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4, WYKAZ STOSOWANYCH SKROTOW
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5. PRZEWODNIK PO ROZPRAWIE DOKTORSKIE]
5.1. Zalozenia i cel pracy

Witamina Biz, ktéra bierze udziat w wielu procesach enzymatycznych, jest
niezbedna do prawidlowego funkcjonowania organizméw zywych.[l Z uwagi na jej
wlasciwosci katalityczne oraz fakt, iz niektére procesy biologiczne katalizowane przez
ten zwigzek to reakcje rodnikowe, mozliwe jest jej zastosowanie jako Kkatalizatora
w indukowanych $wiattem reakcjach rodnikowych, co wpisuje sie w tzw. trend zielonej
chemii. Podobnie z resztag jak wykorzystywanie energii pozyskiwanej z naturalnych
Zrédet, jak np. szeroko wykorzystywane w fotochemii $wiatto, gdzie energia fotonow
ulega przeksztatceniu w energie chemiczna.

Za wilasciwosci katalityczne witaminy Bi2 odpowiedzialny jest, znajdujacy
sie w pierScieniu koryny jon Co(IIl), ktéry moze zosta¢ zredukowany do wykazujgcej
charakter rodnikowy formy Co(Il) lub nukleofilowej formy Co(I). Wytworzony
Lsupernukleofil” moze nastepnie wejS¢ w reakcje z elektrofilami, takimi jak bromki
winylowe, halogenki alkilowe i alkinylowe, akceptory Michaela, halogenki kwasowe
czy tez naprezone zwigzki cykliczne, a utworzone wigzanie Co-C ulega zerwaniu
w warunkach termolitycznych, elektrolitycznych lub fotolitycznych, generujac zdolne
do dalszych przemian reaktywne indywiduum w postaci rodnika.

Celem mojej pracy bylo opracowanie fotokatalitycznych reakcji
funkcjonalizacji olefin z wykorzystaniem witaminy Bi: jako katalizatora, ktére mogq
stanowi¢ przyjaznq dla Srodowiska alternatywe do klasycznych metod syntezy. Biorac
pod uwage zalety ptynace z zastosowania naturalnego katalizatora witaminowego oraz
Swiatta jako zrddta energii, w ramach mojej pracy doktorskiej postanowitam sprawdzié¢

czy:

1) mozliwe jest wykorzystanie niemodyfikowanej witaminy Bi: jako katalizatora
reakcji podwdjnej funkcjonalizacji, cyklizacji a nastepnie addycji Giesego,
nieaktywowanych alkenéw, prowadzqcq do otrzymania  pochodnych

pirolidynowych i piperydynowych (Schemat 1).

———— RNQ/ + RNj
A EWG
L > RNQ/\/\ EWG

Schemat 1. Katalizowana witaming B1z podwdéjna funkcjonalizacja olefin.

X
\I\ f g or AT
N Co(l)
R
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2) wykorzystanie wodnego srodowiska reakcji - roztworéw micelarnych, pomimo
hydrofilowosci kobalaminy moze mie¢ wplyw na katalizowanq witaming Bi:
reakcje addycji rodnikowej halogenkéw i nastepczej 1,2-migracji grupy
fenylowej (Schemat 2). Dodatkowo, wykorzystujac pomiary NMR i badania
teoretyczne podjetam prébe okresSlenia lokalizacji poszczegélnych reagentow
wewnatrz roztworu micelarnego, co jak sie pdzniej okazato, ma istotny wplyw

na przebieg reakgji.

\/?r X witamina By, Zn EWG
XA1EWG + > EWG
EWG ' O«?E‘p 0 Ar
nieaktywowane O~ %- -0
haogenki/pseudohalogenki Q" Sé};o

Schemat 2. Katalizowana witaming Biz tendemowa addycja rodnikowa/1,2-migracja grupy fenylowej.
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5.2. Wstep literaturowy

Natura i zachodzace w niej procesy, od wiekéw stanowig, inspiracje dla rozwoju
catej ludzkosci. Nic wiec dziwnego, Ze naukowcy intensywnie pracujg nad odkrywaniem
coraz to nowszych metod ich wykorzystania. Podejscie to pozwala, na przynajmniej
czeSciowe, ograniczenie uzycia oraz powstawania szkodliwych dla srodowiska substancji.
Z biegiem lat do$¢ znacznie wzrosta Swiadomos$¢ ekologiczna, a takze poczucie
odpowiedzialnos$ci za zachodzace zmiany klimatyczne, dlatego tez trend zielonej chemii
jest niezwykle istotny, nie tylko w przypadku eksperymentéw prowadzonych w skali
laboratoryjnej, ale réwniez i przemystowej. Wykorzystanie $wiatta jako sity napedowej
przemian chemicznych i potaczenie tego z naturalnym, niemodyfikowanym katalizatorem,
ktérym niewatpliwie moze by¢ kobalamina, jest niemalze potgczeniem idealnym.

W ponizszym wstepie literaturowym przyblize chemie witaminy Bi; oraz
katalizowanych nig reakcji. Dokonany przeze mnie przeglad literaturowy, z zatozenia,
nie jest wyczerpujacy a jego gtdwnym celem jest zaprezentowanie kobalaminy jako

bardziej przyjaznego dla sSrodowiska naturalnego, katalizatora reakcji chemicznych.
5.2.1. Witamina B12 - budowa oraz wlasciwosci katalityczne

Kobalamina (1) jest naturalnym zwigzkiem organicznym, majacym istotny wplyw
na prawidlowe funkcjonowanie organizméw zywych.[2] Jest ona kofaktorem enzymow
zaangazowanych w izomeryzacje enzymatyczng, transfer grupy metylowej, czy tez
dehalogenowanie. Jako, Ze nie jest ona syntezowana wewnatrz organizmu ludzkiego, musi
by¢ dostarczana wraz z produktami spozywczymi, takimi jak np. mieso, jaja, mleko czy tez
ryby.[l1 W naturze tylko niektére mikroorganizmy posiadajg kompletne uktady enzymow
zdolnych do katalizy wieloetapowych reakcji pozwalajgcych na otrzymanie biologicznie
czynnej formy tej witaminy.[3!

Krystaliczna witamina B1z, po raz pierwszy, zostata wyizolowana przez Folkersa
i Smitha, stosunkowo niedawno, a mianowicie w 1948 r.[l Wyznaczenie
jej budowy chemicznej zajelo naukowcom kolejne lata, a struktura krystalograficzna
ostatecznie zostata opublikowana w 1954 r. przez angielska biochemiczke Crowfoot
Hodgkin, co w pd6Zniejszych latach zostato uhonorowane Nagroda Nobla w dziedzinie

chemii.l5]
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M902C v
\CO,Me
MeO,C 2
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1— CN
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N
1
CH,4 ) NN
%"4,., Metylokobalamina, MeCbl, 2 Q
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NH, NH
H,0 Q _
%"‘ﬁ., 2 Akwakobalamina, (H,0)Cbl, 3 Adenozylokobalamina, AdoCbl, 4 Kobinamid, Cbi, 6

Rysunek 1. Struktura witaminy Bz oraz jej pochodnych.

Jako korynoid, kobalamina (1) zawiera w swej strukturze sktadajacy sie z czterech
podjednostek pirolowych (A-D), pierscien korynowy (Rysunek 1). Na zewnatrz
makrocyklicznego pierScienia umiejscowione sg trzy grupy acetamidowe (a, ¢, g), cztery
propionamidowe (b, d, e, f) oraz szes¢ metylowych. W samym centrum tej zloZonej
struktury, w tzw. luce makrocyklicznej kompleksowany jest jon Co(Ill). Koordynowany
jest on przez pochodzace od podjednostek pirolowych cztery atomy azotu, od gory (ligand
p-aksjalny) przez anion cyjankowy (lub inny ligand), i od dotu (ligand a-aksjalny) przez
atom azotu grupy 5,6-dimetylobenzimidazolowej. Wigzanie N-glikozydowe taczy drugi
atom azotu tej grupy z ryboza, ktora dalej jest potagczona z propionamidem poprzez grupe
fosforanowa (f).le] W zalezno$ci od formy witaminy Biz, anion cyjankowy moze
by¢ zastapiony réznymi podstawnikami, i tak dla metylokobalaminy (2) jest to grupa CHs,
akwakobalaminy (3) - H20 oraz adenozyna dla adenozylokobalaminy (4). Z uwagi
na rozpuszczalnos$¢ hydrofilowej witaminy B1z, ograniczajaca sie do wody oraz polarnych
rozpuszczalnikow organicznych (MeOH, DMSO, DMF itd.), synteza jej hydrofobowych
pochodnych, takich jak np. ester heptametylowy kwasu kobyrynowego (5, HME,
Rysunek 1) czy tez kobinamid (6, Cbi, Rysunek 1) pozwolita na dalszy rozwdj katalizy
z wykorzystaniem tego przyjaznego dla Srodowiska katalizatora.

Witamina Bi2 jest jedna z najbardziej strukturalnie ztozonych witamin
wystepujacych w przyrodzie.[’] Dlatego tez, w literaturze mozemy znalez¢ tylko jeden
przyktad jej syntezy totalnej, w 1972 roku po 12 latach pracy, dokonaty tego grupy

Woodwarda i Eschenmosera.[89]
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charakter nukleofilowy

charakter rodnikowy tzw. "supernukleofil”

forma base-on forma base-off

Schemat 3. Aktywne katalitycznie formy kobalaminy.

Za wtasciwosci katalityczne kobalaminy odpowiedzialny jest centralny jon Co(III),
ktéry w wyniku redukcji tworzy, wykazujaca charakter rodnikowy forme Co(II) lub silnie
nukleofilowg forme Co(I), czesto okreslang mianem ,supernukleofila” (Schemat 3).[10-12]
Wedtug danych literaturowych, wiasciwosci formy Co(I) wynikajg z destabilizacji orbitalu
3d;2, Kkorzystnej orientacji w stosunku do elektrofila,[13! oraz wudziatu struktury
o charakterze dirodnikowym w funkcji falowej stanu podstawowego.l14] W zaleznoSci
od stopnia utlenienia jonu kobaltowego obserwujemy zmiane barwy roztworu
z czerwonej dla Co(Ill), poprzez brunatno-brazowa dla Co(Il) az do zielonej dla Co(I).
Najczesciej w celu przeprowadzenia proceséw redukcji stosowane sg Zn/NH4Cl, Zn/AcOH,
a takze mangan (Mn), borowodorek sodu (NaBH4) czy tez chlorek chromu(II).[121516]
Mozliwe jest réwniez przeprowadzenie redukcji na drodze elektrochemicznejll”] oraz
fotochemicznej z  wykorzystaniem fotokatalizatoréw takich jak np. TiO2
czy tez Ir(dtbbpy)(ppy)2PFe. [1819]

Wiekszo$¢ reakcji chemicznych Kkatalizowanych witaming Biz rozpoczyna
sie od wyzej wspomnianej redukcji kobaltu Co(IlI) do nukleofilowego Co(I), ktéry
nastepie moze wej$¢ w reakcje z réznymi elektrofilami tworzac alkilo/acylokobalaminy

(Schemat 4).

E

elektrofil

%\ ;
Co(lll)
N [H]
Witamina B4, —> Co(l)
\ ‘/Qub AT
Co(ll) R’

rodnik

Schemat 4. Ogélny mechanizm generowania rodnikéw przez witamine Bi..
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Reakcja ta przebiega najczeSciej wedtug mechanizmu Sn2, a do szeroko stosowanych
elektrofili naleza: bromki winylowe,[20] halogenki alkilowel21! i alkinylowe,[22] akceptory
Michaela,[?9) pochodne kwasowel?3] czy tez naprezone zwigzki cykliczne.l[?41 Dalej,
relatywnie stabe wigzanie Co-C (energia dysocjacji ~126 k] x mol!, dla koenzymu
witaminy Bi2),[2°] w wyniku dziatania $wiatta badz temperatury, ulega homolizie
generujac zdolny do dalszych reakcji rodnik R* oraz Co(II). Ostatnim etapem jest ponowna
redukcja Co(II) do Co(I), w wyniku ktérej cykl katalityczny ulega zamknieciu. Witamina
czesto bierze réwniez udziat w rekcjach wykorzystujacych podwoédjne systemy

katalityczne (z ang. dual catalysis) np. wraz z niklem (Ni) czy tez chromem (Cr).
5.2.2. Witamina B2 - katalizator reakcji chemicznych

W literaturze dostepnych jest wiele prac przegladowych oraz oryginalnych
poswieconych tematyce Kkatalizy z wykorzystaniem kobalaminy.[10.1226-28] Witamina i jej
pochodne s3 szeroko stosowane nie tylko w syntezie, ale takze w reakcjach prowadzacych
do rozktadu zwiagzkéw organicznych np. halogenowanych zanieczyszczen Srodowiska.
A wszystko to za sprawa centralnego jonu kobaltu (Co) i jego réznorodnego charakteru.
W dalszej czeSci tego rozdziatu dokonam przegladu najwazniejszych reakcji

przebiegajacych z udziatem tego naturalnego katalizatora i jego pochodnych.
Reakcje addycji do wiazan nienasyconych

Do najbardziej znanych akceptoréw rodnikow niewatpliwie nalezg zwiazki
nienasycone.2°l W chemii witaminy Bi» najczesciej role te peinig olefiny, ale znane
sa rowniez liczne przyklady wykorzystania w tym celu alkinéw oraz zwigzkéw

aromatycznych.
Alkilowanie olefin

W przypadkach, w ktérych jako prekursor rodnika wykorzystywany jest
halogenek badZz pseudohalogenek alkilowy mamy do czynienia z reakcjami alkilowania
wigzan wielokrotnych. R6znice w reaktywnos$ciach i selektywnos$ciach tych reakcji mozna
zobrazowa¢ wykorzystujgc teorie orbitali.l3%] W przypadku rodnikéw o charakterze
nukleofilowym dominuja odziatywania pomiedzy orbitalami SOMO (z ang. Singly Occupied
Molecular Orbital) rodnika i LUMO (z ang. Lowest Unoccupied Molecular Orbital) alkenu,
natomiast dla rodnikow wykazujacych witasciwosci elektrofilowe sg to oddziatywania
miedzy orbitalami SOMO i HOMO (z ang. Highest Occupied Molecular Orbital). Regio-
i stereoselektywnos$¢ reakcji jest determinowana poprzez efekty steryczne.

Nie bez znaczenia jest rowniez stabilno$¢ rodnikowych produktow reakc;ji.
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W 1980 r. Scheffold wraz ze wspétpracownikami wykazali, Ze pochodne witaminy
Bi2 moga by¢ wykorzystane jako skuteczne Kkatalizatory = reduktywne;j,
wewnatrzczasteczkowej addycji alkilohalogenkéw do aktywowanych olefin.[31.32]
W zalezno$ci od uzytych substratow (7, 10), w warunkach elektrochemicznych,
z posiadajacych tancuch alifatyczny zakonczony atomem bromu ketonéw powstawaty
zwiazki bicykliczne (8a-c, 11a-c) z dobrymi badZ tez bardzo dobrymi wydajno$ciami
(Schemat 5).

0 o} o
(CHy),Br _(CHy),H 8a,0% +9a,90% (n=3)
+ 8b,95% +9b,0% (n=4)
Jn-3 8c,45% +9¢,40% (n=5)
7 8a-c 9a-c
Q DMF or MeOH 0 0
-1.5t0-1.6 V (vs SCE
ij\ ? (vs SCE) . @ 11a, 0% +12a,90% (n =3)
. % + 12b, 09 =
pre (CH,),Br “(CH,) H 11b, 95% + 0% (n=4)
)n -3

11c, 70% + 12¢, 10% (n=5)
1a-c 12a-c

Schemat 5. Katalizowana witaming Bz reakcja reduktywnej, sprzezonej addycji alkilohalogenkéw
do olefin.

Kolejnym przyktadem reakcji addycji rodnikowej, ktoérej nazwa pochodzi
od jej odkrywcy jest tzw. reakcja addycji typu Giesego.[21] W reakcji tej wykorzystano
akwakobalamine ((H20)Cbl, 3) jako katalizator fotoelektrochemicznej funkcjonalizacji

prochiralnego, tréjpodstawinego alkenu 13 - pochodnej maleinianu dietylu (Schemat 6).

Redukcja Redukcja

CO,Et R R elektrochem. chem.
E‘OZCA\f * R=Br —ici0, DMF . EtO,C COEL+ £ 07 \COEL R = rBu 14a 80% (96:4)  90% (99 : 1)
_o_gv(A",s AgCl) cykloheksyl 14b 60% (93:7)  81% (96 : 4)
13 $wiatlo widzialne 14a-c, 35-85% heksyl 14c 35% (60:40) 63% (60 :40)

Schemat 6. Fotoelektrolityczna funkcjonalizacja maleinianu dietylu z wykorzystaniem bromkdéw
alkilowych.

W opracowanych warunkach, w reakcjach maleinianu z I-, II- i [lI-rzedowymi bromkami
otrzymano pozadane produkty 14a-c z wydajnosciami rzedu 35-80%. Przeprowadzenie
analogicznej reakcji w warunkach redukcji chemicznej Zn/NEts spowodowato wzrost
wydajnosci (Schemat 6, wydajnosci w kolorze szarym). W obydwu przypadkach,
stereoselektywno$¢ reakcji spada wraz ze zmniejszaniem sie podstawnika alkilowego.
Niedawno Osaka wraz ze wspotpracownikami opisali fotochemiczng reakcje
Giesego tosylanéw alkilowych z elektrofilowymi olefinami (Schemat 7).[33]
Jest to pierwszy przyktad wykorzystania w katalizie witaming Biz nieaktywowanych

tosylanow alkilowych jako Zrddta niestabilizowanego rodnika alkilowego.

. Mn, ‘ CO,Me
: OPh NHPh
R! NEt; - HCI R? R m
= 2_ —8 5 ,
/Tf T RZOTs "DMF 1,8 h, \/T : Py OMe ol
Niebieski LED o) o
15a-c, 25-90% |
°: OoTBS 15b, 82% 15¢, 25% (78%)

Schemat 7. Katalizowana witaming Bz reakcja Giesego z tosylanami alkilowymi.
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W reakcji tosylanu dodekanu z akrylanem metylu w obecnosci kobalaminy jako
katalizatora, Mn jako reduktora oraz Et3N-HCl jako Zrdédia protonu, pod wplywem
dziatania $wiatta niebieskiego (454 nm) pozadany produkt 15b otrzymano z wydajnoscia
61% (82% po optymalizacji).
Badania zakresu stosowalnos$ci i ograniczen metody, obejmujace reakcje z réznymi
aktywowanymi olefinami oraz tosylanami alkilowymi, wykazaty, ze stanowig one bardzo
dobra alternatywe dla halogenkéw i daja pozadane produkty 15a-b z bardzo dobrymi
wydajnosciami od 25% do 90%. W przypadku nizszych wydajnosci, czesto rozwigzaniem
problemu byto zastosowanie wiekszej ilosci katalizatora oraz wydtuzenie czasu reakcji.
Wartg uwagi reakcja jest takze rodnikowa addycja z przeniesieniem atomu,
w skrdcie ATRA (z ang. Atom Transfer Radical Addition), ktéra po raz pierwszy zostata
opisana przez Kharascha w 1937 r., a obecnie jest jedng z popularniejszych metod
tworzenia wigzania C-C i C-X (X - halogenek) jedocze$nie. Jako reakcja difunkcjonalizacji
jest ona niezwykle uzyteczna, z uwagi na mozliwo$¢ otrzymania dipodstawionych
produktéw w jednym procesie. Okazato sie, Zze réwniez kobalamina moze katalizowaé
tego typu przemiany, a doktadniej jej hydrofobowa pochodna 5 - HME (Schemat 8).34
Wykorzystujac reaktor mikrofalowy, po 40 min. z halogenku i olefiny otrzymano

produkty reakcji ATRA (16a-c) z dobrymi wydajnosciami.
Br
. NaBH, CON(Me), Br
/\EWG + R=X 90°C, 40 min., R\)\EWG @/\)\SOZPh @/\/‘\ Brsc\)\SOZPh
MW, 300W  16a-c, 15-82% 3 16a, 82% OMe  16b, 60% 16¢, 15%
Schemat 8. Reakcja rodnikowej addycji z przeniesieniem atomu (ATRA).

Nie tylko halogenki alkilowe sg stosowane jako prokursory rodnikéw alkilowych,
cho¢ niewatpliwie cieszg sie one duza popularnoscia. W 2016 r., po raz pierwszy,
do alkilowania bogatych w elektrony wigzan podwdjnych wykorzystano zwigzki diazowe
(Schemat 9).133!

‘ COZEt
; COzEt
2 3 2 !
L . (COQR 1) ,Zn, NH,CI JR\A : _CO,Et
a :
R! N, 2) Hy PdIC,E0  R! COR® hv [H " hv 2
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, 17ae1801% | l /1
Ph Ph Ph : Ph
8700,k
Ph)\ACOZEt Ph)\ACOZt-Bu 2= Ph)\ACO .
17a, 91% 17b, 67% 17¢,45% | H]
! H Ph
Ph :
NHAG 3
CO,Et ;
Ph)\/\COQEt : 3 / 7—/ COQEt
F ‘ D
0, 0, K
17d, 41% 17e, 16% P COZEt )\ACOZB

D

Schemat 9. Alkilowanie olefin z wykorzystaniem zwiqzkéw diazowych.
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Zaprezentowana metodologia pozwolita na otrzymanie alkilowanych produktéow typu
Hecka (17a-e), a analiza mieszaniny reakcyjnej, przy wykorzystaniu technik 'H NMR,
nie wykazata nawet $§ladowych ilosci, obserwowanych we wcze$niejszych pracach,
produktéw cyklopropanowania. Postulowany przez autoré6w przebieg reakcji zaktada
alkilowanie katalizatora zwigzkiem diazowym, co jest zupelnym przeciwienstwem
wczesniejszych doniesien literaturowych.3¢! W pierwszym etapie reakcji mamy
do czynienia z typowaq dla katalizatoréw witaminowych redukcjg Co(IIl) do aktywnej
katalitycznie formy z jonem Co(I), ktéra wchodzi w reakcje z prekursorem rodnika
alkilowego - zwigzkiem diazowym, tworzac alkilokobalester A. Nastepnie utworzone
wigzanie Co-C ulega rozerwaniu (w wyniku dziatania $wiatta badZ temperatury)
i generowany jest rodnik alkilowy B, ktéry ulega addycji do wigzania podwdjnego olefiny
tworzac rodnik C. Powstaty rodnik C moze reagowac na dwa sposoby: 1) wej$¢ w reakcje
z Co(II) katalizatora, albo 2) redukcji i protonowaniu badZz dysproporcjonowaniu
prowadzac do utworzenia produktu D. W przypadku utworzenia produktu E,
pod wpltywem Swiatta powstaje produkt F i protonowana forma Co(II), ktéra po redukcji
zamyka cykl katalityczny, ale moze tez wejs¢ w reakcje z olefing prowadzac do powstania
produktu D (Schemat 9).

Naprezone zwiazki cykliczne takie jak bicyklobutany (BCB) réwniez moga byc¢
Swietnym Zrédtem rodnikéw. Po raz pierwszy ich wykorzystanie w katalizie witaming B12
zaprezentowano w 2020 r., w naszym zespole (Schemat 10).[24 Dzieki nukleofilowemu
charakterowi Kkatalizatora, mozliwe byto generowanie rodnikow z naprezonych
zwigzkow, ktére wchodzity w reakcje z elektrofilami - addycja Giesego oraz redukcyjne
sprzeganie krzyzowe katalizowane Ni (wiecej w cze$ci pt. Przemiany z udziatem innych

katalizatoréw (dual catalysis)).

: /\ﬂSOQPh Y\ﬂ
EWG! \©\ nBuO,C

BWG EWG ,Zn,NH,Cl_ - EWG ! MeO,C
RH\ + Z MeCN, R : 18d, 95% (d.r. 40:60) 18e 35% (d.r. 40:60)
R2 Niebieski LED R : o
!X= H 18a 85% (d.r. 40:60)
18af,35-95% |  OMe 18b 89% (d.r. 40:60) AMko/\ﬂph
. CF3 18c 71% (d.r. 40:60) MeO,C 18f, 51% (d.r. 40:60)

Schemat 10. Addycja typu Giesegb bicyklobutandw do elektrofilowych alkenéw.

Autorzy swoja prace rozpoczeli od optymalizacji warunkéw reakcji, podczas ktorej
okazalo sie, ze zastosowanie hydrofilowej, niemodyfikowanej witaminy Bi2 powoduje
znaczny spadek wydajnosci - czego powodem jest prawdopodobnie staba
rozpuszczalnos¢ kobalaminy w MeCN. Najlepsze rezultaty otrzymano dla hydrofobowego
HME. W trakcie badania zakresu stosowalnosci i ograniczen metody wykazano,

ze w optymalnych warunkach reakcji naprezone sulfony, nitryle, estry oraz amidy

27



s3 wydajnymi prekursorami rodnikéw i dostarczaja pozadanych produktéw z dobrymi
wydajnosciami. Tolerancja na obecno$¢ réznych podstawnikow elektronoakceptorowych
w substratach olefinowych réwniez jest bardzo wysoka.

Eksperymenty znakowania deuterem

i SO,Ph , Zn, ND,CI D
‘ _HME, Zn, ND,CI
EWG | Z MeCN, Niebieski LED d’SOzPh 20

4 0

[H]
EWG SO,Ph , Zn, ND,CI, PhSD SOzPh
3 Z( MeCN, Niebieski LED
R! ‘ 19

EVVG Eksperyment z pufapka rodnikowg SO,Ph
, Zn, NH4CI SOZPh
R1 A A SOzPh TEMPO
H* MeCN Niebieski LED

19

EWG Fotoliza kompleksu Co(lll)-alkil

SO,Ph

; SO,Ph

B ; TEMPO )j
H MeCN, Niebieski LED N\O
! 24 23

Schemat 11. Postulowany mechanizm oraz eksperymenty mechanistyczne reakcji addycji bicyklobutanéw
do alkenéw.

Mechanizm reakcji zaktada, Ze w obecnosci Zrédta protonu nukleofilowa forma Co(I)
ulega sprzezonej addycji do centralnego wigzania C-C substratu, dostarczajac Co(III) -
alkilowy kompleks A (Schemat 11). Powstaty produkt posredni B, po homolitycznym
rozszczepieniu pod wptywem $wiatta, generuje alkilowy rodnik C i forme katalizatora
z Co(II). Dalej w zaleznosci od warunkéw, rodnik C moze ulec szeregowi transformaciji:
(1) abstrakcji wodoru, (2) addycji do SOMOfila lub (3) reakcji z kompleksem metalu
przejSciowego. Katalizator Co(II) jest z kolei redukowany do Co(I), zamykajac cykl
katalityczny. Stusznos$¢ proponowanego mechanizmu zostata potwierdzona badaniami
mechanistycznymi, takimi jak eksperymenty znakowania deuterem, z putapka rodnikowa
oraz fotolizy kompleksu Co(Ill)-alkil 24 w obecnosci TEMPO. Warte podkreslenia jest
réwniez, Ze autorzy wyizolowali krysztal alkilowego kompleksu kobalaminy (24),
co z uwagi na niska stabilnos$¢ tego typu zwigzkéw - szybki rozpad w wyniku dziatania
Swiatla, jest niewatpliwie duzym osiggnieciem.

Podobng reaktywnos$¢ wykazujg réwniez donorowo-akceptorowe cyklopropany
(DAC), ktore reaguja z elektrofilowymi olefinami z jednoczesnym otwarciem pierScienia
(Schemat 12).371 Metoda opiera sie na odwrdceniu reaktywnosci pierwotnie
elektrofilowego atomu wegla, umozliwiajac tym samym jego regioselektywnga rekacje
z elektrofilem. Reakcja ta przebiega w obecno$ci kobalaminy i Zn/NH4Cl jako uktadu

redukcyjnego pod wptywem Swiatta niebieskiego (455 nm).
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R! R2
EWG = CO,Me, CN
2Ve 25a-¢, 21-83%

N CONMe, o CO,Me CO,Me
CO,Me COMe CO,Bu CO,Me
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25a, 83% 25b, 66% 25¢, 43% 25d, 30% 25e, 21%

Schemat 12. Addycja donorowo-akceptorowych cyklopropanéw (DAC) do elektrofilowych olefin.

Metoda ta dziatala dobrze dla cyklopropanéw zawierajacych podstawniki fenylowe
z réznymi podstawinikami w obrebie pierScienia aromatycznego. Dla niektérych
substratow olefinowych obserwowano jedynie $ladowe iloSci pozadanych produktéw,
co mogto by¢ spowodowane szybka, czeSciowg redukcja substratu. Doniesienia
literaturowe $wiadcza o tym, Ze szybkos$¢ reakcji katalizowanych przez HME jest znacznie
wyzsza niz w przypadku Kkatalizy niemodyfikowang witaming Bi,[28 dlatego
dla niektéorych substratow olefinowych zamiana katalizatora witaminowego
spowodowata wzrost wydajnosci reakcji.

W literaturze znane s3 rowniez reakcje perfluoroalkilowania zwigzkow
chemicznych z udziatem witaminy Bi2 (badzZ jej pochodnych) jako katalizatora. W 2017 r.
Hisaeda i Ono, jako pierwsi, przedstawili wykorzystanie naturalnego katalizatora
kobaltowego w elektrochemicznej reakcji perfluorowanych jodkéw alkilowych

ze zwigzkami aromatycznymi (Schemat 13).13%]

OMe OMe CaF; ‘ X
3 CsF CsF7 Z
N H AN CrFanst ! N N
\ + CoFanst "MeOH, r. t,, 9h \ I MeO OMe N CsF
S = L .~ . \ 37
R -0.8V (vs. AgCl) R ' X= CaH 26a, 849 OMe
hv (>420 nm) ‘ o 2 84%

26a-f, 37-84% | CgHi;  26b,71%  26d, 68% 26¢, 61% 26f, 55%
3 CioHai  26¢, 37%

Schemat 13. Katalizowane HME perfluoroalkilowanie zwigzkéw aromatycznych.

Modelowa reakcja 1, 3, 5-trimetoksy benzenu z jodkiem heptafluoropropylu,
w warunkach optymalnych tj. przy potencjale -0.8 V vs. Ag/AgCl, w obecnosci $wiatta
widzialnego (> 420 nm) i 1 mol% HME, po 9 h, data pozadany produkt 26a z wydajnoscia
84%. Opracowane warunki okazaty sie kompatybilne dla szeregu substratéow
posiadajacych w swej strukturze grupy —OMe w roznych pozycjach jak i w przypadku
ich braku (26a-f).

Nieco pdzniej, ta sama grupa wykazata, Ze reakcja perfuoroalkilowania
aminopodstawionych arenéw i alkoksyarenéw moze by¢ przeprowadzona
z wykorzystaniem niemodyfikowanej kobalaminy i r6zu bengalskiego (RB) w srodowisku

wodnym (Schemat 14).[40]
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Schemat 14. Katalizowane witaming B;; fluoroalkilowanie zwiqzkéw aromatycznych w warunkach
wodnych.

Zastosowanie witaminy B2 jako katalizatora jest tutaj niezbedne do utworzenia rodnika
perfluoroalkilowego, ktéory nastepnie wchodzi w reakcje z bogatymi w elektrony
zwigzkami aromatycznymi dajac produkty reakcji 27a-e z wydajno$ciami 40-99%.
W metodzie tej kobalamina jest redukowana do aktywnej katalitycznie formy przez
fotokatalizator RB, ktéry odpowiada takze za transfer elektronéw z donora - TMEDA,
do akceptora - perfluorowany bromek.

W warunkach elektrochemicznych lub fotochemicznych, bromodifluorooctan
etylu pozwalal na difluoroacylowanie arenéw oraz heteroarenéw w tagodnych

warunkach (Schemat 18).[41]

\ F F
‘ MeO N\%
CO,Et
/ 2
O/ %{Oa DMSO, rt, 9 h w CO4Et COLEt —NWN
08V ve. AG/AGOL Ny /. \ | Y
\

28a-c, 37-79% | 28a, 79% 28b, 69% 28c, 37%
Schemat 15. Katalizowane HME difluoroacylowanie arenéw i heteroarenéw.

Zastosowanie opracowanych warunkéw reakcji pozwolito na otrzymanie produktow
reakcji 28a-c w sposéb wydajny (od 37% do 79%), a prezentowana metoda moze

stanowi¢ konkurencyjng metode otrzymywania bioaktywnych czasteczek.
Acylowanie

Klasyczne metody generowania rodnikéw acylowych dos$¢ czesto wymagaja
stosowania drastycznych warunkéw reakcji, takich jak wysokie temperatury czy tez duze
ilosci reagentow wykazujacych wiasciwosci toksyczne. W 1983 r. Scheffold i Orlinski
zaprezentowali jednoetapowg metode syntezy 4-okso aldehyddéw, ketonéw, estréw oraz
nitryli wykorzystujac jako prekursory rodnika acylowego bezwodniki kwasowe
(Schemat 16).123]
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Schemat 16. Katalizowane witaming B;; acylowanie olefin z wykorzystaniem bezwodnikéw kwasowych
jako Zrédta rodnika acylowego.

Reakcja przebiega z wykorzystaniem Kkatalitycznych iloSci kobalaminy, w warunkach
elektrochemicznych z wydajno$ciami rzedu 30-80% (produkty 29a-c).

W 2017 roku Gryko wraz ze wspotpracownikami opracowali metode
wykorzystujaca tioestry 2-S-pirydylowe jako prekursory rodnikéw acylowych,
z zastosowaniem Co-katalizatora witaminowego (Schemat 17).21 Bylo to pierwsze
doniesienie literaturowe dotyczace wykorzystania tioestrow do generowania

acylokobalaminy, a w rezultacie rodnikéw acylowych.

R® o Z ,Zn, NH,CI o R 3 o /
Ay - | ettt : .
EWG I s MeCN, r. t, 16h 4 EWG |
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7777777777777777777777777777777777777777777777777777777777777777777777777777 n, +e, ~
' e N
o o :
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Schemat 17. Katalizowane witaming B1z generowanie rodnikéw acylowych z tioestréw 2-S-pirydylowych.

Bazujac na swoim doswiadczeniu i literaturze autorzy zatozyli, Ze acylowanie zachodzi
za posrednictwem kompleksu C generowanego w reakcji Co(I) z tioestrem A, ktéry ulega
homolizie do rodnika acylowego D i kompleksu Co(II). Nastepnie nukleofilowy rodnik
D reaguje z olefing, dostarczajac rodnik E, a katalizator Co(lIl) jest redukowany przez
Zn z powrotem do Co(I) i cykl katalityczny sie zamyka.
Reakcja daje produkty 30a-e z dobrymi wydajnosciami, 26-99%. Witamina Bi:
i jej pochodne znane s3g ze swej aktywnos$ci w procesie dehalogenowania, dlatego tez jest
on czestym procesem ubocznym. Jednakze, w tym przypadku, co zaskakujace, metoda
pozwala na tworzenie produktéw zawierajacych halogenowe podstawniki w sposéb
selektywny.

W 2020 r. ten sam zespot wykazat, ze wykorzystujac ester kwasu kobyrynowego 5
(HME) mozliwe jest generowanie zaréwno rodnikéw alkilowych jak i acylowych z jednego
reagenta, a ich reakcja z elektrofilem moze przebiega¢ w sposob selektywny

(Schemat 18).[%3] Kluczowy jest tutaj odpowiednio zaprojektowany prekursor obydwu
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rodnikbw, a mianowicie podstawiony tioester - jako Zrédto rodnika acylowego,
posiadajacy na swym przeciwlegtym koncu tancucha alkilowego podstawnik halogenowy
- Zrédto rodnika alkilowego. Prezentowana metoda dziata bardzo dobrze dla tioestréw
réznigcych sie dtugoscia tancucha alkilowego oraz pozycja i rodzajem halogenku, a takze

dla réznych akceptorow Michaela (produkty 31a-e).
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Schemat 18. Katalizowane witaming B;; generowanie rodnika acylowego i alkilowego z jednego
reagenta.

Wykonany profil kinetyczny reakcji wykazal, Ze pierwszym tworzacym sie kompleksem
jest Co(Ill)-alkil, a dopiero w drugiej kolejnosci generowany jest Co(Ill)-acyl
(Schemat 18). Poczatkowym etapem reakcji jest typowa dla katalizatoréw witaminowych
redukcja do Co(I) i wytworzenie zgodnie z ustalong kolejnoscig alkilokobalaminy A,
a nastepnie powstatego z rozpadu wigzania Co-C rodnika B. Po rekcji z uboga w elektrony
olefing powstaje produkt D, ktéry od razu jest przeksztatcany w acylokobalamine E,

a ta po ponownej homolizie i reakcji z olefing tworzy pozadany produkt koricowy H.
Dehalogenowanie

Na przestrzeni lat reakcje dahalogenowania cieszyly sie rosngcym
zainteresowaniem, z uwagi na ich potencjalne zastosowanie w procesach rozkiadu
trwatych polihalogenowych zanieczyszczen S$rodowiska. Dane literaturowe donosza,
ze bakterie i drobnoustroje odpowiadajgce za usuwanie halogenkéw z halogenowych
zwigzkow organicznych wykorzystuja w tym celu dehalogenaze redukcyjng, ktérej
dziatanie jest zalezne od kobalaminy.[**l W chemii witaminy B12, wiekszos¢ tego typu
przemian zachodzi dla chlorowanych badZ bromowanych pochodnych. [12]

W 2004 r. grupa Hisaeda’y udowodnita, ze hydrofobowa pochodna kobalaminy -

ester heptametylowy kwasu kobyrynowego 5 (HME) jest w stanie zdehalogenowac
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di(chlorofenylo)trichloroetan (DDT, 32), niegdy$ szeroko stosowany jako substancja
o silnych wilasciwosciach owadobodjczych (Schemat 19).*51 W  warunkach
elektrochemicznej redukcji wyzej wspomniany insektycyd rozktada sie tworzac

mieszanine réznych dehalogenowanych produktéw 33-36 w 82%.

cl
e cl cl O o O
n- Bu NCIO
DMF, 35 °c 4h O O
0.8 V vs. Ag/AgCl Cl
cl cl cl

DDT DDD DDE DDMU TTDB
32 33, 20% 34, 19% 35, 6% 36 37% (E:Z, 68: 32)

Schemat 19. Katalizowane HME dehalogenowanie DTT.

Reakcja ta moze by¢ rowniez przeprowadzona na drodze fotochemicznej stosujac
[Ru(I)(bpy)z]Clz jako fotoreduktor hydrofobowej pochodnej kobalaminy oraz $wiatto
widzialne.[*] Zastosowanie nowego uktadu pozwolito na rozklad DDT (32)
z wytworzeniem DDD (33) jako gtéwnego produktu z wydajnoscig 71% oraz niewielkiej
ilosci (6%) DDE (34).

Perchlorowane zwigzki organiczne, mozna przeksztatci¢ w estry i amidy oraz
dichlorostilbeny wykorzystujagc, w tym celu katalize witaming Bi;, zwigzang

kowalencyjnie na powierzchni TiO2 (Schemat 20).147]

O OR
X
38, 75-99% 5 :
IF i ClCl
R' -Ti T|02
O NHR 2% , 3 3 "Ny MeOH, it
< Czarne $wiatto | Czarne SWIaNO s
(Uv) L
39, 79-95%

40a, 48% 40b, 48%

Schemat 20. Katalizowana Bi;-TiO; reakcja dehalogenowania.

Pod wplywem promieniowania UV w warunkach tlenowych i temperaturze pokojowe;j
reakcja prowadzi do estréw (38) lub amidéw (39, po dodaniu aminy) natomiast warunki
beztlenowe pozwalajg na otrzymanie dichlorostilbenéw (mieszanina E/Z).

W typowym dla witaminy Biz cyklu z wykorzystaniem Co(I) generowany jest rodnik A,
ktéry nastepnie: 1) w warunkach beztlenowych przeksztatcany jest w karboanion B,
a ten po eliminacji chloru tworzy karben C. Elektrofilowy karben C nastepnie reaguje

z karboanionem B tworzac mieszanine produktow 40a i 40b (Schemat 21).
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Warunki beztlenowe
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Schemat 21. Proponowane mechanizmy powstawania dimeréw, estréw i amidow w katalizowanej
B12-TiO; reakcji dehalogenowania.

2) w warunkach tlenowych reaguje z tlenem tworzac rodnik D. Sprzezenie, a nastepnie
eliminacja tlenu i dysproporcjonowanie prowadza do utworzenia chlorku benzoilu E,
ktory w reakcji z rozpuszczalnikiem (MeOH) daje ester F. Warto wspomnie(,
ze powstawanie chlorku benzoilu zostato potwierdzone metoda GC MS. Mechanizm
tworzenia amidéw zaktada wytworzenie z trietyloaminy (TEA) kationorodnika G, ktory
moze ostatecznie doprowadzi¢ do wytworzenia dietyloaminy H, a ta nastepnie ulega

reakcji z chlorkiem benzoilu, tworzgc amid I jako produkt (Schemat 21).
Reakcje dimeryzacji

Jedna z pierwszych opisanych reakcji, ktére moga by¢ katalizowane witaming Bz,
jest reakcja dimeryzacji chlorkéw badZ olefin. Bardzo czesto jest to jednak proces
uboczny, prowadzacy do niepozadanych produktéw, ktérych powstawanie obniza
wydajnosci reakcji. Aby do niej doszto wygenerowany w cyklu katalitycznym rodnik,
zamiast wejS¢ w reakcje ze swoim partnerem reakcyjnym, przereagowuje z drugim
rodnikiem dajac dimer.

