Entry Pyrrolidine [mol %] Yield [%]b

1 30 75
2 20 74
3 15 65
4 10 55

Reaction conditions: “ketone (0.5 mmol), diazo ester (0.5 mmol), H,T(p-CO,MeP)P (1.0 mol%), pyrrolidine (X mol%), DMSO/buffer
pH =4,9:1 (V/V,5mL), 5 h, LEDsjsm. "Isolated yields

Table S10. Additives®

Entry Solvent Additive pKa Yield [%]b
1 DMSO/buffer pH 4 LiBF, - 47
2 DMSO H,0 15.7 42
3 DMSO PhCOOH 6.60 18
4 DMSO AcOH 4.73 14
5 DMSO/ 2,3-ludidine 4,17 traces
6 DMSO p-TSA-H,0 -2.80 9

Reaction conditions: “ketone (0.5 mmol), diazo ester (0.5 mmol), H,T(p-CO,MeP)P (1.0 mol%), pyrrolidine (20 mol%), DMSO/buffer
pH =4, 9:1 (V/V, 5 mL), additive (20 mol%), 5 h, LEDsj5,,. “Isolated yields

Table S11. Catalyst loading”

Entry Catalyst loading [mol %] Yield [%]b
1 1.5 58
2 1.0 74
3 0.5 68

Reaction conditions: “ketone (0.5 mmol), diazo ester (0.5 mmol), H,T(p-CO,MeP)P (X mol%), pyrrolidine (20 mol%), DMSO/buffer
pH =4,9:1 (V/V, 5 mL), 5 h, LEDsjsy,. "Isolated yields
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Table S12. Ketone: diazoester ratio [equiv. : equiv.]*

Entry  Ketone: Diazo compound [equiv.] Yield [%]b

1 1:1.2 83
2 1:1 74
3 1.2:1 65

Reaction conditions: “ketone (X mmol), diazo ester (X mmol), H,T(p-CO,MeP)P (1 mol%), pyrrolidine (20 mol%), DMSO/buffer
pH =4,9:1 (V/V,5mL), 5 h, LEDsjsm. "Isolated yields

Table S13. Solvent: buffer ratio [V/V]*

Entry Solvent : buffer pH =4 [V/V] Yield [%]b
1 85:1.5 30
2 9.0:1.0 83
3 9.5:0.5 65

Reaction conditions: *ketone (0.5 mmol), diazo ester (0.5 mmol), H,T(p-CO,MeP)P (1 mol%), pyrrolidine (20 mol%), DMSO/buffer
pH =4, X:X (V/V, 5mL), 5 h, LEDsys,m. *Isolated yields

o} o) 0]

pyrrolidine
CO2Bn i
.0 2 porphyrin CO.,Bn  BnO,C CO2Bn
N, LEDs, solvent
A B

Table S14. Background reactions®

Entry Amine Light Temp Photocatalyst Yield A [%]¢ Yield B [%]°
1 pyrrolidine - rt H,T(p-CO,MeP)P traces traces
2 pyrrolidine  LEDspsm rt - 10 3
3® pyrrolidine  LEDspsum rt H,T(p-CO,MeP)P 30 30

Reaction conditions: *ketone (0.5 mmol), diazo ester (0.5 mmol), H,T(p-CO,MeP)P (1.0 mol%), amine (20 mol%), DMSO/buffer
pH 4.0 =9:1 (V/V, 5 mL), 5 h, LEDs)5,, ®Model conditions for 4-oxotetrahydropyran: ketone (0.5 mmol), diazoester (0.6 mmol),
photocatalyst: HyT(p-CO,MeP)P (1.0 mol%), amine (20 mol%), DMSO/buffer pH 4.0 = 9:1 (V/V, 5 mL), 5 h, LEDss,y,. ‘Isolated
yields.

Table S15. Optimization — mono product (A)

Entry Ketone [equiv.] BDA [equiv.] Temp. Yield A [%]° Yield B [%]¢

1 1 1.2 rt 30 30
2° 1 1.2 rt 33 28
3° 1 1 rt 48 20
4b 1 1 15°C 14 31
5 2 1 It 20 26

Reaction conditions: *ketone (0.5 mmol), diazo ester (X mmol), H,T(p-CO,MeP)P (1.0 mol%), amine (20 mol%), DMSO/buffer
pH4.0=9:1 (V/V, 5mL), 5 h, LEDs5.. *ketone (0.5 mmol), diazo ester (X mmol), H,T(p-CO,MeP)P (1.0 mol%), amine (20 mol%),
DMSO/buffer pH 4.0 =9:1 (V/V, 10 mL), 5 h, LEDsspy,. ‘Isolated yields
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Table S16. Optimization — bis product (B)

Entry BDA [equiv.] Amine [mol%] Temp Yield A[%]" Yield B [%]"

1 1.2 20 rt 30 30
2 3 20 rt 20 65
3 3 20 39°C 18 56
4 3 40 rt 10 80
5 1.5+1.5 20 rt 19 66
6 4 20 rt 20 67

Reaction conditions: “ketone (0.5 mmol, 1 equiv.), diazoester (X mmol), H,T(p-CO,MeP)P (1.0 mol%), amine (X mol%),
DMSO/buffer pH =4.0, 9:1 (V/V, 5 mL), 5 h, LEDs,5,. ®[solated yields.
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5. Mechanistic considerations

5.1. Proposed mechanism

o)
L/ e
|
X
o) 2
&) o~ ©2
N A*
H
o)
H+ + —
CO,R NI Por or O,
O CO R Por or 02
0
E
5.2.  Electrochemical data for porphyrins
Porphyrin E Eiea E.® Erea® | Eo' Solvent
H,TPP 1.03 -1.04, -1.46 -0.91 0.91 1.90 DMSO
H,T(p-OMeP)P 0.91 -1.07, -1.46 -0.99 0.83 1.90° DMSO
H,T(FsP)P 0.89, 1.23° -1.28,-1.71 -1.04 0.65 | 1.937 DMSO
H,T(p-CO,MeP)P 1.14% -0.92, -1.33° -0.81 1.03 1.95 CH,Cl,
octaethylporphyrin 0.46, 0.95 -1.34,-1.79 -1.52 0.64 | 1.98" CH,Cl,

Ered/on vs SCE
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5.3. EPR - experimental and theoretical studies

spin trap: N-tert-butyl-a-phenylnitrone (PBN) or 5,5-
dimethyl-1-pyrroline N-oxide (DMPO)
central magnetic field: 333 mT;
sweep width: 7,9 mT;
modulation amplitude: 0,06 mT;
microwave strength: 6,3 mW;
sweep time: 30s;
number of scans: 16
simulation EasySpin package in Matlab
System with porphyrin

Conditions: Ketone (0.5 mmol), EDA (1 equiv., 0.5 mmol), pyrrolidine (0.2 equiv., 0.1 mmol), H,T(p-
CO,;MeP)P (1 mol%), DMSO : buffer pH 4 (5 mL, 9:1). After 10 min. of stirring under irradiation (LED 55,1,
stripes) N-fert-butyl-oa-phenylnitrone (BPN) was added and after next 10 min. of stirring under irradiation

(LEDs,s,m stripes) EPR spectra (9.3 GHz) were recorded.

0 CO.Et pyrrolidine o
2 -
. f H,TP(p-CO,Me)P - CO,Et
N, LEDs, solvent
(o} (o)

The EPR spectrum obtained for the whole reaction (4-oxotetrahydropyran, pyrrolidine, EDA,
H,T(p-CO,MeP)P in the presence of PBN (Figure S1) is the superposition of two very similar
components (triplets of doublets with hyperfine splitting constants: ax = 1.49 mT, ay g = 0.44 mT and
an = 1.51 mT, ay p = 0.41 mT, relative intensity 53 and 47%, respectively). Their hyperfine splitting
constants suggest the presence of carbon-centered radicals where the carbon with an unpaired
electron is near a carbonyl group, as they are similar to values obtained for PBN-benzoyl radical
adduct in DMSO solution (ay = 1.45 mT and ay = 0.47 mT)." When the reaction has been conducted
in the presence of DMPO (Figure S2) two components are present, the dominating one (90% of total
intensity) with hyperfine splitting constants of 1.47 mT (ax) and 2.16 mT (apg) and a second one with
ay = 1.60 mT and ag = 2.46 mT. Both components indicate the formation of carbon-centered

radicals, as the value of apg 1s higher than this of ax."”
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Figure S1. EPR spectra of the reaction mixture with PBN Conditions: 4-oxotetrahydropyran (0.5 mmol), EDA (1 equiv., 0.5
mmol), pyrrolidine (0.2 equiv., 0.1 mmol), H,T(p-CO,MeP)P (1 mol%), DMSO : buffer pH 4 (5 mL, 9:1). After 10 min. of stirring

under irradiation (LEDsjs,,, stripes) N-tert-butyl-a-phenylnitrone (BPN) was added and after next 10 min. of stirring under irradiation

(LEDsps,m stripes) EPR spectra (9.3 GHz) was recorded.
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Figure S2. EPR spectra of the reaction mixture with DMPO Conditions: 4-oxotetrahydropyran (0.5 mmol), EDA (1 equiv., 0.5
mmol), pyrrolidine (0.2 equiv., 0.1 mmol), H,T(p-CO,MeP)P (1 mol%), DMSO : buffer pH 4 (5 mL, 9:1). After 10 min. of stirring

under irradiation (LEDsysyy, stripes) 5,5-dimethyl-1-pyrroline N-oxide (DMPO) was added and after next 10 min. of stirring under
irradiation (LEDs,syy, stripes) EPR spectra (9.3 GHz) was recorded.

In the EPR spectrum registered after the visible light irradiation of the mixture of H,T(p-CO,MeP)P,
pyrrolidine and 4-oxotetrahydropyran in the presence of PBN spin trap a triplet of doublets has been
observed (Figure 3). The best fit was obtained for two very similar components (hyperfine splitting
constants: ay = 1.51 mT, ag g = 0.33 mT and ay = 1.50 mT, ay g = 0.35 mT). These values are in a
range typical for a carbon-centered radicals (1.50-1.6 mT for ay and 0.3-0.35 for ay). When DMPO

spin trap was used in this system (Figure S4) the spectrum was very similar to the one of the whole
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reaction, differing only by a lower intensity. The dominating component was the same, the second

component was impossible to simulate due to a very low signal intensity.
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Figure S3. EPR spectra of the mixture of H,T(p-CO,MeP)P with 4-oxotetrahydropyran and pyrrolidine with PBN Conditions:
4-oxotetrahydropyran (0.5 mmol), pyrrolidine (0.2 equiv., 0.1 mmol), H,T(p-CO,MeP)P (1 mol%), DMSO : buffer pH 4 (5 mL, 9:1).