W 1996 r. Rusling wraz ze wspoétpracownikami wykazali, Ze kobalamina moze
by¢ wykorzystana jako efektywny katalizator reakcji dimeryzacji halogenkow
benzylowych.[*8] Kilka lat pdZniej van der Donk opublikowat swoje rozwazania

mechanistyczne na ten temat, wykorzystujac jako substraty chlorki i bromki benzylowe
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(Schemat 22).1491 Powstawanie pozadanych produktéw 41a-d obserwowat z dobrymi

i bardzo dobrymi wydajnoS$ciami (64-98%).

) Ar
Ar\rX cytrynian tytanu(lll) R\H\ Ph\/\Ph \H\
R EtOH/H,0 R

385 nm Ar o o o
41a-d, 64-98% | '41a, 98% (z bromku) 41b, 64% (z bromku) 41c 75% (z chlorku
! i 68% (z chlorku) 75% (z chlorku)

41d, 79% ( z bromku)”

Schemat 22. Katalizowana witaming Bi; reakcja dimeryzacji halogenkéw benzylowych.
*Reakcja w MeCN/HO0.

W tej samej pracy przedstawit on takze odznaczajacy sie ta sama regioselektywnoscia,
reakcje dimeryzacji aryloalkendw (Schemat 23).[491 Wykorzystanie jako czynnika
redukujgcego natywnej kobalaminy, cytrynianu tytanu(Ill) pozwolito, aby dla mono- oraz
1,1-podstwionych substratéw, produkty 42a-c powstawaty z dobrymi i bardzo dobrymi
wydajnosciami, rzedu 50-90%. Niestety, wykorzystanie tri- oraz 1,2-podstawionych

alken6w nie dawato pozadanych produktéw.

lTi(III) Ar\%
i R
) Ar '
Ar\,/ cytrynian tytanu(lll) R)H( ' Ti(lln
e :
R EtOH/H,0 R 3
385 nm Ar '
42a-c, 50-90% : A
————————————————————————————————————————————————————————— Mej\r
g R
42a, 90% 42b, 80% 42¢,50% | N hv
' r
\]/ Ar Ar
: J\ R R)H( R)H(
‘ —R < .
POAR R R
' Ar Ar

Schemat 23. Katalizowana witaming Bi; reakcja dimeryzacji aryloalkenéw.

Proponowany mechanizm zaktada generowanie w typowym dla katalizatoréw
witaminowych cyklu katalitycznym rodnika alkilowego, ktéry nastepnie wchodzi
w reakcje z drugg czasteczka olefiny, prowadzac do otrzymania dimeru. Obserwowane
byty tutaj rowniez niewielkie iloSci produktéw uwodornienia aryloalkenéw jako reakcji
uboczne;.

Wptyw  petli nukleotydowej zaré6wno na  wtasciwosci  biologiczne
jak i fizykochemiczne kobalaminy nie pozostawia zadnych watpliwosci, ale jej rola jako

elementu budowy katalizatora wciaz nurtuje wielu naukowcéw.
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Rysunek 2. Struktury katalizatoréw witaminowych reakcji dimeryzacji 1,1-difenyloetylenu.

Badania reakcji dimeryzacji 1,1-difenyloetylenu, wykazaty, Ze kompleksowanie
centralnego jonu kobaltu nie pozostaje bez znaczenia, wptywajac na otrzymane
wydajnosci (Tabela 1).1591 Pochodne kobalaminy z petla nukleotydowa (tzw. base-on)
reagowaty z alkenem szybciej, ale to te bez niej (base-off) pozwalaly na otrzymanie
produktu dimeryzacji w spos6b bardziej selektywny. Co wiecej wydajnosci uzyskane
dla katalizatoréw 43, 45, i 46 wykazuja, Ze sama obecnos$¢ petli ma wptyw na wiasciwosci

katalityczne uzytej pochodne;.

Tabela 1. Wydajnosci powstawania dimeru w zaleznosci od struktury katalizatora witaminowego.

Nr Katalizator Base-off Wydajnosc¢ [%]

1 1 Nie 80 (78)
2 3 Nie 77
3 43 Tak 65
4 44 Tak 68
5 45 Tak 75
6 46 Tak 8
7 47 Tak 74

Przegrupowania

Zalety plynace ze stosowania Kkatalitycznych reakcji rodnikowych, takie
jak stosunkowo tagodne warunki przy jednoczesnej wysokiej selektywnosci sprawiaja,
Ze sg one czesto wykorzystywane w syntezie organicznej. Jedng z takich wtasnie przemian
sg reakcje przegrupowania, ktére czesto stanowig alternatywng metode otrzymywania
réznych produktow.

Jedno z pierwszych doniesien literaturowych dotyczacych reakcji przegrupowania
katalizowanych witaming Bi; zostalo zaprezentowane przez Murakamiego.[5l]
W zalezno$ci od zastosowanych warunkéw, reakcja bromku estru dietylowego kwasu
2-etylo-2-metylomalonowego w obecnosci estru metylowego kwasu kobyrynowego

(HME, 5) przebiegata z r6zna selektywnoSscia (Tabela 2).
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Tabela 2. Stosunek wydajnosci produktéw reakcji przegrupowania w zaleznosci od wartosci potencjatu.

EtO,C CO,Et CO,Et EtO,C CO,Et
Br -X V vs. SCE EtO,C *
CHs DMF 2 \)\CH:; H3C CH3
48 49a 49b

Nr Potencjal hv Dodatki Wydajnosc [%]

[V vs. SCE] 49a 49b
1 -1.0 + AcOH Slady 11
2 -1.5 + AcOH 7 39
3 -1.5 - AcOH 43 17
4 -1.5 - C:HsCOOH 27 16
5 -1.5 - i-PrOH slady 35
6 -1.5 - - 1 31
7 -1.8 - AcOH 34 13
8 -1.8 - - 27 26
9 -2.0 - - 80 15

Przyktadowo, elektroliza przy potencjale -1.0 V vs. SCE, mozliwa byta dopiero
po dodatkowym naswietleniu mieszaniny, dajac gtéwnie produkt dehalogenowania.
Z kolei, zastosowanie potencjatu wynoszacego -1.5 V vs. SCE w ciemnoSci, prowadzito
do powstania produktu przegrupowania 49a, ale tylko jesli w mieszaninie reakcyjnej
pojawito sie dodatkowe Zrodto protonu, kwas octowy lub propionowy. Brak dodatkow
lub niewielka ilo$¢ izopropanolu skutkowata powstawaniem w przewadze produktu
dehalogenowania 49b. Jeszcze inna sytuacja miata miejsce, gdy zastosowano potencjat
-1.5 Vvs. SCE i $wiatto widzialne, wéwczas gtéwnie tworzyt sie produkt dehalogenowania
nawet w obecnosci kwasu. Elektroliza okazata sie najbardziej wydajna przy -2.0 V vs. SCE
w ciemnos$ci, pozwalajac na utworzenie produktu przegrupowania estru etylowego

z wydajnosciag 80% juz po 2 h prowadzenia reakgji.

R CO,Et CO,Et R R)(COZEt
Br -20Vvs. SCE R EtO,C *
\XCHB D,‘\//”: \)\CHS + 2 \)\CH:; H3C CH3
Produkt migracji ~ Produkt migracji Produkt
podstawnika R grupy estrowej dehalogenowania
R= COMe 50a, 91%% 50b, 3% 50c, 3%
CO,Et ' 51a, 80%! 51b, - 51c, 30%
CN ! 52a, 2% ! 52b, 62% 52c, 15%

,,,,,,,,,,,,

Schemat 24. Katalizowana HME reakcja przegrupowania grupy funkcyjnej w pochodnych
1-bromopentanu.

W  przypadku substratow, z takimi grupami funkcyjnymi jak grupa eterowa
czy cyjankowa, w opracowanych warunkach, otrzymuje sie mieszaniny produktéw
migracji grupy R 50-52a badZ estru etylowego 50-52b oraz produkt dehalogenowania

substratu 50-52c¢ (Schemat 24). Zdolno$¢ do migracji poszczeg6lnych podstawnikéw
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zmienia sie zgodnie z szeregiem: COMe > COzEt > CN, co jest konsekwencja dziatania
zarowno efektéw elektronowych jak i sterycznych.

Kilka lat pdZniej, Murakami postanowit zgtebi¢ temat efektéw sterycznych
pochodzacych od grupy ulegajacej przegrupowaniu wykorzystujac halogenki alkilowe
posiadajgce w swej strukturze dwie grupy estrowe o réznych rozmiarach, umiejscowione

przy tym samym atomie wegla (Schemat 25).[52]

R CO,Et CO,Et R COZEt
Br
\)<CH3 20V vs. SCE R\)\CH . Etozc\)\CH HiC CH3
Produkt migracji Produkt migracji Produkt
podstawnika R grupy estrowej dehalogenowania

R= CO,tBu i53a,24%! 53b, 44% 53¢, 29%

CO,Cy 54a 22% 54b, 47% 54b, 24%

CO,Ph 55a 19% 55b, 43% 55¢, 29%

Schemat 25. Katalizowana HME reakcja przegrupowania grupy estrowej o réznych rozmiarach
podstawnika.

Wykazano, ze migracja podstawnika R na s3siedni atom wegla zmienia sie nastepujaco:
CO2t-Bu > CO2Cy > CO2Ph, tworzac pozadane produkty 53-55a z odpowiednio wyzszymi
wydajno$ciami.

W reakcjach przegrupowania zdarzaja sie sytuacje, w ktoérych migracja moze
prowadzi¢ do ekspansji pierscienia cyklicznego. Przyktadem tego typu przemian
sg opisane przez Murakamiego i Hisaedae reakcje w warunkach elektrochemicznych
prowadzace do ekspansji pierscienia cyklicznych ketondéw sktadajacych sie z 5-8 atomow

wegla (Schemat 26).153

n= 1 i56a,43%) 56b, 2% 56¢, 0%
2 157a,49%; 57b, 14% 57¢,12%
3 i58a,44%! 58b, 3% 58c, $lady
4 :59a,21%! 59b, 2% 59c, 4%

Schemat 26. Katalizowana HME reakcja ekspansji pierscienia.

We wszystkich przypadkach, w optymalnych warunkach, gtéwnym produktem jest
produkt ekspansji pier$cienia 56-59a, przy czym wieksze ketony (8-cztonowe) wykazuja
nizsza reaktywnos$¢ niz mniejsze (5-7-cztonowe). Ta sama reakcja przeprowadzona
z wykorzystaniem heterogenicznego katalizatora hybrydowego - B12—-TiO2 w warunkach

fotochemicznych pozwala na podniesienie wydajno$ci do 72-80%.54
Przemiany z udzialem innych katalizatorow (dual catalysis)

Potaczenie cykli katalitycznych, czesto wigze sie z wykorzystaniem wiecej
niz jednego katalizatora w reakcji, ale pozwala na otrzymanie, zlozonych, zwigzkow

organicznych. Zabieg ten umozliwia przereagowanie ze sobg substratow, ktorych
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podstawowa reaktywno$¢ nie databy pozadanego produktu. Stad tez, rozwigzanie
to cieszy sie obecnie bardzo duzym zainteresowaniem. W chemii witaminy B12 najczesciej
wykorzystywanymi partnerami Kkatalitycznymi sg zwigzki bazujace na metalach
przejsSciowych takich jak Cr czy tez Ni.

W 1989 r. Takai i Utimoto, po raz pierwszy, wykorzystali nukleofilowe wtasciwosci
zredukowanej Co(I) kobalaminy, w reakcji typu Barbiera alkilo(pseudo)halogenkéw
z aldehydami, otrzymujac jako produkt addycji drugorzedowy alkohol 61, z bardzo
dobrymi wydajno$ciami, 72-95% (Schemat 27).[5°]

cHO HO 1 CraMlas o 89%
CrCl, 3 Br 95Z/o

+ N-CpHpsX —————> ‘ cl 72%
DMF, 30 °C, 3 OTs 74%

60 3-24 h 61
Schemat 27. Katalizowana witaming Bi; reakcja typu Barbiera.

Kilka lat pdZniej analogiczne podejScie zastosowano do generowania allilowych
zwigzkéw chromowych z 1,3-dienéw z wykorzystaniem chlorku chromu(ll), aldehydu
oraz wody (Schemat 28).5¢1 Pozgdane produkty 63a-d tworzyty sie z bardzo dobrymi

wydajnos$ciami, mieszczacymi sie w przedziale 81-94%.

crel
A~ + RCHO : R

—_—
Z H,0, DMF
OH :
,,,,,,,, 92,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,‘,5,33,‘??39‘,‘71’,,,,,,3 cr(i)
v</ H/
nCHw = nCHW n-CgHq7 g

H
63a, 94% (anti/syn, 86/14) 63b, 93%( antn/syn 1/99 %
wﬁf W

o 8o e /\/ H/\/ crily O ROHG Rj/:\D/
‘ OH
Schemat 28. Generowanie allilowych zwigzkéw chromowych z 1,3 diendw.

Autorzy postulujag, Zze w pierwszym etapie cyjanokobalamina jest redukowana do Co(I)
przez CrCl;, a nastepnie w wyniku reakcji z wodg, tworzy sie wodorek kobalaminy.
Dalej w wyniku hydrokobaltowania 1,3-dienu generowana jest allilokbalamina A.
W wyniku homolizy wigzania Co-C powstaje rodnik B, ktéry po migracji wigzania
podwodjnego i reakcji z chromem (II) tworzy allilochrom C, a ten w reakcji z aldehydem
tworzy pozadany produkt D. Co(Il) ulega redukcji przez Cr(II) do Co(I) i cykl ulega
zamKknieciu.

Przeprowadzenie reakcji katalizowanych witaming Bi12 z wykorzystaniem takich

partnerow reakcyjnych jak np. halogenki alkilowe czy arylowe mozliwe jest dzieki

zastosowaniu Kkatalizatora niklowego. Komeyama wraz ze wspoOtpracownikami
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wyKkorzystali wczes$niej juz opracowanyl®7-59 system Kkatalityczny sktadajacy sie z niklu
i kobalaminy w reakcji sprzegania krzyzowego halogenkéw alkilowych i tosylanéw
alkilowych (Schemat 29).601 Zastosowanie NiClz(bpy) i witaminy Biz jako uktadu
katalitycznego oraz reduktora w postaci pylu manganowego pozwala na otrzymanie

pozadanego produktu 64 z wydajnoscia 70%.

~ + Rux  NiCly(4,4't-Bubpy) ;
R™ "OTs —_— A~ H 1 1
Mn, DMF, 30 °C R™ "R : o~ /o Mn '/, MnX,

X =Br, Cl 64a-h, 23-98% 3 RER X
————————————————————————————————————————————————————————————————————————————————— Ni(l) rR
Z bromkoéw: E Ni(0)

O PhthN PhthN F A
PhthN
64a, 93% 0 64c, 60% 64d, 23% X
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Schemat 29. Katalizowana Co/Ni reakcja sprzegania halogenkow alkilowych i tosylanéw alkilowych.

Prezentowana metoda bardzo dobrze sprawdza sie dla réznych halogenkéw oraz
tosylanéw alkilowych, zawierajacych rézne grupy funkcyjne (produkty 64a-h).
Proponowany mechanizm zaktada poczatkowa reakcje zredukowanej (przez pyt
manganowy) formy kobalaminy Co(I) a tosylanem z wytworzeniem zwigzku posredniego
A, ktéry nastepnie ulega transalkilowaniu z katalizatorem niklowym tworzac produkt B.
Dalej w wyniku redukcji powstaje zwigzek posredni C, ktéry w rekcji z halogenkiem daje
dialkilo-Ni(III), D. Gwattowna reduktywna eliminacja powoduje generowanie pozgdanego
produktu oraz halogenku niklu E ktéry ulega redukcji do F zamykajac cykl katalityczny.
Autorzy nie wykluczaja takze wariantu, w ktéorym produkt posredni D powstaje w trakcie
transmetalacji komplekséw A i C.

Uktad katalityczny ztozony z Co i Ni pozwala na przeprowadzenie reakcji
redukcyjnego sprzegania krzyzowego elektrofilowych bicyklobutanéw z jodkami
aromatycznymi (Tabela 3).[24] W reakcji tej aktywne sg handlowo dostepne katalizatory
i ligandy dajace produkt 66 z satysfakcjonujacymi wydajnosciami. Najlepszy rezultat tj.
89% uzyskano dla Ni(DME)CI: i 4,4'-bis(t-butylo)-2,2'-bipirydyny (dtbbpy) jako liganda.
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Tabela 3. Rozne katalizatory Ni oraz ligandy w reakcji redukcyjnego sprzegania krzyzowego
bicyklobutanow z jodkami arylowymi.

Ni k t., ligand, Me
i-ka igan
Aceton 66a, cis/trans

’ SO,Ph
niebieski LED 40/60 2

Nr  Katalizator niklowy Ligand Wydajnosé [%]

1 - dtbbpy 0
2 Ni(DME)CI; dtbbpy 89 (85)
3 NiCL, dtbbpy 31
4 Ni(DME)Br; dtbbpy 81
5 NiClO4 - 6H,0 dtbbpy 84
6 Ni(DME)CI; - 6
7 Ni(DME)CI; bpy 82
8 Ni(DME)CI, phen 85
9b Ni(DME)CI, dtbbpy 80
10¢c Ni(DME)CI; dtbbpy 75
11d Ni(DME)CI; dtbbpy 0

2 BCB (0.1 mmol), jodek (1.5 ekwiw.), Co-kat. (5 mol%), Ni-kat. (20 mol%), ligand (40 mol%), Zn (3 ekwiw.), NH4Cl (3 ekwiw.),
aceton (0.1 M), 20-25 °C, 16 h, Ar, Niebieski LED (tasma). » w MeCN, ¢ HME (2.5 mol%), ¢ bez Co-kat. DME, 1,2-dimetoksy etan;
bpy, 2,2’-bipirydyna; dtbbpy, 4,4’-bis-(t-butylo)-2,2’-bipirydyna; phen, 1,10-fenantrolina.

: Ac
I R
: TP
N\OMe O ‘

Ni(DME)Cl,, X : SO,Ph CN

_ EWG ‘ . 2 (0]
+ zr dtbbpy.Zn, NH,CI [ ‘ 66h, 68% (d.r. 60: 40) 66i, 82% (d.r. 60:40)
Aceton {R=H 66b, 83% (d.r. 65:35) o)
Niebieski LED EWG | Me 66a, 85% (d.r. 65:35) F
. _ ! CFy  66c,79% (d.r. 65:35) r ©
66a-j, 44-91% (d.r. cts.'trans); Br 66d, 44% (d.r. 60:40)
Pl 66e, 91% (d.r. 60:40) N
CH,OH 66f, 77% (d.r. 60:40) A 66j, 47% (d.r. 45:55) SO,Ph

CO:Me 669, 63% (d.r. 55:45) Pochodna kwasu fluorochinolonowego

Schemat 30. Katalizowana uktadem Co/Ni reakcja redukcyjnego sprzegania krzyzowego bicyklobutanéw
z jodkami arylowymi.

Obecno$¢ zaréwno elektronodonorowych jak i elektronoakceptorowych podstawnikéw
w obrebie pierscienia aromatycznego jodku jest dobrze tolerowana, tak samo jak jodki
heteroaromatyczne oraz rézne pochodne BCB (produkty 66a-j, Schemat 30). Metoda
pozwala na funkcjonalizacje wysoce ztozonych zwigzkéw, w tym farmaceutykéw takimi
jak np. kwas fluorochinolonowy (pochodna antybiotyku).

Jedna z klasycznych metod otrzymywania liniowych i rozgatezionych alkoholi jest
ich synteza z epoksydow. Podejscie te zostalo wykorzystane w katalizowanej witaming
Biz i niklem reakcji regioselektywnego sprzegania epoksydéw aromatycznych

z halogenkami aromatycznymi (Schemat 31).[61]
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Schemat 31. Katalizowana Co/Ni reakcja regioselektywnego sprzegania epoksydéw aromatycznych
z jodkami aromatycznymi.

Autorzy zaktadaja, Ze sterycznie rozbudowany katalizator witaminowy, atakuje epoksyd
od strony mniej zatloczonej sterycznie, co moze przewaza¢ nad preferowang
termodynamicznie stabilizacja rodnikow benzylowych, a tym samym umozliwi¢
selektywne tworzenie pierwszorzedowego rodnika A. Powstaty w cyklu niklowym
arylowany Ni(Il) B, ulega rekcji alkilowania z wykorzystaniem rodnika A, tworzac
produkt posredni C. W ostatnim etapie, na drodze reduktywnej eliminacji tworzony jest
drugorzedowy alkohol, a katalizator niklowy odtwarza si¢ w cyklu katalitycznym.
Szeroko zakrojone badania mechanistyczne obejmujace obliczenia DFT, eksperymenty
z wykorzystaniem spektrometrii mas (MS) takie jak tworzenie alkilokobalaminy
czy tez z putapka rodnikowa (TEMPO) potwierdzity, Ze to wtasnie kobalamina zapewnia
wysoka regioselektywno$¢ reakgji.

Zakres stosowalno$ci i ograniczen metody jest szeroki, reakcje z epoksydami
zawierajacymi podstawniki aromatyczne i alifatyczne (zaréwno cykliczne jak i liniowe)
oraz z réznymi jodkami aromatycznymi daja pozadane alkohole 67a-k z dobrymi
wydajno$ciami (14-77%).

Zaktadajac, ze podobnie jak epoksydy (oksirany), oksetany réwniez powinny ulec
reakcji  otwarcia  pierScienia w  sposéb  regioselektywny, przetestowano
je w opracowanych wczes$niej warunkach. Okazato sie, ze w ich przypadku konieczny jest
dodatek kwasu Lewisa, ktory aktywuje oksetan. Pozgdane produkty sprzegania
krzyzowego 68a-m otrzymano z dobrymi wydajno$ciami (15-84%) oraz wysoka

tolerancjg na rézne grupy funkcyjne (Schemat 32).[62]

472



! NiCl,(DME),

2 i
N o _ dibbpy, Zn, NH,Cl RN OH 2 ‘ : o v
+ '
\// TMSBr, MeCNoezy,, 161, N | lZn NH,CI J:f

R Niebieski LED R!

1 '
. etamisBa% |
OH R OH
Ph H

Ph /[,Ph

TMSBr

R= Me 68a,80% N 3 oTMs
OMe  68b,48% < 3
CN 68c,51% R= H 689, 84% o i TMSO hv
CF, 68d,79% OMe 68h, 15% 68j, 55% : /\L
COMe  68e,79% CN  68i, 55% poC R

CO,Me  68f, 84%
Ni(II)/ArIl

V\[/ o | . OTMS
68k, 76% 681, 56% 68m, 36% : Ar
: R

Schemat 32. Katalizowana Co/Ni reakcja regioselektywnego sprzegania oksetandw aromatycznych
z jodkami aromatycznymi.

Poniewaz wyniki obliczen DFT wykazaty, Ze energia swobodna Gibbsa otwierania
pierscienia oksatanowego jest znacznie wyzsza niz w przypadku epoksydéw, musi
on najpierw zosta¢ aktywowany przez wykorzystanie kwasu Lewisa - bromku
trimetylosililu (TMSBr), co potwierdzily réwniez badania Kkinetyczne. Dopiero
w aktywowanej formie A, moze on wejS¢ w reakcje ze zredukowana formga HME,
prowadzac ostatecznie w cyklu kobaltowym do utworzenia rodnika C, ktéry z kolei
w cyklu niklowym reaguje z jodkami aromatycznymi i tworzy ostateczny produkt reakcji

D.
5.2.3. Witamina B2 w sSrodowisku micelarnym

Wiekszo$¢ opisanych we wcze$niejszych rozdziatach rekcji katalizowanych
witaming Biz i jej pochodnymi, zachodzi w rozpuszczalnikach organicznych.
Te, powszechnie stosowane w chemii organicznej rozpuszczalniki odpowiedzialne
s za okoto 80% odpadéw chemicznych, zatem ograniczenie ich uzycia jest niezwykle
pozadane, a zastgpienie ich woda wydaje sie jednym z najbardziej obiecujacych
rozwigzan.[%3] Gléwnym problemem w zastosowaniu takiego podejscia jest ograniczona
rozpuszczalno$¢ zwigzkéw organicznych w roztworach wodnych, oraz koniecznos$¢
stosowania bezwodnych rozpuszczalnikéw w wielu przemianach chemicznych.[64
Rozwigzaniem problemu jest zastosowanie mikroemulsji i roztworéw micelarnych, ktére
powstaja w obecnos$ci $rodka powierzchniowo czynnego, w stezeniu powyzej wartoSci
jego stezenia krytycznego (CMC, z ang. critical micelle concentration). Ich wykorzystanie
czesto wykazuje pozytywny wplyw na regio-, stereo- i chemoselektywno$¢, czego
przyktadami sg liczne doniesienia literaturowe.[65-69]

Z uwagi, na zalety plynace z wykorzystania naturalnego Kkatalizatora

witaminowego i micelarnego Srodowiska reakcji, wydaje sie, ze ich potaczenie moze
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by¢ obiecujace. Jednym z pionier6w wykorzystujagcym tego typu Srodowisko w reakcjach
elektrochemicznych jest Rusling.[4870-78] Wraz ze wspotpracownikami opracowat
on reakcje redukcji 1,2-dibromoetanu i 1,2-dibromobutanu przebiegajaca z udzialem
elektrochemicznie zredukowanej akwakobalaminy w emulsji ztoZonej z izooktanu, wody
i soli sodowej sulfobursztynianu dioktylu.l’0] Dodatek nadchloranu tetraetyloamonu
pozwolit na uzyskanie odpowiedniej dla warunkéw elektrochemicznych konduktywnoSci
oraz postuzyt jako stabilizator powstatej emulsji. Autorzy wykazali, Ze zastosowanie,
stabilizowanej $rodkiem powierzchniowo czynnym emulsji, pozwala na redukcje
katalizatora do aktywnej katalitycznie formy, a tym samy umozliwia reakcje redukcji
dibromkéw wicynalnych. Co wiecej, opracowana metodologia pozwala na oszacowanie
zawartosci etylenu w benzynie otowiowej i bezotowiowe;j.
Kilka lat pézZniej opisano reakcje redukcji bromku benzylu w obecnosci réznych
katalizatorow kobaltowych, w r6znych warunkach elektrochemicznych (Schemat 33).[73]
O A ! PN 6| ___ Colselen) M
Tl T e O
70, 100% 69 71, 90%

Schemat 33. Reakcja redukcji bromku benzylu na drodze elektrolitycznej.

W zaleznoSci od uzytego katalizatora oraz warunkéw reakcji, w mikroemulsji ztoZonej
z bromku didodecylodimetyloamoniowego, wody i dodekanu (21/39/40 wt%) bromek
69: 1) w obecnosci kobalaminy, ulegat reakcji rodnikowej, gdzie na drodze dimeryzacji
tworzyt bibenzyl 70. 2) w reakcji katalizowanej Co(selen), ulegat przemianie anionowej
prowadzac do powstania toluenu 71. Reakcja w DMF-ie, w obecnosci Co(selenu)
prowadzita do powstania mieszaniny bibenzylu i toluenu, natomiast zastosowanie
katalizatora witaminowego powoduje powstanie bibenzylu jako jedynego produktu.
Konwersja bromku, w obydwu przypadkach, byta znacznie nizsza niz dla przemiany
prowadzonej w mikroemulsji. Wedtug autoréw, otrzymane wyniki moga sugerowac
korzystny wptyw emulsji na przebiegajace rodnikowo reakcje tworzenia wigzan C-C.

W warunkach elektrochemicznych, katalizowana witaming Bi2 reakcja cyklizacji
2-(4-bromobutylo)-2-cykloheksen-1-onu (72) w mikroemulsji, prowadzi do powstania

1-dekalonu (73, Schemat 34).[7276]

0 o Lo o 3 oH o
Br | N 7 H
“rikroemulsia 3R 1 N T H,O :
ij/\/\/ mikroemulsja, 3h iio . ‘O—L~ _ 2= -
-0.85V (vs. SCE), hv 3 -OH
72 73,90% | H H H H H
(trans/cis, 97/3) cis trans

Schemat 34. Reakcja cyklizacji 2-(4-bromobutylo)-2-cykloheksen-1-onu w mikroemulsji.
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Co ciekawe, w reakcji tej w przewadze powstaje produkt trans- (trans/cis, 97 /3). Reakcje
w rozpuszczalnikach organicznych wykazuja duzo gorsza selektywnos¢, a jej poprawienie
mozliwe jest poprzez wydtuzenie czasu prowadzenia reakcji do 4-6 h. Autorzy ttumacza
selektywne powstawanie trans-1-dekalonu w emulsji, tautomeryzacja keto-enolowsg,
katalizowang jonami wodorotlenkowymi powstatymi w czasie reakcji elektrolizy wody.
W $rodowisku mikroemulsji zachodzi réwniez reakcja otwierania pierscienia

1,2-epoksycyklopentanu (74, Schemat 35).178]

° Zn, NH,CI HO,

—_— 75, 58%
@ mlkrc'nemuls'Jgj dni, U (ee = 52%)
b ciemnosg, rt

Schemat 35. Reakcja otwierania pierscienia 1,2-epoksycyklopentanu w mikroemulsji.

Najlepsze wyniki uzyskano stosujac dodecylosiarczan sodu (SDS)/tetradekan/n-BuOH/
woda, w ktérym (R)-cyklopent-2-enol (75) powstawat z wydajnoscig 58% i 52% ee. Proby
przeprowadzenia reakcji w mikroemulsji SDS typu woda-w-oleju (z ang. water-in-oil SDS
microemulsion) skutkowaty obnizeniem stereoselektywnosci, prawdopodobnie w wyniku

stabej rozpuszczalno$ci katalizatora witaminowego.
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5.2.4. Podsumowanie

Witamina Biz i jej pochodne ciesza sie zainteresowaniem chemikéw, gtéwnie
z uwagi na ich witasciwosci katalityczne. Oprocz roli katalizatora, odpowiednio
zmodyfikowana witamina Bi2 wykazuje takze zdolno$¢ do transportu biologicznie
aktywnych zwigzkdw, co jest wykorzystywane w medycynie czy tez radiodiagnostyce.

W  przedstawionym przegladzie literaturowym zaprezentowatam przyktady
reakcji obrazujgce szerokie wykorzystanie kobalaminy jako katalizatora w reakcjach
takich jak addycje do wigzan nienasyconych (alkilowanie i acylowanie), dehalogenowanie,
dimeryzacje, reakcje przegrupowan oraz przemiany ze wspoétudziatem innych
katalizatorow (z ang. dual catalysis). Z uwagi na tagodne warunki oraz stosunkowo niskie
koszty, witamina Bi, stanowi przyjazna dla Srodowiska naturalnego alternatywe
dla katalizy kompleksami kobaltowymi. Na koniec, przytoczylam takze katalizowane
witaming Biz reakcje, ktére zachodza w s$rodowisku wodnym (emulsje, roztwory
micelarne).

Przedstawione reakcje chemiczne, przebiegajace w obecnosci kobalaminy jako
katalizatora, pozwalaja na zagtebienie wiedzy o tym katalizatorze, ale pomimo licznych
przyktadéw literaturowych, ujawniajag takze wcigz istniejgce w efektywnym
wykorzystaniu jej potencjatu luki. Przykladowo, pomimo faktu iz jest to zwigzek
hydrofilowy, nadal brakuje doniesieni odnosnie jej zastosowania w §rodowisku wodnym.
Znane sa tylko nieliczne tego przyktady, a niemodyfikowana witamina najcze$ciej
zastepowana jest swoimi hydrofobowymi pochodnymi. Bioragc pod uwage korzysci,
niewatpliwie jej zastosowanie w przysztosci przyniesie wiele nowoczesnych i bardziej

przyjaznych dla $srodowiska rozwigzan.
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5.3. Badania wlasne

Zastosowanie w reakcjach S$wiatla jako odnawialnego Zrédta energii oraz
naturalnego katalizatora witaminowego stanowi doskonata, z punktu widzenia ochrony
Srodowiska naturalnego, alternatywe dla klasycznych metod syntezy. Pomimo wielu
doniesien literaturowych podejscie to nie zostato dostatecznie zgtebione i wymaga
dalszych badan. Celem mojej pracy doktorskiej byto opracowanie fotokatalitycznych
reakcji funkcjonalizacji olefin z wykorzystaniem witaminy Bizjako katalizatora, ktére
mogq stanowi¢ alternatywne metody syntezy z wykorzystaniem bardziej przyjaznych
dla Srodowiska reagentow. W dalszej czesSci badan wiasnych bardziej szczegétowo
przedstawie opracowane przeze mnie transformacje fotokatalityczne, wykorzystujace
niemodyfikowang kobalamine jako Kkatalizator. Poczatkowo skupitam sie na
wykorzystaniu kobalaminy w reakcji podwojnej funkcjonalizacji - cyklizacji i addycji typu
Giesego, w wyniku ktérej otrzymatam pochodne pirolidynowe i piperydynowe. Podjetam
réwniez probe wyjasnienia wplywu S$rodowiska micelarnego na reakcje addycji
rodnikowej/1,2-migracji grupy fenylowe;j.

Biorac pod uwage negatywny wplyw przemystu chemicznego na nature,
stosowanie wodnych roztworéw micelarnych jako $rodowiska reakcji moze stanowié
atrakcyjne rozwigzanie tego problemu. Rozdzial pt. Aqueous Micellar Solutions
in Photocatalysis przygotowany we wspotpracy z dr Cybularczyk-Cecotka i dr Giedykiem
skupia sie na przegladzie dotychczasowych doniesien literaturowych w tematyce taczacej
fotokatalize ze S$rodowiskiem micelarnym. W rozdziale tym  skupiliémy
sie na przedstawieniu przyktadéw reakcji takich jak: dehalogenowanie, uwodornianie
wigzania podwdjnego, C-alkilowanie, arylowanie, sulfonowanie, utlenianie czy tez

N-dealkilowanie.

Powyzszy rozdziat zostat opublikowany w monografii naukowej:

M. Cybularczyk-Cecotka, A. Wincenciuk, M. Giedyk; Supramolecular Nanotechnology:
Advanced Design of Self-Assembled Functional Materials; Wiley-VCH, Weinheim, 2023.

Chapter 18: Aqueous Micellar Solutions in Photocatalysis
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5.3.1. Witamina Bi; jako katalizator reakcji podwojnej funkcjonalizacji olefin

Cykliczne aminy, jako bloki budulcowe, bardzo czesto spotykane sa w zwigzkach
naturalnych oraz syntetycznych.[79801 Z uwagi na ten fakt, w literaturze znanych jest wiele
metod ich syntezy, a wérdd nich duzym zainteresowaniem ciesza sie reakcje cyklizacji
haloolefin.[81-841 Nijestety jako Kkatalizatory tego typu przemian bardzo czesto
wykorzystywane sg toksyczne metale przejSciowe, dlatego bardzo wazne jest
poszukiwanie przyjaznych dla srodowiska naturalnego metod ich syntezy. Przyktadowo,
uwazany za zwigzek modelowy dla witaminy Bi2 - kobaloksym znalazt swe zastosowanie
w wewnatrzczasteczkowej reakcji cyklizacji jodkéw alkilowych z alkenami.[83!

W 2018 r. nasz zesp6t opracowat katalizowang hydrofobowa pochodng witaminy
B12, HME reakcje typu ATRA (Schemat 36A).34 Bazujac na zaproponowanym przez
autor6w mechanizmie zatozytam, Ze witamina B1; mozZe postuzy¢ rowniez jako katalizator
reakcji cyklizacji bromoalken6w oraz tandemowej cyklizacji rodnikowej/addycji Giesego
do elektrofilowych olefin prowadzacej do otrzymania podstawionych pochodnych

pirolidyny i piperydyny (Schemat 36B).

A. Reakcja typu ATRA, 2018 r. . C. Proponowany mechanizm

NaBH, X 3 \L J/
, : e
[ —.— 2 |
ZEWG + R-X 90 °C, 40 min., R\/'\EWG : A R>,_‘ I J/
MW, 300 W 15-82% . Zn
: o(l)

Co(llH ||) l
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RN/j + RN/j F{'X & [ <LAQL [ <
XI f | orAT . b Q R E
Co(l) 3 R EWG
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R 7 EWG ! G J Zn, NH,CI
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Schemat 36. A) Reakcja typu ATRA. B)Koncepcja generalna cyklizacji oraz tandemowej cyklizacji/addycji
Giesego. C) proponowany mechanizm reakcji.

Uznatam, ze aktywna katalitycznie forma witaminy B12 z jonem Co na +I stopniu
utlenienia, powinna ulec reakcji z odpowiednio zaprojektowanym przeze mnie
bromoalkenem typu A prowadzac do powstania alkilokobalaminy B (Schemat 36C).
W wyniku dziatania $wiatta badZ temperatury, wygenerowany rodnik C, po cyklizacji
datby rodnik D, a ten nastepnie mogtby ulec réznym przemianom: 1) reakcji redukgji,
tworzac 3-metylopirolidyne E; 2) rekombinowac¢ z Co(II), tworzac kompleks posredni G,
a po dehydratacji generowa¢ 3-metylenopirolidyne H; albo tez 3) wej$¢ w reakcje

z posiadajacg niedobor elektron6w olefing tworzac produkt F.
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[_f (CN)CbI, Zn, NH,CI BVI J/ (CN)Cbl, Zn, NH4CI <—§ [—{
\ ~MeOH, Ar, 1t, 18 h MeOH, Ar, 1t, 15 min. *

Ts Biaty LED 1 Niebieski LED -’|\—‘S ',I\"s
77a 7 '7'6' """ 77a 77b

Schemat 37. Modelowa reakcja cyklizacji bromoalkenu 76.

Wraz z dr Smolen, w poczatkowej fazie badan, przetestowatySmy witamine Bi»
jako katalizator reakgcji cyklizacji substratu modelowego, N-(2-bromoetylo)-N-(prop-2-yn-
1-ylo)-p-toluenosulfonamidu 76 (Schemat 37). Przeprowadzone eksperymenty kontrole
wykazaty, ze zar6wno kobalamina jak i Zn oraz NH4Cl sg niezbedne do przebiegu reakgji.
W dalszej czeSci badan okazato sie, ze zastosowanie Swiatta biatego (tasma LED)
prowadzi do selektywnego powstawania produktu 77a, podczas gdy naswietlanie
mieszaniny reakcyjnej niebieska diodg LED (10 W) daje mieszanine produktéw 77ai 77b.
Optymalizacja warunkéw reakcji oraz zbadaniem zakresu stosowalno$ci metody
z wykorzystaniem $wiatla biatego zajela sie w ramach swojej pracy magisterskiej
inz. Drapata. Moim zadaniem byta optymalizacja reakcji cyklizacji z uzyciem $wiatta
niebieskiego (pojedyncza dioda LED, 10 W) w kierunku selektywnego utworzenia
produktu 77b. Pomimo intensywnych badan, zwigzek ten powstawal zawsze
w mieszaninie, a najlepszy rezultat 69% (77a:77b, 1/7) otrzymatam stosujgc nastepujace
warunki: witamina B12 (12.0 mol%), NH4CI (1.0 ekwiw.), Zn (6.0 ekwiw), MeOH (c = 0.1 M
z 76), niebieska dioda LED (10 W), 20 min. Préby zastosowania tych warunkéw
dla innych substratéw olefinowych, prowadzity do ztozonych mieszanin produktéw.

W kolejnym etapie pracy postanowitam sprawdzi¢ mozliwo$¢ zastosowania

substratu modelowego 76 w reakcji tandemowej cyklizacji rodnikowej oraz nastepczej
addycji typu Giesego prowadzacej do difunkcjonalizacji haloolefin. Wart podkreslenia jest
tutaj fakt, iz reakcja ta byltaby potencjalnie pierwszym przyktadem zastosowania
witaminy B12 w rekcji difunkcjonalizacji nieaktywowanych alkendéw.
W pierwszym etapie prac przeprowadzono optymalizacje warunkéw reakcji
bromoolefiny 76 z akrylanem metylu, otrzymujac pozadany produkt 78a, z wydajnoscia
78% po 15 min. naswietlania mieszaniny reakcyjnej $wiattem niebieskim (pojedyncza
dioda LED, 10 W, Schemat 38).

CO,Me
(CN)Cbl, Zn, NH,4CI
f o (C0CHL 2 NHOL (fj
MeOH, Ar, rt, 15 min

N
Niebieski LED Ts

76 78a, 78%

Warunki reakcji: bromoolefina (76, 0.50 mmol, 2.0 ekwiw.), akrylan metylu (0.25 mmol, 1 ekwiw.) witamina B4, (6.0 mol%),
Zn (6 ekwiw.), NH4CI (3.5 ekwiw.), MeOH (2.5 mL), niebieski LED (10 W), 15 min., rt.

Schemat 38. Modelowa reakcja podwdjnej funkcjonalizacji haloolefin.
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Wykorzystujac warunki optymalne przeprowadzitam badania zakresu stosowalno$ci
i ograniczen mojej metody w odniesieniu do réznych akceptoréw Michaela (Rysunek 3).
Integralng cze$¢ tych badan stanowity réwniez, przeprowadzone przez dr Smolen,

badania wptywu innych substratéw haloolefinowych na przebieg reakcji.

CO,Me CO,t-Bu COMe  EtOQ Q
<_f_/\ d_/\ CO,Me o
o

S
78a, 78% 78b, 74% 78c, 36% T 78d, 67% 78e, 28% NS 78f, 41%
[{J(NMQZ[{J(NHW d—/\ dJ\SOZPh [-fj( d}
784, 66% 78h, 68% % 78i, 48% 78], 95% 78Kk, 65% 781, 1% T 78m, 18%

Rysunek 3. Zakres stosowalnosci i ograniczen reakcji podwdéjnej funkcjonalizacji haloolefin: akceptory
Michaela.

Reakcje bromoalkenu 76 z réznymi akrylanami, wykazaly dobrag tolerancja grup
funkcyjnych, takich jak estry (78a-b), amidy (78g-i), nitryle (78j) czy sulfony (78K) dajac
pozadane produkty z dobrymi i bardzo dobrymi wydajno$ciami, rzedu 48-95%. Ketony,
z powodu redukcji grupy karbonylowej, okazaty sie stabymi partnerami w tej reakcji,
produkty 78l-m tworzyty sie z niskimi wydajnos$ciami. W reakcji z 2,4-pentadienoinianem
metylu jako produkt otrzymatam nienasycony zwigzek 78c z wydajnoscia 36%.
Wykorzystanie «,f-podstawionych olefin prowadzito do utworzenia mieszanin
produktéw, natomiast uzycie substratu z podstawnikiem fenylowym w pozycji a
pozwolito mi na otrzymanie produktu 78e z niska wydajnoscia (28%). W reakcji
pomiedzy bromoalkenem 76 a akrylanem 4-jodobenzylu otrzymatam dehalogenowany
produkt 78f z wydajnoscia 41%. Z kolei, uzycie 2-((fenylosulfonylo)metylo) akrylanu
etylu dato niespodziewany produkt 78d z dobra, 67% wydajnoScia.

EtO,C [ (
s CO,Et 2% SOoPh EtO,C | EtO,C I
{ ( A/SOZPh B-eliminacja Ts
P —— —_— —_—
o H']
Ts

N
| Ts I Nom % 78d

Schemat 39. Powstawanie produktu 78d: proponowany mechanizm.

Powstawanie tego zwigzku mozna wyttumaczy¢ reakcja addycji rodnika I do akrylanu,
w wyniku czego utworzony zostaje rodnik II, ktory w reakcji 3-eliminacji daje olefine III.
Na samym koncu, w wyniku reakcji olefiny III z rodnikiem I, powstaje produkt 78d.

W toku badan, wykazatam takze, Ze wydtuzenie czasu reakcji do 2 godzin, pozwala
na przeprowadzenie reakcji modelowej, w wiekszej skali (1 mmol), dostarczajac

pozadany produkt 78a z wydajnoscig 57%.
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Powyzsze wyniki zostatly opublikowane w artykule naukowym:
S. Smolen#, A. Wincenciuk¥, O. Drapata, D. Gryko, Synthesis 2021, 53, 1645-1653.

Vitamin Biz-Catalyzed Dicarbofunctionalization of Bromoalkenes Under Visible Light

Irradiation

5.3.2. Katalizowana witaming Biz reakcja 1,2-migracji grupy fenylowej

w Srodowisku micelarnym

Zdecydowana wiekszo$¢ reakcji katalizowanych witaming Bi2, pomimo
hydrofilowych wlasciwo$ci tego katalizatora, przebiega w rozpuszczalnikach
organicznych. Z Kkolei, naturalne systemy, w ktérych dziatanie zaangazZowana jest
kobalamina funkcjonujg w $Srodowiskach wodnych. Co za tym idzie, potaczenie katalizy
witaming B12 i wodnego $rodowiska, w postaci roztworé6w micelarnych, moze stanowic¢
obiecujgce rozwigzanie. W czesci literaturowej (5.2.3. Witamina Bi; w $rodowisku
micelarnym) omoéwitam znane przyktady literaturowe, w ktérych Rusling wraz ze
wspoétpracownikami wykazali, ze mozliwe jest generowanie aktywnej formy katalizatora
Co(I) na drodze elektrochemicznej w mikroemulsjach. Przebiegajqca, w Srodowisku
micelarnym, chemiczna redukcja witaminy do aktywnej katalitycznie formy oraz
fundamentalne zrozumienie przebiegajgcych proceséw wciqz pozostajq jednak niezbadane.
W zwiqgqzku z tym postanowitam opracowaé¢ reakcje, ktora pozwolitaby
mi na wyjasnienie wplywu uktadu micelarnego na jej przebieg.
Ponadto przeprowadzone, we wspétpracy badania NMR (dr Cmoch) i teoretyczne
(prof. Andersson) pozwolily na okreslenie wzajemnego umiejscowienia reagentow
w Srodowisku micelarnym.

W 2021 r. Shi opublikowat katalizowang irydem rodnikowg reakcje addycji
perfluorowanych jodkéw potgczong z 1,2-migracja pierscienia arylowego.[8¢] W swojej
pracy jako model wykorzystatam mechanistycznie podobna, katalizowang witaming B12
reakcje, pochodnej kwasu 2-fenylo-2-winylomalonowego (79) z 1-bromododekanem

(Schemat 40).

Ph CO,Et
\/’\ . , Zn, DTAC, H,0 W
CO,Et 0B
CoEt = T Ar nBUOH, 18 h K COREt
Zielony LED Ph
79 80a, 80%

Warunki reakgcji: dietylo 2-fenylo-2-winylomalonian (79, 0.10 mmol), 1-bromododekan (3 ekwiw., 0.30 mmol), witamina
B4, (2.5 mol%), Zn (3 ekwiw.), DTAC (0.35 mmol), n-BuOH (1.25 mmol), H,O (5 mL), zielony LED (525 nm), 16 h, 40 °C.

Schemat 40. Katalizowana witaming Bi; reakcja addycji/1,2-migracji fenylu - reakcja modelowa.
Zakrojone na szeroka skale badania optymalizacyjne warunkéw reakcji modelowej
pozwolity mi na otrzymanie pozgdanego produktu 80a z wydajnoscia 80% po 16

godzinach naswietlania $wiattem zielonym (525 nm) w atmosferze gazu obojetnego.
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Kluczowym etapem optymalizacji byto znalezienie surfaktantu, ktéry umozliwitby
interakcje hydrofilowego katalizatora (witamina B12) z hydrofobowymi substratami oraz
pytem  cynkowym. Najlepszy rezultat uzyskalam  wykorzystujagc  chlorek
dodecylotrimetyloamonowy (DTAC), ktéry oprocz najlepszej wydajnosci pozwolit
réwniez na wyeliminowanie ze sktadu mieszaniny reakcyjnej NH4Cl. Zastosowanie
dodatku niewielkiej ilosci n-BuOH sprawito, ze formowane micele staty sie bardziej
elastycznel®788 a tym samym ich pojemnos¢ nieco wieksza, co tlumaczymy
inkorporowaniem czgsteczek alkoholu na granicy faz. Przeprowadzone reakcje kontrolne
z uzyciem rozpuszczalnikow organicznych (MeOH, DMSO oraz mieszanina MeCN/woda,
1/1) daty znacznie nizsze wydajnosci potwierdzajac postulowany efekt micelarny.
Dodatkowo, zgodnie z doniesieniami literaturowymi, reakcje prowadzone w srodowisku
micelarnym moga zachodzi¢ szybciej niz w przypadku standardowych rozpuszczalnikow
organicznych z uwagi na zmiane entropii reakcji, co jest zgodne z otrzymanymi przeze

mnie wynikami.[8°]
» Umiejscowienie poszczegdlnych sktadnikéw mieszaniny w uktadzie micelarnym

W celu okre$lenia wzajemnego utozenia poszczegdlnych sktadnikow reakcji
wewnatrz ukladu micelarnego w ramach wspoétpracy z dr Cmochem przeprowadziliSmy
szereg badan NMR, a prof. Andersson wykonat niezbedne obliczenia teoretyczne.
Przeprowadzone przeze mnie pomiary DLS dla wodnych roztworéw DTAC o réznych
stezaniach wykazaly, ze wraz ze wzrostem stezenia zwieksza sie réwniez rozmiar
powstatych agregatéw, co jest zgodne z wynikami pomiaréw 2D DOESY NMR.
Wraz ze wzrostem stezenia DTAC w D20 wspoétczynnik dyfuzji (D) maleje, co oznacza
wzrost masy powstalego agregatu a tym samym jego rozmiaru. Przy optymalnym
dla reakcji stezeniu DTAC (tj. 70 mM) powstajg micele o promieniu hydrodynamicznym
réwnym 1.20 nm, natomiast dodanie do probki n-BuOH powoduje wzrost tej wartosci
do 1.52 nm. Dodatkowo w widmach 'H NMR, wraz ze wzrostem stezenia surfaktantu,
obserwowatam nieznaczne przesuniecie sie sygnaléw w kierunku wyzszych wartoSci,
co rowniez Swiadczy o powstawaniu agregatow w postaci miceli.[20.91]

Wyznaczona na podstawie pomiaréw 2D DOSY NMR masa witaminy B
w roztworze DTAC, w D20 wynosi 1440 g/mol (D = 2.27 x 101 m?s'1) sugeruje,
ze w mieszaninie reakcyjnej jest ona w formie monomeru. Z kolei obliczenia teoretyczne
wykazaly, ze jej aktywna katalitycznie forma z jonem Co na +I stopniu utlenienia preferuje
umiejscowienie sie na hydrofilowo-hydrofobowej granicy faz.

Dodatek do roztworu DTAC substratu modelowego - 2-fenylo-2-winylo-malonianu

dietylu 79, powoduje wzrost promienia hydrodynamicznego miceli, sugerujac jego
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umiejscowienie wewnatrz miceli. Co ciekawe, w widmach 'H NMR olefiny w roztworach
DTAC o roznych stezeniach surfaktantu widnieja dwa zestawy sygnatéow 01 i 02,
Swiadczace o tym, ze w roztworze micelarnym wystepuje ona w dwdch formach

(Rysunek 4A).

A. Widmo "H NMR olefiny B. Widmo ROESY NMR olefiny
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2widma 'H NMR byly mierzone po 1.5 min intensywnego wytrzasania prébek (jak podczas reakcji). *olefina 79 (mniejsza ilo$¢)
w roztworze DTAC, w D20.

Rysunek 4. A) Widmo 1H NMR olefiny 79 w roztworach DTAC (o réznych stezeniach) w D;0.
B) Widmo ROESY NMR olefiny 79 w roztworze DTAC (54 umol), in D;0 (1 mL).

Prawdopodobnie wewnatrz miceli obecna jest tylko czes¢ olefiny, a wymiana pomiedzy
czasteczkami jest bardzo wolna (w skali czasowej NMR). Warto$ci wspoétczynnika
D wyznaczone na podstawie sygnatéw O1 praktycznie nie ulegaja zmianie (Do1 = 0.42-
0.56 x 1019 m2s1), podczas gdy wartosci dla 02 zmniejszaja sie wraz ze wzrostem
stezenia surfaktantu. Dodatkowo na widmie 'H NMR olefiny w roztworze DTAC
(22 pmol), w D20, sygnaly pochodzace od O1 s3 znacznie bardziej intensywne (02
w $Sladowych iloSciach), podczas gdy dla wyzszych stezen surfaktantu intensywnos$¢
sygnatlow 02 ros$nie. Na widmie bardzo rozcienczonego roztworu olefiny, znajduja
sie tylko sygnaty pochodzace od 02, co sugeruje, ze moga one pochodzi¢ od protonéw
olefiny oddziatujgcych z micelami. Eksperymenty ROESY wykazaty korelacje protonéw
olefiny 02 z grupa -NCH3 surfaktantu dodatkowo wspierajac stwierdzenie, Ze czes¢
olefiny prawdopodobnie ulokowana jest na granicy faz woda-micela (Rysunek 4B).
Widoczne na widmach 'H NMR sygnaty pochodzace od bromkoéw alkilowych
w roztworach surfaktantu w D20 s3g poszerzone, a im dtuzszy tancuch alifatyczny bromku
tym szersze sygnaty. Widoczne sg rowniez dodatkowe zestawy sygnatéw, ktére sugerujg
powstawanie wiekszych agregatow bromkoéw. Dodatek n-BuOH powoduje wyostrzenie
sie tych sygnatow, co jest wynikiem zmian w podziale sktadnikow mieszaniny pomiedzy
fazami.[®2l Obecno$¢ dodatkowych grup funkcyjnych w bromku nie pozostaje
bez znaczenia dla uktadu skitadnikéw mieszaniny w roztworze micelarnym,

co zobrazowalam na przykitadzie 1-bromooktan-2-olu i 8-bromooktan-1-olu.
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Warto zwroci¢ uwage, ze obecna grupa -OH wykazuje silne powinowactwo do tworzenia
wigzan wodorowych a takze, ze bromki te mogg wbudowac sie w strukture miceli,
dziatajac réwniez jako co-surfaktanty. Przeprowadzone przeze mnie pomiary DLS
wykazaty, Ze agregaty DTAC/1-bromooktan-2-ol s3 wieksze niz te utworzone
dla 8-bromooktan-lolu,co potwierdzity réwniez przeprowadzone przez dr Cmocha
eksperymenty 2D DOSY NMR. Na widmach 'H NMR réwniez obserwujemy poszerzenie
sygnatéw bromkoéw, a dodatek n-BuOH tak jak we wcze$niejszym przypadku powoduje
ich wyostrzenie. Prof. Andersson wykorzystujac obliczenia COSMO (z ang. conductor-like
screening model) w badaniach teoretycznych wykazal, Ze wzajemne potozenie atomu -Br

i grupy —OH, ma istotny wplyw na utozenie tych bromkéw w roztworze (Rysunek 5).

Woda

*?\1 -Br-2-oktanol

Lok 8-Br-1-oktanol

Micela

Rysunek 5. Powierzchnia COSMO i najbardziej stabilne umiejscowienie sktadnikéw mieszaniny reakcyjnej
w roztworze micelarnym.

» Reakcja addycji rodnikowej/1,2-migracji grupy arylowej

Przeprowadzone we wspoétpracy badania z wykorzystaniem techniki NMR oraz
obliczenia teoretyczne wykazuja, ze biorac pod uwage omdéwiong wczeéniej lokalizacje
reagentow, reakcja pomiedzy nimi jest mozliwa tylko na granicy faz woda-micela. Dane
eksperymentalne wykazujg, $cistg zalezno$¢ pomiedzy wydajnoscia reakcji a dtugoscia
tancucha bromku alifatycznego. Obliczone przez prof. Anderssona utamki molowe olefiny
i bromkoéw alkilowych majg minimalng warto$¢ przy maksymalnie 12_weglowej dtugosci

fanicucha, co jest zgodne z moimi danymi eksperymentalnymi (Rysunek 6).
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Rysunek 6. A) Utamki molowe w obszarze miedzyfazowym bromku alkilu i olefiny 79. B) Wptyw dtugosci
taricucha alifatycznego na wynik reakcji.

54



Najwyzsza wydajnos¢, tj. 80% otrzymatam dla uzytego w rekcji modelowej
1-bromododekanu, ktérego dtugos¢ tancucha alifatycznego jest identyczna jak uzytego
surfaktantu (DTAC). WydajnoSci, ktére otrzymatam zaréwno dla dtuzszych jak i krotszych
bromkéw s3 nizsze, co jest najprawdopodobniej spowodowane mniej korzystnym

dla przebiegu reakcji utozeniem substratéw (produkty 80a-i, Rysunek 7).09293]

Ph Ph Ph Ph Ph
EtOQCw)\/R Et0,C EtOZCM Et0,C EtO,C
CO,E COEt CO,Et CO,Et CO,Et

R= CypHss 80b, 14% 81,36% 82, 54% 83, 16% 84, 33%
CigHsy 80c, 66%
CisHyr  80d, 63%

CioHzs  80a, 80% Ph Ph

CioHz1  80e, 72% EtO,C Ph EtO,C Ph
CgHi;  80f, 63%

CeHiz  80g, 46% CO,Et CO,Et

C4Hg 80h, 37%

S 0,
CoHs  80i, 42% 85, lady 86, 50%

Rysunek 7. Produkty reakcji olefiny 79 z bromkami alifatycznymi.

Krétsze bromki, majag bardzo duzo miejsca, aby mo6c poruszac sie w sposéb swobodny
wewnatrz miceli a tym samym ich oddzialywanie z witaming jest mocno utrudnione.
Dtuzsze bromki, uktadajg sie tak aby dopasowac sie do wielkos$ci utworzonej miceli przez
co zawada steryczna wokét atomu wegla w C-Br ulega zwiekszeniu. Z tych samych
powoddéw, mniej reaktywne s3g zattoczone bromki 2-metylocykloheksylu (36%)
i neopentylu (54%). Bromki drugorzedowe okazaly sie stabymi substratami z uwagi,
na ich znane z literatury, trudnosci w tworzeniu alkilokobalamin. Obecno$¢ pierscienia
aromatycznego w strukturze bromku skutkowata otrzymaniem jedynie sladowych iloSci
pozadanego produktu. Wzrost wydajnosci do 50% zaobserwowatam dla bromku
w ktérym atom bromu i pierscien fenylowy sa od siebie oddalone o 8 atoméw wegla
fanicucha alifatycznego, co prawdopodobnie daje mozliwos¢ korzystnego utozenia

sie zwigzku wewnatrz uktadu micelarnego.

Bty oo m o oooosoooosoosoosoooooo-
h Ph
Pho . Ph
EtO,C CO,C1oHas EtO,C Wcoc Hos
2 CO,CyoHps * EtOZCﬁ 2-i2tizs 2 COLCiHas * EOLCTL . o 2v12tzs
CO,Et . 2 ) CO,Et 2
87a, 23% 87b, 20%; 10c, 11% pr. nienasycony Slikal 88a, 8% 88b, 29%
110 ] [ ettt ittt ittt
Ph Ph Ph Ph
EtO,C EtO,C EtO,C o EtO,C O._Ph
2 MCOZCZHS 2 WCOZCZH5 2 M \%2/\0/ 2 M ~
CO,Et CO,Et CO,Et CO,Et
89, slady 90, 51% 91, 22% (+4% nm) 92, Slady
AlKOhOlg - === - mmmmmm s oo m oo oo oooooooooooooooooooooooooooooooooooo
Ph Ph Ph OH Ph
EtO,C CgHis  EtO,C CeH Ph Coflis gio,0 EtO,C
2 6 13+ 2 6113 . Et02C Co.Et OH 2 C5Hﬂ 2 WC7H14OH
CO,Et  OH CO,Et O 2 CO,Et CO,Et
93a, 23% 93b, 1% 93c, 14% 94, 38% (+6% nm) 95, 31% (+6% nm)

Rysunek 8. Produkty reakcji olefiny 79 z bromkami, z grupami estrowymi, glikolowymi i alkoholowymi.
nm - brak migracji (z ang. no migration product)

Reakcje z bromkami posiadajgcymi terminalng grupe estrowa, wykazuja ten sam trend -
im dtuzszy tancuch alifatyczny tym wyzsza wydajno$¢ (produkty 87-90, Rysunek 8).

W przypadku bromkéw zawierajacych tancuch polioksyetylenowy, zatozytam, Ze z uwagi
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na swa hydrofilowo$¢, ich ulozenie powinno by¢ odwrécone w pordéwnaniu
z wczeSniejszymi przypadkami. RzeczywisScie, produkt 91 otrzymatam z niska
wydajnos$cia, co potwierdza, Ze utozenie to nie jest korzystne, dla majacego miejsce
na granicy faz woda-micela, przebiegu reakcji. W reakcji z 8-bromoktan-1-olem
otrzymatam mieszanine produktéw z wydajnoscig 37% (95), wzrost wydajnosci do 44%
zaobserwowatam dla 1-bromodekan-5-olu (94) a do 48% dla 1-bromooktan-2-olu
((93a-c), bierzemy pod uwage catkowite wydajnosci, poniewaz odzwierciedlaja
one wydajno$¢ powstawania rodnikéw z bromoalkoholi).

Obecnos¢ elekteonoakceptorowych i elektronodonorowych grup funkcyjnych
w obrebie pierScienia aromatycznego olefiny powoduje tylko niewielkie spadki

wydajnosci reakcji (produkty 80a, 96-99, Rysunek 9).

CN CF, OMe
OMe
EtO,C EtO,C EtO,C EtO,C
\?/\Cﬁ"‘m 2 Cq1Has EtO,C Ci1Has z Cq1Has CyqHas
COEt CO,Et CO,Et CO,Et CO,Et
80a, 80% 96,56% 97,71% 98a, 47%, 99, 62%

98b, 24% nm

Rysunek 9. Produkty reakcji 1-bromododekanu z réznymi olefinami. nm - brak migracji (z ang.
no migration product).

To z kolei sugeruje, Ze w przeciwienstwie do bromkéw, obecno$¢ dodatkowych grup
w strukturze olefiny nie wplywa znaczaco na utozenie reagentéw wewnatrz roztworu

micelarnego a tym samym na przebieg reakgcji.
» Reaktywne zwiqzki posrednie

Biorac pod uwage kwestie mechanistyczne, zastosowanie roztworu micelarnego
nie powinno mie¢ wiekszego wptywu na powstawanie reaktywnych produktéw
posrednich, ale na selektywnos$¢ i szybko$¢ przebiegu reakcji juz tak. Przeprowadzone
przeze mnie eksperymenty kontrolne wykazuja, Ze zastosowanie witaminy Biz jako
katalizatora, a takze pytu Zn oraz $wiatta jest niezbedne do uzyskania pozadanego
produktu. Brak atmosfery gazu obojetnego powoduje znaczny spadek wydajnosci z 80%
do 7%. W przypadku wyeliminowania surfaktantu oraz n-BuOH ze sktadu mieszaniny
reakcyjnej zaobserwowatam spadek wydajnosci.

W oparciu o doniesienia literaturowe zaproponowatam mechanizm katalizowanej
niemodyfikowang witaming Biz reakcji addycji bromkéw alkilowych do olefiny

i nastepczej 1,2-migracji grupy fenylowej (Schemat 41).[86.94]
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A
EWG”&\/ A R Ar Ar
Co(III) _Ewe B('\/R EWGT)\,R e, H" EWGT)\/R

EWG
Ew
¢ EWG EWG EwWG EWG
hv lub A
Co(lll) —= Co(l) B ¢ b

V\ZL Co(ll) 1,2-Aryl migracja
Schemat 41. Prawdopodobny mechanizm reakcji.

Pierwszym jego etapem jest redukcja witaminy B12 do jej aktywnej katalitycznie formy
z Co na +I stopniu utlenienia. Powstaty supernukleofil reaguje z bromkiem alifatycznym
prowadzac do powstania alkilokoblaminy A, pod wplywem Swiatta badZ temperatury
wigzanie Co-C ulega rozerwaniu i generowany jest rodnik, ktéry po reakcji z uboga
w elektrony olefing dostarcza rodnik alkilowy B. Dalej po, przebiegajacej przez stan
przejsciowy C, 1,2-migracji grupy arylowej generowany jest rodnik D, a po protonowaniu,
powstaje pozadany produkt koncowy reakcji.

W kolejnym etapie badan przeprowadzitam szereg badan mechanistycznych, ktére
mialy na celu potwierdzenie powstawania poszczegélnych produktéw posrednich
w proponowanym mechanizmie.

Pomimo adhezji miceli na powierzchni czastek Zn[®3! podczas reakcji zachodzi
skuteczna redukcja Co(Ill) do aktywnej katalitycznie formy Co(l), co obserwuje
sie poprzez zmiane barwy roztworu z czerwonej na ciemno zielong/brazowa. Obliczona
przez prof. Anderssona energia swobodna przej$cia modelu nanaoczasteczki Zn z rdzenia
micelarnego do granicy faz wynosi +4 k] mol-1,[°¢! co sugeruje, ze pomimo preferowanego
przez Zn umiejscowienia w rdzeniu, moze on przebywac takze, na granicy faz, gdzie
dochodzi do redukcji witaminy Bio.

W formie podstawowej kobalamina wystepuje w formie base-on natomiast
po zredukowaniu tworzy ona forme base-off. Przygotowane przeze mnie probki witaminy
B12 w D20 oraz w roztworze DTAC w D20, w zarejestrowanych przez dr. Cmocha widmach
TH NMR maja charakterystyczne dla petli nukleotydowej sygnaty w zakresie 6-7 ppm
(Rysunek 10).

|. Witamina B,
CN B - face forma Coflll) B7

Il. Witamina B,, + DTAC

a - face [red] forma Cof(lll)
YI [ox] oﬁj =
II N i
[ N S
HO

HO R1 1ll. Witamina By, + Zn + butan-1-ol + DTAC R1
N forma Co(l)
Kol p\ O P\ B2 g7 B4 H10
Forma Co(h‘!) base-on Forma Co(i) base-off

90 88 86 84 B2 B0 78 76 74 72 70 68 66 64 62 60 58
f1 (ppm)

Rysunek 10. Fragmenty widm 1H NMR witaminy B:; w D,0 (z dodatkami).
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Przygotowanie probki w warunkach gazu obojetnego, z dodatkiem aktywowanego Zn,
powoduje przesuniecie tych sygnatéow w kierunku 6-9 ppm co jest wedtug danych
literaturowych charakterystyczne dla powstawania formy base-off kobalaminy.[°7! Dalsze
obliczenia swobodnej energii transferu zredukowanej witaminy z warstwy wodnej
do granicy faz woda-micela daty wartos¢ -14 k] mol-!, ujawniajac najbardziej stabilng
jej lokalizacje wtasnie na granicy hydrofilowo-hydrofobowej, dzieki czemu mozliwe jest
przechwycenie przez nig bromku alkilowego. Wynik ten dodatkowo wspiera postulowane
w pracy utozZenie reagentow.

W celu potwierdzenia powstawania alkilokobalaminy, przygotowatam prébke
surowej mieszaniny reakcyjnej w MeOH, ktorej pomiar HR-MS wykazat obecno$¢ piku
[M+H] o m/z = 1498.7650. Wartos¢ ta odpowiada masie kompleksu Co(IIl)-alkil A
(Schemat 41). Dodatkowym dowodem na powstanie alkilokobalaminy s3 wystepujace
na widmie 'H NMR charakterystyczne sygnaty przy -0.24 i -0.80 ppm.[%8]

Rodnikowy  charakter = mechanizmu reakcji, potwierdzitam  poprzez
przeprowadzenie reakcji z dodatkiem putapki rodnikowej TEMPO. Analiza skiadu
mieszaniny reakcyjnej z wykorzystaniem pomiaru HR MS pozwolita na potwierdzenie
powstawania adduktu TEMPO.

Reakcja z uzyciem ciezkiej wody jako Zrddta deuteru, a nastepnie analiza sktadu
mieszaniny za pomocg pomiaru 'H NMR ujawnita powstawanie produktu z deuterem
przytaczonym w pozycji o od grupy karbonylowej. Wynik ten potwierdza tworzenie

anionu w pozycji , ktéry po protonowaniu tworzy pozadany produkt reakcji.

Powyzsze wyniki zostaly opublikowane w artykule naukowym:

A. Wincenciuk, P. Cmoch, M. Giedyk, M. Andersson, D. Gryko, /. Am. Chem. Soc, 2024,

artykut zaakceptowany.

Aqueous Micellar Environment Impacts the Co-Catalyzed Photo-transformation: A Case

Study
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5.3.3. Podsumowanie

Celem mojej pracy doktorskiej bylo opracowanie fotokatalitycznych reakcji
funkcjonalizacji olefin z wykorzystaniem witaminy Bi: jako katalizatora, ktére moga
stanowi¢ alternatywne metody z wykorzystaniem bardziej przyjaznych dla $rodowiska

reagentow. W ramach przeprowadzonych przeze mnie badan:

1) Opracowatam fotokatalitycznqg metode wykorzystania niemodyfikowanej
witaminy Bi: jako katalizatora reakcji podwdjnej funkcjonalizacji - cyklizacji
a nastepnie addycji Giesego, nieaktywowanych olefin prowadzaca do otrzymania

pochodnych pirolidynowych i piperydynowych.

Godnym podkreslenia jest tutaj fakt, iz w zaleznoSci od zastosowanych warunkéw
reakcji mozliwe jest otrzymanie réznych produktéw, przy wykorzystaniu jednego

substratu oraz jednoczesnym zachowaniu wysokiej selektywnosci reakgji.

2) Zbadatam wptyw wykorzystania Srodowiska micelarnego na przebieg
katalizowanej witaming Bi: fotokatalitycznej reakcji addycji rodnikowej/

1,2-migracji grupy fenylowej.

Wykazatam, Ze uklady micelarne stanowig odpowiednie S$rodowisko
dla Kkatalizowanej witaming Biz reakcji addycji rodnikowej/1,2-migracji grupy
fenylowej pozwalajac na powstanie pozadanych produktow z dobrymi
wydajnos$ciami. Dodatkowo, przeprowadzone, we wspoéipracy, badania NMR
i teoretyczne, pozwolity mi na okreslenie lokalizacji reagentéw wewnatrz uktadu
micelarnego ukazujac, ze zgodnie z danymi eksperymentalnymi dtugo$¢ tancucha

alifatycznego oraz obecnos$¢ grup funkcyjnych w strukturze bromku ma na nig silny
wptyw.

Zrealizowane w ramach niniejszej pracy doktorskiej badania stanowia zwartg catos¢ oraz
znaczaco poszerzajg stan wiedzy z zakresu fotokatalizy, z wykorzystaniem witaminy B12
jako efektywnego katalizatora reakcji prowadzacych do funkcjonalizacji substratéw
olefinowych. Dodatkowo pozwalajg one na dogtebne zrozumienie proceséw zachodzacych
w przypadku zastosowania przyjaznych dla $rodowiska wodnych roztworow
micelarnych. Zrealizowane i om6wione przeze mnie eksperymenty docelowo nie tylko
wnoszg istotny wktad w chemie witaminy Bz, ale takze z cata pewnoS$cig zainspiruja
naukowcow do poszukiwania nowoczes$niejszych i bardziej przyjaznych dla Srodowiska

rozwigzan.
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6. STRESZCZENIE W JEZYKU POLSKIM

Witamina Biz, jest zwigzkiem naturalnym zaangazowanym, w zachodzace
wewnatrz organizmow zywych, procesy enzymatyczne, co czyni ja substancja niezbedna
do ich prawidlowego funkcjonowania. Dzieki obecnosci centralnego jonu Co na +III
stopniu utlenienia, wykazuje ona wlasciwosci katalityczne, ktére sa szeroko
wykorzystywane w chemii. Znalazta ona zastosowanie jako przyjazny dla $rodowiska
katalizator reakcji, takich jak addycje do wigzan nienasyconych (alkilowanie
i acylowanie), dehalogenowanie, dimeryzacje, reakcje przegrupowan czy tez przemiany
ze wspotudziatem innych katalizatorow (z ang. dual catalysis).

Celem mojej pracy doktorskiej byto opracowanie fotokatalitycznych reakcji
funkcjonalizacji olefin z wykorzystaniem witaminy B1: jako katalizatora, ktére mogq
stanowi¢ przyjaznq dla srodowiska alternatywe do klasycznych metod syntezy.
W poczatkowej czesci swojej pracy skupitamsie na wykorzystaniu kobalaminy jako
katalizatora reakcji podwodjnej funkcjonalizacji nieaktywowanych  olefin -
wewnatrzczasteczkowej cyklizacji odpowiednio zaprojektowanego bromoalkenu
i nastepczej addycji Giesego akrylanéw. Opracowane warunki pozwalajg na wydajne
otrzymanie pochodnych pirolidynowych i piperydynowych, stanowigcych wazne bloki
budulcowe zwigzkéw naturalnych i syntetycznych, juz po 15 min prowadzenia reakcji.
Dodatkowo wykazatam, Zze w zaleZno$ci od zastosowanych warunkéw reakcji, z jednego
substratu mozliwe jest selektywne otrzymanie réznych produktow.

W drugim projekcie podjetam sie préoby wyjasnienia wptywu S$rodowiska
micelarnego na katalizowang witaming B2, fotokatalityczng reakcje addycji rodnikowej/
1,2-migracji grupy fenylowej. W toku prowadzonych badan wykazatam, ze zastosowanie
wodnych roztworéw micelarnych znacznie zwieksza wydajno$¢ reakcji, ktéra jest silnie
uzalezniona od budowy bromu, dtugosci tancucha alifatycznego i obecnosci grup
funkcyjnych. Przeprowadzone we wspdtpracy badania NMR i teoretyczne pozwolity
na okreslenie wzajemnego umiejscowienia reagentéw w Srodowisku micelarnym, ktére

ma kluczowy wplyw na przebieg reakcji.
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7. STRESZCZENIE W JEZYKU ANGIELSKIM / ABSTRACT IN ENGLISH

Vitamin Biz is a natural compound involved in enzymatic processes, making
it an essential substance for the proper functioning of living organisms. Due to the
presence of a central Co ion on the +III oxidation state, it exhibits catalytic properties that
are widely used in chemistry. It is used as an environmentally friendly catalyst
in reactions such as addition to unsaturated bonds (alkylation and acylation),
dehalogenation, dimerization, rearrangement reactions or transformations involving
other catalysts (dual catalysis).

The aim of my PhD thesis was to develop photocatalytic olefin
functionalization reactions using vitamin Biz as a catalyst, which could provide
alternative synthesis methods using environmentally friendly reactants. In the initial part
of my work, I focused on the use of cobalamin as a catalyst for the difunctionalization
reaction of unactivated olefins - the intramolecular cyclization of a bromoalkene and the
subsequent Giese addition. The conditions developed allow the efficient preparation
of pyrrolidine and piperidine derivatives, which are important building blocks of natural
and synthetic compounds, after only 15 minutes of reaction. I have also shown that,
depending on the reaction conditions used, it is possible to selectively obtain different
products from a single substrate.

In the second project, I attempted to elucidate the effect of the micellar
environment on the vitamin Biz-catalysed, tandem radical addition/1,2-aryl migration
reaction. I have shown that the use of aqueous micellar solutions significantly increases
the yield of the reaction, which is strongly dependent on the structure of the bromine,
the length of the aliphatic chain and the presence of functional groups.
NMR measurements and theoretical studies showed the most stable localization

of reaction components in micellar solution.
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Aqueous Micellar Solutions in Photocatalysis
Martyna Cybularczyk-Cecotka, Aleksandra Wincenciuk, and Maciej Giedyk

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

18.1 Introduction: Why Micelles?

Intensive technological change translates to an ever-increasing generation of waste,
not all of which can be effectively recycled. Too often, combustion, which is essen-
tially an atomic waste and a source of greenhouse gases (GHG), remains the only way
to dispose of unwanted materials. The same problem applies to the chemical indus-
try, which accounts for over 30% of global greenhouse gas emissions [1]. Change is
inevitable: the shift toward more sustainable chemistry is no longer seen as a roman-
tic dream or a catchy narrative in grant applications; it has become widely recognized
as the most urgent challenge. The first and arguably the most important among the
12 principles of green chemistry is “prevent.” And, as solvents are responsible for
an estimated 80% of chemical waste, their use should be reduced first [2]. Replacing
organic solvents with water seems to be one of the most promising solutions under
these circumstances [2-4].

In recent years, methodologies that rely on water as the reaction medium have
gained considerable attention, and numerous protocols “with water,” “in-water,”
or “on-water” have been established [5-8]. The generality of these approaches,
however, is often hampered by the lipophilic nature of common organic compounds
and the solubility issues that arise. This obstacle can be overcome by following
the example of nature and providing suitable self-assembled structures able to
accommodate the water-insoluble reaction components in aqueous mixtures
[9, 10]. Among the various microheterogeneous systems, micelles, which form
in the presence of surfactant above the critical concentration (CMC) [11], are
particularly attractive in terms of their wide applicability.

The unique properties of micellar solutions are best evidenced by their role in
the origin of life: it is generally accepted that they served as embodiments for early
protocells [12, 13]. The encapsulation of chemical reactions in micelles enables
spatial heterogeneity, promotes interface processes, and, consequently, increases
the complexity in prebiotic reaction systems. The advantages of aqueous micellar
solutions have also been noticed by organic chemists who, thanks to their use, have

Supramolecular Nanotechnology: Advanced Design of Self-Assembled Functional Materials,
First Edition. Edited by Omar Azzaroni and Martin Conda-Sheridan.
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achieved spectacular results, including the remarkable acceleration of reaction rates
[14-16] or the development of aqueous variants of organometallic reactions, such
as Suzuki-Miyaura or Negishi cross-coupling [2, 17]. Micelles force interactions
between reagents, reactive intermediates, and catalysts, or conversely, provide a
desired separation of the reaction components. As a result, the desired reaction
takes place, frequently with unique regio-, stereo-, and chemoselectivity. These
merits have been convincingly advocated in excellent reviews that can (and should)
be used as a starting point for future reading [2, 18-21].

In this chapter, we review photocatalytic protocols that are carried out in water and
benefit from micellar effects (Scheme 18.1). Recent years have witnessed a tremen-
dous growth in the field of synthetic photocatalysis, both in terms of conceptual
advances and synthetic application [22-26]. Just like micellar catalysis, the idea of
powering chemical processes with the energy of light is directly inspired by nature
[27]. It should, therefore, come as no surprise that the synergistic combination of
the two approaches has become popular, not only as a promising tool for sustain-
able organic synthesis but also as a platform for unique molecular interactions that
may lead to new discoveries. It is our intention to present the developed methods,
categorized by the type of reaction they enable. It should be noted that the emphasis
here is on synthetic catalysis; artificial photosynthesis in structured media, which
was thoroughly reviewed elsewhere [28-30], is beyond the scope of this chapter.

Scheme 18.1 An overview on photocatalytic reactions in micellar solutions.

18.2 Early Achievements: Model Redox Systems
and Remediation of Pollutants

Early reports introducing photoredox systems in micellar solutions appeared
already in 1980s and 1990s. The ability of micelles to provide spatial separation of
reactants and photoactive intermediates has been used by Gratzel and coworkers,
who applied positively charged assemblies formed by cetyltrimethylammonium
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18.2 Early Achievements: Model Redox Systems and Remediation of Pollutants

Ru(bpy)s2* " [Rulbpy) 2]~ - CraV?* !
Ru(bpy)s*+ CyVt ——= Cy,v*
Aqueous phase " Micelle core

Scheme 18.2 Photocatalytic reduction of methylviologen (C,,V2*) in a micellar solution.

chloride (CTAC) for photocatalytic reduction of methylviologen (C,,V**) using
ruthenium(III) tris-bipyridine (Ru(bpy),>*) as a photocatalyst (Scheme 18.2) [31].
Upon reduction, the methylviologen loses its hydrophilic character and migrates
to the core of the micelle. On the other hand, Ru(bpy),** is repelled from the
positively charged surface, thus inhibiting the undesired back-electron transfer and
increasing the product lifetime by a factor of 20 compared with the homogenous
approach.

Tabushi and coworkers disclosed a similar method for the photocatalytic
reduction of benzoylformate using zinc tetraphenylporphyrin p-tetrasulfonate
(ZnTPPS) as a photocatalyst and quinolinium-3-carboxamide (QCA) as a
phase-transfer mediator (Scheme 18.3) [32]. Upon single-electron transfer
(SET) from the excited ZnTPPS, charged QCA was transformed into lipophilic
dihydroquinoline-3-carboxamide (DHQ) that migrated to the micelle core and
reduced the organic substrates. The active ZnTPPS photocatalyst was regenerated
by thiosulfate in the aqueous bulk.

o
1/2'5,0,2" znTPPs M0 (zaTPPS) * DCA" <—— DCA" P coyue
' 2
5 OH
s : PY
1/2 8,042 [ZnTPPS] DHQ — DHQ Ph CO,Me
Aqueous phase Micelle core

Scheme 18.3 Photocatalytic reduction of methylbenzoylformate in the presence of
micelles. ZnTPPS - zinc tetraphenylporphyrin p-tetrasulfonate;
QCA - quinolinium-3-carboxamide; DHQ - dihydroquinoline-3-carboxamide.

Photocatalytic processes have also been studied in other microstructured
solutions such as reversed micelles or microemulsions [33, 34]. Willner and
Joselevich demonstrated photooxidation of Bu;N in W/O microemulsion mediated
by ethyleosin (EoEt™) (Scheme 18.4). In this case, the hydrophobic EoEt radical
formed after the photoinduced SET to Fe(CN)3~ could shuttle the electron to the
organic phase. After the oxidation of Bu;N, the regenerated EoEt~ was transferred
back to the aqueous environment and entered the next catalytic cycle.