After 10 min. of stirring under irradiation (LEDsjs,, stripes) N-tert-butyl-a-phenylnitrone (BPN) was added and after next 10 min. of

stirring under irradiation (LEDsjs,,, stripes) EPR spectra (9.3 GHz) was recorded.
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Figure S4. EPR spectra of the mixture of H,T(p-CO,MeP)P with 4-oxotetrahydropyran and pyrrolidine with DMPO
Conditions: 4-oxotetrahydropyran (0.5 mmol), pyrrolidine (0.2 equiv., 0.1 mmol), H,T(p-CO,MeP)P (1 mol%), DMSO : buffer pH 4

(5 mL, 9:1). After 10 min. of stirring under irradiation (LEDsys,y, stripes) 5,5-dimethyl-1-pyrroline N-oxide (DMPO) was added and
after next 10 min. of stirring under irradiation (LEDs;s,, stripes) EPR spectra (9.3 GHz) was recorded.
When only porphyrin and EDA were present in the system in the presence of PBN, a triplet with

ay = 1.63 mT has been observed, and the intensity of a spectrum has been very low. The same
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spectral pattern has been obtained for EDA alone in the presence of PBN. It could be due to an
oxygen-centered radical adduct with a very small hydrogen splitting constant, which could not be

seen in the spectrum due to the low signal/noise ratio.

System without porphyrin

Conditions: Ketone (0.5 mmol), EDA (1 equiv., 0.5 mmol), pyrrolidine (0.2 equiv., 0.1 mmol), DMSO : buffer
pH 4 (5§ mL, 9:1). After 10 min. of stirring under irradiation (LEDs;s,y stripes) N-fert-butyl-a-phenylnitrone
(BPN) was added and after next 10 min. of stirring under irradiation (LEDsys,, stripes) EPR spectra (9.3 GHz)

was recorded.

When the mixture of 4-oxotetrahydropyran, EDA and pyrrolidine was irradiated with a green light in
the presence of PBN, two-component EPR spectrum was observed (ay = 1.51 mT, agg = 0.40 mT, I
= 62% and ay = 1.38 mT, ay g = 0.24 mT, I = 38%, Figure S5). The first component is the same as
one of the components in the EPR spectrum of a whole reaction (Figure S1) and corresponds to a
carbon-centered radical. The second one is not present in spectra registered in the presence of
porphyrin. Thus, it indicates the alternative path of reaction as compared with that in the presence of
porphyrin. This component can be seen in the EPR spectrum obtained for Fenton reaction (hydrogen
peroxide and ferrous sulfate) in the DMSO:buffer solvent, and could be due to a PBN-CH3 or PBN-
OH adduct. It should be noted, however, that the latter adduct could be a result of a decomposition of
superoxide anion radical adduct which could be formed in the reaction with molecular oxygen. When
DMPO was used as a spin trap when the mixture of 4-oxotetrahydropyran, EDA and pyrrolidine was
irradiated with a green light (Figure S6), the dominating component (90% of total intensity) was the
same as in the presence of porphyrin (ax = 1.47 mT, agg = 2.16 mT), arising from the carbon-
centered radical. However, the minor component (10%, ay = 1.56 mT, agg = 1.81 mT, ay, = 0.51 mT)
is a new one. It also corresponds to a carbon-centered radical adduct, but it is not a DMPO-CHj;

adduct derived from DMSO as the parameters for such adduct are ay = 1.58 mT and apg = 2.26 mT.
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Figure S5. EPR spectra of the mixture of 4-oxotetrahydropyran, pyrrolidine and EDA with PBN Conditions:
4-oxotetrahydropyran (0.5 mmol), EDA (1 equiv., 0.5 mmol), pyrrolidine (0.2 equiv., 0.1 mmol), DMSO : buffer pH 4 (5 mL, 9:1).
After 10 min. of stirring under irradiation (LEDsys,, stripes) N-tert-butyl-o-phenylnitrone (BPN) was added and after next 10 min. of

stirring under irradiation (LEDsjs,,, stripes) EPR spectra (9.3 GHz) was recorded.
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Figure S6. EPR spectra of the mixture of 4-oxotetrahydropyran, pyrrolidine and EDA with DMPO Conditions:
4-oxotetrahydropyran (0.5 mmol), EDA (1 equiv., 0.5 mmol), pyrrolidine (0.2 equiv., 0.1 mmol), DMSO : buffer pH 4 (5 mL, 9:1).
After 10 min. of stirring under irradiation (LEDss,, stripes) 5,5-dimethyl-1-pyrroline N-oxide (DMPO) was added and after next 10
min. of stirring under irradiation (LEDs»s,, stripes) EPR spectra (9.3 GHz) was recorded.

The same pattern, but with a significantly lower total intensity, was observed in the absence of EDA.
Thus, to check this hypothesis, a reaction of 4-oxotetrahydropyran and pyrrolidine was conducted in
aerated conditions, under green light irradiation. In these conditions only one component could be
seen in the EPR spectrum, with ay = 1.39 mT and agg = 0.23 mT — which was observed as a minor
one in the spectrum of 4-oxotetrahydropyran, pyrrolidine and EDA system in degassed solvent.

These two components could be assigned to radical cation formed from enamine B and radical D.
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When tetrahydro-4 H-thiopyran-4-one (Figure S7), cyclohexanone (Figure S8) or N-Boc-4-piperidone
(Figure S9) was used instead of 4-oxotetrahydropyran, two components could be again seen in the
EPR spectrum in the presence of EDA. The one with a higher relative intensity (ax = 1.39 mT, apg =
0.24 mT) is the same as one of the components observed when 4-oxotetrahydropyran was used,
which could be ascribed to PBN-OH radical adduct. The second one (ay = 1.52 mT, ayg = 0.33 mT in
case of tetrahydro-4H-thiopyran-4-one and cyclohexanone, 0.36 mT in case of N-Boc-4-piperidone)
is very similar to the one dominating in the spectrum of porphyrin, 4-oxotetrahydropyran and
pyrrolidine system (carbon-centered radical adduct). The only difference between systems with
tetrahydro-4H-thiopyran-4-one and cyclohexanone is the ratio of both components: 60:40 in case of

tetrahydro-4H-thiopyran-4-one and 90:10 in case of cyclohexanone.

3000 -
2000 -
1000 -+

0 -
-1000 -
-2000 -
-3000 -
-4000
-5000 -
-6000 -

-7000 T T T T 1

329 330 331 332 333 334
B [mT]

experimental simulated component 1 component 2

Figure S7. EPR spectra of the mixture of tetrahydro-4H-thiopyran-4-one, pyrrolidine, and EDA in DMSO : buffer pH = 4
(9:1) with PBN Conditions: tetrahydro-4H-thiopyran-4-one (0.5 mmol), EDA (1 equiv., 0.5 mmol), pyrrolidine (0.2 equiv., 0.1
mmol), DMSO : buffer pH 4 (5 mL, 9:1). After 10 min. of stirring under irradiation (LEDss,,, stripes) N-tert-butyl-o-phenylnitrone

(BPN) was added and after next 10 min. of stirring under irradiation (LED 5,5, stripes) EPR spectra (9.3 GHz) was recorded.
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Figure S8. EPR spectra of the mixture of cyclohexanone, pyrrolidine, and EDA in DMSO : buffer pH = 4 (9:1) with PBN
Conditions: cyclohexanone (0.5 mmol), EDA (1 equiv., 0.5 mmol), pyrrolidine (0.2 equiv., 0.1 mmol), DMSO : buffer pH 4 (5 mL,
9:1). After 10 min. of stirring under irradiation (LEDsysyy, stripes) N-tert-butyl-a-phenylnitrone (BPN) was added and after next 10

min. of stirring under irradiation (LEDss,,, stripes) EPR spectra (9.3 GHz) was recorded.
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Figure S9. EPR spectra of the mixture of N-Boc-4-piperidone, pyrrolidine and EDA in DMSO : buffer pH = 4 (9:1) with PBN
Conditions: N-Boc-4-piperidone (0.5 mmol), EDA (1 equiv., 0.5 mmol), pyrrolidine (0.2 equiv., 0.1 mmol), DMSO : buffer pH 4 (5
mL, 9:1). After 10 min. of stirring under irradiation (LEDs;s,, stripes) N-tert-butyl-a-phenylnitrone (BPN) was added and after next
10 min. of stirring under irradiation (LEDs,s,, stripes) EPR spectra (9.3 GHz) was recorded.

In the absence of EDA, for tetrahydro-4H-thiopyran-4-one (Figure S10) and N-Boc-4-piperidone
(Figure S11) the EPR spectrum pattern was identical with this obtained in the presence of EDA,

while for cyclohexanone no signal was obtained.
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Figure S10. EPR spectra of the mixture of tetrahydro-4H-thiopyran-4-one, pyrrolidine in DMSO : buffer pH = 4 (9:1) with
PBN Conditions: tetrahydro-4H-thiopyran-4-one (0.5 mmol), pyrrolidine (0.2 equiv., 0.1 mmol), DMSO : buffer pH 4 (5 mL, 9:1).
After 10 min. of stirring under irradiation (LEDs;s,, stripes) N-tert-butyl-a-phenylnitrone (BPN) was added and after next 10 min. of

stirring under irradiation (LEDsjs,,, stripes) EPR spectra (9.3 GHz) was recorded.
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Figure S11. EPR spectra of the mixture of N-Boc-4-piperidone, pyrrolidine in DMSO:buffer pH = 4 (9:1) with PBN Conditions:
N-Boc-4-piperidone (0.5 mmol), pyrrolidine (0.2 equiv., 0.1 mmol), DMSO : buffer pH 4 (5 mL, 9:1). After 10 min. of stirring under
irradiation (LEDs,sy, stripes) N-tert-butyl-o-phenylnitrone (BPN) was added and after next 10 min. of stirring under irradiation

(LEDsys,m stripes) EPR spectra (9.3 GHz) was recorded.
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Table S17. Simulated hyperfine splitting constants of spin adducts - comparison

No Experiment Component PBN
an[mT] | ay [mT] 1[%]

1 4-oxotetrahydropyran + pyrrolidine + 1 1.49 0.44 53
EDA + H,T(p-CO,MeP)P 2 1.51 0.41 47
2 4-oxotetrahydropyran + pyrrolidine + 1 1.51 0.40 62
EDA 2 1.38 0.24 38
3 4-oxotetrahydropyran + pyrrolidine + 1 1.51 0.33 59
H,T(p-CO,MeP)P 2 1.50 0.35 41

4 4-oxotetrahydropyran + pyrrolidine | 1.39 0.23 -
2 - - -
5 oxotetrahydropyran + pyrrolidine + 1 62
EDA + H,T(p-CO,MeP)P 2 1.53 0.37 38
6 4-oxotetrahydropyran + pyrrolidine + | 1.39 0.25 60
EDA 2 1.50 0.36 40
7 4-oxotetrahydropyran + pyrrolidine | 1.39 0.24 60
2 1.52 0.33 40
8 cyclohexanone + pyrrolidine + EDA + 1 1.50 0.43 72
H,T(p-CO,MeP)P 2 1.55 0.39 28
9 cyclohexanone + pyrrolidine + EDA 1 1.39 0.24 90
2 1.53 0.33 10
10 N-Boc-4-piperidone + pyrrolidine + 1 1.39 0.24 38
EDA 2 1.51 0.36 62
11 N-Boc-4-piperidone + pyrrolidine 1 1.39 0.24 76
2 1.51 0.36 24

In accordance with the proposed mechanism reactive radicals are formed. EPR measurements
proved creating two different carbon-centered radicals, which after analyzing simulated hyperfine
splitting constants of spin adducts can be assigned to radical cation B and radical cation D.
Additionally, no signal from carbene radical was found in the reaction mixture or background

reactions.
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54. TEMPO trapping
o)
CO.Et
o
N
o)

pyrrolidine
porphyrin
TEMPO

LEDs, solvent

0

fﬁ/\COzEt
0

a) Addition TEMPO (1.5 equiv.) at the beginning:
Reaction conditions: ketone (0.5 mmol), pyrrolidine (0.2 equiv., 0.1 mmol), EDA (1 equiv., 0.5

mmol), H,T(p-CO,MeP)P (1 mol%), TEMPO (1.5

equiv.), DMSO: buffer pH =4 (5 mL, 9:1) after

5h of stirring under light irradiation (LEDgn) reaction was checked by TLC — no product was

observed — reaction was halted completely.

a) Addition TEMPO (1.5 equiv.) after 2h
Reaction conditions: ketone (0.5 mmol), pyrrolidine (0.2 equiv., 0.1 mmol), EDA (1 equiv., 0.5
mmol), H,T(p-CO,MeP)P (1 mol%), DMSO: buffer pH = 4 5 mL, 9:1) after 120 min of stirring
under light irradiation (LEDgren) TEMPO as a radical scavenger was added, and after 30 min. of
stirring under light irradiation (LEDgeen) MS spectra was recorded.
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Figure S12. MS LR spectra of a reaction mixture after TEMPO trapping

The experiment confirmed the formation of two compounds with TEMPO hence two radical species

were present in the reaction mixture.

(0] 1.pyrrolidine,
CO,Et  porphyrin, solvent, 2h, LEDs
« 2. TEMPO, 30 min, LEDs
N2
(0}

0
ﬁlj/osN . E0,C_O.
"o 45 45
A B
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Adduct B can form as a result of EDA photolysis but current data suggest that it is rather not

involved in C-C bond forming reaction.

5.5. Experiment with deuterated reagents (CD;CN)

a.
Cs
Cz C6
47.5 42.4 c” 29.9
o c10” Nc12
[ | [
b c! ct o) c_ .C!
CZ/ \Cﬁ \C7/ \CS/ \C10
0]
C C (0]
\o/

O M Al b

—— —— —— —— —— —— —— —— —— —— —— —— —— ——
52 51 50 49 48 47 46 45 44 43 42 41 40 39 38 37 36 35 34 33 32 31 30 29 28 27 26 25
ppm

Figure S13."3C NMR spectra a) product of reaction in CD;CN, b) product of a reaction in DMSO/buffer pH 4 9:1 mixture [V/V].
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Figure S14. MS LR spectra of a product of reaction in CD;CN

To prove the hypothesis of the external proton incorporation in the a-position to the ester group, the
experiment in CD3;CN was performed. 'H, C NMR and MS spectra suggested that after the reaction
in CD3;CN, a mixture of deuterated products formed. In BC NMR spectrum signals 47.5, 42.4 and
29.9 suggested the presence of the deuterated products (Chart 2). Also MS LR (MD+Na 272.3,
MD;,+Na 273.3, MD3s+Na 274.1, MD4+Na 275.3, MDs+Na 276.3 Da) corresponds to mono-, di-, tri-,
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tetra-, and pentadeuterated products (Chart 3). In 'H NMR spectrum signals corresponding to the

deuterated product are too weak to determine the ratio of products.

5.6. Verification of cyclopropane-intermediate mechanism

Olefins, common substrates for cyclopropanation were subjected to our model, porphyrin-catalyzed
reaction conditions. No conversion was observed (substrates species were recovered), thus excluding

cyclopropane intermediate pathway from the considered reaction mechanism.

EDA CO,Et
R: H,TP(p-CO,Me)P
Ph I-ED525nm I:’h
R=Ph R=Ph
R = OAc R = OAc
R = OTBDMS R = OTBDMS

Reaction conditions: olefin (0.5 mmol), EDA (1 equiv., 0.5 mmol), H,T(p-CO,MeP)P (1 mol%), DMSO: buffer pH = 4 (5 mL, 9:1)
after Sh of stirring under light irradiation (LED ;) reaction was checked by TLC and GC — no product was observed.
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5.7. UV-Vis experiments
5.7.1. Control experiments

The control UV-Vis experiments of substrates and background reactions were performed.
Conditions: ketone (0.25 mmol), BDA (1 equiv., 0.25 mmol), pyrrolidine (0.25 mmol), DMSO :
buffer pH 4 (9:1, 2.5 mL,) after stirring 0, 20, 40 min under light irradiation (LEDgecen) UV-Vis
spectra was recorded.

a) 4-oxotetrahydropyran:

5
4
E
S, 3
)
c
©
2
c 2
1%}
e
<
1
O =
300 350 400 450 500 550 600 650 700
Wavelenght [nm]
4-oxotetrahydropyran —— pyrrolidine
—— BDA 4-oxotetrahydropyran+pyrrolidine 0 min
4-oxotetrahydropyran+pyrrolidine 20 min —— 4-oxotetrahydropyran+pyrrolidine 40 min
b) cyclohexanone:
0,6
0,5
S
304
e
<03
=
2
20,2
<
0,1
0
300 350 400 450 500 550 600 650 700
Wavelenght [nm]
cyclohexanone —— pyrrolidine
—— BDA cycloheksaone+pyrrolidine 0 min

cycloheksaone+pyrrolidine 40 min
cycloheksaone+pyrrolidine+BDA 0 min
cycloheksaone+pyrrolidine+BDA 40 min

cycloheksaone+pyrrolidine 20 min
cycloheksaone+pyrrolidine 60 min
cycloheksaone+pyrrolidine+BDA 20 min
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Absorbane [a. u.]

05 L&k&
0 350 400 450 500 550 600

c¢) tetrahydro-4H-thiopyran-4-one:

0

30 650 700

Wavelenght [nm]

tetrahydro-4H-thiopyran-4-one —— pyrrolidine

BDA tetrahydro-4H-thiopyran-4-one+pyrrolidine 0 min
tetrahydro-4H-thiopyran-4-one+pyrrolidine 20 min tetrahydro-4H-thiopyran-4-one+pyrrolidine 40 min
tetrahydro-4H-thiopyran-4-one+pyrrolidine 60 min tetrahydro-4H-thiopyran-4-one+pyrrolidine+BDA 0 min

Absorbane [a. u.]

etrahydro-4H-thiopyran-4-one+pyrrolidine+BDA 20 min

etrahydro-4H-thiopyran-4-one+pyrrolidine+BDA 40 min

d) N-Boc-piperidinone:

0,8 ‘
0,4
v K
400 450 500 550 600 650 700

[

o
o

0
300 350
Wavelenght [nm]
—— 1-Boc-4-piperidone —— pyrrolidine
——BDA 1-Boc-4-piperidone+pyrrolidine 0 min
—— 1-Boc-4-piperidone+pyrrolidine 20 min —— 1-Boc-4-piperidone+pyrrolidine 40 min
—— 1-Boc-4-piperidone+pyrrolidine 60 min —— 1-Boc-4-piperidone+pyrrolidine+BDA 0 min
—— 1-Boc-4-piperidone+pyrrolidine+BDA 20 min —— 1-Boc-4-piperidone+pyrrolidine+BDA 40 min

—— 1-Boc-4-piperidone+pyrrolidine+BDA 60 min

e) 4-methoxyacetophenone:

o LA

Absorbane [a. u.]

0
300 350 400 450 500 550 600 650 700

Wavelenght [nm]

—— 4-Methoxyacetophenone —— pyrrolidine
—— BDA 4-Methoxyacetophenone+pyrrolidine 0 min

—— 4-Methoxyacetophenone+pyrrolidine 20 min —— 4-Methoxyacetophenone+pyrrolidine 40 min
—— 4-Methoxyacetophenone+pyrrolidine+BDA 0 min —— 4-Methoxyacetophenone+pyrrolidine+BDA 20 min
—— 4-Methoxyacetophenone+pyrrolidine+BDA 40 min
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5.7.2. Reaction in time

Reaction conditions: ketone (0.25 mmol), BDA (1 equiv., 0.25 mmol) pyrrolidine (0.2 equiv.),
DMSO : buffer pH = 4 (2.5 mL, 9:1). After 0, 60, 180, 300 min. of stirring under irradiation

(LEDs,snm stripes) UV-Vis spectra were recorded.

a) 4-oxotetrahydropyran

under Ar

N w
o ow »n

Absorbane [a.u.]
=
= [9,] N

o
"

o

390 440 490 540 590 640 690
Wavelenght [nm]
——O0h ——1h 3h 5h

under O,

=
[S]

Absorbane [a.u.]
=

o
[

o

390 440 490 540 590 640 690
Wavelenght [nm]

0h 1h 3h 5h

b) tetrahydro-4H-thiopyran-4-one

3
2,5
E
o 2
v
S 15
2
o
2 1
< o5
0 —
350 400 450 500 550 600 650 700
Wavelenght [nm]
——O0h ——1h 3h 5h
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c) cyclohexanone
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d) 4-methoxyacetophenone
4
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- 3
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(]
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2
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3
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For ketones which are reactive under no-catalyst conditions we can observe that the enamine
generated in situ from ketone (4-oxotetrahydropyran, tetrahydro-4H-thiopyran-4-one) and
pyrrolidine absorbs visible light at the maximum in visible region and its absorption increases over
time. In the case of less reactive (cyclohexanone) and unreactive (e.g. 4-methoxyacetophenone,
acetone) enamines the new absorption band is not present and as a result they afford products only in
the porphyrin-catalyzed reaction. Hence, the absorption of visible light by enamine is crucial in

reactions with no porphyrin added.
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5.8. Stern-Volmer quenching experiment

Stern—Volmer analyses for the reaction components shows strong quenching of the porphyrin by
formed in situ (from 4-oxotetrahydropyran and pyrrolidine) enamine (k, = 4.1 x 10" [M's']) while
quenching rates are much smaller for EDA (2) (kq = 4.5 x 10° [M's™]), 4-oxotetrahydropyran (kg =
1.2 x 10® [M's™"]) and pyrrolidine (kg ~82x 10" [M's™])"? (Figure 1). Samples were prepared by
adding solutions of substrates to H,T(p-CO,MeP)P solution in DMSO (total volume 2 mL) and
degassed with Ar. The concentration of H,T(p-CO,MeP)P in DMSO was 7.2 x 10”7 mol/dm’.