Despite the fact that photocatalysis in aqueous micellar solutions has been
explored for over 40 years, its synthetic aspects have only recently attracted the keen
interest of researchers. The first widely tested functionality of such systems involved
the removal of impurities, such as phenols and halogenated organic compounds,
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18 Aqueous Micellar Solutions in Photocatalysis

Bu,N EoEt EoEf _f [EoEt ] * Fe(CN)>
BuN’ EoEt ~— EoEt Fe(CN),*
Organic phase ' Aqueous phase

Scheme 18.4 Photocatalytic oxidation of Bu;N in W/O microemulsion. EoEt™ - ethyleosin.

from aqueous solutions. In this context, much attention has been directed to TiO,
nanoparticles, which show strong oxidizing potential when exposed to UV light and
can therefore be used as photocatalysts capable of detoxification and remediation
of wastewater. Interestingly, in the early reports, micelles formed by dissolved
N-hexadecyl-N,N,N-trimethylammonium bromide (HTAB), sodium dodecyl sul-
fate (SDS) or polyoxyethylenedodecylether (Brij 35) were not considered profitable,
but rather investigated as a source of undesired inhibitory effects in the degradation
of I-naphthyl-N-methylcarbamate (Carbaryl) [35], 2,3,6-trichlorobenzoic acid [36],
and 2,4,5-trichlorophenol [37]. However, shortly thereafter, the beneficial aspects
of combining TiO, with micellar solutions began to gain recognition [38-40]. The
developed method not only provides the solubility of otherwise water-insoluble sub-
strates [41,42] but also, in the case of chlorophenol, promotes a clean reduction reac-
tion, in contrast to the complex, nonselective processes observed in neat water [43].

18.3 Generation and Application of Hydrated Electrons

18.3.1 Initial Works

Hydrated electrons are attractive reducing agents in catalysis because of their ther-
modynamic and kinetic properties: a remarkably strong reductive power of -2.9 V vs.
anormal hydrogen electrode and a long unquenched lifetime of 1-2 ps [44]. In recent
years, the use of photocatalytically generated hydrated electrons has been exten-
sively studied, and numerous catalytic systems have been implemented in aqueous
media for both the degradation of persistent pollutants and the reductive activation
of inert bonds.

A series of articles on this topic were published by Goez and coworkers. In 2016,
they introduced the first photocatalytic platform to generate hydrated electrons
with green-light irradiation as an energy source [45]. It consisted of light-harvesting
complex: Ru(bpy),?", pyrene-based redox catalyst, and sodium ascorbate as a
sacrificial electron donor. The mechanism involved energy transfer from the excited
ruthenium(IIT) complex to a pyrene-based redox catalyst, followed by reductive
quenching (Scheme 18.5). This led to the reduced pyrene species that were further
excited and ejected solvated electrons into the water bulk. A popular surfactant,
SDS, proved to be the key component of the system. It allowed for preaggrega-
tion of the light-harvesting Ru(bpy),>* and the pyrene carboxylate in the Stern
Layer and prevented the former from the undesired quenching by water-soluble
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sacrificial electron donor. The method was applied to the reductive decomposition
of chloroacetate and subjected to further improvements and investigations [46].

As a continuation of this campaign, in 2017, Goez and coworkers disclosed a con-
ceptually similar but completely metal-free photoredox system [47]. It constituted
3-aminoperylene as a photocatalyst, sodium ascorbate as a sacrificial electron donor,
and SDS, which was proven to provide solubility of reagents and relatively high sta-
bility of intermediate radicals (created via green-light induced SET) in aqueous solu-
tion (Scheme 18.6). Similar to the previous work, authors tested their method in the
reductive dehalogenation of chloroacetate anion CICH,COO~, observing 57% con-
version after just 20 minutes of exposure to green light. What’s more, the turnover
number (TON) is relatively high (170 + 8%), which makes the developed procedure
even more attractive.
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18.3.2 Dehalogenation and Hydrogenation of Double Bonds

Subsequent reports from the Goez group extended the scope of synthetic appli-
cation of hydrated electrons in micellar solutions. In 2018, they described a
system competent of mediating hydrogenations of olefins (Scheme 18.7a) and
dehalogenation of aryl halides through dissociative electron transfer and the
formation of carbon-centered radicals (Scheme 18.7b) [48]. The aqueous reaction
mixtures contained tris-(4,4’-dimethyl-2,2’-bipyridine)-ruthenium(Il) (RuDmb) as
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Examples of products:

_ RuDmb, SDS, Asc2~ 02’
R/\/C(Dz R/\/C02
Green LEDs, water
95% 85% 80%

Examples of products:

R _RuDmb, SDS, Asc®” Asc?™ /©/\
S
o = Green LEDs, water O/ /©/ \©/
(b) 95% (86%)2) 58% 51%

Scheme 18.7 Reductive transformations mediated by hydrated electrons: (a)
hydrogenations of olefins and (b) dehalogenation of aryl halides. ® Fluoride was used as a
substrate instead of chloride.

a photocatalyst of choice, SDS as a surfactant, and they were irradiated with green
light-emitting diodes (LEDs) (520 nm). It was found that the substituents in the lig-
and structure affect the activity of the catalyst through the combination of quenching
parameters, quantum yield, and back-electron transfer from the reduced catalyst
to the ascorbyl radical anion across the micelle-water interface. A method for
dehalogenation of chloroalkanes, in which hydrated electrons can contribute to the
overall mechanism, has also recently been presented by Konig and coworkers [49].

18.3.3 Homo- and Cross-Coupling Reactions

The rationally designed variations in the composition of the photocatalyst, sur-
factant, and the sacrificial reducing agent enable hydrated electrons to mediate
various homo- and cross-coupling protocols, such as pinacol coupling [48, 50],
arylation of electron-rich (hetero)arenes [48, 51], and Wurtz-type reactions [50]

OH
AntNH,, AscH~, or PAscH™

SDS, water, 355 nm laser
OH

76%3) (97%)P)

Cl N CO,~
CO,~
AN 2 Ru(bpy)g2*+, SDS, Ur2- NN
N N\ + S
Q Green LEDs, water
CO,~ -0, 60%

O/\CI ANtNH,, AscH-, or PAscH- O
SDS, water, 355 nm laser O

50%2) (90%))

Scheme 18.8 Examples of pinacol coupling, arylation of electron-rich (hetero)arenes, and
Wurtz-type reactions mediated by hydrated electrons. AntNH, = 2-aminoanthracene,

Ur2- =urate dianion. ?AscH, was used as sacrificial electron donor, ®ascorbyl palmitate
(PAscH™) was used as a sacrificial electron donor.
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18.4 C-alkylation

(Scheme 18.8). Noteworthy, the methodology is not limited to costly noble
metal-based photocatalysts such as ruthenium complexes. Kohlmann et al. have
shown that SDS-micellized 2-aminoanthracene is capable of catalyzing dimeriza-
tions of chloroalkanes, ketones, and aldehydes with a turnover of 1 mmolh~!. In
this case, however, the use of a pulsed near-UV (355nm) laser as the irradiation
source is required [50]. The authors have closely investigated the role of a sacrificial
electron donor in such micellar systems. While the ascorbate monoanion needs to
pass through the micellar interface to participate in the SET event with the molecule
of the photocatalyst, a specifically designed ascorbyl palmitate is fully incorporated
inside the micelle and restores the starting catalyst more efficiently. In addition, the
shielding by the micelle suppresses the undesired hydrogen atom transfer (HAT)
from the ascorbate moiety to the carbon-centered radicals and thus promotes the
radical dimerization process. Complementing their studies on hydrated electrons,
the group of Goez has also proved that, thanks to a reductive power higher by 0.2 eV
in water compared with acetonitrile, the SET to carbonyl compounds can occur
directly from the reduced form of the photocatalyst [52].

18.4 C-alkylation

The construction of carbon-carbon bonds through C-alkylation lies at the heart
of organic synthesis. Although many classical approaches are already available,
virtually every newly emerging methodology (photochemistry, organocatalysis,
electrocatalysis, mechanochemistry) aims at developing efficient C-alkylation
protocols. The same principle applies to micellar photocatalysis. In 2020, Knig
and coworkers discovered the stabilizing effect of noncovalent interactions with a
micellar interface on the reduced form of iridium complex Ir(dtbbpy)(ppy),PF,.
After tuning the activity of the photocatalytic system and optimizing the structured
solutions, they applied this phenomenon in the photocatalytic activation of alkyl
chlorides by assembly-promoted single electron transfer (APSET, Scheme 18.9)
[49]. Along with the dehalogenation reactions mentioned in Section 3.2, the use of
anionic sodium lauryl oligoethylene glycol sulfate (SLES) as a surfactant enabled
the reductive alkylation of electron-deficient olefins with notoriously inert alkyl
chlorides under blue-light irradiation [53]. Additionally, examples of intramolec-
ular cyclizations leading to cyclopentane derivatives were demonstrated. The use
of micelles as reaction environments not only enhanced the solubility of alkyl
chlorides but also provided a favorable preaggregation in space with the hydrophilic

Examples of products:
) P p

. CN
. AR NN A
APSET R Ph oN N
[Ir], water, SLES C-C bond formation 70% & 90%
R Blue LEDs, base t-Bu
L-ascorbate HAT R/\/H Ph/\o

C-H bond formation 61% 73%

Scheme 18.9 APSET in microheterogeneous solutions.
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Scheme 18.10 C-H alkylation of heteroarenes with nonactivated alkyl bromides.

chlorine atoms pointing toward the surface of the micelle. Such close proximity
to the photocatalytic Ir complex, which is located at the interface, presumably
facilitates the SET to the substrates and thereby the generation of radical anions,
which are able to undergo further transformations.

A few months later, Giedyk’s group developed an efficient method for photocat-
alytic C-H alkylation of heteroarenes (known as the Minisci reaction) using non-
activated aliphatic bromides (Scheme 18.10) [54]. Contrary to existing procedures,
the established approach does not require the use of UV light, high temperatures,
stoichiometric amounts of radical promoters, external oxidants, or acids [55]. It can
be carried out at 40 °C using blue LEDs as a light source. The developed method
is compatible with many functional groups, including free OH groups, primary and
secondary amides, chlorides, CF, groups, or double bonds. Secondary bromides pro-
vide higher yields of the desired products than primary bromides, reflecting the
higher thermodynamic stability of the radical intermediates. On the other hand, pre-
cursors of even more stabilized benzyl or tertiary radicals have proved inadequate,
potentially because of lower reactivity in addition processes and competing oxida-
tion to carbocations and hydrolysis. On the aromatic side, the reaction is compatible
not only with simple heterocycles like lepidine, phenanthridine, and quinoline, but
also with derivatives that contain ester or cyano substituents. Moreover, it was possi-
ble to functionalize caffeine, an important stimulant of the central nervous system.

The authors have emphasized the importance of noncovalent structuring of
the aqueous solution; its replacement by an organic solvent or a micelle-free
water/solvent mixture gave lower yields of desired alkylation products. Reactive
carbon radicals have been proposed to be generated through the merger of the
photoredox cycle with bromide atom-catalyzed HAT - a process that highly depends
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18.5 Arylation
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Scheme 18.11 Mechanistic investigation. Reproduced from Ref. [54]: (a) proposed
mechanism (the dashed line between Br and CBr, indicates the postulated halogen bond),
(b) Stern—Volmer fluorescence quenching of Ir(dtbbpy)(ppy), (¢ =50 uM) in aqueous SDS, (c)
kinetic studies of the model reaction and the change in the pH of the reaction progress
illustrated on the photos of the indicatory strips.

on the spatial distribution of the reacting species in the micellar aqueous solution
(Scheme 18.11a). In particular, it has been postulated that the micellar effects and
the halogen bonding influence the affinity of the bromide anion for the organic
phase. The Stern-Volmer experiment showed that the excited state of the photocata-
lyst is preferentially quenched by CBr, (Scheme 18.11b), which provides the starting
concentration of co-catalytic bromide anions in the initiation step. Kinetic studies
revealed the increasing rate of the reaction during the first 10 hours of irradiation
(Scheme 18.11c). This phenomenon can be rationalized by the gradual change in
the pH of the solution and the accumulation of bromide anions in the mixture.

18.5 Arylation

The overview of arylation reactions mediated by hydrated electrons has already been
presented in Section 3.3: cross-coupling. The conceptually different photocatalytic
arylation methods, which also benefit from the features of micellar solutions, come
from the groups of Cai and Jiang [56]. In 2018, they applied nonionic micelles in
the reactions of various nucleophiles with in situ-generated diazonium compounds
(Scheme 18.12). The use of commercially available Triton X-100 as a surfactant and
Eosin B as a photocatalyst allowed for the arylation of heteroarenes, enol acetates,
disulfides, and [4+2] cycloaddition to alkynes. Additionally, successful recycling
of photocatalytic aqueous medium has been shown. The choice of surfactant is of
critical importance: the reaction in neat water or in the presence of ionic surfactants
gives desired products in low yields. On the contrary, nonionic surfactants like Triton
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Scheme 18.12 Arylation reactions via photocatalysis in micellar solutions: (a) arylation of
heteroarenes, (b) enol acetates, (c) disulfides, and (d) [4+2] cycloaddition to alkynes.
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X-100, Brij L23, or Tween 60 gave much better results (yields in the range of 62-83%).
The authors attribute this effect to the interactions between the diazonium ion
generated in the course of the process and the reaction medium. The blueshift of the
maximum absorption of eosin B, which is observed in water and Triton X-100, is also
in favor of the optimized conditions. The scope and limitation studies revealed a high
tolerance toward various functional groups in the aniline molecule: alkyl, alkoxy,
nitro, cyano, carbalkoxy, and trifluoromethyl. Interestingly, the carbon-halogen
bond (halogene = Cl, Br) remains stable under the reaction conditions.

Recently, photoreductive arylation of electron-rich (hetero)arenes with bro-
moarenes in aqueous solutions of surfactants has been investigated by Mattiello,
Beverina, and coworkers (Scheme 18.13) [57]. The authors developed a system pow-
ered by 365nm light and constituting 10-(4-methoxy) phenyl-10H-phenothiazine
(PTh-OMe) as a photocatalyst, Kolliphor EL (K-EL) as a surfactant, and
N,N-diisopropylethylamine (DIPEA) as a sacrificial electron donor. Although
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Scheme 18.13 Photoreductive arylation in an aqueous surfactant solution and the
structure of S-PTh.
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18.5 Arylation

the conversion of the brominated model substrate was lower compared with
reactions in MeCN or acetone, a superior selectivity and minimization of undesired
dehalogenation was observed. Moreover, the use of continuous-flow photoreactors
enabled to increase the yield of the reaction by 80% and, above all, shorten its
duration from days to hours. Ultimately, the authors designed and synthesized a
hybrid photocatalyst-surfactant compound S-PTh (Scheme 18.13), which provided
complete selectivity of the protocol toward the arylation products.

(o}

C-H arylation
o L @E?NR
R
N Methylene blue R'
I\ \ Mlceller solution I\ % Q
¢ R blue LEDs + R R
Radical intermediate le N-dealkylation E
R

Examples of products: Cationic intermediate

0 o} o 0 /
i-Pr N
N—i-Pr N—/ N N—i-Pr 0
MeO
i-Pr

89% (90%, 22%°) 45% (44%P) 77% (78%) 75% 91% (80%")

Scheme 18.14 C-H arylation vs. N-dealkylation of o-chlorinated benzamides and anilides
in aqueous media. ? Product obtained from o-bromosubstrate, ® product obtained from
o-fluorosubstrate.

The group of Giedyk reported a photocatalytic, intramolecular C-H aryla-
tion of N,N-disubstituted o-halobenzamides or N-substituted o-haloanilides
(Scheme 18.14) [58]. With the use of methylene blue as a photocatalyst, blue
light and tetramethylethylenediamine (TMEDA) in an aqueous solution of
cationic cetyltrimethylammonium bromide (CTAB), they were able to activate the
carbon-halogen bond and obtain respective isoindolinones and oxindoles. The
choice of surfactant, however, is not limited to CTAB. Control experiments have
shown that it can be replaced by nonionic Triton X-100 or zwitterionic SB3-14
without a significant decrease in reaction efficiency. The use of anionic SDS,
however, under otherwise unaltered conditions offers little advantage compared
with the reaction carried out in neat water. The desired transformation can also be
performed in dimethylformamide (DMF) instead of the aqueous micellar solution,
but with a significantly lower yield. Interestingly, despite the fact that methylene
blue displays only weak absorption at 450-500 nm, exposure to blue light is neces-
sary, and it cannot be replaced with other light colors. The reactivities of substrates
strongly depend on the substituents on the phenyl ring. Although electron-deficient
o-chlorobenzamides display lower reactivity, the presence of electron-donating
groups facilitates the desired transformation. In addition to functionalization of
benzamides, a-arylation of N-substituted anilides was also achieved. The authors
performed detailed mechanistic studies, which suggest that the C-H arylation is
likely to occur through the sequence of single electron reduction, 1,5-HAT, radical
cyclization, and oxidative rearomatization. Interestingly, a slight modification of
reaction conditions leads to the formation of N-dealkylation products (see Section
8: N-dealkylation).
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18.6 Sulfonylation

Sulfones are often called “chemical chameleons.” [59, 60] Thanks to their ability to
participate as nucleophiles, electrophiles, or radicals in a wide variety of chemical
processes, they are widely recognized as important synthetic intermediates. Struc-
turally diverse sulfones are also present in a large number of biologically active prod-
ucts and functional materials [61, 62]. Moreover, the sulfone group can act as a
bioisostere for other functionalities such as carboxyl, carbonyl, phosphate, and tetra-
zolium groups [63]. In order to draw on these advantages, in recent decades, a wide
body of research has been directed toward synthetic methodologies that enable the
incorporation of sulfonyl groups into small molecules. The vast majority of these
approaches, however, employ classical organic solvents as the reaction medium.

The pioneer work on the preparation of sulfones in micellar aqueous solutions
was presented in 2018 by the Lipshutz group [64]. They synthesized an amphoteric
photocatalyst consisting of an Ir(ppy), iridium complex and a PQS platform based
on ubiquinol (Scheme 18.15) [65]. Thus, the Ir(ppy),-PQS molecule functions as
both a photocatalyst and a surfactant, self-aggregating to provide nanoreactors.
In the optimized, model reaction between a-methylstyrene and tosyl chloride,
B-hydroxysulfone was obtained in 90%. Scope and limitation studies showed
that the process is compatible with benzenesulfonyl chlorides possessing diverse
electronic properties (80-90% yield in each case), and several heteroaryl- and
alkylsulfonyl chlorides (60-80%). The procedure also proved efficient in the syn-
thesis of p-ketosulfones from enol acetates. Importantly, the Ir(ppy);-PQS can be
easily recycled through a single extraction of the postreaction mixture with a small
amount of methyl ¢-butyl ether (MTBE). The reactants are transferred to the organic
phase and the aqueous layer containing [Ir]-PQS can be reused with only a slight
decrease in activity (from 90% to 70% after five cycles). The control “on water”
experiment without the surfactant gave a much poorer yield and clearly highlighted
the micellar effect.

1 1
/l . Oy O Irppy),-PQS, water Hoi(} 0 Examples of products:
8, 8 T .
A 7R Blue LED Ar R?
HO| Q.0 HOJ Q0
Ph S Ph
NO.
90% (23%)2 83% 2
Ho_| O, 0 o)
Na?” [oNe]
S Na?
©)k/ N
S V
64% 95%

Scheme 18.15 The sulfonylation reactions and the structure of a designer surfactant
Ir(ppy);-PQS. @ Control reaction conducted ‘on water” with Ir(ppy); photocatalyst and no
surfactant.

Xu, Xu, and coworkers reported a method for the remote, stereoselective
1,5-trifluoromethylthio-sulfonylation of aryl vinylcyclopropanes, which utilizes the
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18.7 Oxidation

O o
5”7 EosinY, SDS N
£ TR sor - ; S
R— _ R— _ 3 Water, white LED, 50 °C N A SCF,

Examples of products:

t-Bu t-Bu t-Bu
Q /© Q /©/ Q /©/ 0\/©/
S

g g S 3
0] 0 ko) )
DS SCFy N SCF, x SCF, N SCF,
74% (4:1)2 73% (13:1)2  t-Bu 62% (21:1)2 MeO 68% (5:1)2

Scheme 18.16 Photocatalytic 1,5-trifluoromethylthiosulfonylation of aryl
vinylcyclopropanes. @ Yield of Z product and Z:E ratios.

solution of SDS (3 mol%) and eosin Y as a photocatalyst (Scheme 18.16) [66]. The
role of the structured aqueous solution was evidenced by comparing the model
reaction to reactions in other solvents: DMSO and DMF. In the latter cases, the
desired products were obtained with worse yields and selectivities: 35% (ZZE=3:1)
and 10% (Z:E = 1 : 1), respectively, compared with 76% (Z:E = 7 : 1) under the
optimized aqueous conditions. The electronic properties of the aromatic ring in
both substrates do not significantly affect the reaction outcome. In addition to aryl
vinylcyclopropanes, alkyl derivatives were also competent substrates, although
moderate yield and stereoselectivity were observed in this case, possibly because of
the lack of profitable steric hindrance. The radical mechanism of the reaction has
been confirmed by conducting the experiments with a radical trap, which entirely
inhibited the process.

18.7 Oxidation

Most of the catalytic approaches described in this chapter so far involve
single-electron reduction, either as an activation step or a key-mechanistic step. This
does not mean, however, that micellar solutions cannot be successfully used in pho-
tocatalytic oxidation. The Handa group developed the oxyhalogenation of aromatic
alkynes — mainly phenylacetylene derivatives A - using Eosin Y as a photocatalyst
and the designer surfactant FI-750-M (Scheme 18.17) [68]. FI-750-M is structurally
based on functionalized proline, and it forms spherical nanomicelles with low inte-
rior hydrophobicity: a feature that makes it an interesting alternative to toxic, polar
solvents such as DMF and NMP. N-Bromo- and N-chlorosuccinimides were used as
halogenating agents, yielding a variety of aromatic o, a-dibro- or a,a-dichloroketones
with moderate to very-good yields (43-87%). Both reactions were compatible with
various functional groups at the aromatic ring: -Cl, -Br, -OMe, -C(O)Me, -NH,,
-NHCbz, -NHBoc, -F, and -NO,. The process takes place under anaerobic condi-
tions at room temperature or, in the case of substrates of particularly low solubility
at a slightly elevated temperature (45°C). Importantly, the established protocol
was validated in the gram-scale reaction, showing no loss in efficiency and no
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Scheme 18.17 Oxyhalogenation of alkynes: (a) plausible mechanism. EY = eosin Y, (b)
structure and cryo-TEM of FI-750-M showing large micelles. Source: Adapted from Brals
et al. [67], Reproduced with permission from American Chemical Society.

£
£
3
=
2
B
<3
9
&

longer time needed. The authors proposed a mechanism in which an intermediate
resonance-stabilized aryl halovinyl radical B is oxidized to form a strained cyclic
cation C that undergoes facile opening with a hydroxyl anion. Another SET from
the excited eosin, followed by the reaction with halogenating agent D, leads to
a-hydroxy dihaloradical E. Finally, intermediate E undergoes oxidation to form a
final dihaloketone F. The discussed catalytic system can be recycled several times,
which highlights the sustainable nature of the procedure. It has also been success-
fully applied in a one-pot, two-reaction sequence leading to functionalized thioether,
although a different designer surfactant - TPGS-750-M - was used in this case [69].

A protocol for photocatalytic oxidation of vicinal diols to aldehydes in a micellar
aqueous solution was developed by the groups of Niu and Ni (Scheme 18.18) [70]. E
Their method combines micellar catalysis with heterogeneous photocatalysis and
thus stands out from other macroscopically homogenous procedures described in
this chapter. The authors used a metal-free, recyclable, semiconductor graphitic

OH = A OH 0
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L OH = OH O,, CTAB, water e

Examples of products:
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Scheme 18.18 Visible light-promoted oxidative cleavage of vicinaldiols.? Product
obtained from monosubstituted 1,2-diol.
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18.7 Oxidation

carbon nitride with nitrogen vacancies (CN620) - a compound used in water
splitting, the removal of pollutants, and CO, reduction [71]. A model catalytic system
involved irradiation with a Xe lamp (250 W) under oxygen atmosphere (1 atm).
It was also found to strongly depend on the surfactant: in neat water, only trace
amounts of the desired aldehyde were obtained, whereas the addition of a surfactant
resulted in a significant increase in both yield and selectivity. The cationic CTAB
(94% yield, 90% selectivity in the model reaction of hydrobenzoin) performed best in
this role. Additionally, sunlight-induced (78-85%) and large-scale (20 mmol, 82%)
reactions were successfully executed. Importantly, aqueous medium containing
CN620 could be recycled directly at least 10 times without significant loss in activity.

PDI-Cu()-PDI,
R XY~ OH _ TEMPO, PS-750-M " H
> Air, white LED, 45 °C  F 1

Examples of products:
o o} (o) o o o
Br N
H H H H | X H H
O,N MeO = H Z
7% S/ OH 70%

84%

: 0 i
TN p ava Sy =
Ly S04t O I e
TO I Od OO
! O PF, 0 Y PFe |
' PDI~Cu(l)-PDI :

Scheme 18.19 Photocatalytic oxidation of alcohols to aldehydes and the structure of
PDI-Cu(l)-PDL.

Another photocatalytic method for oxidation of alcohols to aldehydes utilizes
a designer surfactant PS-750-M and the water-insoluble organometallic polymer
PDI-Cu(I)-PDI as photocatalyst (Scheme 18.19, PDI = perylene diimide) [72].
PS-750-M, similar to the previously described FI-750-M, contains a proline core
that is functionalized with alkyl and alkoxy chains. The designed mode of action
involves the steady movement of substrate-containing nanomicelles through the
channels formed by the organometallic material PDI-Cu(I)-PDI. According to the
authors, this system enables the desired catalysis and at the same time suppresses
metal leaching. The scanning electron microscopy and scanning transmission
electron microscopy-based high-angle annular dark-field (STEM-HAADF) imaging
confirmed the morphology and the presence of channels in the PDI-Cu(I)-PDIL
The catalytic properties were investigated in a model oxidation of p-nitrobenzyl
alcohol to p-nitrobenzaldehyde, which occurred at 96% yield under the optimized
conditions. The method shows high tolerance toward various functional groups
and can be applied not only to benzyl alcohols but also analogues based on het-
eroaromatic rings. In addition, the use of organic solvents throughout the whole
reaction process is minimal, as the products can be readily purified by extraction
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and filtration through celite, without the need for column chromatography. The
authors also demonstrated other ecological aspects of the developed technology: the
possibility of recycling the catalytic system and trace amounts of metal impurities
in the final product (<1 ppm).

0] o

©5LN R Methylene blue, n-BuNH, @\)LN'R
|
o SDS, water, blue LEDs, 40 °C pH
Examples of products:
©\)L//Pr©\)L /@\)(/IPrFC\©\)( /lPr©\)L)\/\/u\

84% (96%)? 61% (86%)? 82% 66% R' = Me, 69% (78%)2
R = H, 34% (79%)2

Scheme 18.20 Photocatalytic N-dealkylation of o-halobenzamides. ?Product obtained
from o-bromobenzamide.

18.8 N-dealkylation

The cleavage of the alkyl substituent from the nitrogen atom in the amides holds the
potential to become a convenient approach for late-stage modification of various
molecules of biological and functional importance. Unfortunately, it is also highly
challenging from a thermodynamic point of view. In nature, N-dealkylation of
selected amides is mediated by Cytochrome P450 [73, 74], but chemical methods
are scarce. Very recently, the Giedyk group has demonstrated the photocatalytic
N-dealkylation of tertiary o-halobenzamides (Scheme 18.20) under mild reaction
conditions including the use of an aqueous solution of SDS, methylene blue as a
photocatalyst, and blue-light irradiation [58]. The authors applied this procedure
to benzamides containing various substituents on the nitrogen atom, including pri-
mary alkyl groups and benzyl groups. Moreover, it has been found that derivatives of
cyclic amines undergo ring opening to the corresponding ketones with the insertion
of an oxygen atom at the more substituted position. This leads to the conclusion that
N-dealkylation likely proceeds through the hydrolysis of intermediate N-acylimine
or N-acyliminium cation. Mechanistic studies confirmed the photocatalytic nature
of the process.

18.9 Conclusions

Aqueous micellar solutions are often portrayed as sustainable alternative to organic
solvents in various synthetic applications. Although essentially true, this narrative
underestimates the role and potential capabilities of these systems. In fact, they not
only allow the solubilization of lipophilic compounds in a highly polar, aqueous
environment, but also, thanks to the presence of permeable interfaces, provide
a unique platform for selective interactions between substrates, catalysts, and
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additives. This is of particular importance in photoredox catalysis, where the fast,
though reversible, SET processes are very susceptible to kinetic effects. In this
chapter, we have reviewed the state of the art in the field of micellar photocatalysis.
The available protocols enable various synthetic applications, including dehalo-
genation and hydrogenation of double bonds, homo- and cross-coupling reactions,
C-alkylation, arylation, sulfonylation, oxidation, and N-dealkylation, which often
occur in excellent yields and chemo-, regio-, and stereoselectivities. Despite these
impressive achievements, it should be emphasized that micellar photocatalysis is
currently at a very early stage of its development and many other disconnections
are yet to be covered. In addition, further conceptual improvements are expected
to occur regularly in the coming years. These may include selective, photocatalytic
C-H functionalization, in which the aqueous environment may account for the
discrimination of the desired carbon-hydrogen bonds. The benefits of water as
preferred reaction medium may also manifest themselves in the energy-transfer or
proton-coupled electron-transfer (PCET) processes. Moreover, as micellar solutions
have already been proven compatible with the chemistry of transition-metal
complexes, merged photoredox-organometallic procedures will presumably be
established very soon.
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Abstract Vitamin B;, plays a crucial role in enzymatic transforma-
tions. This natural compound proved also useful as a catalyst in numer-
ous organic reactions. Commercial availability and lower cost than pre-
cious metal complexes, make cobalamin an attractive candidate for a
broader use as a benign Co-catalyst. Herein, the vitamin B,,-catalyzed
dicarbofuntionalization of bromoalkenes with electrophilic olefins is re-
ported leading to substituted pyrrolidines and piperidines in decent
yields after only 15 minutes under light irradiation.

Key words cobalt, vitamin B12, radical cyclization, Giese addition

Vitamin B;, [1, CN(Cbl), cyanocobalamin, Figure 1], as a
cofactor is involved in enzymatic isomerization, methyl
transfer, and dehalogenation reactions, consequently it
plays a crucial role in proper functioning of living cells.! In
organic synthesis, as a native compound, amphiphilic coba-
lester 2, or hydrophobic heptamethyl cobyrinate (3) has
been utilized as a benign Co-catalyst in numerous reac-
tions, including cyclopropanation,? reductive coupling of
halides and non-activated alkyl tosylates,? dehalogenation,*
deprotection of (allyloxy)arenes,” or generation of radicals
through strain release,’ etc.” Catalytic properties of these
compounds stem from the central Co(III) ion, which upon
reduction generates either radical Co(Il) 1a or ‘supernucleo-
philic’ Co(I)-species 1b (Scheme 1). As such, they react, re-
spectively, with radicals and electrophiles furnishing alkyl
cobalamins. Subsequent photolytic or thermal homolytic
cleavage of the C-Co bond leads to C-centered radicals,
which with suitable partners forge new C-C bonds.?

Pyrrolidines are important class of organic compounds
with numerous applications in medicinal chemistry.® Given
their ubiquity in structures of natural products and syn-
thetic compounds, a plethora of methods for their synthesis

Br 7z PN

P = COEES- TG
N Ca(l)
Ts

® 22 examples

® up to 95% yield

® natural, non-toxic catalyst
@ short reaction time

ROC

K

MeO,C J i\/002|\/|e

MeOZC
heptamethyl cobyrinate (3)

vitamin B2 (1) R = NH,
cobalester (2) R = OMe

Figure 1 Vitamin B, and its derivatives

radical species supernucleophile

L

@
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| | |
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1 1a 1b

Scheme 1 Catalytically active cobalamin species

| 02+

has been already developed!® among which cyclizations of
specifically designed haloolefins occupy an important
place.’ In 1990, Hassner et al. reported the conventional in-
tramolecular cyclization of (bromoalkyl)allylamines to pyr-
rolidines induced by tributyltin hydride and AIBN as a radi-
cal initiator.'? Later, transition-metal catalysis (Ru, Ti/Ni, Pd,
Mn, Fe, etc.) was utilized for this purpose with cobalt

© 2020. Thieme. All rights reserved. Synthesis 2021, 53, 1645-1653
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complexes also being efficient.’* Cobaloxime - considered
as a model compound of vitamin B,, - catalyzes Heck-type
reactions.!? In particular, Carreira et al. developed intramo-
lecular reaction of alkyl iodides to double bonds under blue
light irradiation and applied it in the first total synthesis of
daphmanidin alkaloids."* More recently, cobalt-catalyzed
directed arene C-H activation and 1,5-radical cyclization
were merged into a single catalytic cycle to achieve dicar-
bonfunctionalization of bromoalkenes.!> As a greener alter-
native for the synthesis of 3-methylpyrrolidine, the Ste-
phenson group proposed photocatalytic hydrodebromina-
tion of unactivated alkyl and aryl halides.'® Despite recent
advancement in the realm of the pyrrolidine ring forma-
tion, greener, selective, and high-yielding methods are still
in high demand.

Recently, we have found that heptamethyl cobyrinate
(3) catalyzes atom-transfer radical addition of organic ha-
lides to olefins.!” Based on the proposed mechanism for this
transformation, we envisaged that vitamin By, (1) might be
a suitable catalyst for constructing the pyrrolidine ring
(Scheme 2a). Herein, we report vitamin B;,-catalyzed cy-
clization of bromoalkenes and tandem radical cycliza-
tion/Giese addition to electrophilic olefins furnishing sub-
stituted pyrrolidines and piperidines eliminating the need
for toxic or expensive precious metal-based catalysts.

We presumed that the ‘supernucleophilic’ Co(I) form of
vitamin By, would react with specifically designed bro-
moalkenes A forming alkylcobalamin B that upon light irra-
diation or heating would generate radical C and subse-
quently intermediate D (Scheme 2b). Radical D might fol-
low different pathways, either could: 1) undergo reduction
to give 3-methylpyrrolidine E, 2) recombine with Co(II)
species to give G and after dehydrocobaltation generate 3-
methylenepyrrolidine H, or 3) react with an electron-defi-
cient olefin, if present, furnishing substituted pyrrolidine F.
This concept holds a multitude of challenges with the selec-
tivity being the major one.

Based on this mechanistic hypothesis, in the initial ex-
ploratory experiment, we tested vitamin B,, in the cycliza-
tion of model bromoalkene N-(2-bromoethyl)-N-(prop-2-
yn-1-yl)-p-toluenesulfonamide (4) (Table 1). Background
experiments revealed that the cyclization only occurred if
all reagents - vitamin B;,, zinc, and ammonium chloride -
were present (see SI). With no external stimuli (light, heat)
the reaction gave traces of 3-methylpyrrolidine 5a (Table 1,
entry 2), while heating the reaction mixture in dark at 50 °C
for 18 hours selectively afforded this compound in 42%
yield. In contrast, under light irradiation, the selectivity de-
pended on the power of light (entries 6, 7) and color (en-
tries 3-5) as alkyl cobalamins (an intermediate detected by
MS, see SI, section 3: Mass spectrometric studies) absorb in
the region 250-560 nm. With 3 W blue LED, the reaction
selectively furnished product 5a while with stronger, pene-
trating deeper, 10 W LED a mixture of compounds 5a/5b
were formed with pyrrolidine 5b being the major product

a. General concept
X
\L f or AT
N Co(l)
R
b. Plausible mechanizm
s
N 1Co,
@ @ z
Zn

Col (|||)—C|>c o(l) H AT
H Z
Zn L J/
NH,CI

@N

Co(ll)H Co(ll)

(mco
<_§ / SNHACI / (
@R /\EWG
Zn, NH,CI

® /j/\/\ EWG
AN

Scheme 2 General concept and plausible mechanism

(entry 7). Notably, the external stimuli changes the reaction
pathway. This enabled us to optimize cyclizations leading
either to product 5a under irradiation with white light (LED
tape) or to pyrrolidine 5b when exposed to blue light (sin-
gle LED, 10 W) (for details see SI).

Table 1 Optimization: Influence of Light?

I J/ vitamin B d F{
¥
Ilght N N
Ts Ts

4 5a 5b
Entry Light Time (h)  Conditions Yield (%)°
1¢ White (LED tape) 18 A 50 (5a)
2 None 18 A 5 (5a)
3¢ Green (LED tape) 18 A 39 (5a)
4¢ Purple (LED tape) 18 A 44 (5a)
5¢ Blue (LED tape) 18 A 35(5a)
6 Blue (3 W) 18 A 43 (5a)
7 Blue (10 W) 025 A 59 (5a:5b 1:1.5)¢

8 Blue (10 W) 033 B 69 (5a:5b 1:7)¢

2 Reaction conditions; A: alkyl bromide 4 (0.25 mmol, 1.0 equiv), vitamin B;,
(1, 1.5 umol, 6.0 mol%), NH,Cl (0.875 mmol, 3.5 equiv), Zn (1.5 mmol, 6.0

equiv), MeOH (c = 0.1 M), rt; B: alkyl bromide 4 (0.25 mmol, 1.0 equiv), vita-

min By, (1, 3 umol, 12.0 mol%), NH,Cl (0.25 mmol, 1 equiv), Zn (1.5 mmol,
6.0 equiv), MeOH (c = 0.1 M), rt.

b GCyield.

¢ LED tape (for more details see SI), 18 h.

d HPLC yield.

© 2020. Thieme. All rights reserved. Synthesis 2021, 53, 1645-1653
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In the presence of vitamin B,,, the desired product 5a
was formed in 50% yield under white light irradiation for 18
h. The optimized conditions for the synthesis of pyrrolidine
5a are as follows: Conditions A: vitamin B, (6.0 mol%),
NH,CI (3.5 equiv), Zn (6.0 equiv), MeOH (c = 0.1 M of 4),
white LED tape, room temperature, 18 hours.

Optimization of the reaction exposed to strong blue
light (single LED, 10 W) to selectively form pyrrolidine 5b
with the exocyclic double bond was more challenging. To
this end, our effort was directed towards achieving both
higher selectivity and yield of the reaction. Variation of the
solvent, addition of acids, bases, or water had negligible ef-
fect on the reaction course (for details, see SI). Decreasing
the amount of NH,CI to 1.0 equivalent increased the 5a/5b
ratio to 1:2. The strongest influence had the amount of co-
balamin (1) used, with 12.0 mol% of vitamin B, the yield
increased to 69% and the ratio 5a/5b to 1:7. Conditions B:
vitamin B, (12.0 mol%), NH,CI (1.0 equiv), Zn (6.0 equiv),
MeOH (c = 0.1 M of 4), blue LED (10 W), 20 minutes.

Under optimized conditions A, we tested structurally
diverse haloolefins 6 (Scheme 3). Reactions irradiated with
white LEDs enabled the synthesis of both pyrrolidine and
piperidine derivatives 7 in good to excellent yields. Notably,
substitution at the terminal position of the double bond as
well as at the a-position to the bromide had beneficial in-
fluence on the reaction yield. In contrast, the use of second-
ary bromides, expectedly, led to product 7d in diminished
yield (40%).17:18

2

Br - vitamin Byz (6.0 mol%)
\L J/ Zn (6.0 equiv), NH4CI (3.5 equiv) /_j
A MeOH, Ar, rt, 18 h R/N

N
R1
Ts 6 Ts 7
O-/ K Ph/-d ---- 2 ---- g ------- Z ---- i ----
N N Ph™ N N N
Ts Ts Ts Ts Ts
7a, 59% 7b, 92% 7c, 64% 7d, 40% 5b,2 74%

cis/trans 89:11
Scheme 3 Scope for the radical cyclization under white light irradia-
tion. 2 Obtained from N-(2-bromoethyl)-N-(prop-2-yn-1-yl)-p-toluene-
sulfonamide.

Conditions B have several limitations and reactions of-
ten resulted in complex mixtures of products. Instead, using
conditions A the same product - pyrrolidine 5b - with the
exocyclic double bond could be obtained from N-(2-bro-
moethyl)-N-(prop-2-yn-1-yl)-p-toluenesulfonamide (4) in
high yield.

In the next step, we wondered if the presence of elec-
tron-deficient olefin would allow for a selective tandem re-
action - the radical cyclization followed by the Giese addi-

tion - enabling difunctionalization of alkenyl halides
(Scheme 2). Similar synthesis of pyrrolidines was reported
by Kang and co-workers who utilized the Fe(CO)s-phenan-
throline system as a catalyst.!® Two-component reductive
dicarbofuctionalizaton of alkenes via radical cyclization is
also possible with Ni catalysis.?® In this line, we have also
shown that vitamin B;, catalysis enables dicarbofunctional-
ization of electron-deficient alkenes.!” The cyclization pro-
posed herein followed by the Giese addition would be the
first example of dicarbofuntionalization of non-activated
alkenes catalyzed by vitamin B,,. The reaction of substrate
4 with methyl acrylate under conventional heating (MeOH,
50 °C, 18 h) or in a microwave reactor (MeOH, 66 °C, 30
min) afforded product 8 in decent yield, 53% and 44%, re-
spectively (Table 2, entries 1, 2). Irradiation of the reaction
mixture for 18 hours with white light (LED tape) gave a
similar result while the yield increased to 70% when stron-
ger blue LED (10 W) was used (entries 3, 4). The undeniable
advantage of using this light source is the short time of the
reaction, just after 15 minutes, the yield reached maximum.
Several polar solvents were tested with the aim to increase
the yield, however, none was more efficient than MeOH
presumably because of the solubility of vitamin B, in the
reaction media (see SI).