20
18 o o
w0
‘e
12
5,10 o N y =223,06x +0,2398
> 8
6 y =0,9105x + 0,9908
..... y =-0,293x +0,9945
4 RIS
2 | T ) .
o ¢ ° o o
0 0,02 0,04 0,06 0,08 0,1 0,12 0,14
C [mM]
e pyrrolidine * 4-oxotetrahydropyran EDA o 4-oxotetrahydropyran+pyrrolidine
20 y = 223,06 + 0,2398
R?=0,9854
18
16
y = 142,45x - 0,1616
14 ol R?=0,9689
—12 | e
ST e
~©10 T e o’
:3 8 | e y = 44,915x + 0,4916
L R2 =0,9097
6 | e .
a | e e R
P T e ORI e 26216+ 0,98
JORET I ARTEIT SN . R, . R?=0,9262
o e
0 0,02 0,04 0,06 0,08 0,1 0,12
C [mM]
4-oxotetrahydropyran+pyrrolidine » cyclohexanone+pyrrolidine
o tetrahydrothiopyran-4-one+pyrrolidine ¢ N-Boc-4-piperidone+pyrrolidine

Quenching rates for enamines formed in situ from:
1. 4-oxotrahydropyran + pyrrolidine  k,=4.1x 10" [M''s™]

2. cyclohexanone + pyrrolidine ky=2.2x 10" [M"s"]
3. tetrahydro-4H-thiopyran-4-one + pyrrolidine ky=6.1x 10" [M's™]
4. N-Boc-4-piperidone + pyrrolidine  k,=4.0 x 10° [M's™]
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59. NMR time-resolved
5.9.1. Background

Reaction conditions: ketone (0.25 mmol), pyrrolidine (20 mol%), DMSO-ds (0.5 mL). After 0, 60,
180, 300 min. of stirring under irradiation (LEDssnp, stripes) in NMR tubes NMR spectra (400 MHz)
were recorded.

a) 4-oxotetrahydropyran (10 min):

4-oxotetrahydropyran + pyrrolidine 10 min.1.fid
N

»
(e]

4-oxotetrahydropyran.i.fid

*

pyrrolidine.1.fid

T T T T T T T T T T T T T T T T T T T T T T T T T T T T T
42 41 40 39 38 37 36 35 34 33 32 31 30 29 28 27 26 25 24 23 22 21 20 19 1.8 17 16 15 14
ppm

b) tetrahydro-4H-thiopyran-4-one (10 min):
tetrahydro-4H-thiopyran-4-one + pyrrolidine 10 min.1.fid
L
®
s *

I

tetrahydro-4H-thiopyran-4-one.1.fid

I |
I \
)

pyrrolidine.1.fid

4.5 4.3 4.1 3.9 3.7 3.5 3.3 31 2.9 27

. 2.5
ppm
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¢) cyclohexanone (10 min):

cyclohexanone + pyrrolidine 10 min.1.fid

cyclohexanone.1.fid

pyrrolidine.1.fid

T T T T T T T T T T T
21 2019 18 1.7 16 15 14 1.3 1.2 11

T T T T T T T T T T T T T T T T T T T T T T
13 4.2 41 4.0 3.9 3.8 37 3.6 3.5 3.4 3.3 32 31 3.0 2.9 2.8 27 2.6 2.5 2.4 2.3 2.2
ppm

d) 4-methoxyacetophenone (300 min):
4-methoxyacetophenone + pyrrolidine 300 min.1.fid
re
J J )
4-methoxyacetophenone.1.fid
r2
. |
M | |
pyrrolidine.1.fid
JLJL \k 71
7.0 6.5 6.0 55 5.0 4.5 4.0 35 3.0 25 2.0 1.5 1.0
ppm

8.0 75
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5.9.2. Reaction in time
Reaction conditions: ketone (0.25 mmol), BDA (0.25 mmol) pyrrolidine (20 mol%), DMSO-ds (0.5

mL). After 0, 60, 180, 300 min. of stirring under irradiation (LEDs;s, stripes) in NMR tubes NMR
spectra were recorded. [* - products]
a) 4-oxotetrahydropyran (10 min, 60 min, 180 min, 300 min):

tetrahydro-4H-thiopyran-4-one + pyrrolidine + BDA 300 min.1.fid

JM X ook * k% *

tetrahydro-4H-thiopyran-4-one + pyrrolidine + BDA 180 min.1.fid

tetrahydro-4H-thiopyran-4-one + pyrrolidine + BDA 60 min.1.fid

A | i N e

tetrahydro-4H-thiopyran-4-one + pyrrolidine + BDA 10 min.1.fid

M A N L N A

tetrahydro-4H-thiopyran-4-one + pyrrolidine 10 min.1.fid
A L_,A\_)NUJLA JJLA

BDA 1. fi
f
A I J‘L | \

tetrahydro-4H-thiopyran-4-one.1.fid

pyrrolidine.1.fid A\

7.5 7.0 6.5 6.0 5.5 5.0 4.5 3.5 3.0 2.5 2.0 1.5 1.0

4.0
1 (ppm)

b) tetrahydro-4H-thiopyran-4-one (10 min, 60 min, 180 min, 300 min):

tetrahydro-4H-thiopyran-4-one + pyrrolidine + BDA 300 min.1.fid

tetrahydro-4H-thiopyran-4-one + pyrrolidine + BDA 180 min.1.fid

A

tetrahydro-4H-thiopyran-4-one + pyrrolidine + BDA 6Q min.1.fid

I \ W

tetrahydro-4H-thiopyran-4-one + pyrrolidine + BDA 10 min.1.fid

L o IR W Y Y FEN

tetrahydro-4H-thiopyran-4-one + pyrrolidine 10 min.1.fid

BDA.1.fid

tetrahydro-4H-thiopyran-4-one.1.fid

\ MJ\
pyrrolidine.1.fid FLL———L

76 74 72 70 6.86.66.46260585654525048464442403836343230282624222018 16 14 12 10
1 (ppm)
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¢) cyclohexanone (10 min, 60 min, 180 min, 300 min):

cyclohexanone + pyrrolidine + BDA 300 min.1.fi
A * k  kk * * *
1 L

cyclohexanone + pyrrolidine + BDA 180 min.1.fi[
) W M
cyclohexanone + pyrrolidine + BDA 60 min.1.fid
k L L JA_,%_/LN“LA\_AM\&W_
cyclohexanone + pyrrolidine + BDA 10 min.1.fid
cyclohexanone + pyrrolidine 10 min.1.fid
BDA.1.fid

cyclohexanone.1.fid

pyrrolidine.1.fid

T T T T T T T T T T T T T T T
7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5
1 (ppm)

-

-

S

-

d) 4-methoxyacetophenone (10 min, 300 min):

4-methoxyacetophenone + pyrrolidine + BDA 300 min.1.fid

I JkAAM I L L N )¥4( A

4-methoxyacetophenone + pyrrolidine 10 min.1.fid

| | A A
4-methoxyacetophenone.l.fid

I I ) \

BDA.1.fid

pyrrolidine.1.fid

8.0 75 7.0 6.5 6.0 55 5.0 4.5 4.0 35 3.0 25 2.0 1.5 1.0
1 (ppm)
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5.10. Oxygen dependence

Reaction conditions: (blue) 4-oxotetrahydropyran (15, 0.5 mmol), pyrrolidine (18, 20 mol %),
H,T(p-CO,MeP)P (19, 1 mol %), BDA (16, 1 equiv.), DMSO/buffer pH = 4 (5 mL, 9/1 mixture),
LEDs25nm, 5 h. (orange) 4-oxotetrahydropyran (15, 0.5 mmol), pyrrolidine (18, 20 mol %), BDA (2,
1 equiv.), DMSO/buffer pH 4 (5 mL, 9/1 mixture), LEDss5:m, 5 h. Isolated yields.

80
70
60
50
40
30
20
10

Yield [%]

1 2 3 4

Oxygen dependence: 1 - freez-thaw, under Ar; 2 - under Ar; 3 - open to air; 4 -
under O,

Reaction with porphyrin Reaction without porphyrin

5.11. Quantum yield measurements

The quantum yield was measured with a quantum yield determination setup: translation stages
(horizontal and vertical): Thorlabs DT 25/M or DT S25/M; photographic lens with f = 50 mm;
magnetic stirrer: Faulhaber motor (1524B024S R) with 14:1 gear (15A); PS19Q power sensor from
Coherent; PowerMax software; adjustable power supply “Basetech BT-153 0-15 V/DC 0-3 A 45
W

b.1. without porphyrin

o o

é L O pokne f‘jﬂcoan
N LEDs, solvent

(@) 2 °

A typical reaction mixture of 4-oxotetrahydropyran (0.2 mmol, 2 equiv.), benzyl diazoacetate (X)
(0.2 mmol, 1 equiv.), pyrrolidine (0.04 mmol, 0.2 equiv.), DMSO (1.8 mL), buffer pH =4 (0.2 mL)
in a 10 mm Hellma® quartz fluorescence cuvette with a stirring bar was used. The measurement of
quantum yield was accomplished in covered apparatus to minimize the influence of the ambient
light. The cuvette with solvent (DMSO : buffer pH =4, mixture 9:1 [V/V] 2.0 mL) and a stir bar was
placed in the beam of a 528 nm LED and the transmitted power (Prer = 17,64 mW) was measured by
a calibrated photodiode horizontal to the cuvette. The content of the cuvette was changed to the

reaction mixture and the transmitted power was measured analogously to the blank solution. The
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sample was further irradiated and the transmitted power as well as the respective yield of
photocatalytic product (measured by quantitative GC using dodecane as internal standard) were

recorded after different times (Table 1). The quantum yield was calculated from equation E1:

6 ¢ _ Nproduct _ NaMproduct _ Na Mproduct _ " ¢-Nao Nproduct
- 9= = Ey; = 7P T =
Nph light absgflz‘ed A (Pref_ Psample)' t
Eph I

where @ - the quantum yield,

Nprodue:— the numer of molecules created

N,,— the numer of photons absorber

N - Avogadro’s constant [mol '],

Nproduct - 15 the molar amount of molecules created [mol],
Elign: - the energy of light absorbed [J],

E, - the energy of a single photon [J],

P ubsorveq - the radiant power absorbed [W],

t - the irradiation time [s],

h - the Planck’s constant in [Jxs],

¢ - the speed of light in [ms™],

A - the wavelength of irradiation source (420 nm) [m],
P, - the radiant power transmitted by a blank vial [W],
Pgampie - the radiant power transmitted by the vial with reaction mixture [W].