Table 2 Optimization of the Reaction Conditions?

/\COZMe CO.Me

vitamin B4, (6.0 mol%)
I J/ _ znE0equy)
NH4CI 3.5 equiv)
MeOH 1, light Ts

4

Entry Conditions Time Yield (%)° of 8
Tc 50°C 18h 53
2¢ microwave, 66 °C 30 min 44
3¢ white LED 18h 53
44 blue LED 15 min 70

2 Reaction conditions: alkyl bromide 4 (0.25 mmol, 1.0 equiv), methyl acry-
late (0.75 mmol, 3.0 equiv), vitamin B, (6.0 mol%), NH,Cl (3.5 equiv), Zn
(6.0 equiv), MeOH (c = 0.1 M), rt.

b GC yield.

¢ LED tape (for more details see SI), 18 h.

dSingle LED (10 W), 15 min.

Furthermore, we established 6.0 mol% of vitamin B,, as
the optimal catalyst loading. The ratio of zinc to NH,Cl had
negligible effect on the reaction outcome while the ratio of
substrates influenced the selectivity most (Table 3). Even
with 10 equivalents of methyl acrylate, pyrrolidines 5a and
5b were formed as the main by-products (Table 3, entry 2).
In contrast, using an excess of alkyl bromide 4 improved the
yield of product 8 up to 78% (entries 4-6).
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Table 3 Optimization the Ratio of Substrate 4 to Methyl Acrylate?

Entry 4 (mmol) Methyl acrylate (mmol)  Yield (%) of 8
1 0.25 0.75 70
2 0.25 2.50 49
3 0.25 0.25 50
4 0.375 0.25 69
5 0.50 0.25 78
6 0.75 0.25 72

2 Reaction conditions:

vitamin B, (1.6 pmol, 6.0 mol%), NH,Cl (0.87 mmol, 3.5 equiv), Zn (1.5
mmol, 6.0 equiv), MeOH (c = 0.1 M of non-excess substrate), rt,

single blue LED (10 W), 15 min.

b GC yield.

The use of iodide instead of bromide led to the loss of
selectivity giving product 8 in 19% yield accompanied by a
mixture of saturated and unsaturated pyrrolidine 5a and 5b
(49%). Chloro and tosyl derivatives were almost unreactive
under developed conditions. The substrate scope, with re-
spect to the coupling partner, was then investigated
(Scheme 4).

A Ewg EWG
vitamin By (6 mol%)
I Zn (6 equiv), NH4CI (3.5 equiv)
N

MeOH, Ar, rt
blue light (10 W), 15 min Tgs
Ao~
Mcone Mcozt Bu CO,Me
8,78% 9a, 74% 9b, 36%
COLE v@
MCOQMe A/\H/
9c, 67% 9d, 28% 9e 41%
S
WNMeZ \/\H/NHPh WN\)
o) o) o)
of, 66% 9g, 68% oh, 48%
M M th ’ )
CN SO,Ph
0 Ph
9i, 95% 9j, 65% 9k, 11% 91,18%

Scheme 4 Scope of the tandem reaction: electron-deficient olefins

For the formation of esters 8, 9a, amides 9f-h, nitrile 9i,
and sulfone 9j, the reaction is highly efficient (48-95%)
while keto products caused problems, mostly due to reduc-
tion of the carbonyl group. In the case of methyl 2,4-penta-
dienoate, only 1,6-addition is observed (— 9b, 36%). a,B-
Substituted electrophilic olefins gave a mixture of products,
only for a-phenyl-substituted substrate product 9d was
formed in 28% yield. For 4-iodobenzyl acrylate the desired
product was not observed instead compound 9e was isolat-
ed (41%) because of subsequent deiodination taking place.
Reactions with ketones gave products 9k and 91 in low

yields (11-18%). The best result was obtained in the reac-
tion with acrylonitrile, the desired product 9i was formed
in 95% yield. For ethyl 2-[(phenylsulfonyl)methyl]acrylate
(10) the formation of disubstituted product 9c¢ was ob-
served. A plausible mechanism involves addition of radical I
to allyl sulfone 10 giving radical II, which after B-elimina-
tion generates intermediate III still being an electrophilic
olefin (Scheme 5). This olefin reacts further with an excess
of radical I to give product 9c in 67% yield.

COEt 10 CO-Et
(j/ T A _sorn (j/\)_\/sozph
—
TsN TsN: ]
|
lﬁ-elimination
CO,Et .
(j CO,Et
/j/\)\/\o ToN
\ -~
TsN NTs [H*]
9c TsN: 1]

Scheme 5 Formation of product 9c: the proposed mechanism

Next, we tested if other bromoalkenes could be used in
this transformation (Scheme 6). Secondary bromide and al-
kyl- and aryl-substituted bromoalkenes furnished products
11a (42%) and 11b-f (44-92%), respectively, in good to ex-
cellent yields. Moreover, the developed method is also suit-
able for the synthesis of bicyclic product 11g (55%) and
piperidine derivative 11h (48%). N-(2-Bromoethyl)-N-prop-
argyl-p-toluenesulfonamide enabled the synthesis of pyrro-
lidine 11i with the exocyclic double bond.

Z>eN CN
Br. Loz vitamin B3 (6 mol%)
\L J/ Zn (6 equiv), NH,CI (3.5 equiv)
b “y

g~ N MeOH, Ar, rt R
Ts blue LED (10 W), 15 min Ts
6 1
Ts Ts
11a, 42% 11b, 92% 11c¢,83% 11d, 44% 11e, 64%
11f, 83% 11g, 55% 11h, 48% 11|, 40%

Scheme 6 Scope of the tandem reaction: bromoalkenes

The reaction proved to be easily scalable and on a bigger
scale (1 mmol), only extension time was required (to 2 h) to
achieve product 8 in 57% of yield.

In summary, vitamin B;, catalyses intramolecular cy-
clization of bromoalkenes leading to substituted pyrroli-
dines and piperidines, while in the presence of an electro-
philic olefin dicarbofunctionalization occurs. This demon-
strate the versatility of vitamin By, catalysis, just by fine
tuning of the reaction conditions different products from
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the same substrate form with high selectivity. The present-
ed methodology eliminates the need for toxic, expensive
metals, thus it is potentially attractive for pharmaceutical
industry.

All reagents and solvents used were supplied by commercial sources
without further purification, unless otherwise specified. Bro-
moalkenes (see SI) 4,2 S1,>2 2,22 §4,23 §5,4 §6,24 S7,2> 8,2 and $9%6
were prepared according to the literature procedures. For the synthe-
sis of $3, see the Supporting Information.

NMR spectra were recorded on Bruker 400 MHz, Bruker 500 MHz,
and Varian 500 MHz spectrometers. Chemical shifts are reported in
parts per million (8) relative to the internal standard TMS (0 ppm) for
CDCl;. The coupling constants, J, are reported in hertz (Hz). High-res-
olution mass spectra (HRMS) were recorded on a Waters SYNAPT G2-
S HDMS instrument using electrospray ionization (ESI). Elemental
analysis (C, H, N) were performed using a PerkinElmer 240 Elemental
Analyzer. Melting points were recorded on a Marienfeld MPM-H2
melting point apparatus and are uncorrected (an average of three
measurements). GC-MS analyses were performed using Shimadzu
GCMS-QP2010 SE gas chromatograph with FID detector and Zebron
ZB 5MSi column. HPLC analyses were performed on reverse-phase
(RP) Knauer HPLC with columns: Kromasil Eternity-5-C18, 250 mm
V4.6 mm with a precolumn or Kromasil 100 C185 mm, 250 mmV 4.6
mm; detection, UV/Vis. For column chromatography silica gel (200-
300 mesh) was used.

Pyrrolidine Derivatives; General Procedure A

A glass reaction tube (inner diameter = 18 mm) equipped with a mag-
netic bar was charged with NH,Cl (47 mg, 0.87 mmol, 3.5 equiv), vita-
min By, (21 mg, 0.016 mmol, 6.0 mol%), and activated Zn (98 mg, 1.5
mmol, 6.0 equiv), then MeOH (2.5 mL, HPLC grade) was added. The
tube was sealed with a septum and the resulting mixture was de-
gassed by purging the solution with argon for 20 min with simultane-
ous sonication in ultrasonic bath (the solution turned from red to
dark green or brown). Subsequently, a bromoalkene (0.25 mmol) was
added and the reaction vessel was placed in a photoreactor and irra-
diated with white LED (9.6 W/m) for 18 h. The reaction mixture was
quenched with EtOAc, filtered through a cotton pad, and concentrat-
ed in vacuo. The crude product was purified using column chroma-
tography (SiO,, gradient from 0 to 10% EtOAc in hexane).

Pyrrolidine Derivatives; General Procedure B

A glass reaction tube (inner diameter = 18 mm) equipped with a mag-
netic bar was charged with NH,CI (47 mg, 0.87 mmol, 3.5 equiv), vita-
min By, (21 mg, 0.016 mmol, 6.0 mol%), and activated Zn (98 mg, 1.5
mmol, 6.0 equiv), then MeOH (2.5 mL, HPLC grade) was added. The
tube

was sealed with a septum and the resulting mixture was degassed by
purging the solution with argon for 20 min with simultaneous soni-
cation in ultrasonic bath (the solution turned from red to dark green
or brown). Subsequently, an electron-deficient olefin (0.25 mmol, 1.0
equiv) and bromoalkene (0.5 mmol, 2.0 equiv) were added and the re-
action vessel was placed in a photoreactor and irradiated with blue
LED (10 W) for 15-20 min. The reaction mixture was quenched with
EtOAc, filtered through a cotton pad, and concentrated in vacuo. The
crude product was purified using column chromatography (SiO,, gra-
dient from 0 to 30% EtOAc in hexane).

3-Methyl-1-tosylpyrrolidine (5a)%’
Product was obtained according to General Procedure A from 4 as a
rigid colorless oil; yield: 39 mg (64%).

H NMR (500 MHz, CDCl,): 8 = 7.64 (d, J = 8.3 Hz, 2 H), 7.25 (d, ] = 7.4
Hz, 2 H), 3.35 (dd, J = 9.7, 7.1 Hz, 1 H), 3.27 (m, 1 H), 3.15 (m, 1 H),
2.68(dd,J=9.7,7.8 Hz, 1 H), 2.36 (s, 3 H), 2.05 (m, 1 H), 1.78-1.87 (m,
1H),1.28 (m, 1 H), 0.84 (d, ] = 6.7 Hz, 3 H).

13C NMR (126 MHz, CDCl,): § = 143.1, 104.3, 129.5, 127.4, 55.0, 53.9,
40.5,36.2,21.5,15.6, 12.8.

NMR spectra are consistent with the reported data.

3-Methylidene-1-tosylpyrrolidine (5b)?’

Product was obtained according to General Procedure A from S5 as a
rigid colorless oil; yield: 44 mg (74%).

H NMR (500 MHz, CDCl,): & = 7.82 (d, J = 8.3 Hz, 2 H), 7.44 (d, ] = 8.0
Hz, 2 H), 5.02 (m, 2 H), 3.89 (s, 2 H), 3.40 (t, ] = 7.1 Hz, 2 H), 2.58 (m, 2
H), 2.54 (s, 3 H).

13C NMR (126 MHz, CDCL): & = 144.1, 143.6, 102.9, 129.6, 127.8,
107.4,51.9, 48.07, 31.7.

NMR spectra are consistent with the reported data.

3-Methyl-1-tosylpiperidine (7a)?*
Product was obtained according to General Procedure A from S8 as
white crystals; yield: 39 mg (59%).

TH NMR (400 MHz, CDCly): § = 7.66 (d, J = 8.3 Hz, 2 H), 7.34 (d, ] = 8.0
Hz, 2 H), 3.65 (m, 2 H), 2.45 (s, 3 H), 2.24 (td, = 11.4, 2.9 Hz, 1 H), 1.91
(t,J =10.7 Hz, 1 H), 1.84-1.49 (m, 4 H), 0.89 (d, ] = 6.5 Hz, 3 H), 0.88-
0.79 (m, 1 H).

NMR spectra are consistent with the reported data.

3-Benzyl-1-tosylpyrrolidine (7b)'°
Product was obtained according to General Procedure A from S10 as a
colorless oil; yield: 22 mg (92%).

H NMR (500 MHz, CDCl,): 8 = 7.70 (d, J = 8.2 Hz, 2 H), 7.31 (d, ] = 7.9
Hz,2 H),7.25(d,J = 8.2 Hz, 2 H), 7.19 (t, ] = 7.3 Hz, 1 H), 7.05 (d, J = 7.0
Hz, 2 H), 3.44-3.31 (m, 2 H), 3.19 (dt, ] = 9.8, 7.9 Hz, 1 H), 2.92 (dd, J =
9.8,7.5 Hz, 1 H), 2.58-2.51 (m, 2 H), 2.4 (s, 3 H), 2.34 (dq, J = 15.1, 7.5
Hz, 1 H),1.87 (ddd, J=19.1, 7.1, 44 Hz, 1 H), 1.52-1.44 (m, 1 H).

13C NMR (126 MHz, CDCl3): 8 = 143.3, 109.7, 104.1, 129.6, 128.6,
128.5,127.5,126.3, 52.8, 47 .4, 40.4, 39.1, 31.1, 21.5.

NMR spectra are consistent with the reported data.

4-Methyl-2-phenyl-1-tosylpyrrolidine (7c)*

Product was obtained according to General Procedure A from S3 as
white crystals; yield: 50 mg (64%); dr = 1:3 (I/II).

'H NMR (500 MHz, CDCl,): 8 = 7.67 (d, J = 8.2 Hz, 0.5 H, 2 H,), 7.60 (d,
J=82Hz, 1.5H, 2 Hy), 7.33-7.18 (m, 7 H, 7 H, + 7 Hy), 4.86-4.84 (m,
0.25 H, 1 H)), 4.66-4.63 (m, 0.75 H, 1 Hy), 3.84 (dd, J = 11.1, 7.3 Hz,
0.75H, 1 Hy),3.73(dd,J=9.3, 7.0 Hz, 0.25 H, 1 H;), 3.08 (t, ] = 10.8 Hz,
0.75H, 1 Hy), 2.88 (t,]=9.2 Hz,0.25 H, 1 H,), 2.42 (s,0.75 H, 3 H,), 2.40
(s,2.25H, 3 Hy), 2.41-2.31 (m, 1 H, 1 H; + 1 Hy), 1.91-1.79 (m, 1 H, 1 H,
+1 Hy), 1.63-1.57 (m, 0.25 H, 1 H;), 1.53-1.43 (m, 0.75 H, 1 Hy;), 0.95
(d,J=6.5Hz, 225 H, 3 Hy), 0.88 (d, ] = 6.6 Hz, 0.75 H, 3 H,).

13C NMR (126 MHz, CDCl;): 3 (isomer I) = 16.8, 21.5, 33.4, 43.6, 56.7,
64.6, 126.1, 126.3, 126.9, 127.1, 127.4, 127.5, 128.2, 128.3, 129.5,
105.7, 143.1, 143.3; § (isomer II) = 16.4, 21.5, 31.3, 43.5, 55.8, 63.1,
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126.1, 126.3, 126.9, 127.1, 127.4, 127.5, 128.2, 128.3, 129.46, 105.0,
143.0, 143.2.

NMR spectra are consistent with the reported data.

cis/trans-3,4-Dimethyl-1-tosylpyrrolidine (7d)'°

Product was obtained according to General Procedure A from S1 as a
rigid colorless oil; yield: 25 mg (40%).

'H NMR (500 MHz, CDCls): & (cis/trans = 9:1) = 7.71 (d, ] = 8.2 Hz, 2 H,
2H;+2Hy),731d,J=8.0Hz,2H,2H,+2Hy),3.51(dd,J=9.8,6.9 Hz,
0.20 H,2 H,), 3.38 (dd, J = 9.6, 6.6 Hz, 1.80 H, 2 Hy), 2.95 (dd,J = 9.7, 5.6
Hz, 1.80 H, 2 Hy), 2.79 (t,J]=9.4 Hz,0.20 H, 2 H,), 2.43 (5, 3.0 H, 3 H,; + 3
Hy), 2.12(dd, J = 12.7, 6.4 Hz, 2 H, 2 H, +2 H,), 0.91 (d, ] = 6.1 Hz, 0.6 H,
6 H,),0.76 (d,] = 6.6 Hz, 5.4 H, 6 Hy,).

13C NMR (126 MHz, CDCl,): 8 (cis/trans = 9:1) = 143.1, 104.3, 129.5,
127.4,55.0, 53.9, 40.5, 36.2, 21.5, 15.6, 12.8.

NMR spectra are consistent with the reported data.

Methyl 4-(1-Tosylpyrrolidin-3-yl)butanoate (8)*°

Product was obtained according to General Procedure B as a white
solid; yield: 64 mg (78%).

'H NMR (400 MHz, CDCl;): 6 =7.70(d,J = 8.2 Hz, 2 H), 7.31 (d,] = 8.0
Hz, 2 H), 3.65 (s, 3 H), 3.42 (dd,J=9.7, 7.4 Hz, 1 H), 3.36-3.30 (m, 1 H),
3.22-3.15(m, 1 H), 2.77 (dd, J = 9.7, 8.0 Hz, 1 H), 2.43 (s, 3 H), 2.24 (t,
J=7.4Hz, 2 H), 2.03-1.89 (m, 2 H), 1.59-1.48 (m, 2 H), 1.37 (dd, J =
12.0,8.5Hz, 1 H), 1.25(dd,J=15.4,7.7 Hz, 2 H).

13C NMR (100 MHz, CDCl3): 8 = 173.8, 143.4, 134.1, 129.74, 127.66,
53.3,51.7,47.6,38.7,34.0,32.7, 31.5, 23.5, 21.6.

NMR spectra are consistent with the reported data.

tert-Butyl 4-(1-Tosylpyrrolidin-3-yl)butanoate (9a)

Product was obtained according to General Procedure B as a yellowish
oil; yield: 67 mg (74%).

TH NMR (400 MHz, CDCl,): 8 = 7.70 (d, J = 8.2 Hz, 2 H), 7.31 (d, J = 8.0
Hz, 2 H), 3.42 (dd, J = 9.7, 7.3 Hz, 1 H), 3.36-3.29 (m, 1 H), 3.22-3.14
(m, 1 H),2.77 (dd, J = 9.7, 8.0 Hz, 1 H), 2.42 (s, 3H), 2.13 (t, = 7.4 Hz,
2 H), 2.02-1.88 (m, 2 H), 1.54-1.44 (m, 2 H), 1.42 (s, 9 H), 1.39-1.33
(m, 1H), 1.29-1.20 (m, 2 H).

13C NMR (100 MHz, CDCl,): & = 172.8, 143.4, 134.1, 129.7, 127.6, 80.4,
53.3,47.7,38.8,35.5, 32.6, 31.5, 28.2, 23.7, 21.6.

HRMS (ESI): m/z [M + Na]* calcd for C;qH,NO,SNa: 390.1714; found:
390.1715.

Anal. Calcd for C;gH,9NO,S: C, 62.10; H, 7.95; N, 3.81. Found: C, 62.26;
H, 7.98; N, 3.65.

(E)-Methyl 6-(1-Tosylpyrrolidin-3-yl)hex-3-enoate (9b)

Product was obtained according to General Procedure B as a colorless
oil; yield: 32 mg (36%).

'H NMR (400 MHz, CDCl;): 8 =7.70 (d,J = 8.2 Hz, 2 H), 7.31 (d, ] = 8.1
Hz, 2 H), 5.54-5.40 (m, 2 H), 3.67 (s, ] = 3.1 Hz, 3 H), 3.42 (dd, J = 9.6,
7.4 Hz, 1 H), 3.35-3.29 (m, 1 H), 3.21-3.14 (m, 1 H), 3.05-2.98 (m, 2
H), 2.80-2.73 (m, 1 H), 2.43 (s, 3 H), 2.03-1.88 (m, 4 H), 1.38-1.28 (m,
3 H).

13C NMR (100 MHz, CDCl3): & = 172.5, 143.5, 134.2, 133.8, 129.8,
127.7,122.5,53.3, 52.0,47.7, 38.5, 38.0, 32.7, 31.6, 31.1, 21.7.

HRMS (ESI): m/z [M + Na]* calcd for C;gH,5sNO,SNa: 374.1402; found:
374.1392.

Anal. Calcd for C;gH,5NO,S: C, 61.51; H, 7.17; N, 3.99. Found: C, 61.35;
H, 7.01; N, 3.83.

Ethyl 4-(1-Tosylpyrrolidin-3-yl)-2-[2-(1-tosylpyrrolidin-3-yl)-eth-
yl]butanoate (9c)

Product was obtained according to General Procedure B as a yellowish
oil; yield: 50 mg (67%).

TH NMR (400 MHz, CDCl;): & = 7.69 (d, J = 8.2 Hz, 4 H), 7.31 (d, J = 8.1
Hz, 4 H), 4.12-4.04 (m, 2 H), 3.42-3.29 (m, 4 H), 3.19-3.12 (m, 2 H),
2.78-2.68 (m, 2 H), 2.42 (s, 6 H), 2.19-2.09 (m, 1 H), 2.00-1.85 (m, 4
H), 1.56-1.43 (m, 2 H), 1.39-1.24 (m, 5 H), 1.23-1.15 (m, 6 H).

13C NMR (100 MHz, CDCl,): § = 143.6, 134.2, 129.9, 127.8, 60.6, 53.3,
47.8,39.0,31.7,31.6, 31.0, 21.8, 14.6.

HRMS (ESI): mjz [M + Na]* calcd for CsyH4,N,04S,Na: 613.2382;
found: 613.2399.

Anal. Calcd for C30H4N,06S,: C, 60.99; H, 7.17; N, 4.74. Found: C,
60.90; H, 7.19; N, 4.77.

Methyl 2-Phenyl-4-(1-tosylpyrrolidin-3-yl)butanoate (9d)

Product was obtained according to General Procedure B as a colorless
oil; yield: 32 mg (28%).

TH NMR (500 MHz, CDCl;): 8 = 7.67 (dd, J = 8.2, 3.0 Hz, 2 H), 7.32-7.27
(m, 4 H), 7.25-7.20 (m, 3 H), 3.62 (d,J = 2.3 Hz, 3 H), 3.43-3.36 (m, 2
H), 3.33-3.26 (m, 1 H), 3.17-3.11 (m, 1 H), 2.72 (ddd, J = 16.0, 9.7, 8.2
Hz, 1 H), 2.42 (s, 3 H), 2.00-1.86 (m, 3 H), 1.73-1.62 (m, 1 H), 1.37-
1.28 (m, 1 H), 1.24-1.11 (m, 2 H).

13C NMR (126 MHz, CDCl3): & = 174.2, 143.4, 138.8, 138.7, 134.1,
129.7,129.7,128.9, 128.8, 127.9, 127.9, 127.6, 127.5, 53.2, 53.2, 52.1,
52.1,51.6,47.6,47.6, 38.8, 32.1, 32.0, 31.4, 31.4, 31.2, 31.0, 21.6.

HRMS (ESI): m/z [M + H]* calcd for C,,H,sNO,SNa: 402.1739; found:
402.1738.

Anal. Calcd for C,,H,,NO,S: C, 65.80; H, 6.80; N, 3.50. Found: C, 65.63;
H, 6.61; N, 3.36.

Benzyl 4-(1-Tosylpyrrolidin-3-yl)butanoate (9e)

Product was obtained according to General Procedure B as a yellowish
oil; yield: 40 mg (41%).

'H NMR (400 MHz, CDCl;): 6 =7.70 (d,J = 8.2 Hz, 2 H), 7.37-7.29 (m, 7
H), 5.09 (s, 2 H), 3.41 (dd, J = 9.7, 7.3 Hz, 1 H), 3.35-3.29 (m, 1 H),
3.21-3.14 (m, 1 H), 2.76 (dd, J = 9.7, 8.0 Hz, 1 H), 2.42 (s, 3 H), 2.29 (t,
J=7.4Hz,2 H),2.02-1.87 (m, 2 H), 1.61-1.51 (m, 2 H), 1.38-1.30 (m,
1H),1.27-1.21 (m, 2 H).

13C NMR (100 MHz, CDCly): & = 173.1, 143.4, 136.1, 134.1, 129.7,
128.7,128.4, 128.3, 127.6, 66.3, 53.2, 47.6, 38.7, 34.2, 32.6, 31.4, 23.5,
21.6.

HRMS (ESI): m/z [M + Na]* calcd for C,,H,,NO,SNa: 424.1558; found:
424.1547.

Anal. Calcd for C,,H,,NO,S: C, 65.81; H, 6.78; N, 3.49. Found: C, 65.73;
H, 6.67; N, 3.63.

N,N-Dimethyl-4-(1-tosylpyrrolidin-3-yl)butanamide (9f)
Product was obtained according to General Procedure B as a colorless
oil; yield: 58 mg (66%).
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'H NMR (500 MHz, CDCl;): 6 =7.68 (d, ] =8.2 Hz, 2 H), 7.30 (d, /= 8.0
Hz, 2 H), 3.41 (dd, J = 9.6, 7.4 Hz, 1 H), 3.35-3.29 (m, 1 H), 3.19-3.13
(m, 1 H), 2.93 (s, 6 H), 2.78-2.74 (m, 1 H), 2.41 (s, 3H), 2.23 (t,J= 7.4
Hz, 2 H), 2.01-1.97 (m, 1 H), 1.95-1.89 (m, 1 H), 1.61-1.48 (m, 2 H),
1.40-1.33 (m, 1 H), 1.30-1.24 (m, 2 H).

13C NMR (126 MHz, CDCl,): & = 172.6, 143.4, 134.1, 129.7, 127.6, 53.3,
47.7,38.9,33.1, 33.0, 31.5, 23.6, 21.6.

HRMS (ESI): m/z [M + HJ* caled for C;;H,;N,0,S: 339.1742; found:
339.1743.

Anal. Calcd for C;;HxN,05S + 0.2-H,0: C, 59.69; H, 7.78; N, 8.19.
Found: C, 59.75; H, 7.73; N, 8.12.

N-Phenyl-4-(1-tosylpyrrolidin-3-yl)butanamide (9g)

Product was obtained according to General Procedure B as a white
solid; yield: 66 mg (68%); mp 96 °C.

TH NMR (400 MHz, CDCL,): & = 7.69 (d, J = 8.2 Hz, 2 H), 7.50 (d, J = 7.9
Hz, 2 H), 7.42 (s, 1 H), 7.32-7.27 (m, 4 H), 7.08 (t, ] = 7.3 Hz, 1 H),
3.44-3.39 (m, 1 H), 3.35-3.30 (m, 1 H), 3.20-3.13 (m, 1 H), 2.78 (d, ] =
1.2 Hz, 1 H), 2.42 (s, 3 H), 2.29 (t, ] = 7.3 Hz, 2 H), 2.05-1.88 (m, 2 H),
1.71-1.57 (m, 2 H), 1.40-1.28 (m, 3 H).

13C NMR (100 MHz, CDCl3): 8 = 171.0, 143.6, 138.1, 133.9, 129.8,
129.1,127.6,124.3,119.9, 53.3,47.7,38.8, 37.4,32.7, 31.4, 24.1, 21.6.

HRMS (ESI): m/z [M + Na]* calcd for C,;H,6N,05SNa: 409.1562; found:
409.1552.

Anal. Calcd for C,;HyN,05S: C, 65.26; H, 6.78; N, 7.25. Found: C,
65.09; H, 6.66; N, 7.19.

1-Morpholino-4-(1-tosylpyrrolidin-3-yl)butan-1-one (9h)

Product was obtained according to General Procedure B as a yellowish
solid; yield: 52 mg (48%); mp 84 °C.

TH NMR (400 MHz, CDCl;): 8 =7.69 (d, J = 8.2 Hz, 2 H), 7.31(d, J = 8.0
Hz, 2 H), 3.66-3.63 (m, 4 H), 3.60-3.57 (m, 2 H), 3.44-3.39 (m, 3 H),
3.34(ddd, J=9.7, 8.4, 3.5 Hz, 1 H), 3.20-3.13 (m, 1 H), 2.78 (dd, ] = 9.7,
8.1 Hz, 1 H), 2.43 (s, 3 H), 2.24 (t,] = 7.4 Hz, 2 H), 2.06-1.89 (m, 2 H),
1.62-1.50 (m, 2 H), 1.43-1.35 (m, 1 H), 1.33-1.26 (m, 2 H).

13C NMR (100 MHz, CDCl;): & = 171.2, 143.4, 134.1, 129.7, 127.7, 67.0,
66.7,53.3,47.7,46.0, 42.0, 38.9, 33.0, 32.9, 31.5, 23.6, 21.6.

HRMS (ESI): m/z [M + H]* calcd for C;gH,9N,0,S: 381.1848; found:
381.1848.

Anal. Calcd for CgHpgN,05S: C, 59.98; H, 7.42; N, 7.36. Found: C,
60.01; H, 7.24; N, 7.28.

4-(1-Tosylpyrrolidin-3-yl)butanenitrile (9i)

Product was obtained according to General Procedure B as a yellowish
oil; yield: 69 mg (95%); mp 67 °C.

'H NMR (500 MHz, CDCl;): 6 = 7.64 (d, J = 8.2 Hz, 2 H), 7.26 (d, ] = 8.0
Hz, 2 H),3.37(dd, J=9.7, 7.3 Hz, 1 H), 3.28 (ddd, J = 9.8, 8.4,3.7 Hz, 1
H), 3.14 (ddd, J = 9.8, 8.5, 7.3 Hz, 1 H), 2.72 (dd, J = 9.7, 8.0 Hz, 1 H),
2.37 (s,3 H),2.27-2.18 (m, 2 H), 1.99-1.92 (m, J = 15.6 Hz, 1 H), 1.92-
1.85 (m, 1 H), 1.57-1.48 (m, 2 H), 1.38-1.28 ( m, 3 H).

13C NMR (100 MHz, CDCl,): 8 = 143.5, 103.7, 129.7, 127.5,119.1, 52.9,
47.3,38.1,32.0,31.2,23.9,21.5,17.2.

HRMS (ESI): m/z [M + Na]* calcd for C;5H,N,0,SNa: 315.1143; found:
315.1134.

Anal. Calcd for Cy5H,0N,0,S: C, 61.62; H, 6.89; N, 9.58. Found: C,
61.63; H, 6.78; N, 9.33.

3-[3-(Phenylsulfonyl)propyl]-1-tosylpyrrolidine (9j)

Product was obtained according to General Procedure B as a yellowish
oil; yield: 66 mg (65%).

'H NMR (500 MHz, CDCl;): 8 =7.81 (d,J = 7.2 Hz, 2 H), 7.64-7.58 (m, 3
H), 7.54-7.47 (m, 2 H), 7.25 (d, J = 7.9 Hz, 2 H), 3.33-3.28 (m, 1 H),
3.27-3.22 (m, 1 H), 3.13-3.07 (m, 1 H), 2.93 (t, J = 7.8 Hz, 2 H), 2.70-
2.65 (m, 1 H), 2.36 (s, 3 H), 1.93-1.80 (m, 2 H), 1.65-1.55 (m, 2 H),
1.32-1.21 (m, 3 H).

13C NMR (126 MHz, CDCl3): § = 143.6, 139.2, 134.0, 129.8, 129.5,
128.1,127.6,56.2, 53.0,47.5, 38.5, 31.8,31.3, 21.7, 21.4.

HRMS (ESI): m/z [M + Na]* calcd for C,qH,5NO,S,Na: 430.1123; found:
430.1117.

Anal. Calcd for Cy,H,5NO,S, + 0.5-H,0: C, 57.30; H, 5.95; N, 3.30.
Found: C, 57.28; H, 5.95; N, 3.25.

1-Phenyl-4-(1-tosylpyrrolidin-3-yl)butan-1-one (9k)'°

Product was obtained according to General Procedure B as a white
solid: yield: 10 mg (11%); mp 80 °C.

TH NMR (400 MHz, CDCL,): & = 7.85 (d, J = 7.2 Hz, 2 H), 7.64 (d, ] = 8.2
Hz, 2 H), 7.52-7.46 (m, 1 H), 7.41-7.36 (m, 2 H), 7.24 (d, ] = 8.0 Hz, 2
H), 3.41-3.35 (m, 1 H), 3.31-3.25 (m, 1 H), 3.16-3.09 (m, 1 H), 2.84 (t,
J=7.1Hz, 2 H),2.77-2.71 (m, 1 H), 2.35 (s, 3 H), 2.03-1.93 (m, 1 H),
1.92-1.84 (m, 1 H), 1.67-1.53 (m, 2 H), 1.38-1.30 (m, 1 H), 1.29-1.20
(m, 2 H).

13C NMR (100 MHz, CDCl3): & = 199.9, 143.4, 137.1, 134.2, 133.2,
129.8,128.7,128.1,127.7,53.3,47.7,39.0, 38 .4, 32.9, 31.5, 22.7, 21.7.

NMR spectra are consistent with the reported data.

1,2-Diphenyl-4-(1-tosylpyrrolidin-3-yl)butan-1-one (91)

Product was obtained according to General Procedure B as a white
solid; yield: 22 mg (18%); mp 129 °C.

TH NMR (400 MHz, CDCl,): & = 7.83 (d, J = 8.2 Hz, 2 H), 7.61 (dd, ] = 8.2,
5.2 Hz, 2 H), 7.42-7.37 (m, 1 H), 7.35-7.25 (m, 2 H), 7.24-7.12 (m, 7
H), 4.35 (td, J = 7.3, 2.0 Hz, 1 H), 3.37-3.19 (m, 2 H), 3.12-3.04 (m, 1
H), 2.72-2.63 (m, 1 H), 2.34 (s, 3 H), 2.10-1.77 (m, 3 H), 1.74-1.57 (m,
1 H), 1.34-1.05 (m, 3 H).

13C NMR (100 MHz, CDCl;): & = 199.6, 143.4, 139.4, 136.8, 134.1,
133.1, 129.7, 129.2, 129.1, 128.8, 128.7, 128.2, 128.2, 127.7, 127.3,
53.9,53.8,53.3,47.7,39.0,32.7, 32.5, 31.4,31.2, 21.6.

HRMS (ESI): m/z [M + Na]* calcd for C,;H,gNO3SNa: 470.1766; found:
470.1758.

Anal. Caled for C,yH,gNO,;S + 0.3-H,0: C, 71.59; H, 6.59; N, 3.09.
Found: C, 71.21; H, 6.76; N, 2.82.

4-(5-Methyl-1-tosylpyrrolidin-3-yl)butanenitrile (11a)
Product was obtained according to General Procedure B from S1 as a
colorless oil; yield: 43 mg (42%).

H NMR (500 MHz, CDCl,): 8 = 7.64 (d, J = 8.2 Hz, 2 H), 7.26 (d, ] = 7.9
Hz, 2 H), 3.31 (td, J = 9.7, 6.8 Hz, 2 H), 2.97 (dd, ] = 9.9, 3.6 Hz, 1 H),
2.90-2.82 (m, 1 H), 2.37 (s, 3 H), 2.27-2.19 (m, 2 H), 2.14-2.10 (m, 1
H), 1.95-1.91 (m, 1 H), 1.52-1.46 (m, 2 H), 1.40-1.32 (m, 1 H), 1.20-
1.12 (m, 1 H), 0.65 (d, ] = 7.1 Hz, 3 H).

13C NMR (125 MHz, CDCly): & = 143.4, 104.0, 129.6, 127.4, 119.2, 54.7,
50.7,41.3,35.1, 26.8, 23.9, 21.5, 17.3, 10.0.

HRMS (ESI): m/z [M + Na]* calcd for C;gH,,N,0,SNa: 329.1300; found:
329.1295.
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Anal. Calcd for CigHp,N,0,S: C, 62.72; H, 7.24; N, 9.19. Found: C,
62.56; H, 7.24; N, 9.40.

4-(5-Methyl-1-tosylpyrrolidin-3-yl)butanenitrile (11b)

Product was obtained according to General Procedure B from S2 as a
colorless oil; yield: 71 mg (92%). Mixture of diastereoisomers; dr =
1:3.3.

1H NMR (400 MHz, CDCly): 8 = 7.65 (d, ] = 8.2 Hz, 2 H, 2 H, + 2 H,), 7.26
(d,J=8.0Hz 2 H, 2 H +2H,),3.72 (ddd, J = 8.5, 6.5, 2.3 Hz, 0.3 H, 1
H,), 3.58-3.46 (m, 1.70 H, 1 H, + 2 Hy), 2.89 (dd, J = 11.2, 9.8 Hz, 0.70 H,
1Hy),2.58 (t,J=9.3 Hz,0.3H, 1 H,), 238 (s, 3 H, 3 H, + 3 H,), 2.24-2.18
(m, 2 H,2 H, +2 H,), 2.08-2.02 (m, 0.70 H, 1 H;), 1.59-1.07 (m, 9.30 H,
10 H,+ 9 Hy).

13C NMR (126 MHz, CDCl;): & = 143.3, 143.3, 105.2, 104.4, 129.6,
129.0, 127.4,127.3,119.1, 56.7, 55.6, 54.1, 53.9, 41.0, 39.2, 37.3, 36.2,
31.6,31.5,23.9,23.9,23.3,22.6,21.4,17.2,17.1.

HRMS (ESI): m/z [M + Na]* calcd for C;gH,,N,0,SNa: 329.1300; found:
329.1290.

Anal. Calcd for CgHy,N,0,S: C, 62.72; H, 7.24; N, 9.14. Found: C,
62.76; H, 7.09; N, 9.21.

4-(5-Phenyl-1-tosylpyrrolidin-3-yl)butanenitrile (11c)

Product was obtained according to General Procedure B from S3 as a
colorless oil; yield: 92 mg (83%). Mixture of diastereomers; dr = 1:2.3
(L:10).

TH NMR (500 MHz, CDCL,): & = 7.64 (d, J = 8.2 Hz, 0.5 H, 2 H}), 7.55 (d,
J=82Hz,1.5H,2H,),7.29-7.17(m, 7 H, 7 H, + 7 Hy)), 4.83 (dd, ] = 8.4,
2.1Hz,0.25H,1H,),4.62(dd,J=94, 7.2 Hz,0.75 H, 1 H};), 3.84 (dd, J =
11.0, 7.3 Hz, 0.75 H, 1 Hy), 3.73 (dd, ] = 9.4, 7.0 Hz, 0.25 H, 1 H,), 3.09
(t,J=10.7 Hz, 0.75 H, 1 Hy), 2.89 (t,J = 9.3 Hz, 0.25 H, 1 H,), 2.40-2.35
(m,4H, 4H,+4Hy),2.25-2.20 (m, 2 H, 2 H, + 2 Hy), 1.88 (ddd, J = 12.2,
5.9,2.1 Hz,0.25 H, 1 H,), 1.80-1.69 (m, 0.75 H, 1 Hy), 1.6-1.24 (m, 6 H,
6 H,; + 6 Hy).

I3C NMR (126 MHz, CDCl;): 6 = 143.5, 143.3, 142.9, 142.5, 135.5,
134.7, 129.6, 129.5, 128.4, 128.3, 127.5, 127.4, 127.2, 127.1, 126.3,
125.9, 119.1, 64.2, 62.8, 60.3, 54.9, 54.0, 43.5, 41.4, 38.0, 36.2, 31.5,
31.3,23.9,21.5,21.4,17.2,17.1.

HRMS (ESI): m/z [M + Na]* calcd for C,;H,4N,0,SNa: 391.1456; found:
391.1443.

Anal. Calcd for C,;H,4N,0,S: C, 68.45; H, 6.57; N, 7.60; S, 8.70. Found:
C,68.22; H,6.77; N, 7.54; S, 8.83.

4-(1-Tosylpyrrolidin-3-yl)pentanenitrile (11d)
Product was obtained according to General Procedure B from $4 as a
colorless oil; yield: 34 mg (44%).

TH NMR (500 MHz, CDCl,): & = 7.71-7.55 (m, 2 H), 7.34-7.22 (m, 2 H),
3.40(dt,J=9.2,7.0 Hz, 1 H),3.31 (tt,J=11.3,2.4 Hz, 1 H), 3.12 (qd,] =
9.9,6.9 Hz, 1 H), 2.79-2.64 (m, 1 H), 2.37 (s, 3 H), 2.30 (dddd, J = 16.9,
7.5,5.3,0.9 Hz, 1 H), 2.26-2.16 (m, 1 H), 1.88 (tdd, J= 10.9, 7.0, 2.2 Hz,
1H), 1.79 (dt,J = 12.8, 8.8 Hz, 1 H), 1.73-1.59 (m, 1 H), 1.41-1.26 (m,
3 H),0.81(dd,J =6.5,2.7 Hz, 3 H).