Table S18. Calculation of the quantum yield @ after different irradiation times.

Entry  Irradiation time [min]  Pgmple [MW]  Yield [%] @ [%]

1 300 9.64 36 5
2 180 11.2 32 7.4
3 60 0.194 15 10.4

The mean value for the quantum yield was calculated to be @=7.6 + %

b.2. with porphyrin

o]

Q pyrrolidine
rCO2Bn porphyrin COBn
. ORIV
[\52 LEDs, solvent
o 0
A typical reaction mixture of 4-oxotetrahydropyran (0.2 mmol, 1 equiv.), benzyl diazoacetate (X)

(0.2 mmol, 1 equiv.), pyrrolidine (0.04 mmol, 0.2 equiv.), H,T(p-CO,MeP)P (X) (1 mol%), DMSO
(1.8 mL), buffer pH =4 (0.2 mL) in a 10 mm Hellma® quartz fluorescence cuvette with a stirring bar
was used. The measurement of quantum yield was accomplished in covered apparatus to minimize

the ambient light. The cuvette with solvent (DMSO : buffer pH = 4, mixture 9:1 [V/V] 2.0 mL) and a
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stir bar was placed in the beam of a 528 nm LED and the transmitted power (P = 17,74 mW) was
measured by a calibrated photodiode horizontal to the cuvette. The content of the cuvette was
changed to the reaction mixture and the transmitted power was measured analogously to the blank
solution. The sample was further irradiated and the transmitted power as well as the respective yield
of photocatalytic product (measured by quantitative GC using dodecane as internal standard) were

recorded after different times (Table 1). The quantum yield was calculated from equation E1:

7 ¢ __ Nproduct _ Na'Mproduct _ Na Mproduct _ "¢ Na Nproduct
- Q= = Ey; = P T =
Nph Zlight —abs’cl)fl(a:ed A (Pref_ Psample)' t
Eph -

where @ - the quantum yield,

Nproaue:— the numer of molecules created

N,,— the numer of photons absorber

Na - Avogadro’s constant [mol '],

Mproduct - 1S the molar amount of molecules created [mol],
Ejion: - the energy of light absorbed [J],

E,; - the energy of a single photon [J],

P .bsorvea - the radiant power absorbed [W],

t - the irradiation time [s],

h - the Planck’s constant in [Jxs],

¢ - the speed of light in [ms'],

A - the wavelength of irradiation source (420 nm) [m],
P, - the radiant power transmitted by a blank vial [W],
Pgumple - the radiant power transmitted by the vial with reaction mixture [W].

Table S19. Calculation of the quantum yield @ after different irradiation times.

Entry Irradiation time [min] Pampie [MW] Yield [%] D[%]
1 300 9.75 60 17.6
2 180 10.08 46 23.8
3 60 5.51 21 20.6

The mean value for the quantum yield was calculated to be @=20.6 %
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5.13. Energetics consideration

0)

For estimating the driving force, o

of photoinduced electron transfer (PET) from the enamine
to the photoexcited porphyrin, we use Rehm-Weller equation:

?S)T=F(E(O) E’ ) “t G+W

D™/D A/A”

Where:

E([fl/D(EOX) - the reduction potential for oxidation of the donor (the enamine);

E'Y) . (Exeq) - the reduction potential for reduction of the acceptor (the porphyrin),

F - the Faraday constant (F = 1 e for calculating the energy in eV),

Eyo - the zero-to-zero energy for PET from the singlet excites state, and the triplet energy for PET
from the triplet excited state,

AGsg - the Born solvation energy (accounting for the interaction energy between the generated ions
and the solvent environment), if the reduction potentials and Ey, are measured for the same solvent
media, AGs =0

W - the Coulomb work term (accounting electrostatic interaction energy between the generated ions).
Eox =~ 0.5V vs. SCE in CH;CN

Ered (HoT(p-CO,MeP)P) =-0.92 V vs. SCE

Eyp =199 eV

W=-62/4T|:808RDA

Where the dielectric permittivity of vacuum is, g = 8.854 x 107* Fm ' =5.526 x 10 e V' A™!

For the center-to-center donor-acceptor distance, Rps, we can use the sum of the van der Waals radii
of the donor and the acceptor, assuming that the PET occurs during contact (collision) between them
(i.e., inners sphere ET). For the dielectric constant, we used the dielectric constant of DMSO, &= 47.
W=-0.061¢V forRpa=5 A

W =-0.077 eV for Rpp =4 A

W =-0.102¢eV for Rpp =3 A

Making G.. acquire negative value (- 0.64 V), implying that PET is thermodynamically possible.
Therefore, for PET initiated from the singlet-excited state of the porphyrins, AG most likely assumes

negative values of a tens of electronvolts (estimated -0.64 V), making it thermodynamically

favorable.
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5.14. Theoretical calculations

Experimental

The thermochemistry calculations were performed with Gaussian 09 software.” Geometry
optimizations and frequency calculations have been carried out with the B3LYP and M06-2X density
functionals with the 6-311++G(2d,2p) basis set for all molecules aside from porphyrin. For
porphyrin, only the porphyrin core has been taken into account, and the calculations have been
performed at the B3LYP/6-31G and M06-2X/6-31G levels of theory. To assess the thermochemistry
of all reactions with porphyrin as a reagent, the geometry and frequencies have been calculated for
all reagents at the B3LYP/6-31G'"® and M06-2X/6-31G" levels of theory as well. The geometry was
optimized first in in the gas phase and then reoptimized in DMSO using the PCM model of the
solvent. For the calculation of the excited state geometries and frequencies TDDFT was applied with
the same functional and basis set combinations as for the ground state. To assess the thermodynamic
probability of a given reaction, AG has been calculated as a difference between the calculated free

enthalpies of products and free enthalpies of substrates of this reaction.

Results
Mechanistic proposal:

Por hv, Por*  Por’

Q
/OO

z@

o)
f‘j \N g COZR
\

o
o
|

_Z+

H
O
H+
CO,R Por or O3’
0 0,R Por or O,

O
E

For steps including porphyrin in the excited state we have been able to conduct only calculations
using only a very small basis set (B3LYP/6-31G and MO06-2X/6-31G). Thus, for all reactions
including porphyrin as a catalyst the data obtained from small basis set calculations are taken into
account while for the reactions with no porphyrin added the values obtained with the 6-

311++G(2d,2p) basis set are used.
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The oxidation of enamine A by 302 seems to be not allowed thermodynamically (AGgsrypss-
311++GQd.2p), bMso = +27.02 keal/mol, AGwmos-2x/6-311++Gd.2p), bMso = +35.40 kcal/mol). On the other
hand, for 'O, the obtained Gibbs energies tentatively indicated the spontaneity of enamine oxidation,
although the values are close to zero (AGgsryp/s-311++G@d,2p), bmMso = -11.72 kcal/mol, AGwos-2x/6-
311++G(2d.2p), pMso = -2.30 kcal/mol).

Although in the presence of water and acetic acid enamine A is present in a protonated form (Figure
S16), as confirmed by the calculated absorbance spectrum, the positive value of Gibbs energy of the
oxidation of protonated enamine A to radical cation B by both 302 and 102 (AGB3LYP/6-311++G(2d,2p),
pmso = +309.73 kcal/mol, AGwmos-2x/6-311++G(2d,2p), bMso = T315.24 kcal/mol and AGg3Lyps-311++G(2d.2p),
pmso = 1271.99 kcal/mol, AGwmos-2x/6-311++G2d,2p), bMso = 1277.54 kcal/mol, respectively) suggests

that the most probable path involves the oxidation of non-protonated enamine A by singlet oxygen.

I

H T T T T

| : : Experimental in DMSQO

i EM1

! EN1+12nm - - -

i - EN2
w :

i i
500 600 700

220 nm
DMSO cut-off A nm]

Figure S16. Computed and experimental UV-Vis spectra of enamine formed in situ from 4-
oxotetrahydropyran and pyrrolidine

Even more preferred would be — according to the calculated Gibbs energy values — the oxidation of
non-protonated enamine in the excited state A*, as these values are negative for both triplet
(AGB3LYP/6-311++G(2d,2p), DMso = -60.32 kcal/mol, AGwmos-2x/6-311++G2d,2p), bMso = -60.29 kcal/mol) and
singlet (AGgsLyp/6-3114+G(2d2p), DMsO = -99.06 kcal/mol, AGwos-2x/6-311++G(2d,2p), DMsO = -97.99
kcal/mol) oxygen. For the protonated enamine in the excited state the positive Gibbs energies were
obtained (AGgsLyp/6-311++G(2d2p), DMso = 224.28 keal/mol, AGwmos-2x/6-311++G2d2p), DMso = 203.99
kcal/mol for the reaction with triplet oxygen, AGg3Lyp/s-311++G(2d,2p), pmso = 185.54 kcal/mol, AGpoe-

2X/6-311++G(2d,2p), DMso = 166.28 kcal/mol for reaction with singlet oxygen).
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For the reaction of porphyrin in the excited state with an enamine A the values of Gibbs energy were
negative, but very close to zero (AGgsLypss-31G, pmso = -9.29 kcal/mol, AGmos-2x/6-316, pmso = -7.55
kcal/mol). For the protonated form of enamine positive values of Gibbs energy were obtained
(AGgsLypss-316, pmso = 41.5 keal/mol, AGmos-2x6-316, pmso = 220.9 kcal/mol), indicating that - as in
the reaction with oxygen - also in the presence of porphyrin the reaction of neutral form of enamine
is favored thermodynamically.