13C NMR (126 MHz, CDCl3): & = 143.5, 103.71, 103.66, 129.7, 127.5,
119.32,119.27,118.6, 51.54, 51.52,47.8,47.7,44.33,44.27, 35.6, 354,
30.6,30.3,29.7, 29.3, 24.3, 21.5, 16.8, 16.6, 16.3, 14.8, 14.7.

HRMS (ESI): m/z [M + HJ* calcd for C;sH,3N,0,S: 307.1480; found:
307.1462.

Anal. Calcd for CgH,,N,0,S: C, 62.72; H, 7.24; N, 9.14; S, 10.46.
Found: C, 62.54; H, 7.20; N, 9.29; S, 10.43.

4-Methyl-4-(1-tosylpyrrolidin-3-yl)pentanenitrile (11e)
Product was obtained according to General Procedure B from S5 as a
colorless oil; yield: 52 mg (64%).

'H NMR (500 MHz, CDCl;): 6 = 7.64 (d,J = 8.2 Hz, 2 H), 7.27 (d,] = 8.0
Hz, 2 H), 3.41-3.29 (m, 1 H), 3.28-3.11 (m, 1 H), 3.03 (td, ] = 9.9, 6.7
Hz, 1 H), 2.88 (t, ] = 9.8 Hz, 1 H), 2.37 (s, 3 H), 2.20-2.10 (m, 2 H),
1.90-1.79 (m, 1 H), 1.74-1.65 (m, 1 H), 1.55-1.43 (m, 3 H), 0.75 (d, ] =
2.4 Hz, 6 H).

13C NMR (125 MHz, CDCl,): & = 146.4, 106.5, 102.6, 100.4, 122.8, 51.1,
50.9, 50.7, 39.2, 36.7, 29.0, 26.4, 26.0, 24.4, 15.0.

HRMS (ESI): m/z [M + H]* calcd for C,;;H,5N,0,S: 321.1637; found:
321,1623.

Anal. Calcd for C;H,4N,0,S: C, 63.72; H, 7.55; N, 8.74; S, 10.00.
Found: C, 63.57; H, 7.48; N, 8.72; S, 10.12.

4-(3-Methyl-1-tosylpyrrolidin-3-yl)butanenitrile (11f)
Product was obtained according to General Procedure B from S6 as a
colorless oil; yield: 59 mg (83%).

H NMR (500 MHz, CDCl,): & =7.71 (d, ] = 8.3 Hz, 2 H), 7.39-7.30 (m, 2
H), 3.38-3.26 (m, 2 H), 3.02-2.93 (m, 2 H), 2.44 (s, 3 H), 2.33-2.21 (m,
2 H),1.67-1.49 (m, 4 H), 1.37 (t, ] = 11.4 Hz, 2 H), 0.89 (s, 3 H).

13C NMR (126 MHz, CDCl3): 8 = 143.4, 103.9, 129.6, 127.4, 119.2, 58.8,
46.5,41.5,38.5,37.5,23.0,21.5,21.2,17.6.

HRMS (ESI): m/z [M + Na]* calcd for C;gH,,N,0,SNa: 329.1300; found:
329.1293.

Anal. Calcd for CigHy,N,0,S: C, 62.72; H, 7.24; N, 9.19. Found: C,
62.66; H, 7.27; N, 9.09.

3-(1-Tosyloctahydro-1H-indol-4-yl)propanenitrile (11g)

Product was obtained according to General Procedure B from S7 as a
colorless oil; yield: 92 mg (55%).

'H NMR (500 MHz, CDCl;): 6 =7.64 (d,J = 8.2 Hz, 2 H), 7.25 (d,J = 7.9
Hz, 2 H), 3.46-3.37 (m, 2 H), 3.21 (t,J = 12.4 Hz, 1 H), 2.37 (s, 3 H),
2.22(dd,J=37.5,20.6 Hz, 2 H), 1.89 (dd, J = 18.7, 10.9 Hz, 1 H), 1.76-
1.32 (m, 10 H), 1.05-0.97 (m, 1 H).

13C NMR (126 MHz, CDCl5): & = 143.3, 104.7, 129.6, 127.4, 119.5, 58.5,
47.2,43.3,34.7,30.1, 28.7, 27.6, 26.6, 21.5, 19.0, 15.1.

HRMS (ESI): m/z [M + Na]* calcd for C,gH,4,N,0,SNa: 355.1456; found:
355.1458.

Anal. Calcd for CigH,4N,0,S: C, 65.05; H, 7.28; N, 8.43. Found: C,
64.85; H, 7.28; N, 8.18.

4-(1-Tosylpiperidin-3-yl)butanenitrile (11h)

Product was obtained according to General Procedure B from S8 as a
colorless oil; yield: 82 mg (48%).

'H NMR (500 MHz, CDCl;): 6 = 7.63 (d,J = 8.2 Hz, 2 H), 7.33 (d,J= 8.3
Hz, 2 H), 3.59-3.54 (m, 2 H), 2.44 (s, 3 H), 2.38-2.31 (m, 3 H), 2.05 (t,
J=10.7 Hz, 1 H), 1.76-1.60 (m, 6 H), 1.42-1.31 (m, 2 H), 0.91 (t,J =
15.6 Hz, 1 H).

13C NMR (126 MHz, CDCl5): & = 143.4, 103.3, 129.6, 127.6, 119.3, 51.3,
46.7,35.0,32.5,29.8, 24.2,22.7,21.5,17.3.

HRMS (ESI): m/z [M + NaJ* calcd for C;gH,,N,0,SNa: 329.1300; found:
329.1295.

Anal. Calcd for CigHy,N,0,S: C, 62.72; H, 7.24; N, 9.19. Found: C,
62.75; H, 7.34; N, 8.96.
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4-(1-Tosylpyrrolidin-3-ylidene)butanenitrile (11i)
Product was obtained according to General Procedure B from S9 as a
colorless oil; yield: 46 mg (40%).

1H NMR (500 MHz, CDCl,): & = 7.64 (d, ] = 8.2 Hz, 2 H), 7.27 (dd, ] = 8.5,
0.6 Hz, 2 H), 5.24 (ddd, J = 9.2, 4.7, 2.3 Hz, 1 H), 3.74-3.68 (m, 2 H),
3.23 (t,J = 7.1 Hz, 2 H), 2.42-2.36 (m, 5 H), 2.31-2.18 (m, 4 H).

13C NMR (126 MHz, CDCl,): & = 146.7, 141.8, 105.3, 102.6, 100.8,
120.9, 55.0, 50.7, 30.7, 28.1, 24.4, 20.0.

HRMS (ESI): m/z [M + NaJ* calcd for C;5sH;gN,0,SNa: 310.0987; found:
310,0980.

Anal. Calcd for Cy5HigN,0,S: C, 62.04; H, 6.25; N, 9.65. Found: C,
61.93; H, 6.22; N, 9.64.
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1. Optimization studies

1.1. Optimization of 3-methyl-1-tosylpyrrolidine (5a) and 3-methylidene-
1-tosylpyrrolidine (5b) synthesis

Br:
= vitamin By,
Zn, NH,CI - +
N MeOH (2.5 mL), rt, hv N N
Ts Ts Ts

5a 5b

Scheme 1. Model reaction.
1.1.1. Background reactions

Table 1. Background reactions.

No Without Yield of 5a[%]c Yield of 5b [%]¢
12 hv 26 0
22 B2 0 0
3a Zn 0 0
4 NH,CI 0 0
5b hv 5 0
6" B1z 12 0
7b Zn 0 0
8b NH,CI 0 0

aConditions A: alkyl bromide (0.25 mmol, 1.0 equiv.), vitamin Bi2 (0.016 mmol, 6.0 mol%), NH4Cl (0.87 mmo],
3.5 equiv.), activated Zn (1.5 mmol, 6.0 equiv.), MeOH (2.5 mL), rt, 18 h, white LEDs. "Conditions B: alkyl bromide
(0.25 mmol, 1.0 equiv.), vitamin B12 (0.016 mmol, 6.0 mol%), NH4Cl (0.87 mmol, 3.5 equiv.), activated Zn (1.5 mmol,
6.0 equiv.), MeOH (2.5 mL), rt, 15 min, blue LED (10 W). ¢GC yield. dHPLC yield.



1.1.2. Influence of light and a catalyst

Table 2. Influence of light and a catalyst.a

No Light Catalyst Yield of 5 (5a: 5b) [%]P
1 bluec HME 87 (3.1:1)

2 bluec (CN)Cbl 59 (1:1.5)

3 green (CN)Cbl 49e

4 white (CN)Cbl 50¢e

5 purple (CN)Cbl 44e

6 blued (CN)Cbl 43e

7 blue (CN)Cbl 39e

8 green (CN)Cbl 35e

aReaction conditions: alkyl bromide (0.25 mmol, 1.0 equiv.), catalyst (0.016 mmol, 6.0 mol%), NH4Cl (0.87 mmol,
3.5 equiv.), activated Zn (1.5 mmol, 6.0 equiv.), MeOH (2.5 mL), rt, 18 h, light. PbHPLC yield. <LED (10 W).
dLED (3 W). ¢5a forms selectively



1.1.3.Influence of additives

Table 3. Influence of the additives.a

No Additive Amount [equiv.] Yield of 5[%]> Ratio 5a:5b
1 DIPEA 0.1 59 1:1.4
2 DIPEA 0.5 65 1:1.6
3 DIPEA 1 60 1.2:1
4 TEA 0.5 37c 16:1
5 Py 0.5 39 1:1
6 DMAP 0.5 78 1:1.2
7 PhCHO 0.5 49 1.2:1
8 NaNO; 0.5 52 1:1.2
9 10% NaOH 200 pL 49 25:1
10 H3PO, cat. 48¢ 5:1
11 AcOH drop 63 1:1.5
12 LiBF4 0.5 53¢ 1:1.7
13 TMSCI 0.5 39c 13:1
14 H,0 0.5 mL 60 1:1.1
15 styrene 0.5 48 1:2.2

aReaction conditions: alkyl bromide (0.25 mmol, 1.0 equiv.), vitamin B12 (0.016 mmol, 6.0 mol%), NH4Cl (0.87 mmol,
3.5 equiv.), activated Zn (1.5 mmol, 6.0 equiv.), MeOH (2.5 mL), rt, 15 min, blue LED (10 W). PHPLC or GC yield.
¢mixture of isomers (see 1.1.8 part).



1.1.4. Optimization of the amount of vitamin B12, Zn, and NH4Cl

Table 4. Optimization of vitamin Biz, Zn and NH+Cl amount.a

. b .
No Biz[mol%] Zn[equiv.] NH4Cl[equiv.] Zn:NH.CI Yield of 5 Ratio of

[%] 5a:5b
1 2 6 1 6:1 57 1:1.1
2 6 6 1 6:1 64 1:2
3 6 6 0.5 12:1 61 1:22
4¢ 12 6 1 6:1 67 1:7
5e 12 8 1 8:1 554 1:24
6¢ 12 4 1 4:1 284 1:1
7¢ 12 2 1 2:1 400 1:3
8¢ 15 6 1 6:1 374 1:3
9¢ 20 10 17 6:1 62 1:4.6
10¢ 20 6 1 6:1 584 1:87
11¢ 20 6 0.5 12:1 39¢ 1:25

aReaction conditions: alkyl bromide (0.25 mmol, 1.0 equiv.), vitamin B12, NH4Cl, activated Zn, MeOH (2.5 mL), rt,
15 min, blue LED (10 W). PHPLC yield. <20 min dmixture of alkene’s isomers (see 1.1.8 part).



1.1.5.Optimization of a solvent

Table 5. Optimization of solvent.a

No Solvent Conditions A/B Yield of 5a and 5b [%] Ratio of 5a: 5b
1 MeOH A 50¢ s

2 DMSO(dry) A 53¢ -

3 DMSO A 45¢ -

4 DMF A 52¢ -

5 EtOH A 27¢ -

6 CF3CH,0H A 27¢ -

7 H.0 A 33¢ -

8 MeOH B 67 1:7
9 MeOH¢d B 49 1:2
10 MeOHe B 60 1:45
11 NMP B 69 1:1
12 DMSO B 48 13:1
13 DMA B 70 1:1.6
14 DMF B 61 13:1
15 HMPAf B 40 3:1
16  EtOH(absolute)f B 2 1:1
17 CF3CH,0H B 34 14:1

aConditions A: alkyl bromide (0.25 mmol, 1.0 equiv.), vitamin Biz (0.016 mmol, 6.0 mol%), NH4Cl (0.87 mmol],
3.5 equiv.), activated Zn (1.5 mmol, 6.0 equiv.), solvent (2.5 mL), rt, 18 h, white LEDs. Conditions B: alkyl bromide
(0.25 mmol, 1.0 equiv.), vitamin B12 (0.03 mmol, 12.0 mol%), NH4Cl (0.25 mmol, 1.0 equiv.) activated Zn (1.5 mmol,
6.0 equiv.), solvent (2.5 mL), rt, 20 min, blue LED (10 W). PHPLC or GC yield. c<5a forms selectively. 45 mL of MeOH.
e1 mL of MeOH. fnot full conversion of substrate.



1.1.6.Optimization of the reaction time

Table 6. Optimization of the reaction time.®

No Time [min]  Yield of 5 [%] Condition A/B Ratio 5a: 5b

1 60 14¢ A -
2 120 19¢ A -
3 360 34c A -
4 overnightd 54c¢ A -
5 5 28 B 1:6.0
6 10 41 B 1:5.8
7 15 55 B 1:59
8 20 67 B 1:7.0
9 30 58e B 1:38
10 60 39¢ B 1:1.8

aConditions A: alkyl bromide (0.25 mmol, 1.0 equiv.), vitamin Bi2 (0.016 mmol, 6.0 mol%), NH4Cl (0.87 mmol,
3.5 equiv.), activated Zn (1.5 mmol, 6.0 equiv.), MeOH (2.5 mL), rt, time, white LEDs. Conditions B: alkyl bromide
(0.25 mmol, 1.0 equiv.), vitamin B12 (0.031 mmol, 12.0 mol%), NH4Cl (0.25 mmol, 1.0 equiv.), activated Zn (1.5 mmol,
6.0 equiv.), MeOH (2.5 mL), rt, time, blue LED (10 W). PHPLC or GC yield. <5a forms selectively. 418 h. emixture of 5b
regioisomers (see 1.1.8 part).

1.1.7.Testing different halo-alkene

X
= vitamin B4,
Zn, NH4CI .
N MeOH (2.5 mL), rt, hv N
Ts

N

Ts Ts

X=Br, Cl, | 5a 5b
Scheme 2.

Table 7. Testing different halo-alkene.a

No X Yield [%]P Ratio 5a: 5b
1 Br 67 1:7

2 I 50 14:1

3 Cl 14¢ 3:1

aReaction conditions: alkyl halide (0.25 mmol, 1.0 equiv.), vitamin B12 (0.03 mmol, 12.0 mol%), NH4Cl (0.25 mmol,
1.0 equiv.), activated Zn (1.5 mmol, 6.0 equiv.), MeOH (2.5 mL), rt, 20 min, blue LED (10 W). PHPLC yield. cnot full
conversion of substrate.



1.1.8. Isomerization of 3-methylidene-1-tosylpyrrolidine (5b)

Br:
= vitamin B4, —
Zn, NH,CI = . . N A\
N MeOH (2.5 mL), rt, hv N N N N
Ts Ts Ts Ts Ts
5b 5b’ 5b"

4 5a

Scheme 3. Isomerization of 3-methylidene-1-tosylpyrrolidine (5b).

Under certain conditions an isomerization of pyrrolidine 5b into 5b’ and 5b” was observed
(Scheme 3). In the first experiment we examined the impact of the reaction time on isomerisation process.
After 20 min of irradiation of the reaction mixture full conversion of substrate 4 was observed. Extention
of the irradiation time to 30 min or 60 min les to the formation of compounds 5b’ and 5b”. We presumed
that the radical generated from substrate 4 (which was used in excess) initiates the isomerization process.
To proof our hypothesis we performed experiment 2 in which pure product 5b with a catalytic amount
of different bromide, 3-(4-methoxyphenyl)propyl bromide was irradiated, after 30 min 5b isomerized
to products 5b’ and 5b” completely (HPLC chromatograms below), which proved our hypothesis.



Experiment 1°;

10 min

20 min

30 min

60 min

BA0mn SILIRA IS

3
1 N
Ts °N Ts
S <=§ 21 s
N 7
Ts

aExperiment conditions: alkyl bromide (0.25 mmol, 1.0 equiv.), vitamin Bi2 (0.03 mmol, 12.0 mol%), NH4Cl (0.25
mmol, 1.0 equiv.), activated Zn (1.5 mmol, 6.0 equiv.), MeOH (2.5 mL), rt, blue LED (10 W). The presence of isomers
confirmed by NMR spectra.
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Experiment 2°;

0 min
:Nf i
Ts
10 min
i N g
1 '!'s §
20 min

} 30 min

Tane P

bExperiment conditions: 3-methylidene-N-[(4-methylphenyl)sulfonyl]pyrrolidine (5b), catalytic amount of 3-(4-
methoxyphenyl)propyl bromide, vitamin Biz (0.03 mmol, 12.0 mol%), NH4Cl (0.25 mmol, 1.0 equiv.), activated
Zn (1.5 mmol, 6.0 equiv.), MeOH (2.5 mL), rt, blue LED (10 W). The presence of isomers confirmed by NMR spectra.
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1.2. Dicarbofunctionalization of halo-olefins with acrylates - optimization

studies
CO,Me
Br\k f z BNEI ci
CO,M n, NH.CI
N _'_ \/ 2ne MeOH, Ar, rt, hv
Ts

N
Ts

4 8

Scheme 4. Model dicarbofunctionalization reaction.

1.2.1. Background reactions

Table 8. Background reactions.a

No Without Yield of 8 [%]P
1 hv 8
2 b 3
3 Zn 0
4 NH4Cl traces
5 hvandB traces

aReaction conditions: alkyl bromide (0.25 mmol, 1.0 equiv.), methyl acrylate (0.75 mmol, 3.0 equiv.), vitamin Bi2
(0.016 mmol, 6.0 mol%), NH4Cl (0.87 mmol, 3.5 equiv.), activated Zn (1.5 mmol, 6.0 equiv.), MeOH (2.5 mL), rt, 18 h,
white light. bGC yield.

1.2.2. Influence of a light and a catalyst

Table 9. Optimization of light and catalyst.a

No Light Catalyst Yield of 8 [%]P
1 bluec¢ (CN)Cbl (1) 70
2 whited (CN)Cbl (1) 64
3 green (CN)CbI (1) 60
4 blue (CN)CbI (1) 60
5 purple (CN)CbI (1) 59
6 white HME (2) 54
7 blued (CN)CbI (1) 53
8 white (CN)CbI (1) 53

aReaction conditions: alkyl bromide (0.25 mmol, 1.0 equiv.), methyl acrylate (0.75 mmol, 3.0 equiv.), catalyst (0.016
mmol, 6.0 mol%), NH4Cl (0.87 mmol, 3.5 equiv.), activated Zn (1.5 mmol, 6.0 equiv.), MeOH (2.5 mL), rt, 18 h, light.
bGC yield. <LED (10 W). dLED (3 W).
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1.2.3. Optimization of a solvent

Table 10. Optimization of solvent.a

No Solvent Yield of 8 [%]P
1 MeOH 70

2 EtOHczaa 59

3 EtOHabsolute 47

4 DMA 46

5 DMSO 43

6 DMF 39

7 NMP 36

8 CF3;CH,0H 17

9 HMPA 6

aReaction conditions: alkyl bromide (0.25 mmol, 1.0 equiv.), methyl acrylate (0.75 mmol, 3.0 equiv.), vitamin Bi2
(0.016 mmol, 6.0 mol%), NH4CI (0.87 mmol, 3.5 equiv.), activated Zn (1.5 mmol, 6.0 equiv.), solvent (2.5 mL), rt,
15 min, blue LED (10 W). bGC yield.

1.2.4. Optimization of the reaction time

Table 11. Optimization of the reaction time.a

No Time [min] Yield [%]P

1 5 61
2 10 61
3 15 70
4 30 62
5 60 60
6 120 59

aReaction conditions: alkyl bromide (0.25 mmol, 1.0 equiv.), methyl acrylate (0.75 mmol, 3.0 equiv.), vitamin B2
(0.016 mmol, 6.0 mol%), NH4Cl (0.87 mmol, 3.5 equiv.), activated Zn (1.5 mmol, 6.0 equiv.), MeOH (2.5 mL), rt,
blue LED (10 W). bGC yield.
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1.2.5. Optimization of the amount of vitamin B12, Zn, and NH4Cl

Table 12. Amount of zinc and ammonium chloride.a

No B12 [mol%] Zn [equiv.]  NH4Cl [equiv.] Zn;aNtl:;Cl Yield [%]®
1 6 6 3.5 1.8:1 70
2¢ 6 6 3.5 18:1 65
3 6 14 3.5 4:1 55
4 6 3.5 3.5 1:1 54
5 2 6 3.5 1.7:1 43
6 2 3 3.5 1.7:1 42
7 0.25 6 6 1.7:1 2

aReaction conditions: alkyl bromide (0.25 mmol, 1.0 equiv.), methyl acrylate (0.75 mmol, 3.0 equiv.), vitamin Bi,
NHa4(l, activated Zn (1.5 mmol, 6.0 equiv.), MeOH (2.5 mL), rt, 15 min, blue LED (10 W). bGC yield. ¢in1 mL of MeOH

1.2.6. Optimization of the amount bromo-alkene (4) and methyl acrylate (MA)

Table 13. Influence of a concentration of substrates and their relative ratio.a

No 4 [mmol] MA [mmol] 4:MA ratio Yield of 8 [%]P
1 0.75 0.25 3:1 72
2 0.50 0.25 2:1 78
3 0.375 0.25 1.5:1 69
4 0.25 0.75 1:3 70
5 0.25 0.25 1:1 50
7 0.25 2.50 1:10 49
aReaction conditions: alkyl bromide (4), methyl acrylate (MA), vitamin Biz (0.016 mmol,

6.0 mol%),

NH4Cl (0.87 mmol, 3.5 equiv.), activated Zn (1.5 mmol, 6.0 equiv.), MeOH (2.5 mL), rt, 15 min, blue LED (10 W).

bGC yield.
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1.2.7. Testing different halo-alkene

« CO,Me
. _CO,Me Zn, NH,CI
N T NOOMe A
Ts

4
X=B8Br, |, Cl

Table 14. Testing different halo-alkene.a

No X Yield of 8 [%]P
1 Br 78
2 [ 19
3 Cl 11

aReaction conditions: alkyl halide (0.5 mmol, 2.0 equiv.), methyl acrylate (0.25 mmol, 1.0 equiv.), vitamin Bi2
(0.016 mmol, 6.0 mol%), NH4Cl (0.87 mmol, 3.5 equiv.), activated Zn (1.5 mmol, 6.0 equiv.), MeOH (2.5 mL), rt,
15 min, blue LED (10 W). bGC yield.

2. Structures of bromo-alkenes used in the scope and limitation

studies
Br\(f Blj\ /‘/ Brj\ f Br\L ﬁ BI’\L J)\
'INs ¥S Ph ',I\"s ‘rl\"s "I\'ls
s1 s2 s3 s4 S5
Br
T WO s U
N N N N
Ts Ts Ts Ts
S6 s7 S8 S9
Synthesis of S3:

Bromo-alkane S3 was prepared according to the literature procedure.! S3 was obtained as an yellowish,
1.3 g (86%).

1H NMR (500 MHz, CDCl3): 6 = 7.81 (d, ] = 8.3 Hz, 2H), 7.44 - 7.38 (m, 5H), 7.25 - 7.21 (m, 2H), 5.78 (dd,J
=23.9, 16.1 Hz, 1H), 5.35 (dd, / = 10.0, 5.7 Hz, 1H), 5.16 (dd, J = 8.5, 7.7 Hz, 2H), 4.09 - 4.00 (m, 2H), 3.93
(dd,J=10.4,5.7 Hz, 1H), 3.51 (dd, / = 16.4, 7.7 Hz, 1H), 2.55 (s, 3H).

13C NMR (126 MHz, CDCl3): 6 = 143.4, 103.9, 129.6, 127.4, 119.2, 58.8, 46.5, 41.5, 38.5, 37.5, 23.0, 21.5,
21.2,17.6.

HRMS (ESI): m/z [M + Na]* calcd for C1gsH20NO2NaSBr: 416.0296; found 416.0276.

1Kuang, Y.; Wang, X.; Anthonya, D. and Diao, T.; Chem. Commun., 2018, 54, 2558-2561.
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3. Mass spectrometry studies

e

Co-cat.

Zn,

MeOH Ar, rt,

__Zn,NHCl

darkness

-

N
Ts

Alkylcobalamin

Scheme 5. Alkylcobalamin formation reaction.

A glass reaction tube equipped with a magnetic bar and sealed with a septum was charged with
activated zinc (196 mg, 3.0 mmol, 30 equiv.), NH4Cl (27 mg, 0.5 mmol, 5 equiv.) and vitamin By, (136 mg,
0.1 mmol, 1 equiv.). MeOH (2.5 mL) was added and the resulting mixture was degassed by purging
the solution with argon for 20 min with simultaneous sonication using ultrasonic bath. Subsequently,
bromo-alkene 4 was added. The reaction vessel was covered with an aluminium foil and the mixture was
stirred, an aliquot was taken from the reaction mixture after 15 minutes and its composition was studied

by LRMS ESI(+).
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The LRMS spectrum of the reaction mixture indicates the presence of three main forms of the
catalyst (signals A-1-2 and B). Signals A-1-2 corresponds to the mass of alkylcobalamin complexes
(Scheme 6). Signal B corresponds to the mass of the catalyst (Scheme 6). This experiment proves the
hypothesis that the reaction occurs via alkyl-cobalt complex.

2+

Signal A-1
Cr4H106CON14016PS?*
Calcd mass = 784,3
Found = 784,7

H,NOC

N
NTs

CONH,
“"\_-~CONH,

OH

Signal A-2

C74H105CON14046PS”
Calcd mass = 1567,7
Found = 1568,1

CONH,
“"\_-CONH,

H,NOC
H,NOC
oﬁ) % \_~CONH,
NH N
Ho €
Lo @,N
N it
-P-0
o-R o
o 3
N
L OH _
Signal B

Ce3HggCON14014P"
Calcd mass = 1355,6
Found = 1355,8

Scheme 6. Structures of the main forms of the catalyst in the reaction mixture according to the LRMS.
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4. NMR spectra

Widma NMR zwiqzkéw dostepne sq w petnej wersji pliku Supporting Information.

(https://www.thieme-connect.de/media/synthesis/202109/supmat/sup ss-2020-t0466-op 10-
1055 s-0040-1706602.pdf)
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Aqueous Micellar Environment Impacts the Co-Catalyzed Photo-

transformation: A Case Study
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ABSTRACT: In recent years, methodologies that rely on water as the reaction medium have gained considerable attention. The
unique properties of micellar solutions were shown to improve the regio-, stereo-, and chemoselectivity of different transfor-
mations. Herein, we demonstrate that the aqueous environment is a suitable medium for a visible light driven cobalt-catalyzed
reaction involving radical species. In this system, reduced vitamin B, reacts with alkyl halides, generating radicals that are trapped
by the lipophilic olefin present in the Stern layer. A series of NMR measurements and theoretical studies revealed the location of

reaction components in the micellar system.

INTRODUCTION

Bioinspiration is a well-established approach in the field
of chemistry. In contrast to biological systems where reactions
take place in water-based confined compartments, water has
been regarded as an unsuitable medium for reactions of lipo-
philic reactants. Micellar solutions do, however, allow their
incorporation into the confined system, thus fostering their
reactions.”® These systems, however, are not widely utilized
in synthetic organic chemistry, even less for reactions involv-
ing radicals.” " Common methods for the generation of these
reactive intermediates often involve the application of precious
transition metals, toxic promoters in stoichiometric amounts,
or long-wavelength ultraviolet (UV) light. However, recent
studies have successfully addressed this drawback; In parallel
to photoredox transformations' and electrochemistry,'> "’
vitamin B, catalysis has established itself as a sustainable
bioinspired strategy for the generation of alkyl and acyl radi-
cals from various molecules.'™" These mainly involve alkyl
(pseudo)halides, olefins, diazo compounds, strained mole-
cules, carboxylic acid derivatives, and others. >

Most B,-catalyzed reactions take place in organic sol-
vents. On the contrary, natural systems that involve vitamin
B, function in an aqueous, highly confined environment en-
suring excellent selectivity. Consequently, the strategy of
merging B, catalysis with micellar structures offers promising
routes for advancing radical synthesis. Along this line, Rusling
et al. have demonstrated that the electrochemical generation of
the catalytically active nucleophilic Co(I) form of vitamin B,
can be performed in nanoreactor-type microemulsions that
require the addition of an organic solvent.”> > Using this strat-
egy dehalogenation,” synthesis of bibenzyl,”** and rrans-1-
decalone®" was achieved. In the latter case, remarkable trans-
stereoselectivity was observed, in contrast to the homogeneous
reaction in DMF. Despite these promising advances in B,
electrocatalysis in nanoreactor-type environments, reactions
that involve chemical reduction of vitamin B, in micellar
solutions remain unexplored. Assumingly, because of funda-
mental problems: 1) Vitamin By, is a water-soluble compound,
while the substrates are mostly lipophilic. 2) The requirement

for Zn as a reducing agent that was shown to form organozinc
intermediates in palladium-catalyzed cross-coupling reactions
in self-assembled micelles.” In addition, a fundamental under-
standing of reactions in micellar systems remains sparse.

Herein, we report that the micellar solution is indeed a
suitable medium for vitamin Bi,-catalyzed tandem radical
addition/1,2 aryl migration reaction even though the catalyst is
hydrophilic. The model reaction involving alkyl halides and
functionalized olefins gives the desired products in good yields
(Scheme 1). Experimental and theoretical studies shed light on
the localization of reagents in the micellar system that allows
effective reactions.

Scheme 1. Co-Catalyzed Tandem Radical Addition/1,2-
Aryl Migration — A Case Study.

A
Ar X vitamin By, Zn :
M"'EWG +

EWG non-activated
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RESULTS AND DISCUSSION
Model reaction - optimization studies

Previous reports showed the beneficial effect of micro-
emulsions requiring the addition of organic solvents as an oil
component on vitamin Bj,-mediated electrochemical reac-
2737 Consequently, we wondered whether an alternative
strategy based solely on the use of surfactants would be bene-
ficial. The crucial issue was to find a suitable surfactant for a
reaction involving a water-soluble catalyst, lipophilic starting
materials, and zinc particles. We commenced our studies on
vitamin B, catalysis in aqueous micellar solutions by focusing
on a model tandem reaction of diethyl 2-phenyl-2-
vinylmalonate (1) with 1-bromododecane (2a). In 2021 Shi



and co-workers presented a mechanistically related perfluoro-
alkylation of vinyl-substituted quaternary centers in TFE.*

A preliminary screening of conditions for the model reac-
tion of olefin 1 with 1-bromododecane (2) was performed
using native vitamin B, as a catalyst, Zn/NH,CI as a reducing
system and white LEDs as an energy source (Figure 1). Con-
trol reactions in common organic solvents: MeOH, DMSO, or
water/acetonitrile mixture (1:1) provided desired product 3a,
albeit in low yields, 33%, 33%, and 18%, respectively.

CO,Et
B4z Zn, white LEDs
\\/{\COZEt + M Br reaction medium, 16 h M\H\COZEt
CO,Et Ph
1 2a 3a
80 -
60
60 - 57
S
340 133 33
é
N I I I I I I
O -
\Q7‘ '\\ & 0 & o o
\‘é"o“‘é c’@@&'\ @Qé@@%-@'\@@
c, 0~ N G
%{z. ‘3‘ ng "DQ\‘ (\{.)Q',\Q Q
- QY LW
& Q" &%
g S
M organic solvent I cationic M anionic B nonionic

Figure 1. Preliminary Screening of Reaction Media for the
Vitamin B,-Catalyzed Addition/1,2-Phenyl Migration.
l2Reaction conditions: diethyl 2-phenyl-2-vinylmalonate (1, 0.10
mmol), 1-bromododecane (2, 5 equiv., 0.50 mmol), vitamin B,
(10 mol%), Zn (3 equiv.), NH4Cl (1.5 equiv.), solvent (5 mL),
white LEDs (6500 K), 16 h, 40 °C. Yields determined by GC
analysis.

Several amphiphiles, cationic, anionic, and non-ionic,
were screened. The model reaction in an aqueous micellar
solution proved to be surfactant dependent with dodecyl trime-
thylammonium chloride (DTAC), giving superior results
(60%), and thus supporting the hypothesized micellar effect.
Other surfactants were less efficient (6 - 40% yield). Moreo-
ver, it is known that different anion salts of the same amphipile
influence the micellization process and therefore should affect
reactions in micellar solutions. Indeed, the halide anion exerts
some influence on the reaction efficacy, and it follows the
trend DTAC (60%) > DTAB (55%) > DTAI (48%). It corre-
sponds well with the hydration level of micelles, DTAC mi-
celles are the least hydrated and therefore, assumingly, hydro-
philic vitamin B, can interact with the micellar interface more
effectively.”The cationic surfactant with the head ammonium
salt not only enhanced the reaction yield but also eliminated
the need for NH,Cl, a required additive in B,-catalyzed reac-
tions. Gratifyingly, it also facilitates required zinc dispersion
(see photo in SI) and cleans the metal surface for electron
transfer.” Even in the presence of unactivated zinc, the reac-
tion yielded product 3a with only a slightly diminished yield
(67%), in contrast to reactions in organic solvents. Further-
more, the so-called ‘co-solvent trick” here also played a role as
it alters the hydrogen bonded structure.’®”” Among the co-
solvents/additives used, n-BuOH exhibited the greatest effect.
The alcohol is incorporated into the micellar interface, making

micelles more flexible and improving the hydrophobic micro-
environment capacity within the aqueous solution. Extensive
optimization of reaction conditions with respect to catalyst,
surfactant and co-surfactant, light, time, concentrations of all
reagents and micelles type, ultimately enabled desired product
3a to be obtained in 80% yield (see SI).

The desired reaction also occurs in pure water (see SI),
possibly taking advantage of the ‘on water’ mode of interac-
tions. But in the presence of DTAC and n-BuOH as an addi-
tive, not only does the yield increase significantly but also the
rate of the reaction, corroborating the beneficial effect of the
micellar environment. The exact role of this environment has
to be, however, determined. Therefore, we next focused our
efforts on elucidating the origin of the micellar impact on the
reaction studied.

Model system

The qualitatively  different behaviour of the
yield/conversion vs time for the homogeneous organic solvent
and the micellar solution agrees with recent theoretical predic-
tions of micellar catalysis kinetics (Figure 2).%® It was found
that the reaction rates in micellar systems can be higher than
those in organic solvents, due to the change in the reaction
entropy resulting from compartmentalization of reactants in
microheterogenous aqueous solutions. Thus, to better under-
stand the molecular interactions within the entire noncovalent
catalytic system, a series of in-depth studies were performed.
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Figure 2. Kinetic Profile of The Model Reactions. “dotted
lines — conversion of olefin 1, solid lines — reaction yield.

DTAC - Computational chemistry predictions of the criti-
cal micellar concentrations (CMC)** under the given reaction
conditions are 18-25 mM DTAC, in agreement with the re-
ported experimental data.”>* DLS measurements of surfactant
solutions in water show aggregation signals, and as the con-
centration of DTAC increases, the size of the aggregates in-
creases from 0.72 to 1.27 nm. This trend is also observed in
two-dimensional diffusion-ordered spectroscopy (2D DOESY
NMR). The spectra were measured for DTAC solutions in
D,0O at various concentrations, including the one that corre-
sponds to its concentration in the reaction studied. In all sam-
ples above the CMC, signals corresponding to aggregates were
observed. Specific diffusion constants (D) of surfactant mole-
cules decrease as their concentration increases, indicating the
formation of larger aggregates (Table 1, column 3, entries 1-
4). At the optimal reaction concentration (70 mM, far above
the CMC), micelles of 1.20 nm hydrodynamic radius are
formed (Table 2, entry 4). The addition of n-BuOH as an addi-



tive increases the size to 1.52 nm, which is in agreement with
the literature data.’® At the same time, the phenomenon is
expected to improve the permeability of the interface to organ-
ic compounds.41

In the "H NMR spectra, the signals corresponding to the
surfactant are slightly down-field shifted (from 0.72 to 0.76
ppm CHj, 2.96 to 3.00 ppm NCHj, 3.16 to 3.20 ppm for CH,)
as the concentration increases, which, according to the litera-
ture, implies micelles formation.***

Table 1. Specific Diffusion Constants and Hydrodynamic Radius Measured for DTAC and Olefin 1.*

DTAC olefin in DTAC solution
entry DTAC [umol] Dorac X 1070 [m? s7'] (Ry [nm] ®)
Dorac X 107° [m? s™'] (R [nm] ) Dotefin x 107 [m? ™'I° (Ru [nm] °)
1 22 4.72 (0.55) 4.17 (0.61) 2.30 (0.99)
2 38 3.03 (0.78) 2.58 (0.90) 1.22 (1.73)
3 54 2.30 (0.99) 2.06 (1.09) 1.07 (1.96)
4 70 1.84 (1.20) 1.65 (1.32) 0.98 (2.21)
5 70 / nBuOH* 1.41 (1.52) 1.20 (1.62) 0.98 (2.21)

#Samples were prepared in D;O (1 mL) and were shaken vigorously prior to measurements, measurement time 30 min; Ry hydrodynamic radius. “Determined
based on 02 signals, olefin 1 (20 ymol) in DTAC at different concentrations in D,O (1 mL); ¢ n-BuOH (250 pmol).

Catalyst — 2D DOSY NMR data collected for the vitamin
By, (0.6 umol) in DTAC (70 pmol) solution in D,O (1 mL)
shows peaks corresponding to only one catalyst entity for
which the specific diffusion coefficient is equal to 2.27 x 10"°
m® s”', corresponding to a weight of 1440 g/mol (Figure 3).
Thus corroborates that the hydrophilic vitamin B, (1355
g/mol) remains in an aqueous phase as a monomer surrounded
by water molecules and does not participate in the formation
of aggregates. This might suggest that the transformation can
be classified as type Ila, which means that the reaction takes
place on the surface of self-assembled aggregates that accom-
modate lipophilic reagents with the catalyst being only in the
aqueous phase.* But in fact, in vitamin B,,-catalyzed reactions
the Co(I) form is catalytically active and our theoretical calcu-
lations revealed that this species prefers to be located at the
micelle-water interface (see the Reactive intermediates part).
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Figure 3. 2D DOSY NMR spectra of vitamin B;, (0.6 pmol) in
DTAC (70 pmol) solution in D,O (1 mL).

Olefin - The addition of diethyl 2-phenyl-2-vinyl malo-
nate (1) to a DTAC solution causes a decrease in the specific
diffusion coefficient of surfactant molecules (Table 1, column
4). The increased size of the aggregates suggests the localiza-
tion of hydrophobic olefin in the micelle, as proved by the
Blum and Peacock FILM studies.”’ As the concentration of the
surfactant increases, the size of the aggregates with olefin also
increases. The '"H NMR spectra of olefin (20 pmol) measured

in DTAC solutions in D,O (1 mL) at various concentrations
showed two distinct sets of sharp signals O1 and O2 corre-
sponding to protons of the two olefin entities that correlate
with DOSY results. These may suggest that only part of the
olefin molecules are incorporated into the micelle and that the
exchange between molecules occurs at a relatively slow rate
on the NMR time scale (Figure 4A). Specific diffusion con-
stants determined on Q2 signals decrease as the concentration
of DTAC increases (Table 1, column 4, entries 1-4), while Ds
determined on O1 signals are very similar in all measurements
and range from 0.42 - 0.56 x 10" m*s™". In the "H NMR spec-
tra for the solution of 22 pmol DTAC O1 signals are of higher
integrated intensity suggesting that the equilibrium is shifted
toward O1 aggregates, in this case, the reaction efficiency is
lower (63% vs. 80%). At higher concentrations of DTAC, O2
signals are more intense. The control 'H NMR spectra of a
very diluted solution of olefin (5 pmol) solution shows only
02 signals. This suggests that O2 signals may originate from
olefinic protons that interact with micelles and that olefin
aggregates (corresponding to O1 signals) are not formed in
this case. The possible interaction should be recognized from
the occurrence of cross-peaks in the rotating-frame nuclear
Overhauser-effect correlation spectra. Indeed, the ROESY
experiment clearly shows the correlation of O2 olefin protons
with the surfactant - NCH; (Figure 4B, the signal in the blue
circle). Therefore, only protons corresponding to the O2 form
interact with the surfactant, confirming its location at the hy-
drophilic-hydrophobic interface.

The ROESY NMR experiments indicate favorable preas-
sociation of the olefin molecules at the micellar interface.