The formation of radical adduct D after the reaction of radical cation B with EDA with simultaneous
extrusion of nitrogen is more favorable than formation of the covalent adduct of EDA to radical
cation B, as such process would require insane energy of more than 300 kcal mol™(see Figure S15),
what made us discard such a process in mechanistic considerations. The consequent reduction of
radical adduct D by porphyrin radical anion Por™ is also favorable (AGgsrypi31G, pmso = -28.83
kcal/mol). When superoxide radical anion takes place of porphyrin both B3LYP and M06-2X
functional give negative value of free enthalpy (AGgsLyps-316, pmso = -20.26 kcal/mol, AGwmos-2x/6-
316, pmso = -22.93 kcal/mol). However, when a larger basis set was taken for calculations (6-
311++(2d,2p)), for M06-2X potential a positive value was obtained: AGwmos-2x/6-311++G(2d,2p), DMSO =
+8.95 kcal/mol). This indicates that in the absence of porphyrin this step is less favorable
thermodynamically.
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6. 'H and “C NMR spectra measured in CDCl;

49

CO,Et
: -10

0

10

RS A

-
[]
L e
o
L0
° -
LS
2
62—
Z00Ef
L2
= vIr—
rtv—
L2
™
Te0l| roa—
BO0L iy 989+
TN ke
b L
e
| o S
Lool| ™
TE0L|
wg
T o
LS
=
g8l
Ie0zf
L v
=
LS
(4]
LW
e
LS
© g
L v
{(+]
LS
(]
ve0z—
|
&

ppm
http://rcin.org.pl

210 200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 BO 40 30 20




2) benzyl 2-(4-oxotetrahydro-2H-pyran-3-yl)acetate (10a)
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3) tert-butyl 2-(4-oxotetrahydro-2H-pyran-3-yl)acetate (10i)
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4) phenethyl 2(4-oxotetrahydro-2H-pyran-3-yl)acetate (10j)
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5) 4-methoxybenzyl 2-(4-oxotetrahydro-2H-pyran-3-yl)acetate (10k)
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6) benzyl 2-(2-oxocyclohexyl)acetate (10b)
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7) benzyl 2-(4-oxotetrahydro-2H-thiopyran-3-yl)acetate (10d)
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8) benzyl 2-(N-methyl-4-oxopiperidin-3-yl)acetate (10e)
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9) benzyl 2-(2,2-dimethyl-5-0x0-1,3-dioxan-4-yl)acetate (10g)
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[4.5]decan-7-yl)acetate (10f)
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11) benzyl 2-(5-methyl-2-oxocyclohexyl)acetate (10c)
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12) benzyl 4-oxopentanoate (10m)
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13) dibenzyl 2,2'-(2-oxocyclohexane-1,3-diyl)diacetate (10bb) + diastereoisomer
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iacetate (10dd) + diastereoisomer
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15) dibenzyl 2,2'-(4-oxotetrahydro-2H-pyran-3,5-diyl)diacetate (10aa) + diastereoisomer
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iacetate (1000) +

3,5-diyl)d

-oxopiperidine-

16) dibenzyl 2,2'-(1-(tert-butoxycarbonyl)-4

diastereoisomer
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17) dibenzyl 2,2'-(1-methyl-4-oxopiperidine-3,5-diyl)diacetate (10ee)
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18) dibenzyl 2,2'-(8-0x0-1,4-dioxaspiro[4.5]decane-7,9-diyl)diacetate (10ff) + diastereoisomer
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tate (10cc) + diastereoisomer
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1. General Information
All solvents and chemicals used were of reagent grade and were used without further purification.
High resolution ESI mass spectra were recorded on a Mariner or SYNAPT spectrometer. *H and *C
NMR spectra were recorded at rt on Bruker 400 or Varian 600 MHz instruments with TMS as an
internal standard. Thin layer chromatography (TLC) was performed using Merck Silica Gel GF254, 0.20

mm thickness. GC measurements were made on Gas Chromatograph Perkin Elmer Clarus 500.
Photo-induced reactions were performed using a photoreactor (blue LED, 455 nm).

2. General synthetic procedures

General procedure for arylation of furan:

A photocatalyst (1 mol%), diazonium salt (0.25 mmol, 1 equiv.) were placed in a vial with a septum,
dissolved in dry DMSO, degassed followed by the addition of furan (10 equiv.). The reaction mixture
was stirred under light irradiation for 3 h under argon atmosphere. The light was turned off, the
reaction mixture was diluted with AcOEt and washed with water. The aqueous phase was extracted
with AcOEt three times. Combined organic phases were washed with water and brine, dried over
Na,S0,, filtered, and concentrated. The crude product was purified by flash chromatography using

silica gel (hexane/DCM).

General procedure for arylation of thiophene:

A photocatalyst (1 mol%), diazonium salt (0.25 mmol, 1 equiv.) were placed in a vial with a septum,
dissolved in dry DMSO, degassed followed by the addition of thiophene (5 equiv.). The reaction
mixture was stirred under light irradiation for 6 h under argon atmosphere. The light was turned off,
the reaction mixture was diluted with AcOEt and washed with water. The aqueous phase was
extracted with AcOEt three times. Combined organic phases were washed with water and brine,
dried over Na,SO,, filtered, and concentrated. The crude product was purified by flash

chromatography using silica gel (hexane/DCM).

General procedure for arylation of coumarine and pyrrole derivatives:

A photocatalyst (1 mol%), diazonium salt (0.25 mmol, 1 equiv.) were placed in a vial with a septum,
dissolved in dry DMSO, degassed followed by the addition of coumarine (5 equiv.) or pyrrole
derivative (2 equiv.). The reaction mixture was stirred under light irradiation for 17 h under argon
atmosphere. The light was turned off, the reaction mixture was diluted with AcOEt and washed with

water. The aqueous phase was extracted with AcOEt three times. Combined organic phases were
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washed with water and brine, dried over Na,SO,, filtered, and concentrated. The crude product was

purified by flash chromatography using silica gel (hexane/DCM).
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3. Scope and limitations

Analytical data for compunds 3%, 14, 15°, 16", 17, 18%, 19", 20*, 21°, 24°, 26° and 27° are in
agreement with the literature data.

a) 2-(4-bromophenyl)furan (3) (white solid, 45 mg, 0.20 mmol, 81%)"

'"H NMR (CDCl3, 400 MHz) 6 = 7.54-7.46 (m, 5H), 6.65-6.64 (dd, J = 3.4 Hz, J = 0.8 Hz, 1H), 6.47-6.46
(dd, J=3.4 Hz, J = 1.8 Hz, 1H) ppm.

C NMR (CDCl3, 100 MHz) & = 153.0, 142.4, 131.8, 129.8, 125.3, 124.1, 111.8, 105.5 ppm

b) 2-(3-bromophenyl)furan (14) (white solid, 32 mg, 0.14 mmol, 58%)

'H NMR (CDCls, 400 MHz) & = 7.83-7.82 (t, J = 1.8 Hz,1H), 7.60-7.57 (m, 1H), 7.48-7.47 (dd, J = 1.8 Hz,
J=0.7 Hz, 1H), 7.48-7.47 (dq, J = 7.8 Hz, J = 1.1 Hz, 1H), 7.39-7.36 (dq, J = 7.9 Hz, J = 1.0 Hz, 1H), 7.24
(t,J = 7.8 Hz, 1H), 6.67-6.66 (dd, J = 3.4 Hz, J = 0.7 Hz, 1H), 6.48-6.47 (dd, J = 3.4 Hz, J = 1.8, 1H) ppm.

“C NMR (CDCl3, 100 MHz) 6 = 152.4, 142.6, 132.8, 130.2, 130.1, 126.7, 122.9, 122.3, 111.8, 106.1
ppm

c) 2-(2-bromophenyl)furan (15) (white solid, 41 mg, 0.18 mmol, 73%)*

'H NMR (CDCls, 400 MHz) & = 7.81-7.78 (dd, J = 7.9 Hz, J = 1.6 Hz, 1H), 7.66-7.63 (dd, J = 8.0 Hz, J =
1.2, 1H), 7.53-7.52 (dd, J=1.8 Hz, /= 0.7), 7.37-7.34 (ddd, J=7.9 Hz, /= 7.4 Hz, /= 1.2, 1H), 7.17-7.10
(m, 2H), 6.53-6.52 (dd, /= 3.4 Hz, /= 1.8 Hz, 1H) ppm

13C NMR (CDCls, 100 MHz) & = 151.4, 142.2, 134.1, 131.3, 128.2, 128.4, 127.4, 119.7, 111.4, 110.6,
ppm.

d) 2-(4-chlorophenyl)furan (16) (white solid, 32 mg, 0.17 mmol, 71%)"

'H NMR (CDCls, 400 MHz) & = 7.60-7.58 (m, 2H), 7.47-7.46 (dd, J = 1.8 Hz, J = 0.7 Hz, 1H), 7.36-7.33
(m, 2H), 6.64-6.63 (dd, J = 3.4, J = 0.7 Hz, 1H), 6.47-6.46 (dd, J = 3.4 Hz, J = 1.8 Hz, 1H) ppm.

3C NMR (CDCls, 100 MHz) & = 152.9, 142.3, 132.9, 129.4, 128.9, 125.0, 111.8, 105.4 ppm.

e) 2-(4-iodophenyl)furan (17) (white solid, 42 mg, 0.16 mmol, 62%)"

'H NMR (CDCls, 400 MHz) 6 = 7.72-7.69 (m, 2H), 7.47 (dd, J = 1.8 Hz, J = 0.7 Hz, 1H), 7.42-.39 (m, 2H),
6.66-6.65 (dd, J = 3.4 Hz, J = 0.7 Hz, 1H), 6.48-6.46 (dd, J = 3.4 Hz, J = 1.8 Hz, 1H) ppm.

BC NMR (CDCl3, 100 MHz) 6 = 153.0, 142.4, 137.7, 130.3, 125.5, 111.8, 105.7, 92.4 ppm.

f)  2-(4-nitrophenyl)furan (18) (pale yellow solid, 37 mg, 0.20 mmol, 78%)"

'H NMR (CDCl3, 400 MHz) & = 8.25-8.22 (m, 2H), 7.80-7.76 (m, 2H), 7.57-7.56 (dd, J = 1.8 Hz, J = 0.6
Hz, 1H), 6.87-6.86 (dd, J = 3.5 Hz, J = 0.6 Hz, 1H), 6.55-6.54 (dd, J = 3.5 Hz, J = 1.8 Hz, 1H) ppm.

13C NMR (CDCls, 100 MHz) & = 151.7, 146.4, 144.1, 134.4, 124.3, 123.9, 112.4, 108.9 ppm.

g) 2-(4-methoxyphenyl)furan (19) (white solid, 18 mg, 0.1 mmol, 40%)*

'H NMR (CDCls, 400 MHz) & = 7.61-7.59 (m, 2H), 7.42 (dd, J = 1.8 Hz, J = 0.8 Hz, 1H), 6.93-6.90 (m, 2H),
6.51-6.50 (dd, J = 3.3 Hz, J = 0.8 Hz, 1H), 6.44-6.43 (dd, J = 3.3, J = 1.8 Hz, 1H), 3.83 (s, 3H) ppm.
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“C NMR (CDCls, 100 MHz) & = 159.4, 154.1, 141.4,125.2, 124.1, 114.1, 111.5, 103.4, 55.3 ppm.

h) 2-(4-bromophenyl)thiophene (20) (white solid, 23 mg, 0.1 mmol, 38%)*
'H NMR (CDCl;, 400 MHz) & = 7.49-7.48 (m, 4H), 7.30-7.29 (m, 2H), 7.09-7.06 (m, 1H) ppm.

“C NMR (CDCl3, 100 MHz) & = 143.1, 133.4, 131.9, 128.2, 127.4, 125.2, 12.49, 121.3 ppm.

i) 2-(4-nitrophenyl)thiophene (21) (pale yellow solid, 31 mg, 0.15 mmol, 60%)*

'H NMR (CDCl;, 400 MHz) & = 8.25-8.22 (m, 2H), 7.75-7.72 (m, 2H), 7.48-7.43 (m, 2H), 7.16-7.14 (dd,
J=3.7Hz, J = 1.4 Hz, 1H) ppm.

3C NMR (CDCls, 100 MHz) & = 141.6, 140.6, 128.7, 127.6, 126.8, 126.0, 125.7, 124.4 ppm.

j)  N-tert-butoxycarbonyl-2-(4-nitrophenyl)-1H-pyrrole (24) (pale yellow solid, 21 mg, 29%)°
'H NMR (CDCl3, 400 MHz) 6 = 8.22-8.20 (m, 2H), 7.52-7.50 (m, 2H), 7.41-7.39 (dd, J=3.3 Hz,/=1.8
Hz, 1H), 6.32-6.31 (dd, J = 3.4 Hz, J = 1.8 Hz, 1H), 6.28-6.26 (app t, J = 3.3 Hz, 1H), 1.43 (s, 9H) ppm.

“C NMR (CDCls, 100 MHz) & = 148.6, 146.3, 140.7, 132.8, 129.6, 124.3, 122.9, 116.5, 111.1, 84.5, 27.7

ppm.
k) 3-(4-bromophenyl)-2H-chromen-2-one (26) (white solid, 55 mg, 0.18 mmol, 73%)°

'H NMR (CDCls, 400 MHz) & = 7.81 (s, 1H), 7.61-7.52 (m, 6H), 7.37-7.26 (m, 2H) ppm.

3C NMR (CDCl5, 100 MHz) & = 160.2, 153.6, 139.9, 133.6, 131.7, 131.7, 130.1, 127.9, 127.2, 124.6,
123.2,119.5, 116.5 ppm.

)  3-(4-methoxyphenyl)-2H-chromen-2-one (27) (white solid, 45 mg, 0.17 mmol, 71%)°

'H NMR (CDCls, 400 MHz) & = 7.76 (s, 1H), 7.69-7.67 (m, 2H), 7.54-7.49 (m, 2H), 7.37-7.27 (m, 2H),
6.99-6.69 (m, 2H), 3.85 (s, 3H) ppm.

“C NMR (CDCl3, 100 MHz) & = 160.5, 160.0, 153.5, 138.4, 130.9, 130.3, 129.8, 127.7, 127.1, 124 4,
119.9, 116.4, 113.9, 55.4 ppm.
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4. Optimization studies

Background reactions:"

]

N,*BF,

porphyrin, hv I\

Q * © solvent &)

Br

No. Furan Solvent Light Time[h] Photocatalyst  Catalyst loading Yield [%]™
[equiv.] [mol%]
1 10 DMSO,, + 3 H,TPP (4) 1.0 80
2 10 DMSOgry - 16 - - 5
3 10 DMSOu,  + 3 - - 8
4 10 DMSOu,  + 16 - - 23
5 10 DMSOuy, - 16 H,TPP (4) 1.0 6

[a] Reaction conditions: diazonium salt (2, 0.25 mmol, 1 equiv.), furan (1, 2.5 mmol, 10 equiv.), DMSO (2 mL),
porphyrin (4, 1 mol%), blue LED (455 nm). [b] Yield determined by GC.

No. Solvent Time [h] Photocatalyst Catalyst loading [mol%)] Yield [%]?
1 DMSOgry 4 H,TPP (4) 1.0 78
2  DMSOy, 3 H,TPP (4) 1.0 80
3 DMSOgry 2 H,TPP (4) 1.0 79
4 DMSOgry 1 H,TPP (4) 1.0 74

[a] Reaction conditions: diazonium salt (2, 0.25 mmol, 1 equiv.), furan (1, 2.5 mmol, 10 equiv.), DMSO (2 mL),
porphyrin (4, 1 mol%), blue LED (455 nm). [b] Yield determined by GC.

Photocatalyst:®

No. Solvent  Time [h] Photocatalyst Catalyst loading [mol%]  Yield [%]™!
1 DMSOgqry 3 H,T(p-OMeP)P (6) 1.0 41
2 DMSOgqry 3 H,TPP (4) 1.0 80(80)
3 DMSOgqry 3 H,T(p-COOMeP)P (7) 1.0 74
4  DMSOyy 3 H,T(FsP)P (8) 1.0 86(81)
5 DMSOgqry 3 Octaethylporphyrin (9) 1.0 (72)

[a] Reaction conditions: diazonium salt (2, 0.25 mmol, 1 equiv.), furan (1, 2.5 mmol, 10 equiv.), DMSO (2 mL),
porphyrin (1 mol%), blue LED (455 nm), 3h. [b] Yield determined by GC. () Isolated yield
S7
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Catalyst loading:"™!

No. Solvent Time [h] Photocatalyst  Catalyst loading [mol%]  Yield [%]™
1 DMSOg 3 H,T(FsP)P (8) 2.0 77
2 DMSOgq 3 H,T(FsP)P (8) 1.5 78
3 DMSOgq 3 H,T(FsP)P (8) 1.0 80
4 DMSOgq 3 H,T(FsP)P (8) 0.8 71
5 DMSOgry 3 H,T(FsP)P (8) 0.6 47
6 DMSOqyy 3 H,T(FsP)P (8) 0.1 42

[a] Reaction conditions: diazonium salt (2, 0.25 mmol, 1 equiv.), furan (1, 2.5 mmol, 10 equiv.), DMSO (2 mL),
porphyrin (8, 0.1 — 2.0 mol%), blue LED (455 nm), 3h. [b] Yield determined by GC.

Solvent:™
No. Solvent Time [h]  Photocatalyst  Catalyst loading [mol%]  Yield [%][b]
1 DMSOygy 3h H,T(FsP)P (8) 1.0 86(81)
2 DMSO 3h H,T(FsP)P (8) 1.0 76
3 DMFqy, 3h H,T(FsP)P (8) 1.0 39
4 DMF 3h H,T(FsP)P (8) 1.0 36
5 DCMgry 3h H,T(FsP)P (8) 1.0 3
6 MeOH g4y 3h H,T(FsP)P (8) 1.0 47

[a] Reaction conditions: diazonium salt (2, 0.25 mmol, 1 equiv.), furan (1, 2.5 mmol, 10 equiv.), DMSO (2 mL),
porphyrin (1 mol%), blue LED (455 nm), 3h. [b] Yield determined by GC. () Isolated yield

[a]

Furan equiv:
No. Furan Solvent Time [h] Photocatalyst Catalyst loading Yield
[equiv.] [mol%)] [%]™!
1 15 DMSOqry 3h H,T(FsP)P (8) 1.0 71
2 10 DMSOgqyy 3h H,T(FsP)P (8) 1.0 80
3 5 DMSOqyy 3h H,T(FsP)P (8) 1.0 76
4 2.5 DMSOgry 3h H,T(FsP)P (8) 1.0 40

[a] Reaction conditions: diazonium salt (2, 0.25 mmol, 1equiv.), furan (1, 2.5 mmol, 10 equiv.), DMSO (2 mL),
porphyrin (8, 1 mol%), blue LED (455 nm), 3h. [b] Isolated yield.
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5. Mechanistic considerations:

5.1. Proposed Mechanism

N,*BF
Q I\
0
H,TPP* H,TPP*
\ H,TPP

Q\@ -HBF, &@
BF4

5.2.Mass spectrometry studies

N,BF,

Porphyrin 8,

TEMPO
NO,

NO,

Reaction conditions: diazonium salt (2, 0.25 mmol), DMSO (2 mL), H,T(FsP)P (8, 1 mol%), blue LED
(455 nm), after 60 min. of stirring under light irradiation (blue LED, 455 nm), TEMPO as a radical
scavenger was added. After another 30 min. of stirring under light irradiation (blue LED, 455 nm) MS

spectra was recorded.

W .01 1,537 1o 1,838 min flom Sample 1 (TuneSampleID) of MT20161104141315.wif (Turbo Spray)

Py N,
4,608 Q/o

/

0ol
8o
606
406

4,206

), 868
3

NO,

i 12 e,
2104 2143 222 T 2743 7752 2823 2831 2843 2852 2862 2673
7 2 3 285 200 287
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5.3. Electrochemical data for porphyrins

Summary of selected measured potentials

No | Porphyrin Solution electrode cell red.(V) ox.(V)

1 none DMSO GCE regular range: 0.0 ~-2.3 range: 0.0~ 1.3
2 H,TPP, 4 DMSO GCE regular | -1.03,-1.45 1.03

3 none DMSO Pt regular range: 0.0~ -2.0 range: 0.0~ 1.1
4 H,TPP, 4 DMSO Pt regular | -1.04,-1.46 -

m) Electrochemical data for porphyrins

Porphyrin Eox | Erea Eox® Eox' Erea® Eea' | Eod® Eoo'
H,TPP 1.03 -1.03; -0.91 -0.42 0.91 0.42 1.90 1.457
-1.43
H,T(p-OMeP)P | 0.91 | -1.07; |-0.99 -0.54 0.83 0.38 1.90° 1.45%
-1.46
H,T(F;P)P 0.89; | -1.28; -1.04 -0.78 0.65 0.39 1.931° 1.67
1.23°
-1.71°
Eeq/Eox Vs SCE
S10
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5.4.Stern-Volmer quenching experiments

a) Porphyrin 4

Stern-Volmer analyses clearly showed that 4-bromobenzenediazonium tetrafluoroborate (2) strongly
guenched the luminescence of H,TPP (4) in comparison with furan (1). For furan (1) and 4-
bromobenzenediazonium (2) and H,TPP (4) samples were prepared by adding solutions of substrates
to H,TPP (4) solution in DMSO (total volume 2 mL) and degassed with N,. The concentration of H,TPP
(4) in DMSO was 7.2 - 10° M. Samples were irradiated at 420 nm, and emission of porphyrin 4 was

detected at 651 nm.

1,1
< 1
y =0,0363x +0,9999
R?=0,9917
0,9
0 0,1 0,2 0,3 0,4 0,5 0,6
Furan
[M]
Fig. 1. Stern—Volmer quenching experiment for furan (1).
2,3
20 | e o
1,9 Y TN
s e
=15 e [ ) y =158,31x + 0,9602
1,3 et R2=0,9875
O
0,9 &
0 0,001 0,002 0,003 0,004 0,005 0,006 0,007 0,008 0,009

(M]

® 4-bromobenzenediazonium tetrafluoroborate

Fig. 2. Stern—Volmer quenching experiment for 4-bromobenzenediazonium tetrafluroborate (2).