Halides - In the "H NMR spectra measured for alkyl bro-
mides in DTAC (70 pmol) solution in D,O (1 mL), signals are
not only broadened, but additional sets of signals are also
observed; the longer the aliphatic chain, the boarder the signals
(see SI). The results of the 2D DOSY NMR measurements for
1-bromohexane indicate that the specific diffusion coefficient
of the surfactant increases to 2.10 x 107 m® s‘l, which corrob-
orates the interaction of bromides with micelles, and in addi-
tion larger aggregates of the bromide are also present in the
solution. When n-BuOH is added to a sample containing hexyl
bromide in the DTAC solution (D,0), the signals become
sharper as a consequence of changes in the partitioning be-



tween phases’ and the slower exchange rate between entities NMR measurements (Figure 5A).
that are present at sufficient concentrations to be detected by
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Figure 4. A) 'H NMR spectra of olefin 1 (20 pmol) in DTAC at different concentrations in D,O (1 mL). olefin 1 (5 pmol) in DTAC
(70 pumol) solution in D,O (1 mL). B) ROESY NMR spectra of olefin 1 (20 pmol) in DTAC (54 pumol) solution in D,O (1 mL).* 'H
NMR spectra were measured 1.5 min for samples were vigorously shaken (as is during the reaction).
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Figure 5. A) 'H NMR spectra of 1-bromohexane (60 pmol) in, I) DTAC (70 pmol) solution in D,O (1 mL); IT) DTAC (70 pmol)
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surface and the most stable location of the components of the reaction mixture in the micellar solution, including the surfactant

DTAC. C) Reaction products of olefin 1 with aliphatic bromides.

Functional groups influence substrates organization in
micellar environment and hence change the reaction rate.** The
strongest influence could be expected for compounds compris-
ing the hydroxyl group in their structure due to its high affinity
for forming hydrogen bonds, thus 1-bromooctan-2-ol and
8-bromooctan-1-ol were selected as extreme model cases. Due
to their polar structure, these bromides can act as a co-
surfactant and incorporate into the micellar structure. DLS
measurements indicate that DTAC/1-bromooctan-2-ol aggre-
gates are bigger than those with 8-bromooctan-1-ol. This may
be explained by its better fit to the structure of the surfactant
layer. The specific diffusion constant for 1-bromooctan-2-ol is
equal to 1.10 x 10" m* s while for 8-bromooctan-1-ol 1.17 x
10" m? s! reflecting this trend. For both bromides, in
'H NMR spectra the signals are broadened, and again the
addition of n-BuOH sharpens the signals (see SI). Now, there
are additional distinctive sets of signals corresponding to the
bromides’ entities that are present in two different environ-
ments and form different aggregates.

Theoretical COSMO-RS studies indeed show that when
the bromide substituent is in close proximity to the hydroxyl
group, this part of the molecule is located in the hydrophilic
section of the micelle (Figure 5B). On the other hand, in
8-bromooctan-1-ol, the groups are separated by the hydropho-
bic chain, and it is the hydroxyl group that stays predominant-
ly at the micelle-water interface.

In general, in vitamin B,,-catalyzed reactions, alkyl chlo-
rides and tosylates are less reactive compared to their bromide
counterparts. Here, in both cases, the reactions were, however,
only slightly less efficient (Table 2, entries 1-5). We also in-
vestigated the effect of preencapsulation of zinc (premix),
which according to Peacock and Blum reduces protodemeta-
lation pathways in cross-coupling reactions in micellar solu-
tions.* In our case,

Table 2. Pre-mix Influence on the Model Reaction®

entry halides/conditions yielc[lo/: ]f 3a° cogl\;;':i[(:/?] of
1 C14H23CHal 68 99
2 C14H23CH,Br 80 96
3 C11H23CH,CI 69 89
4 CgH19CH,CI 71 (3e) 87
5 C14H23CH,OTs 52 91
6 C11H23CH,CI with premix® 79 95
7 CgH19CH,Cl with premix® 72 (3e) 86
8 C11H23CH,Br with premix® 75 98
9 C11H23CH,l with premix® 66 98
10 C11H23CH,OTs with premix® 65 90

#Optimized reaction conditions: diethyl 2-phenyl-2-vinylmalonate (1, 0.10
mmol), bromide (3 equiv., 0.30 mmol), vitamin B+, (2.5 mol%), Zn (3 equiv.),
DTAC (0.35 mmol), n-BuOH (1.25 mmol), H,O (5 mL), green LEDs (525 nm),
16 h, 40 °C. ®Yields determined by GC analysis with mesitylene as an inter-
nal standard. “Premix: zinc powder was stirred for 2 h in DTAC (0.35 mmol)
solution in water prior adding reagents and the catalyst.

this would lead to dehalogenation of alkyl halides that may
also be catalyzed by vitamin B,.We have not, however, seen
any significant differences; thus, this path is not valid here and
the observed dehalogenation originates from the catalytic
process (entries 6-10).

Vitamin Bj,-catalyzed tandem radical addition/1,2-aryl
migration

The reaction of olefin 1 with 1-bromododecane (2) in the
presence of native vitamin Bj,, Zn as a reductant under green
light irradiation (525 nm) gave the desired product in 80%
yield. Our NMR and theoretical studies on the localization of
the reagents indicate that the reaction occurs in the interface
region (Stern layer). Indeed, the predictions from the COSMO-
RS calculations for the mole fractions of all components in the
micellar core and in the micellar interface region revealed that
the micellar interface mole fractions for bromide 2 and olefin 1
are identical and equal to 0.022, while the micellar core mole
fractions are dominated by bromide and olefin (for details see
SI). Since the active form of the Co-catalyst is only present in
the Stern layer (see Reactive intermediates section), bromide
points toward this region and part of the olefin molecules are
there, the reaction occurs in the interface region.

Because NMR techniques demonstrated utility in probing
the micellar structure,”” we focused on studying interactions
between reagents and micelles within the whole reacting mix-
ture. The 'H NMR spectra of substrates, 1-bromohexane
(60 pmol) and olefin 1 (20 pmol), in DTAC (70 pmol) solu-
tion in D,O (1 mL) with the addition of n-BuOH (250 pmol)
show two sets of resonances for olefinic protons (Figure 5A).
Chemical shifts for one set are very similar to chemical shifts
of O2 resonances, 0.02 ppm up-field shifted, that correspond
to the olefin/micelle aggregates. The second set of resonances
(0Y’) is down-field shifted. Based on ROESY measurements
(Figure 4B) and COSMO data, it can be assumed that only the
02 form reacts with radicals and since the yield of the reaction
is 46% yield, it must exist in the equilibrium with O1°.

Furthermore, the reaction efficiency is strongly dependent
on the length of the reacting alkyl bromide. The calculated
mole fractions of the olefin and the alkyl bromide in the micel-
lar interface region are shown in Figure 6A. The minimum
mole fraction of the two reactants has a maximum chain length
of 12, which is in agreement with the yield and conversion
observed experimentally (Figure 6B). This is consistent with
the formation of a very short-lived and reactive radical species,
which needs a 1:1 partner of olefin for optimum efficiency.
For shorter chain radicals, there is a surplus of alkyl bromide,
and the proposed reaction mechanism would result in a side
reaction of alkylation of the radical. The longer-chain radicals
would have a reaction partner, so fewer side reactions are
expected, only slower reactions because of the lower concen-
tration of the alkyl bromide. Experimentally, the best yield,
80%, was obtained for the model 1-bromododecane, whose
length corresponds well to the diameter of the micelle core (an
alkyl chain length corresponds to that present in the surfac-
tant). As the diameter decreases or increases (using surfactants
that possess shorter alkyl chains (C8) or longer (C18) than
DTAC (C12), the yield diminishes to 7% and 50%, respective-
ly. Both longer and shorter alkyl bromides give inferior re-
sults, which can be explained by the less advantageous align-



ment of the substrate inside the micelles.*"** Long-chain hal- ides must fold to fit into the  structure
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Figure 6. A) Mole fractions in the interfacial region of alkyl bromide and olefin 1. B) The impact of the length of the aliphatic chain
on the reaction outcome.
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Figure 7. A) Products formed from olefin and bromides with ester, glycol, and alcohol groups. B) 'H NMR spectra of
1-bromooctan-2-ol (60 pmol) in I) DTAC (70 pmol) solution in D,O (1 mL); II) DTAC (70 pmol) solution in D,O (1 mL) with
n-BuOH (250 pmol); IITI) DTAC (70 pmol) solution in D,O (1 mL) with olefin (20 pmol) and z-BuOH (250 pmol). C) 'H NMR
spectra of 8-bromooctan-1-ol (60 pmol) in I) DTAC (70 pmol) solution in D,O (1 mL); IT) DTAC (70 pmol) solution in D,O (1 mL)
with n-BuOH (250 pmol); III) in DTAC (70 pmol) solution in D,O (1 mL) with olefin (20 pmol) and n-BuOH (250 pmol); nm -

product with the aryl group not migrated.

of the surfactant layer, enhancing the steric hindrance around
the bromide-substituted carbon atom and impairing the inter-
action with the catalyst molecule. Shorter-chain substrates
have a lot of space to freely move within the confinement,
which minimizes the micellar effect. More sterically bulky,
cyclohexyl methyl bromide and neopentyl bromide, provide
the desired products though in yields of 36% and 54%, respec-
tively. Expectedly, secondary bromides proved less efficient,
as it is well documented that the formation of the respective
alkyl cobalamins is unfavorable and that secondary halides are
by far more reactive toward undesired insertion of zinc leading
to organozinc halides and subsequent protodemetalation.48 As
a consequence, products 6 and 7 form in lower yields, respec-
tively, 16% and 33%. Reactions with aliphatic bromides con-
taining phenyl-ring (bromo ethylbenzene) proved unsuccessful
(8). Only separation between the bromide substituent and the
phenyl ring that exceeds eight bonds allowed the synthesis of
desired products (9, 50%), seemingly due to the possibility of
the bromide folding inside the micelles and thus reaching the
preferred orientation. The importance of a proper fitting o the
surfactant layer is also reflected in the reaction efficacy of
olefin 1 with bromides having terminal ester group (Figure 7A,
10-13). Again, the longer the aliphatic chain, the higher the
yield of the reaction. We were also interested in the reactivity
of hydrophilic pegylated bromides, since in this case the poly-
oxyethylene chain should point toward the water phase, thus
altering the localization of an alkyl bromide. Indeed, it afford-
ed product 14, albeit in a low yield, thus further corroborating
that effective collision of the substrates takes place in the
interface layer.

To form alkylcobalamin, the reduced catalyst has to inter-
cept an alkyl bromide, thus we assume that the bromide atom
should point toward the surface of the micelle where the cata-
lyst is present. Consequently, the presence of any functional
groups influencing the organization of substrates in the mi-
celles should impact the reaction rate.

The interaction occurring between substrates was investi-
gated at the atomic level based on NMR measurements of
mixtures of 1-bromoctan-2-ol and 8-bromoctan-1-ol (60
pumol) with olefin 1 (20 pmol) in DTAC (70 pmol) solution in
D,0 (1 mL) with n-BuOH (250 pmol). In both cases, the size
of the aggregates becomes larger, regardless of the location of
the hydroxy group in the bromide (0.98 x 10" m* s~ and 0.88
x 10" m? s for 1,2- and 1,8-regioisomers respectively),
hence the reactants fit in the surfactant layers. COSMO-RS
calculations showed that for 8-bromoctan-1-ol, the bromide
substituent is deeply buried in the aggregate, making it diffi-
cult to react with the catalyst. Furthermore, 'H NMR spectra of
the olefin with the two bromo-alcohols show substantial dif-
ferences in the olefinic protons region. For 1-bromoctan-2-ol,
as in the model case, two sets of signals (02 and O3) corre-
sponding to olefinic protons are observed, they are slightly
shifted (O2 up-field, O3 down-field). On the contrary, for §-
bromoctan-1-ol, only one set is present. These differences are
reflected in the reactivity of these substrates toward olefin in
the micellar system. The reaction of diethyl 2-phenyl-2-
vinylmalonate (1) with 8-bromoctan-1-ol yields the mixture of

products in 37% yield (18). The yield increases to 44% for 1-
bromodecan-5-ol (17) and up to 48% for 1-bromooctan-2-ol
(16a-c), we compare total yields as they reflect efficiency of
the radical formation from bromo-alcohols).

In terms of olefins, the presence of functional groups and
their position in the aromatic ring of the olefin affect the reac-
tion course. The introduction of both EWG and EDG results in
a slight decrease in reaction yields, suggesting that the interre-
actant orientation in the micellar solution was not significantly
altered (19-21, Figure 8). In contrast, olefins with other func-
tional groups of different polarity (-CN, -SO,Ph) that may
have a strong impact on the localization of a substrate fur-
nished a complex mixture of products. The challenging syn-
thesis of ketoesters and diketones precluded their use as sub-
startes in the developed transformation. The results above
confirm that in the presence of DTAC and n-BuOH as an
additive, the yield, reaction rate increase significantly, con-
firming the beneficial effect of the micellar environment. The
experimental and theoretical data clearly indicate the influ-
ence of the bromide structure on the interposition of the reac-
tants.
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Figure 8. Products of Reactions 1-Bromododecane with Vari-
ous Olefins.

These amplifications can be explained by the favorable
distribution of the reactants and the restriction of their free
movement inside the micellar solution and thus the increase in
the likelihood of an effective collision.

Reactive intermediates

Control experiments revealed that both vitamin B,, zinc
and light are essential to obtain the desired product (Table 3,
entries 2-5). Reactions either without the surfactant or co-
solvent are less efficient. From the point of view of the reac-
tion mechanism, we assume that the use of micellar solutions
should not affect the formation of main reactive intermediates
but should have an impact on the selectivity and the reaction

rate.

. 49,50
Based on our knowledge and previous reports, we

formulated the hypothetical mechanism for the vitamin B ,-
catalyzed tandem addition/1,2-phenyl migration of alkyl bro-
mides with olefins (Scheme 2). In the first step, zinc reduces
vitamin B, to its active Co(I) form. This ‘supernucleophilie’



undergoes a reaction with bromide that furnishes alkylcobala-
min A. The resulting intermediate, upon light irradiation or
heating, generates a radical, which reacts with an electron-
deficient olefin providing alkyl radical B. After 1,2-aryl migra-
tion via transition state C, radical D forms and after protona-
tion delivers the desired product. A set of mechanistic experi-
ments corroborated the formation of reactive intermediates in
the proposed mechanistic pathway.

Co(I) form - The effective reduction of vitamin B, to its
active Co(I) form by zinc is usually ensured by the use of
activated zinc powder, the addition of NH,Cl, and virulent
stirring."’

Table 3. Control Experiments for the Vitamin B,-
Catalyzed Addition/1,2-Phenyl Migration®

\/TE PN By, Zn, DTAC, H,0 COEL
—_—
CO4E 10 Bl AL n-BuOH, 18 h g CO,Et
CO,Et
green LEDs Ph
1 2 3a
entry dewatlo: c:n;‘c:jr:':i:,hnesreactlon yield of 3a [% ],,
1 - 80
2 no Bz 0
3 no Zn 0
4 no light 0

[red] r

—_—

[ox]

S ,'. a - face
Oﬁj N
L 41X
[ N
A UH

Co(l) base-off form

Water

Micellar
Interfacial region

5 no B4y, Zn and light 0
6 under air 7
7 no surfactant 31
8 no butan-1-ol 65

®Optimized reaction conditions: diethyl 2-phenyl-2-vinylmalonate (1, 0.10
mmol), 1-bromododecane (3 equiv., 0.30 mmol), vitamin B4, (2.5 mol%), Zn
(3 equiv.), DTAC (0.35 mmol), n-BuOH (1.25 mmol), H,O (5 mL), green
LEDs (525 nm), 16 h, 40 °C. ®Yields determined by GC analysis with mesity-
lene as an internal standard.

Scheme 2. Plausible Reaction Mechanism
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Figure 9. Mechanistic studies. A) 'H NMR spectra of I) vitamin By, (0.6 pmol) in D,O (1 mL); II) vitamin By, (0.6 pmol) in DTAC
(70 pmol) solution in D,O (1 mL); III) vitamin By, (2.4 pmol) in DTAC (70 pmol) solution in D,O (1 mL) with n-BuOH (250 pmol)



and Zn (240 pmol). B) Molecular structure of Co(I) vitamin B, (left) and the COSMO surface and the most stable location at the

micellar interface. C) Mechanistic experiments.

Herein, even though the micelles are positioned on the
zinc surface as found by Blum using imaging techniques,” the
effective reduction of the Co™ ion to Co™ occurs as a usual
color change of the reaction mixture was observed from red to
deep green / brown.

The calculated free energy of transfer of a Zn nanoparticle
model from the micellar core to the micellar interface region is
only +4 kJ/mol.”" This indicates that Zn prefers the micellar
core, but will have a nonnegligible probability of being at the
interface, where it can reduce Co(IIl) into the active Co(I)
form, which is inherently in a base-off form.”® '"H NMR studies
of the cobalamin solution shows that resonances
coressponding to protons in the nucleotide loop in the range
between 6-7 ppm. The addition of zinc powder causes a shift
to 6-9 ppm (Figure 9A). This down-field shift is characteristic
to the base-off form of cobalamine.™

For computational reasons, we used a nanoparticle model
for Zn, but we assume that the surface interactions from this
model can be generalized to imply which part of the surfactant
will interact with a larger zinc surface. This parallel is analo-
gous to our previous computational work for explaining why
water sensitive Negeshi couplings using zinc powder work in
aqueous micellar systems.51

Furthermore, a set of calculations for the free energy of
transfer from the aqueous phase to the micellar interface for
Co(I) species A showed a favorable interaction, -14 kJ/mol.
The most stable interaction geometry off the base-off form, is
shown in Figure 9A and indicates that the Co(I) ion is in the
micellar interface region and can therefore react with the alkyl
bromide. Thus, it further supports the postulated alignment of
the reactants in a micellar system (Figure 9B).

Calculations and NMR data confirm that the Co(I) form is
generated in a micellar system, even though Zn prefers the
micellar core, thus allowing the reaction to proceed.

Alkyl cobalamin — Once the Co(I) species is generated, it
reacts with alkyl bromides to afford alkyl cobalamin A. HR-
MS of the crude reaction mixture in MeOH shows the peak at
[M+H], m/z 1498.7650 that corresponds to the Co(IlI)-alkyl
complex 22. Fortunately, 'H NMR spectra measured for the
reaction mixture without olefin show signals at -0.24 and -0.80
ppm, which are characteristic for alkyl cobalamin, corroborat-
ing its formation during the catalytic cycle.”

As an alternative, the reaction mechanism involving al-
kylzinc bromide may be considered. It has been assumed that,
in micellar systems based on TPGS, palladium-catalyzed
cross-coupling reactions involve the formation of alkylzinc(II)
halides.™ Tt is not, however, the case under the developed
conditions. The '"H NMR spectrum for the mixture of octyl
bromide, zinc, and DTAC in deuterated water shows only
signals corresponding to hydrogen atoms present in alkyl
bromide and DTAC (see SI). Characteristic signals for alkyl-
zinc bromide are not observed.” Therefore, rhe only role of
zinc in the transformation developed is as a reducing agent.

Radicals - The mechanism is radical in nature, as the re-
action was completely halted once the radical trap was added
prior to exposure to light (Figure 9C). Analysis of the reaction
mixture by ESI-MS showed the presence of a peak corre-
sponding to the TEMPO adduct 23, which was formed from a
radical D generated by adding 1-bromododecane (2) to olefin
1.

Anion - The reaction in D,0O, which is a source of deuter-
ium cation, provides the desired product 24 with the deuterium
atom incorporated at the a-position to the carbonyl group (see
SI), thus corroborating the formation of an anion at this posi-
tion that after protonation furnishes the desired product. This
result is consistent with 1,2-aryl migration and protonation, as
shown in Scheme 2.

All reactive intermediates involved in the catalytic cycle
are confirmed, but with the experimental evidences collected
we cannot exclude the activity of chain reaction processes
and/or alternative mechanistic pathways.

CONCLUSIONS

The micellar system proved to be suitable for the Co-
catalyzed radical addition/1,2- aryl migration, the micellar
environment is pivotal to obtain the desired products in high
yields. NMR studies of the model reaction indicate the locali-
zation of reactants in the micellar system and enabled the
determination of reactive intermediates in the reaction path-
way. Our mechanistic analysis and theoretical studies, along
with understanding the interactions within the entire non-
covalent catalytic system, reveal that the aliphatic chain length
and the presence of functional groups have a strong impact on
the organization of substrates in the micellar solution.

This work expands the chemical space related to both
Co(porphyrinoid) catalysis and an aqueous micellar environ-
ment, opening access to a new research area at the intersection
of these fields. We believe that these findings will serve as an
inspiration for broadening the utility of micelle-mediated
radical transformations for the advancement of green chemis-
try applications.
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1. General Informations

All solvents and commercially available reagents were purchased as reagent grade and were used without further purifica-
tion, unless otherwise stated. Yields refer to spectroscopically (*H NMR) homogeneous materials. Reactions were monitored
by thin layer chromatography (TLC), using 0.20 mm Merck silica plates (60F-254) and visualised using UV-light or potassi-
um permanganate stain with heat as a developing agent. GC yields were calibrated with mesitilene as an internal standard.
NMR spectra were recorded on Bruker 400 MHz or Varian 600 MHz and calibrated using residual undeuterated solvent
(CHCl3 - 7.26 ppm 'H NMR, 77.16 ppm 13C NMR, D20- 4.635 ppm 'H NMR) or TMS as an internal reference. Chemical shifts
are reported relatively in 6-scale as parts per million (ppm) referenced to the residual solvent peak. Coupling constants J are
given in Hertz (Hz) and the following abbreviations were used for indicating signal multiplicity: 'H NMR: s = singlet,
d = doublet, t = triplet, q = quartet, m = multiplet and the respective combinations. Low-resolution mass spectra (LRMS)
were recorded on an Applied Biosystems API 365 mass spectrometer using electrospray ionization (ESI) technique. High-
resolution mass spectra (HRMS) were recorded on a Waters AutoSpec Premier instrument using electron ionization (EI)
or a Waters SYNAPT G2-S HDMS instrument using electrospray ionization (ESI) or atmospheric-pressure chemical ioniza-
tion (APCI) with time of flight detector (TOF). Melting points were recorded on a Marienfeld MPM-H2 melting point appa-
ratus and are uncorrected. GC analyses were performed using Shimadzu GCMS-QP2010 SE with helium as the carrier gas
and a Zebron ZB 5MSi column. (length: 30.0 m; thickness: 0.25 um, diameter: 0.25 mm).

GC program: time: 19.39 min; pressure: 121.8 kPa; total flow: 30.3 mL/min; column flow: 1.30 mL/min; linear velocity:

33.1 cm/s; purge flow: 3.0 mL/min; split ratio: 20.0.

rate temperature [°C] hold time

0 - 100.0 1.00
1 40.00 180.0 1.50
2 40.00 260.0 1.50
3 45.00 300.0 1.00
4 50.00 325.0 9.00

Colum chromatography was performed using Merck silica gel 60 (230-400 mesh). Preparative HPLC separations were per-
formed using Knauer HPLC chromatograph with PDA detector and Preparative column chromatography Knauer EII 100-10
Si column (250 x 20 mm). Flash column chromatography was performed on CombiFlash NextGen 300 Flash Chromatog-
raphy System.

Flash program: time: 35 min; column: silica 4g; flow rate: 13 mL/min; automatic peak hold: on.

entry time [min] hexane [%] AcOEt[%]

1 0 100 0
2 2 100 0
3 7 95 5
4 13 95 5
5 23 90 10
6 28 90 10
7 33 0 100
8 35 0 100
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2. Setup for photoreactions

Reactions were carried out in a homemade photoreactors made of 400 mL beakers covered on the inside with LED tape.

A cooling fan with adjustable spin rate was used to maintain temperature inside the photoreactor (40 °C).

LED tapes characteristics:

Green LED tape: 10 mm SMD5050 LED strip, 60 LED diodes/m.
Power consumption: 10 W/m.

Green light - Amax = 525 nm, 20 Im.

525 nm

16000 -

12000 -

8000 -

4000 -

400 450 500 550 600 650 700

White LED tape: 8 mm SMD3528 LED strip, 120 LED diodes/m
Power consumption: 9.6 W/m

White light - 6500 K, 30 Im
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3. Optimization studies

Ph CO,Et
B4, Zn, green LEDs
wcozEt + 9 Br reaction medium, 16 h 1 CO,Et
CO,Et Ph
1 2 3a

3.1. Background experiments®

entry without yieldof3a[%]® conversion of 1 [%]?

1 hv 7 15
2 catalyst 0 0
3 Zn 0 0
4 NH4Cl 51 100
5 Biz and hv 0 0
6 CTAB 4 16

aReaction conditions: diethyl 2-phenyl-2-vinylmalonate (0.10 mmol), 1-bromododecane (5 equiv., 0.50 mmol), Biz (10 mol%, 0.01 mmol), Zn
(3 equiv. 0.30 mmol), NH4Cl (1.5 equiv., 0.15 mmol), CTAB (2.5 equiv., 0.25 mmol), H20 (5 mL), white LEDs (6500 K), 16 h, 40 °C. ® Calculated based
on GC analysis. Mesitylene was used as an internal standard.

3.2. Type of cobalt catalyst®

entry catalyst yield of 3a[%]¢ conversion of 1 [%]¢

1 Bi2 40 (49)¢ 93
2 HME 33 70
3b (CN)2Cbi 59 94
4b Cobalester 21 58

aReaction conditions: diethyl 2-phenyl-2-vinylmalonate (0.10 mmol), 1-bromododecane (5 equiv., 0.50 mmol), catalyst (10 mol%, 0.01 mmol),
Zn (3 equiv. 0.30 mmol), NH4CI (1.5 equiv., 0.15 mmol), CTAB (2.5 equiv., 0.25 mmol), H20 (5 mL), white LEDs (6500 K), 16 h, 40 °C. PReaction
conditions: diethyl 2-phenyl-2-vinylmalonate (0.10 mmol), 1-bromododecane (3 equiv., 0.30 mmol), catalyst (2.5 mol%, 0.003 mmol), Zn (3
equiv. 0.30 mmol), DTAC (2.5 equiv., 0.25 mmol), n-BuOH (12.5 equiv., 1.25 mmol) H20 (5 mL), green LEDs (525 nm), 16 h, 40 °C. ¢Calculated based
on GC analysis. Mesitylene was used as an internal standard. 9Isolated yield.

H,NOC

CONH,
“"\_-CONH,

H,NOC y
o " \_-CONH, H
NH \N \_-CONH,
[ HO (/
<0 —b’N
W~ it
-A-pP-O
o-R o)
(o] :
OH Aqua(cyano)heptamethyl
Vitamin B, cobyrinate Cobmamlfie Cobalester
HME (CN),Cbi
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3.3. Screening of surfactant®

entry surfactant yield of 3a [%]9 conversion of 1 [%]¢
1 DTAC 60 (61)¢ 94
2 DTAB 55 95
3 DTAI 48 89
4 CTAC 53 100
5 CTAB 40 (49)¢ 92
6 SLES 40 88
Triton X-100 37 99
8 SB3-14 33 100
9 PS-750-M 32 95
10 SDS 31 54
11 Triton X-45 30 61
12 STAB 20 31
13 Potassium laurate 5 35
14 Brij-35 10 100
TPGS-750-M 6 80
15
TPGS-750-MP 43 100
16 Tween 60 5 98
17 Tween 20 2 98
18>  Polyoxyethanyl - a-tocopheryl 11 54
19¢ AOT (B12) 0 9
AOT (HME) 4 15

aReaction conditions: diethyl 2-phenyl-2-vinylmalonate (0.10 mmol), 1-bromododecane (5 equiv.,, 0.50 mmol), vitamin Biz (10 mol%,
0.01 mmol,), Zn (3 equiv., 0.30 mmol), surfactant (2.5 equiv., 0.25 mmol), H20 (5 mL), white LEDs (6500 K), 16 h, 40 °C. PReaction conditions:
diethyl 2-phenyl-2-vinylmalonate (0.10 mmol), 1-bromododecane (3 equiv., 0.3 mmol), Bi2 (2.5 mol%, 0.003 mmol), Zn (3 equiv., 0.30 mmol),
surfactant (2.5 equiv., 0.25 mmol), n-BuOH (12.5 equiv., 1.25 mmol), H20 (5 mL), green LEDs (525 nm), 16 h, 40 °C. ‘Reaction conditions: diethyl
2-phenyl-2-vinylmalonate (0.10 mmol), bromide (3 equiv., 0.30 mmol), B12 (2.5 mol%, 0.003 mmol), Zn (3 equiv., 0.30 mmol), surfactant (5 equiv.,
0.50 mmol), H20 (0.18 mL), n-heptane (5 mL), green LEDs (525 nm), 16 h, 40 °C. dCalculated based on GC analysis. Mesitylene was used as an inter-

nal standard. ¢Isolated yield.
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3.4. Additives®

entry additives and solvent yield of 3a [%]> conversion of 1 [%]P
1 methanol 57 86
2 ethanol 63 95
3 propan-1-ol 62 91
4 propan-2-olary 63 95
5 propan-2-olpagrade 61 88
6 butan-1-ol 68 96
7 pentan-1-ol 66 93
8 2-butyl-1-octanol 49 89
nonan-1-ol 46 79
10 aceton 70 92
11 THF 70 95
12 PEG-200 61 97
13 MeCN : H20 18 24
(1:1)
14 CTAB / dodecane / n-BuOH / H20 51 65
(17.5/12.5/35 /35 wt%)
DTAC / heksan / n-BuOH / H20

1 4

> (17.5/12.5/35 /35 wt%) > 60
CTAB / dodecane / n-BuOH / H20
16 47 71
(17.5/12.5/35 /35 wt%)

17 DTAC / n-BuOH / Hz20 38 40

(33.3/33.3/ 33.3 wt%)

aReaction conditions: diethyl 2-phenyl-2-vinylmalonate (0.10 mmol), 1-bromododecane (5 equiv., 0.50 mmol), vitamin B12 (10 mol%, 0.01 mmol),
Zn (3 equiv., 0.30 mmol), DTAC (2.5 equiv.0.25 mmol), additives (40 equiv., 4 mmol), H20 (5 mL), white LEDs (6500 K), 16 h, 40 °C. Calculated
based on GC analysis. Mesitylene was used as an internal standard.

3.5. Amount of DTAC?

entry DTAC [mmol] ratio of DTAC / n-BuOH / H20 [wt%] yield of 3a [%]P conversion of 1 [%]Y

1 0 0/02/9938 26 51
2 0.05 0.2/5.6/94.2 43 67
3 0.15 0.7 /5.6 /93.7 67 91
4 0.25 12/56/932 69 9%
5 0.35 1.7/5.6/92.7 71 99
6 0.95 45/5.6/89.9 71 98
7 3.41 14.5 /5.6 /79.9 66 93

aReaction conditions: diethyl 2-phenyl-2-vinylmalonate (0.10 mmol), 1-bromododecane (5 equiv., 0.50 mmol), vitamin B1z (10 mol%, 0.01 mmol),
Zn (3 equiv., 0.30 mmol), DTAC, n-BuOH (40 equiv., 4 mmol), H20 (5 mL), white LEDs (6500 K), 16 h, 40 °C. bCalculated based on GC analysis. Mesi-
tylene was used as an internal standard.
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3.6. Amount of n-BuOH?

entry n-BuOH [mmol] ratio of DTAC /n-BuOH / H:0 [wt%] yield of 3a[%]® conversion of 1 [%]Y

1 0 1.8/0.0 /98.8 54 86
2 0.09 1.8/0.1/98.1 47 64
3 0.51 1.8/0.7 /975 62 98
4 1.25 1.8/1.8/96.4 72 98
5 2.02 1.8/29/953 65 96
6 4.04 1.8/5.6/92.6 71 99
7 6.07 1.8/8.1/90.1 69 99

aReaction conditions: diethyl 2-phenyl-2-vinylmalonate (0.10 mmol), 1-bromododecane (5 equiv., 0.50 mmol), vitamin B12 (10 mol%, 0.01 mmol),
Zn (3 equiv., 0.30 mmol), DTAC (3.5 equiv., 0.35 mmol), n-BuOH, H20 (5 mL), white LEDs (6500 K), 16 h, 40 °C. bCalculated based on GC analysis.
Mesitylene was used as an internal standard.

3.7. Amount of water?®

entry DTAC [mmol] H:0[mL] ratio of DTAC / n-BuOH / H20 [wt%] yield of 3a[%]> conversion of 1 [%]P

1 7.5 12/12/976 62 97
2 5.0 1.8/1.8/96.4 72 98
0.35
3 2.5 34/3.4/932 68 98
4 1.0 7.8/7.8 /844 57 76
5 0.53 7.5 68 94
6 0.35 5.0 72 98
1.8/1.8/96.4
7 0.175 2.5 65 100
8 0.07 1.0 60 96

aReaction conditions: diethyl 2-phenyl-2-vinylmalonate (0.10 mmol), 1-bromododecane (5 equiv., 0.50 mmol), vitamin B12 (10 mol%, 0.01 mmol),
Zn (3 equiv., 0.30 mmol), DTAC, n-BuOH (12.5 equiv., 1.25 mmol), H20, white LEDs (6500 K), 16 h, 40 °C. Calculated based on GC analysis. Mesity-
lene was used as an internal standard.

3.8. Substrates ratio®

entry olefin 1 [mmol] bromide 2 [mmol] ratio1:2 yieldof3a[%]*> conversion of 1 [%]P

1 0.10 0.10 1:1 32 55
2 0.10 0.25 1:2.5 64 86
3 0.10 0.30 1:3 68 94
4 0.10 0.40 1:4 71 97
5 0.10 0.50 1:5 72 98
6 0.10 0.75 1:7.5 66 94
7 0.10 1.00 1:10 60 86

aReaction conditions: diethyl 2-phenyl-2-vinylmalonate, 1-bromododecane, vitamin Bi2 (10 mol%, 0.01 mmol), Zn (3 equiv., 0.30 mmol), DTAC
(3.5 equiv.,, 0.35 mmol), n-BuOH (12.5 equiv., 1.25 mmol), H20 (5 mL), white LEDs (6500 K), 16 h, 40 °C. *Calculated based on GC analysis. Mesity-
lene was used as an internal standard.

S10



3.9. The influence of light®

entry light yield of 3a [%]* conversion of 1 [%]®
1 green LEDs (tape) 80 96
2 white LEDs (tape) 68 94
3 blue LEDs (tape) 56 80
4 violet LEDs (tape) 24 43
5 red LEDs (single diode) 42 66
6 green LEDs (single diode, 6 W) 34 56
7 white LEDs (single diode) 25 57
8 blue LEDs (single diode, 3 W) 12 21
9 violet LEDs (single diode, 40 W) 12 29
10 green LEDs (single diode, 40 W) 15 26
11 green LEDs (single diode, 20 W) 6 10
12 green LEDs (single diode, 10 W) 12 20
13 no light, 40 °C 7 12
14 no light, 70 °C 47 84
15 no light, 70 °C (microwave, 3h) 3 43

aReaction conditions: diethyl 2-phenyl-2-vinylmalonate (0.10 mmol), 1-bromododecane (3 equiv., 0.30 mmol), vitamin B12 (10 mol%, 0.01 mmol),
Zn (3 equiv., 0.30 mmol), DTAC (3.5 equiv., 0.35 mmol), n-BuOH (12.5 equiv., 1.25 mmol), H20 (5 mL), light, 16h, 40 °C. bCalculated besed on GC
analysis. Mesitylene was used as an internal standard.

3.10. Amount of vitamin B;, and Zn®

entry Bi2[mol%] Zn[equiv.] yieldof3a[%]® conversion of 1[%]"

1 1 66 96
2 2.5 80 98
3 5 3 80 96
4 10 80 97
15 61 94
6 1 53 77
7 2 57 85
8 3 80 98
2.5
9 4 63 78
10 5 63 75
11 6 44 50

aReaction conditions: diethyl 2-phenyl-2-vinylmalonate (0.10 mmol,), 1-bromododecane (3 equiv., 0.30 mmol), vitamin B1z, Zn, DTAC (3.5 equiv.,
0.35 mmol), n-BuOH (12.5 equiv.,, 1.25 mmol), H20 (5 mL), green LEDs (525 nm), 16 h, 40 °C. ®Calculated based on GC analysis. Mesitylene was
used as an internal standard.
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3.11. Screening of reductant®

entry reductant yieldof3a[%]® conversion of1 [%]®

1 Zn 80 96
2 NaBH4 7 74
3 Mn 1 7

aReaction conditions: diethyl 2-phenyl-2-vinylmalonate (0.10 mmol), 1-bromododecane (3 equiv., 0.30 mmol), vitamin Biz (2.5 mol%,
0.003 mmol), reductant (3 equiv., 0.30 mmol), DTAC (3.5 equiv., 0.35 mmol), n-BuOH (12.5 equiv., 1.25 mmol), H.0 (5 mL), green LEDs (525 nm),
16 h, 40 °C. "Calculated based on GC analysis. Mesitylene was used as an internal standard.

3.12. Influence of buffer®

entry buffer pH yieldof3a[%]¢ conversion of1 [%]¢c

1 - - 80 96
2b acetate 5.0 70 90
3 acetate 5.0 67 87
4 acetate 4.0 43 56
5b acetate 4.0 42 60
6 PBS 7.4 3 8

aReaction conditions: diethyl 2-phenyl-2-vinylmalonate (0.1 mmol), 1-bromododecane (3 equiv., 0.30 mmol), vitamin Biz (2.5 mol%,
0.003 mmol), Zn (3 equiv., 0.30 mmol), DTAC (3.5 equiv., 0.35 mmol), n-BuOH (12.5 equiv., 1.25 mmol), buffer (5 mL), green LEDs (525 nm), 16 h,
40 °C.P48 h. cCalculated based on GC analysis. Mesitylene was used as an internal standard.

3.13. Reaction time®

entry time[h] yieldof3a[%]® conversionofl[%]® conversion of2 [%]Y

1 0.5 6 9 7
2 1 17 22 30
3 2 32 39 35
4 5 60 80 61
5 8 73 90 92
6 16 80 (76) 96 100
7 40 76 99 100
8 64 77 95 100

aReaction conditions: diethyl 2-phenyl-2-vinylmalonate (0.10 mmol), 1-bromododecane (3 equiv., 0.30 mmol), vitamin Biz (2.5 mol%,
0.003 mmol), Zn (3 equiv., 0.30 mmol), DTAC (3.5 equiv., 0.35 mmol), n-BuOH (12.5 equiv.1.25 mmol), H20 (5 mL), green LEDs (525 nm), time, 40
°C.Calculated based on GC analysis. Mesitylene was used as an internal standard.cIsloated yield.
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4. Preparation of starting materials (S1-S11) and characterization of new compounds

Not commercially available substrates were synthesized according to the reported procedures.-¢ The observed characteri-

zation data (*H and 3C NMR) are consistent with those previously reported.

oM CN CFy | :
e 3 ' Ineffective substrates !
Z = = OMe & = ; /YPh Ph Ph
L A( = !
EtO,C COzEt  Et0,C CO,Et EtO,C COzl1Et EtO,C CO,Et EtO,C CO,Et 'Et0,C CN  NC CN PhO,S CN '
s1! s2' s3 s4! s5' ; :
OH OH CioH21~_CgH17 PN
P \[ SN OB CHL0,C7 Br CyaHps0,C7 N B
CgHi3 CgHi3 Br Br
S62 s7° sg* s9° s10° s116

diethyl 2-(3-methoxyphenyl)-2-vinylmalonate, S3
= OMe
EtO,C CO,Et

Following the reported procedure,! S3 was obtained from 1-iodo-3-methoxybenzene (2.34 g, 10 mmol) and diethyl malo-
nate (3.20 g, 20 mmol, 2 equiv.) to afford 439 mg of diethyl 2-(3-methoxyphenyl)-2-vinylmalonate as colorless oil, (yield
=15 %, after three steps).

1H NMR (600 MHz, CDCl3) 8 7.27 - 7.24 (m, 1H), 7.00 - 6.94 (m, 2H), 6.87 - 6.82 (m, 1H), 6.56 (dd, J = 17.7, 10.8 Hz, 1H),
5.42 (d,] = 10.8 Hz, 1H), 5.10 (d, ] = 17.6 Hz, 1H), 4.26 (qd, ] = 7.1, 1.1 Hz, 4H), 3.79 (s, 3H), 1.27 (t,] = 7.1 Hz, 6H).

13C NMR (126 MHz, CDCl3) § 169.6, 159.3, 138.3,136.2, 129.1, 121.3, 118.5, 115.2, 113.1, 66.3, 62.0, 55.4, 14.1.
HRMS (ESI) m/z [M + Na]* calcd for C16H2005Na 315.1208, found 315.1214.

GC chromatogram:

u
FIDT
900000

800000
700000
600000
500000
400000
3000003
2000003

100000

11i, Z,; Wang, M.; Shi, Z. Angew. Chemie Int. Ed. 2021, 60 (1), 186-190.

2 Zav'yalov, S. I; Sitkareva, 1. V. and Ezhova, G. I.; Russ Chem Bull, 1989, 38, 127-130.

3a prasanth C. P.; Ebbin J.; Abhijith A.; Nair D. S;; Ibnusaud I.; Raskatov, ].; Singaram B. J. Org. Chem. 2018, 83, 3, 1431-1440.
3b Tian, B,; Li, X;; Chen, P.; Liu, G. Angew. Chem. Int. Ed.2021, 60, 14881 -14886.