Stern—Volmer quenching rate data:
Rates of quenching (kq) were determined using Stern—Volmer kinetics:

L

7= 1+ kg4 -7 - [quencher]

Where I, - the luminescence intensity without the quencher,
I - the intensity with the quencher,
T, - the lifetime of the photocatalyst (for TPP is 9,95 ns]

4-bromobenzenediazonium tetrafluroborate (2): k, = 1,5 - 101 [M~1s71]

S11

http://rcin.org.pl



b) Porphyrin 8

Stern-Volmer analyses clearly showed that 4-bromobenzenediazonium tetrafluoroborate (2) strongly
qguenched the luminescence of porphyrin 8 in comparison with furan (1). For furan (1), 4-
bromobenzenediazonium and porphyrin 8 samples were prepared by adding solutions of substrates
to porphyrin 8 solution in DMSO (total volume 2 mL) and degassed with N,. The concentration of
porphyrin 8 in DMSO was 7.2 - 10° M. Samples were irradiated at 411 nm, and emission of porphyrin
8 was detected at 636 nm.

1,5
1,3
— 11
)
- 09 y =0,0795x + 0,9999
0,7 R?=0,9912
0,5
0 0,1 0,2 0,3 0,4 0,5 0,6
furan [M]

Fig. 3. Stern—Volmer quenching experiment for furan (1).

200 o y = 67,235x + 0,9658
e R?=0,9769

0 0,001 0,002 0,003 0,004 0,005 0,006 0,007 0,008 0,009

(M]

® 4-Bromobenzenediazonium tetrafluoroborate

Fig. 4. Stern—Volmer quenching experiment for 4-bromobenzenediazonium tetrafluroborate (2).

Stern-Volmer quenching rate data:

Rates of quenching (kq) were determined using Stern—Volmer kinetics:

L

7= 1+ kg4 - 7o - [quencher]

Where I, - the luminescence intensity without the quencher,
| - the intensity with the quencher,
T, - the lifetime of the photocatalyst (for porphyrin 8 is 8.6 ns]

4-bromobenzenediazonium tetrafluroborate (2): k, = 7.02 - 10° [M~1s™1]
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c) Porphyrin6

Stern-Volmer analyses clearly showed that 4-bromobenzenediazonium tetrafluoroborate (2) strongly
quenched the luminescence of porphyrin 6 in comparison with furan (1). For furan (1), 4-
bromobenzenediazonium (2) and porphyrin 6 samples were prepared by adding solutions of
substrates to porphyrin 6 solution in DMSO (total volume 2 mL) and degassed with N,. The
concentration of porphyrin 6 in DMSO was 7.2 - 10° M. Samples were irradiated at 420 nm, and

emission of porphyrin 6 was detected at 651 nm.

1,1
> 1 y = 0,046 + 0,9989
R?=0,9794
0,9
0 0,1 0,2 0,3 0,4 0,5 0,6
furan M]
Fig. 1. Stern—Volmer quenching experiment for furan (1)
1,3
@
L2 | eeesete?
[ RRROPPILLL Y
S| e PR y = 30,668x + 0,9934
T L e o R?=0,9955
1 @eeeeett
0,9
0 0,001 0,002 0,003 0,004 0,005 0,006 0,007 0,008 0,009

[(M]

® 4-bromobenzenediazonium tetrafluoroborate

Fig. 2. Stern—Volmer quenching experiment for 4-bromobenzenediazonium tetrafluroborate (2)

Stern—Volmer quenching rate data:
Rates of quenching (kq) were determined using Stern—Volmer kinetics:

I
TO = 1+ kg 70 - [quencher]
Where I, - the luminescence intensity without the quencher,

I - the intensity with the quencher,

T, - the lifetime of the photocatalyst (for porphyrin 6 is 10.1 ns)

4-bromobenzenediazonium tetrafluroborate (2): k, = 2.9 - 10° [M~'s™!]
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d) Stern—Volmer quenching experiments for diazonium salt 2 — comparison of catalysts used:

235 y = 158,31x + 0,9602
R? = 0,875
215 | Ld
1,95 o
sSVs e y = 67,235x + 0,9658
-------- RZ = 0,9769
1ss | e
------ °
s | e
....... L JUUUTUTURRURPRPTEYY. |
T e e @ v = 30,668x + 0,9934
e R? = 0,9955
g Qi
0 0,001 0,002 0,003 0,004 0,005 0,006 0,007 0,008 0,009

® Porphyrin 4 Porphyrin 8 ® Porphyrin 6

e) Stern—Volmer quenching experiments for porphyrin 8 — comparison of heteroarenes used:

2,1
1,9
® y = 12,766x + 0,9786
. R?=0,9787
1,7
< 15 ° ® y = 5,4426x +0,9791
- R?=0,9872
¢ .
1,3 B .
y =0,5418x + 1,0002
4 ® R?=0,9872
_ y = 0,0795x + 0,9999
1,1 . y =0,2896x + 0,9995 S
@ R? = 0,9982 R?=0,9912
@i ssaadeles iiieecee cesevenses ceesseses cesesesee csescescns ceessesee c@esesse cecsscscns cesesesee ceced@ecesccccsne
0,9
0 0,05 0,1 0,15 0,2 0,25 0,3
[M]

® N-methylpyrrole @ N-methylindole N-Boc-pyrrole
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Stern-Volmer quenching rate data:
Rates of quenching (kq) were determined using Stern—Volmer kinetics:

L

7= 1+ kg4 - 7o - [quencher]

Where I, - the luminescence intensity without the quencher,
| - the intensity with the quencher,

T, - the lifetime of the photocatalyst (for porphyrin 8 is 8.6 ns]
N-Methylpyrrole (11): k; = 9.8 - 108 [M~1s71]
N-Methylindole (12): k, = 1.4+ 108 [M~1s71]
N-Boc-pyrrole (13): k, = 6.8 - 107 [M~1s71]

Thiophene (10): k, = 2.2 - 107 [M~*s™1]

Furan (1): k, = 6.9 - 10° [M~1s71]
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5.5. Quantum yield measurements

The quantum yield was measured with a quantum yield determination setup: translation stages
(horizontal and vertical): Thorlabs DT 25/M or DT S25/M; photographic lens with f = 50 mm;
magnetic stirrer: Faulhaber motor (1524B024S R) with 14:1 gear (15A); PS19Q power sensor from
Coherent; PowerMax software; adjustable power supply “Basetech BT-153 0-15 V/DC 0-3 A 45 W”!!

N,BF,
f/ \E . H,TPP (4), hv' ]\
0 DMSO 0
Br
Br

A typical reaction mixture of diazonium salt (2) (0.2 mmol, 1 equiv.), furane (1, 2 mmol, 10 equiv.),
H,TPP (4) (1 mol%), DMSO (2.0 mL) in a 10 mm Hellma® quartz fluorescence cuvette with a stirring
bar was used. The measurement of quantum yield was accomplished in covered apparatus to
minimize the ambient light. The cuovette with solvent (DMSO, 2.0 mL) and a stirring bar was placed
in the beam of a 420 nm LED and the transmitted power (Pref = 18,46 mW) was measured by a
calibrated photodiode horizontal to the cuvette. The content of the cuvette was changed to the
reaction mixture and the transmitted power was measured analogously to the blank solution. The
sample was further irradiated and the transmitted power as well as the respective yield of
photocatalytic product (measured by quantitative GC using dodekane as internal standard) were

recorded after different times (Table 1).

The quantum yield was calculated from equation E1:

@ _ Nproduct _ Na'Mproduct _ Na Nproduct _ "¢ Na Nproduct
¢ Nph Elight M A+ (Pref— Psample) t
E a-c
ph 7

where @- the quantum yield,

Nproquee— the numer of molecules created

N,,—the numer of photons absorber

N, - Avogadro’s constant [mol 1,

Nproguct - 1S the molar amount of molecules created [mol],
Ejigne - the energy of light absorbed [J],

E,n - the energy of a single photon [J],
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P.psorbed - the radiant power absorbed [W],

t - the irradiation time [s],

h - the Planck’s constant in [Jxs],

c - the speed of light in [ms™],

A - the wavelength of irradiation source (420 nm) [m],

P - the radiant power transmitted by a blank vial [W],

Peampie - the radiant power transmitted by the vial with reaction mixture [W].

Table 1: Calculation of the quantum yield @ after different irradiation times.

Entry Irradiation time [min] Psample [UW] Yield [%] D [%]
1 150 7.56 88 0.6
2 60 6.90 79 1.4
3 30 6.89 67 2.3

The mean value for the quantum yield was calculated to be @=1.4+0.8%
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6. 'Hand *C NMR spectra
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b) 2-(3-bromophenyl)furan (14)

098 FRENEADLEEDRYY
Zag

" o
PR T P P RS b D S 0 D : g
[N Y

(@)
I
1
|
|
|
o L) i
T T ¥ T ¥ T T T L T ¥ T ¥ T K T ¥ T T T ¥ T ¥ T T T ¥ T L T ¥ T
8.5 8.0 7.5 7.0 65 6.0 5.5 5.0 4.5 40 3.5 3.0 2.5 2.0 15 1.0 0.5 0.0
f1 {ppm)
# g ERORRN R B noE
g ¢ HEssAY 5 ¥ Res
| | SN (. e

/\ Br

T T T i T L T T T i T ¥ T T T 12 T T T T T T T i T L T T T i T ¥ T T T 12 T
180 170 160 150 140 130 120 110 100 90 80
f1 {ppm)

S19

http://rcin.org.pl



c) 2-(2-bromophenyl)furan (15)
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d) 2-(4-chlorophenyl)furan (16)
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e) 2-(4-iodophenyl)furan (17)
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f) 2-(4-nitrophenyl)furan (18)
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g) 2-(4-methoxyphenyl)furan (19)

n 0£°6S —
]

B99L
L oL W
6L

Fest E
=N

SE'EOT —

QETIT —
ETPIT—

L0'WET

ST

SE'THT —

Bot | o

8D | 1n YO'S5T —
i

f1 (ppm)

S24
http://rcin.org.pl

120

130

140

160 150

170

/ \



h) 2-(4-bromophenyl)thiophene (20)
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i) 2-(4-nitrophenyl)thiophene (21)
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j) N-tert-butoxycarbonyl-2-(4-nitrophenyl)-1H-pyrrole (24)
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k) 3-(4-bromophenyl)-2H-chromen-2-one (26)
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1) 3-(4-methoxyphenyl)-2H-chromen-2-one (27)
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