4 Chen, M;; Li, ]; Jiao, X.; Yang, X.; Wu, W.; McNeill; C. R. and Gao, X.; J. Mater. Chem. C, 2019, 7, 2659-2665.

5 Karimi, B.; Mansouri, F.; and Vali, H, Green Chem., 2014, 16, 2587-2596.

6 Boz M,; Bastiirk S. S. ] Surfact Deterg. 2016, 19, 663-671.
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diethyl 2-(4-(trifluoromethyl)phenyl)-2-vinylmalonate, S5

CF3

=
EtO,C CO,Et

Following the general procedure,! compound S5 was obtained from 1-iodo-4-(trifluoromethyl)benzene (3.17 g, 10 mmol)
and diethyl malonate (3.20 g, 20 mmol, 2 equiv.) to afford 83 mg of diethyl 2-(4-(trifluoromethyl)phenyl)-2-vinylmalonate

as colorless oil, (yield = 5 %, after three steps).

1H NMR (500 MHz, CDCl3) § 7.62 - 7.58 (m, 2H), 7.56 - 7.51 (m, 2H), 6.59 (ddd, ] = 17.7, 10.8, 1.4 Hz, 1H), 5.47 (dd, ] = 10.7,
1.3 Hz, 1H), 5.08 (d,] = 17.5 Hz, 1H), 4.28 (qd, ] = 7.1, 1.9 Hz, 4H), 1.27 (t,] = 7.2, 1.2 Hz, 6H).

13C NMR (125 MHz, CDCl3) § 169.2, 140.9, 140.9, 135.7, 130.1 (qcrs, ] = 32.2 Hz), 129.8,, 129.5, 125.1 (qcrs, J = 3.8 Hz), 124.2
(qers, ] = 272.7, 271.7, 271.6 Hz), 119.3, 66.1, 62.4, 14.1.

19F NMR (470 MHz, CDCl3) & -62.76 (s, 3F).
HRMS (ESI) m/z [M + Na]* calcd for C16H17F304Na 353.0977, found 353.0979.

GC chromatogram:

u
FIDT

1250000
1000000
750000
500000-|

250000

dodecyl 4-bromobutanoate, S11
CiaHps0,C7 > Br

Following the reported procedure,® S11 was obtained from 1-dodecanol (1.86 g, 10 mmol) and 4-bromobutanoyl chloride

(3.71 g, 20 mmol, 2 equiv.) to afford 2.5 g of dodecyl 4-bromobutanoate as colorless oil, (yield = 75 %).

1H NMR (500 MHz, CDCl3) § 4.07 (t,] = 6.8 Hz, 2H), 3.46 (t, ] = 6.5 Hz, 2H), 2.49 (t, ] = 7.2 Hz, 2H), 2.17 (p, ] = 6.8 Hz, 2H), 1.64
- 1.59 (m, 2H), 1.34 - 1.24 (m, 18H), 0.87 (t, ] = 6.9 Hz, 3H).

13C NMR (126 MHz, CDCl3) § 172.7, 64.9, 32.8,32.7, 32.1, 29.77, 29.75, 29.7, 29.6, 29.5, 29.4, 28.8, 28.0, 26.0, 22.8, 14.2.
HRMS (ESI) m/z [M + Na]* calcd for C16H3102NaBr 357.1405, found 357.1402.

GC chromatogram:

1000000
750000 ]

250000

o]

R - - - - T - - - - T - - - - T - - - - T - - - - T - - - - T - - - - T - -
0.0 2,5 5.0 7.5 10,0 12,5 15,0 17,5 min
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5. General Procedures for Tandem Radical Addition/1,2-Aryl Migration Reaction

R1
R1
= /‘ = /‘
N . B4z Zn, DTAC, H,0 ,
SRS Ar,n-BuOH,16h R R
=Y green LEDs R4

Reaction conditions: olefin (0.10 mmol), bromide (3 equiv, 0.30 mmol), vitamin Bi2 (2.5 mol%, 0.003 mmol), Zn (3 equiv., 0.30 mmol), DTAC
(3.5 equiv,, 0.35 mmol,), n-BuOH (12.5 mmol, 1.25 mmol,), H20 (5 mL), green LEDs (525 nm), 16 h, 40 °C.

Figure S1. Graphics for the main reaction steps. I) Reaction tubes and weighted sample of DTAC, vitamin B1z and Zn; II) Zn in DTAC solution in H:0;
I1I) vitamin Bi2 and Zn in DTAC solution in H:0 - mixture before degassing, red; IV) vitamin Biz and Zn in DTAC solution in H20 - mixture after
degassing, dark green or brown; V) setup for photoreactions.

5.1. General procedure for liquid substrats:

A glass reaction tube (inner diameter = 18 mm) equipped with a magnetic bar was charged with DTAC (92.4 mg, 0.35 mmol,
3.5 equiv.), vitamin Bi2 (3.4 mg, 0.003 mmol, 2.5 mol%) and activated zinc (19.6 mg, 0.30 mmol, 3.0 equiv.), then distillated
H20 (5 mL) and n-BuOH (114.2 pL, 1.25 mmol, 12.5 equiv.) were added. The tube was sealed with a septum and the result-
ing mixture was degassed by purging the solution with argon for 20 min with simultaneous sonication in an ultrasonic bath
(the solution turned from red to dark green or brown). Subsequently, an electron-deficient olefin (0.10 mmol, 1.0 equiv.)
and bromide (0.30 mmol, 3.0 equiv.) were added and the reaction vessel was placed in a photoreactor and irradiated with
green LEDs (tape, 525 nm) for 16 h. The resulting mixture was diluted with brine, extracted with AcOEt (3 x 10 mL), and
washed with water (10 mL). The organic phase was dried over Na:SOs, then filtered through the cotton wool and concen-
trated in vacuo. A crude product was purified using flash column chromatography with hexanes/AcOEt eluent system. If

necessary, product was repurified using preparative HPLC with hexanes/AcOEt eluent system.
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5.2. General procedure for solid substrates:

A glass reaction tube (inner diameter = 18 mm) equipped with a magnetic bar was charged with DTAC (92.4 mg, 0.35 mmol,
3.5 equiv.), vitamin Biz (3.4 mg,0.003 mmol, 2.5 mol%) an electron-deficient olefin (0.10 mmol, 1.0 equiv.) and activated
zinc (19.6 mg, 0.30 mmol, 3.0 equiv.), then distillated H20 (5 mL) and n-BuOH (114.2 pL, 1.25 mmol, 12.5 equiv.) were add-
ed. The tube was sealed with a septum and the resulting mixture was degassed by purging the solution with argon for
20 min with simultaneous sonication in an ultrasonic bath (the solution turned from red to dark green or brown). Subse-
quently, bromide (0.30 mmol, 3.0 equiv.) was added and the reaction vessel was placed in a photoreactor and irradiated
with green LEDs ( tape, 525 nm) for 16 h. The resulting mixture was diluted with brine, extracted with AcOEt (3 x 10 mL),
and washed with water (10 mL). The organic phase was dried over Na:SOs, then filtered through the cotton wool and con-
centrated in vacuo. A crude product was purified using flash column chromatography with hexanes/AcOEt eluent system.

If necessary, product was repurified using preparative HPLC with hexanes/AcOEt eluent system.

5.3. Notes:

v" The reaction can be easily monitored by GC and TLC chromatography (AcOEt/Hexane) using UV visualization and
KMnOjs stain;

v Reactions require using activated zinc (unactivated zinc gives a lower yield);”

v" The mixture containing Zn, Cobalt-catalyst (vitamin B12) and a solvent should turned from red to dark green and finally

brown. The color indicates the reduction of the cobalt from Co(III) to Co(I) oxidation state;

v' Ifthe color of the reaction does not change (from red to dark brown/green), we highly recommend to repeat zinc acti-

vation step.

7 M. Ociepa; 0. Baka; J. Narodowiec; D. Gryko; Adv. Synth. Catal. 2017, 359, 3560 -3565.
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6. Products and characterization of new compounds

diethyl 2-(1-phenyltetracosyl)malonate, 3b

Ph
EtO,C CaoHas

CO,Et
Following the general procedure 5.2 compound 3b was obtained from diethyl 2-phenyl-2-vinylmalonate (26 mg,
0.10 mmol) and 1-bromodocosane (117 mg, 0.30 mmol). The crude product was purified by flash column chromatography

to afford 8 mg of diethyl 2-(1-phenyltetracosyl)malonate as white solid, (yield = 14 %, mp = 64 °C).

1H NMR (500 MHz, CDCls) § 7.28 - 7.25 (m, 2H), 7.21 - 7.16 (m, 3H), 4.24 (q, ] = 7.1 Hz, 2H), 3.86 (q, ] = 7.1 Hz, 2H), 3.61 (d, ]
=10.9 Hz, 1H), 3.34 (td, ] = 10.9, 3.7 Hz, 1H), 1.68 - 1.58 (m, 2H), 1.31 - 1.16 (m, 41H), 1.14 - 0.95 (m, 4H), 0.93 (t,/ = 7.1 Hz,
3H), 0.88 (t,] = 6.8 Hz, 3H).

13C NMR (125 MHz, CDCl3) 6 168.7, 168.05, 141.2, 128.5, 128.4, 126.9, 61.6, 61.2, 59.1, 45.8, 34.1, 32.1, 29.85, 29.83, 29.81,
29.80, 29.75, 29.7, 29.5, 29.51, 29.49, 27.2, 22.8, 14.3,13.8.

HRMS (ESI) m/z [M + Nal* calcd for Cs7He404Na 595.4702, found 595.4695.

GC chromatogram:

v
D1

250000
2250009
200000
1750004
1500004
1250004

1000004

750004
500004
250003
L

-25001

T T T T T T T T T T T T T T T T T T
00 1.0 20 30 40 50 60 7.0 80 90 100 110 12,0 130 14,0 150 16,0 17.0 18,0 min

diethyl 2-(1-phenylicosyl)malonate, 3¢

Ph
EtO,C CigHa7

CO,Et

Following the general procedure 5.2 compound 3c was obtained from diethyl 2-phenyl-2-vinylmalonate (26 mg,
0.10 mmol) and 1-bromooctadecane (100 mg, 0.30 mmol). The crude product was purified by flash column chromatography

to afford 35 mg of diethyl 2-(1-phenyltetracosyl)malonate as white solid, (yield = 67 %, mp = 53 °C).
With C18TAC instead of DTAC, yield = 41 %.

1H NMR (500 MHz, CDCls) § 7.28 - 7.25 (m, 2H), 7.19 (m, 3H), 4.24 (q, ] = 7.1 Hz, 2H), 3.89 - 3.84 (m, 2H), 3.61 (d, ] = 10.9
Hz, 1H), 3.34 (td, ] = 10.9, 3.7 Hz, 1H), 1.70 - 1.57 (m, 2H), 1.30 - 1.14 (m, 37H), 0.93 (t, / = 7.1 Hz, 3H), 0.88 (t, ] = 6.9 Hz,
3H).

13C NMR (125 MHz, CDCI3) 6 168.7, 168.1, 141.2, 128.5, 128.4, 126.9, 61.6, 61.2, 59.1, 45.8, 34.1, 32.1, 29.84, 29.82, 29.80,
29.79, 29.74, 29.69, 29.53, 29.51, 29.49, 27.2,22.8, 14.27, 14.25, 13.8.

HRMS (ESI) m/z [M + Na]* calcd for C33Hs604Na 539.4076, found 539.4080.
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GC chromatogram:

D1

800009

700009

600009

50000]

40000

300009

20000]

10000

diethyl 2-(1-phenylheptadecyl)malonate, 3d

Ph
EtO,C CisH31

CO,Et
Following the general procedure 5.2 compound 3d was obtained from diethyl 2-phenyl-2-vinylmalonate (26 mg,
0.10 mmol) and 1-bromopentadecane (87 mg, 0.30 mmol). The crude product was purified by flash column chromatog-

raphy to afford 30 mg of diethyl 2-(1-phenylheptadecyl)malonate as white solid, (yield = 63 %, mp = 38°C).

1H NMR (500 MHz, CDCl3) § 7.26 (m, 2H), 7.19 (m, 3H), 4.24 (q, ] = 7.1 Hz, 2H), 3.86 (qd, ] = 7.1, 1.1 Hz, 2H), 3.61 (d,] = 10.9
Hz, 1H), 3.34 (td, ] = 10.9, 3.7 Hz, 1H), 1.69 - 1.58 (m, 2H), 1.30 - 1.10 (m, 31H), 0.93 (t, ] = 7.1 Hz, 3H), 0.88 (t,] = 6.9 Hz,
3H).

13C NMR (125 MHz, CDCls) & 168.7, 168.0, 141.2, 128.5, 128.4, 126.9, 61.6, 61.2, 59.1, 45.80 34.1, 32.1, 29.8, 29.8, 29.8,
29.79, 29.78, 29.7, 29.7,29.52, 29.49, 29.47, 27.2,22.8, 14.3, 14.2, 13.8.

HRMS (ESI) m/z [M + Na]* calcd for C30Hs004Na497.3607, found 497.3613.

GC chromatogram:

D1
500000

4500004

4000004

3500009

300000

2500003

2000003

150000

100000

50000
A

T T T T T T T T T T T T T T T T T T
1.0 20 3,0 4,0 50 60 70 80 9,0 100 110 120 130 14,0 15,0 16,0 17.0 18,0 min

diethyl 2-(1-phenyltetradecyl)malonate, 3a

Ph
EtO,C CqoHos

CO,Et
Following the general procedure 5.1 compound 3a was obtained from diethyl 2-phenyl-2-vinylmalonate (26 mg,
0.10 mmol) and 1-bromododecane (75 mg, 0.30 mmol). The crude product was purified by flash column chromatography

to afford 33 mg of diethyl 2-(1-phenyltetradecyl)malonate as colorless oil, (yield = 76 %).
With: C1sTAC instead of DTAC, yield = 50 %; CsTAC instead of DTAC, yield = 7 %.

1H NMR (600 MHz, CDCl3) § 7.27 - 7.23 (m, 2H), 7.20 - 7.15 (m, 3H), 4.22 (q, ] = 7.1 Hz, 2H), 3.85 (qd, J = 7.1, 1.3 Hz, 2H),
3.60 (d, ] = 10.9 Hz, 1H), 3.33 (td, J = 11.0, 3.6 Hz, 1H), 1.67 - 1.58 (m, 2H), 1.29 - 0.99 (m, 25H), 0.91 (¢, / = 7.1 Hz, 3H), 0.86
(t,J = 7.1 Hz, 3H).
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13C NMR (151 MHz, CDCls) 8 168.7, 168.0, 141.1, 128.5, 128.4, 126.9, 61.6, 61.2, 59.1, 45.8, 34.1, 32.1, 29.80, 29.76, 29.72,
29.66, 29.51, 29.48, 29.46, 27.2, 22.8, 14.3,13.8.

HRMS (ESI) m/z [M + Na]* calcd for C27H4404Na 455.3137, found 455.3140.

GC chromatogram:

u
{B]]
2250000

2000000
1750000
1500000
1250000
1000000

750000

500000

250000

diethyl 2-(1-phenyldodecyl)malonate, 3e

Ph

CO,Et
Following the general procedure 5.1 compound 3e was obtained from diethyl 2-phenyl-2-vinylmalonate (26 mg,
0.10 mmol) and 1-bromodecane (66 mg, 0.30 mmol). The crude product was purified by flash column chromatography to

afford 29 mg of diethyl 2-(1-phenyldodecyl)malonateas as colorless oil, (yield = 72 %).

1H NMR (500 MHz, CDCls) § 7.28 - 7.25 (m, 2H), 7.21 - 7.17 (m, 3H), 4.24 (q, /] = 7.1 Hz, 2H), 3.86 (qd, ] = 7.1, 1.1 Hz, 2H),
3.61 (d,J = 10.9 Hz, 1H), 3.34 (td, J = 10.9, 3.7 Hz, 1H), 1.68 - 1.58 (m, 2H), 1.30 - 1.08 (m, 21H), 0.93 (t, / = 7.1 Hz, 3H), 0.87
(t,] = 7.0 Hz, 3H).

13C NMR (126 MHz, CDCls) 6 168.7, 168.0, 128.5, 128.4, 126.9, 61.6, 61.2, 59.1, 45.8, 34.1, 32.0, 29.72, 29.66, 29.51, 29.47,
29.45,27.2,22.8,14.3,14.2,13.8.

HRMS (ESI) m/z [M + Na]* calcd for C2sH4004Na 427.2824, found 427.2824.

GC chromatogram:

u
{B]]
3500000

3000000
2500000
2000000
1500000-]
1000000

500000

diethyl 2-(1-phenyldecyl)malonate, 3f

Ph

CO,Et

Following the general procedure 5.1 compound 3f was obtained from diethyl 2-phenyl-2-vinylmalonate (26 mg, 0.1 mmol)
and 1-bromooctane (58 mg, 0.30 mmol). The crude product was purified by flash column chromatography to afford 24 mg
of diethyl 2-(1-phenyldecyl)malonate as colorless oil, (yield = 63 %).

With: CsTAC instead of DTAC, yield = 4 %; CsTAC (0.70 mmol) instead of DTAC, yield = 17 %; CsTAC (1.05 mmol) instead of
DTAC, yield = 10 %.
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1H NMR (500 MHz, CDCls) § 7.28 - 7.24 (m, 2H), 7.21 - 7.17 (m, 3H), 4.24 (q, ] = 7.1 Hz, 2H), 3.86 (qd, ] = 7.1, 1.1 Hz, 2H),
3.61 (d,J = 11.0 Hz, 1H), 3.34 (td, J = 10.9, 3.7 Hz, 1H), 1.69 - 1.58 (m, 2H), 1.30 - 1.05 (m, 17H), 0.93 (t, ] = 7.1 Hz, 3H), 0.86
(t,] = 7.1 Hz, 3H).

13C NMR (125 MHz, CDCls) 6 168.7, 168.0, 141.2, 128.5, 128.4, 126.9, 61.6, 61.2, 59.1, 45.8, 34.1, 32.0, 29.6, 29.51, 29.46,
29.37,27.2,22.8,14.3,14.2,13.8.

HRMS (ESI) m/z [M + Na]* calcd for C23H3604Na 399.2511, found 399.2520.

GC chromatogram:

u
FoT]
3000000

2500000
2000000
1500000
1000000

500000-]

diethyl 2-(1-phenyloctyl)malonate, 3g

Ph
EtO,C CeH1s

CO,Et
Following the general procedure 5.1 compound 3g was obtained from diethyl 2-phenyl-2-vinylmalonate (26 mg,
0.10 mmol) and 1-bromohexane (50 mg, 0.30 mmol). The crude product was purified by flash column chromatography to

afford 16 mg of diethyl 2-(1-phenyloctyl)malonate as colorless oil, (yield = 46 %).

1H NMR (500 MHz, CDCls) § 7.28 - 7.25 (m, 2H), 7.22 - 7.17 (m, 3H), 4.24 (q,/ = 7.2 Hz, 2H), 3.86 (qd, ] = 7.1, 1.1 Hz, 2H),
3.61 (d,J = 10.9 Hz, 1H), 3.35 (td, ] = 10.9, 3.7 Hz, 1H), 1.69 - 1.58 (m, 2H), 1.29 (t, ] = 7.2 Hz, 3H), 1.25 - 1.03 (m, 10H), 0.93
(t,J = 7.1 Hz, 3H), 0.83 (t,] = 7.1 Hz, 3H).

13C NMR (125 MHz, CDCls) 6 168.7, 168.0, 141.2, 128.5, 128.4, 126.9, 61.6, 61.2, 59.1, 45.8, 34.1, 31.9, 29.4, 29.17, 27.16,
22.7,14.3,14.2,13.8.

HRMS (ESI) m/z [M + Na]* calcd for C21H3204Na 371.2198, found 371.2201.

GC chromatogram:

1750000-FIDAT
1500000
1250000
1000000

750000

500000}

250000
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diethyl 2-(1-phenylhexyl)malonate, 3h

Ph
EtO,C CaHo

CO,Et
Following the general procedure 5.1 compound 3h was obtained from diethyl 2-phenyl-2-vinylmalonate (26 mg,
0.10 mmol) and 1-bromobutane (41 mg, 0.30 mmol). The crude product was purified by flash column chromatography to

afford 12 mg of diethyl 2-(1-phenylhexyl)malonate as colorless oil, (yield = 37 %).

1H NMR (600 MHz, CDCl3) § 7.28 - 7.25 (m, 2H), 7.22 - 7.17 (m, 3H), 4.24 (q, ] = 7.1 Hz, 2H), 3.86 (qd, J = 7.1, 1.4 Hz, 2H),
3.61 (d,] = 11.0 Hz, 1H), 3.35 (td, ] = 11.0, 3.7 Hz, 1H), 1.69 - 1.59 (m, 2H), 1.29 (t, ] = 7.2 Hz, 3H), 1.25 - 1.04 (m, 6H), 0.93 (t,
J=7.1Hz, 3H), 0.80 (t, 3H).

13C NMR (126 MHz, CDCl3) § 168.7, 168.1, 141.2, 128.5, 128.4, 126.9, 61.6, 61.2, 59.1, 45.8, 34.1, 31.7, 26.8, 22.5, 14.3, 14.1,
13.8.

HRMS (ESI) m/z [M + Na]* calcd for C19H2804Na 343.1885, found 343.1889.

GC chromatogram:

DT

600000

500000

400000

300000

200000

100000

diethyl 2-(1-phenylbutyl)malonate, 3i

Ph
Et0,C CyHs

CO,Et
Following the general procedure 5.1 compound 3i was obtained from diethyl 2-phenyl-2-vinylmalonate (26 mg, 0.10 mmol)
and 1-bromoethane (33 mg, 0.30 mmol). The crude product was purified by flash column chromatography to afford 12 mg
of diethyl 2-(1-phenylbutyl)malonate as colorless oil, (yield = 42 %).

1H NMR (500 MHz, CDCls) & 7.29 - 7.25 (m, 2H), 7.21 - 7.17 (m, 3H), 4.24 (q, ] = 7.1 Hz, 2H), 3.87 (q, 2H), 3.62 (d,/ = 11.0 Hz,
1H), 3.37 (td, J = 10.6, 4.4 Hz, 1H), 1.66 - 1.59 (m, 2H), 1.30 (t, ] = 7.1 Hz, 3H), 1.13 - 1.06 (m, 2H), 0.93 (t, ] = 7.1 Hz, 3H),
0.82 (t,] = 7.3 Hz, 3H).

13CNMR (125 MHz, CDCl3) 6 168.7,168.1,141.2,128.5,128.4,127.0,61.6,61.2,59.1, 45.6, 36.3, 20.4, 14.3, 14.0, 13.8.
HRMS (ESI) m/z [M + Na]* calcd for C17H2404Na 315.1572 found 315.1574.

GC chromatogram:

v
4500000JFIDT
4000000
3500000
3000000
2500000

20000004

1500000 "
1000000
500000
T T T T T T
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diethyl 2-(3-cyclohexyl-1-phenylpropyl)malonate, 4

Ph

Et0,C
CO,Et

Following the general procedure 5.1 compound 4 was obtained from diethyl 2-phenyl-2-vinylmalonate (26 mg, 0.10 mmol)
and (bromomethyl)cyclohexane (53 mg, 0.30 mmol). The crude product was purified by flash column chromatography to
afford 13 mg of diethyl 2-(3-cyclohexyl-1-phenylpropyl)malonate as colorless oil, (yield =36 %).

1H NMR (500 MHz, CDCl3) § 7.28 - 7.24 (m, 2H), 7.22 - 7.15 (m, 3H), 4.24 (q, ] = 7.1 Hz, 2H), 3.86 (qd, J = 7.1, 1.0 Hz, 2H),
3.61 (d,] = 10.8 Hz, 1H), 3.31 (td, ] = 11.0, 3.5 Hz, 1H), 1.74 - 1.68 (m, 1H), 1.64 - 1.54 (m, 6H), 1.29 (t,] = 7.1 Hz, 3H), 1.19 -
0.99 (m, 5H), 0.95 - 0.85 (m, 4H), 0.81 - 0.68 (m, 2H).

13C NMR (125 MHz, CDCl3) § 168.7, 168.1, 141.2, 128.5, 128.4, 126.9, 61.6, 61.2, 59.2, 46.0, 37.5, 34.8, 33.7, 33.0, 31.4, 26.8,
26.5,26.4,14.3,13.8.

HRMS (ESI) m/z [M + Na]* calcd for C22H3204Na 383.2198, found 383.2197.

GC chromatogram:

u
fFIDT
450000

4000009
350000
300000
250000
2000003
150000

100000

50000

diethyl 2-(4,4-dimethyl-1-phenylpentyl)malonate, 5

Ph

EtOZCM
CO,E

Following the general procedure 5.1 compound 5 was obtained from diethyl 2-phenyl-2-vinylmalonate (26 mg, 0.10 mmol)
and 1-bromo-2,2-dimethylpropane (45 mg, 0.30 mmol). The crude product was purified by flash column chromatography to
afford 18 mg of diethyl 2-(4,4-dimethyl-1-phenylpentyl)malonate as colorless oli, (yield = 54 %).

1H NMR (500 MHz, CDCl) & 7.28 - 7.25 (m, 2H), 7.21 - 7.16 (m, 3H), 4.24 (q, ] = 7.1 Hz, 2H), 3.87 (q,] = 7.1 Hz, 2H), 3.62 (d, ]
=10.8 Hz, 1H), 3.28 (td, ] = 10.9, 3.5 Hz, 1H), 1.72 - 1.65 (m, 1H), 1.59 - 1.56 (m, 1H), 1.29 (t, / = 7.1 Hz, 3H), 1.08 - 1.01 (m,
1H), 0.95 - 0.88 (m, 4H), 0.77 (s, 9H).

13CNMR (125 MHz, CDCI3) 6 168.7,168.1, 141.2,128.5, 128.4, 126.9, 61.6, 61.2, 59.3, 46.5, 41.4, 30.3, 29.3, 29.0, 14.3, 13.9.
HRMS (ESI) m/z [M + Na]* calcd for C20H3004Na 357.2042, found 357.2040.

GC chromatogram:

17500004 57T

1500000
1250000
1000000}

750000

500000

250000-]
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diethyl 2-(3-methyl-1-phenylhexyl)malonate, 6

Ph
EtO,C

CO,Et
Following the general procedure 5.1 compound 6 was obtained from diethyl 2-phenyl-2-vinylmalonate (26 mg, 0.10 mmol)

and 2-bromopentane (45 mg, 0.30 mmol). The crude product was purified by flash column chromatography to afford 5 mg

of diethyl 2-(3-methyl-1-phenylhexyl)malonate as colorless oil, (yield = 16 %).

1H NMR (500 MHz, CDCl3) § 7.27 - 7.26 (m, 2H), 7.22 - 7.16 (m, 3H), 4.23 (qd, ] = 7.2, 1.9 Hz, 2H), 3.85 (q, ] = 7.1 Hz, 2H),
3.57 (d, ] = 10.8 Hz, 1H), 3.47 (td, J = 11.0, 3.7 Hz, 1H), 1.59 - 1.54 (m, 2H), 1.47 - 1.43 (m, 1H), 1.31 - 1.26 (m, 4H), 1.17 -
1.09 (m, 2H), 1.06 - 0.99 (m, 1H), 0.92 (t, ] = 7.1 Hz, 3H), 0.83 (t, ] = 7.2 Hz, 3H), 0.73 (d, 3H).

13C NMR (125 MHz, CDCl3) § 168.6, 168.1, 141.3, 128.6, 128.4, 126.9, 61.6, 61.2, 59.5, 43.7, 41.8, 37.3, 29.7, 20.9, 19.6, 14.5,
14.3,13.9.

HRMS (ESI) m/z [M - H]- calcd for C20H2004333.2066, found 333.2069.

GC chromatogram:

D1
2000000

1750000

1500000

1250000

10000003

750000

500000

2500009

diethyl 2-(2-cyclohexyl-1-phenylethyl)malonate, 7

Ph
EtO,C

CO,Et
Following the general procedure 5.1 compound 7 was obtained from diethyl 2-phenyl-2-vinylmalonate (26 mg, 0.10 mmol)
and bromocyclohexane (49 mg, 0.30 mmol). The crude product was purified by flash column chromatography to afford

12 mg of diethyl 2-(2-cyclohexyl-1-phenylethyl)malonate as colorless oil, (yield = 33 %).

1H NMR (500 MHz, CDClz) 8 7.28 - 7.26 (m, 2H), 7.25 - 7.16 (m, 3H), 4.24 (qt, J = 7.1, 3.5 Hz, 2H), 3.85 (q, / = 7.1 Hz, 2H),
3.56 (d, ] = 10.9 Hz, 1H), 3.49 (td, J = 11.1, 3.2 Hz, 1H), 1.92 - 1.87 (m, 1H), 1.67 - 1.56 (m, 3H), 1.47 - 1.41 (m, 2H), 1.34 -
1.21 (m, 4H), 1.10 - 0.99 (m, 3H), 0.95 - 0.81 (m, 6H).

13C NMR (125 MHz, CDCl3) § 168.6, 168.1, 141.2, 128.5, 128.4, 126.9, 61.6, 61.2, 59.6, 43.0, 41.8, 34.7, 34.5, 31.9, 26.7, 26.3,
26.0,14.3,13.9.

HRMS (ESI) m/z [M + Na]* calcd for C21H3004Na 369.2042, found 369.2040.

GC chromatogram:
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diethyl 2-(1,10-diphenyldecyl)malonate, 9

Ph
EtO,C

CO,Et
Following the general procedure 5.1 compound 9 was obtained from diethyl 2-phenyl-2-vinylmalonate (26 mg, 0.10 mmol)

and 1-bromo-8-phenyloctane (81 mg, 0.30 mmol). The crude product was purified by flash column chromatography to af-
ford 14 mg of diethyl 2-(1,10-diphenyldecyl)malonate as colorless oil, (yield = 50 %).

1H NMR (500 MHz, CDCls) § 7.29 - 7.23 (m, 5H), 7.20 - 7.15 (m, 5H), 4.24 (q, ] = 7.1 Hz, 2H), 3.86 (qd, ] = 7.1, 1.1 Hz, 2H),
3.61 (d, ] = 10.9 Hz, 1H), 3.34 (td, J = 10.9, 3.7 Hz, 1H), 2.59 - 2.54 (m, 2H), 1.68 - 1.63 (m, 1H), 1.62 - 1.54 (m, 3H), 1.32 -
1.21 (m, 9H), 1.20 - 1.11 (m, 5H), 1.07 - 1.01 (m, 1H), 0.93 (t,] = 7.1 Hz, 3H).

13C NMR (125 MHz, CDCls) 6 168.7, 168.1, 143.1, 141.2, 128.53, 128.50, 128.4, 128.3, 126.9, 125.7, 61.6, 61.2, 59.1, 45.8,
36.1,34.1,31.6,29.57, 29.55, 29.49, 29.45, 29.42, 27.2,14.3, 13.8.

HRMS (ESI) m/z [M + H]* calcd for C290H4104453.3005, found 453.3004.

GC chromatogram:
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4-dodecyl 1,1-diethyl 2-phenylbutane-1,1,4-tricarboxylate, 10a
Ph

EtO,C
2 CO,Cq2H2s

CO,Et
Following the general procedure 5.1 compound 10a was obtained from diethyl 2-phenyl-2-vinylmalonate (26 mg,

0.10 mmol) and dodecyl 2-bromoacetate (92 mg, 0.30 mmol). The crude product was purified by flash column chromatog-

raphy to afford 11 mg of 4-dodecyl 1,1-diethyl 2-phenylbutane-1,1,4-tricarboxylate as yellowish oil, (yield = 23 %).

1H NMR (500 MHz, CDCls) § 7.30 - 7.26 (m, 2H), 7.25 - 7.16 (m, 3H), 4.25 (q, ] = 7.1 Hz, 2H), 3.96 (q, 2H), 3.87 (qd, ] = 7.1,
1.5 Hz, 2H), 3.65 (d, ] = 10.9 Hz, 1H), 3.36 (td, ] = 11.1, 2.7 Hz, 1H), 2.16 - 2.02 (m, 3H), 1.94 - 1.87 (m, 1H), 1.61 - 1.50 (m,
3H), 1.31 - 1.23 (m, 20H), 0.93 (t, ] = 7.1 Hz, 3H), 0.88 (t, ] = 6.8 Hz, 3H).

13C NMR (125 MHz, CDCls) 6 173.2, 168.4, 167.7, 139.9, 128.7, 128.5, 127.4, 64.7, 61.8, 61.3, 58.7, 45.2, 32.2, 32.1, 29.79,
29.76,29.72, 29.65, 29.5, 29.4, 29.3, 28.7, 26.0, 22.8, 14.3, 14.2, 13.8.

HRMS (ESI) m/z [M + Na]* calcd for C29H4606Na 513.3192, found 513.3194.

GC chromatogram:
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4-dodecyl 1,1-diethyl 1-phenylbutane-1,1,4-tricarboxylate, 10b

Ph
EtOzCW\COZC12H25

CO,Et
Following the general procedure 5.1 compound 10b was obtained from diethyl 2-phenyl-2-vinylmalonate (26 mg,

0.10 mmol) and dodecyl 2-bromoacetate (92 mg, 0.30 mmol). The crude product was purified by flash column chromatog-

raphy to afford 10 mg of 4-dodecyl 1,1-diethyl 1-phenylbutane-1,1,4-tricarboxylate as yellowish oil, (yield = 20 %)

1H NMR (500 MHz, CDCl3) § 7.45 - 7.38 (m, 2H), 7.37 - 7.30 (m, 2H), 7.30 - 7.26 (m, 1H), 4.27 - 4.18 (m, 4H), 4.03 (t,/ = 6.8
Hz, 2H), 2.36 - 2.26 (m, 4H), 1.62 - 1.54 (m, 4H), 1.33 - 1.19 (m, 24H), 0.88 (t, ] = 6.9 Hz, 3H).

13C NMR (125 MHz, CDCls) 6 173.3, 170.7, 136.9, 128.3, 128.2, 127.6, 64.7, 62.6, 61.7, 35.4, 34.5, 32.1, 29.80, 29.77, 29.73,
29.67,29.5,29.4,28.8, 26.1, 22.8, 20.5, 14.3, 14.1.

HRMS (ESI) m/z [M + Na]* calcd for C29H4606Na 513.3192, found 513.3195.

GC chromatogram:
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4-dodecyl 1,1-diethyl-1-phenylbut-2-ene-1,1,4-tricarboxylate, 10c

Ph
X
Et02CWCOZC12H25

CO,Et
Following the general procedure 5.1 compound 10c was obtained from diethyl 2-phenyl-2-vinylmalonate (26 mg,

0.10 mmol) and dodecyl 2-bromoacetate (92 mg, 0.30 mmol). The crude product was purified by flash column chromatog-

raphy to afford 5 mg of 4-dodecyl 1,1-diethyl-1-phenylbut-2-ene-1,1,4-tricarboxylate as yellowish oil, (yield = 11 %)

1H NMR (500 MHz, CDCls) § 7.40 - 7.35 (m, 2H), 7.36 - 7.28 (m, 3H), 6.34 (d, 1H), 5.61 (dt, ] = 16.0, 7.1 Hz, 1H), 4.26 (qd, ] =
7.1, 2.6 Hz, 4H), 4.06 (t, ] = 6.8 Hz, 2H), 3.17 (d, ] = 7.0, 1.5 Hz, 2H), 1.62 - 1.58 (m, 2H), 1.32 - 1.25 (m, 24H), 0.88 (t, ] = 6.8
Hz, 3H).

13C NMR (125 MHz, CDCls) 171.3, 169.8, 137.2, 132.0, 128.9, 128.2, 127.8, 126.6, 65.1, 62.1, 38.4, 32.1, 29.80, 29.77, 29.74,
29.65, 29.5, 29.4, 28.7, 26.0, 22.8, 14.3, 14.1.

HRMS (ESI) m/z [M + H]* calcd for C290H4506489.3216, found 489.3223.

GC chromatogram:
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6-dodecyl 1,1-diethyl 2-phenylhexane-1,1,6-tricarboxylate, 11a
Ph

EtO,C
2 CO2C12H2s

CO,Et
Following the general procedure 5.1 compound 11la was obtained from diethyl 2-phenyl-2-vinylmalonate (26 mg,

0.10 mmol) and dodecyl 4-bromobutanoate (101 mg, 0.30 mmol). The crude product was purified by flash column chroma-

tography to afford 4 mg of 6-dodecyl 1,1-diethyl 2-phenylhexane-1,1,6-tricarboxylate as colorless oil, (yield = 8 %).

1H NMR (500 MHz, CDCls) & 7.28 - 7.25 (m, 2H), 7.23 - 7.15 (m, 3H), 4.24 (q, ] = 7.2 Hz, 2H), 3.99 (t, ] = 6.8 Hz, 2H), 3.87 (qd,
J=7.1,1.0 Hz, 2H), 3.61 (d, ] = 10.9 Hz, 1H), 3.34 (td, ] = 11.0, 3.6 Hz, 1H), 2.22 - 2.15 (m, 2H), 1.72 - 1.67 (m, 1H), 1.64 -
1.56 (m, 3H), 1.32 - 1.23 (m, 23H), 1.17 - 1.05 (m, 2H), 0.93 (t,/ = 7.1 Hz, 3H), 0.88 (t, ] = 6.8 Hz, 3H).

13C NMR (125 MHz, CDCls) 6 173.8, 168.6, 168.0, 140.8, 128.5, 127.1, 64.6, 61.7, 61.3, 59.0, 45.6, 34.3, 33.7, 32.1, 29.80,
29.78,29.73,29.67, 29.5, 29.4, 28.8, 26.7, 26.1, 24.9, 22.8, 14.3, 13.8.

HRMS (ESI) m/z [M + Na]* calcd for C31Hs00sNa 541.3505, found 514.3512.

GC chromatogram:
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6-dodecyl 1,1-diethyl 1-phenylhexane-1,1,6-tricarboxylate, 11b

Ph

EtOZC CO2012H25

CO,Et

Following the general procedure 5.1 compound 11b was obtained from diethyl 2-phenyl-2-vinylmalonate (26 mg,
0.10 mmol) and dodecyl 4-bromobutanoate (101 mg, 0.30 mmol). The crude product was purified by flash column chroma-

tography to afford 15 mg of 6-dodecyl 1,1-diethyl 1-phenylhexane-1,1,6-tricarboxylate as colorless oil, (yield = 29 %)

1H NMR (500 MHz, CDCl3) § 7.43 - 7.38 (m, 2H), 7.35 - 7.30 (m, 2H), 7.29 - 7.26 (m, 1H), 4.26 - 4.17 (m, 4H), 4.03 (t,/ = 6.8
Hz, 2H), 2.32 - 2.22 (m, 4H), 1.62 - 1.56 (m, 4H), 1.38 - 1.21 (m, 28H), 0.88 (t, ] = 6.9 Hz, 3H).

13C NMR (125 MHz, CDCls) 6 173.9, 170.9, 137.3, 128.2, 128.1, 127.5, 64.6, 62.7, 61.6, 35.7, 34.4, 32.1, 29.79, 29.77, 29.73,
29.67,29.51,29.49, 29.4, 28.8, 26.1, 24.8, 24.5, 22.8, 14.3, 14.1.

HRMS (ESI) m/z [M + Na]* calcd for C31Hs00sNa 541.3505, found 541.3513.

GC chromatogram:
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triethyl 2-phenyldecane-1,1,10-tricarboxylate, 13

Ph

EtO,C WCOzCzHS

CO,Et

Following the general procedure 5.1 compound 13 was obtained from diethyl 2-phenyl-2-vinylmalonate (26 mg,
0.10 mmol) and ethyl 8-bromooctanoate (75 mg, 0.30 mmol). The crude product was purified by flash column chromatog-

raphy to afford 22 mg of triethyl 2-phenyldecane-1,1,10-tricarboxylate as colorless oil, (yield = 51 %).

1H NMR (500 MHz, CDCl3) § 7.28 - 7.25 (m, 2H), 7.22 - 7.15 (m, 3H), 4.24 (q, ] = 7.1 Hz, 2H), 4.11 (q, ] = 7.1 Hz, 2H), 3.86 (qd,
J=7.1,1.1Hz, 2H),3.61 (d,] = 10.9 Hz, 1H), 3.34 (td, ] = 10.9, 3.7 Hz, 1H), 2.25 (t, ] = 7.6 Hz, 2H), 1.68 - 1.63 (m, 1H), 1.61 -
1.53 (m, 3H), 1.29 (t, ] = 7.1 Hz, 3H), 1.27 - 1.01 (m, 13H), 0.93 (t, ] = 7.1 Hz, 3H).

13C NMR (125 MHz, CDCls) 6 174.0, 168.7, 168.0, 141.1, 128.5, 128.39, 128.38, 126.9, 61.6, 61.2, 60.3, 59.1, 45.8, 34.5, 34.1,
29.4,29.30, 29.25,29.2,27.1, 25.1, 14.4,14.3,13.8.

HRMS (ESI) m/z [M + Na]* calcd for C2sH3sOsNa 457.2566, found 457.2568.

GC chromatogram:
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a mixture of diethyl 2-(4-(2-(2-methoxyethoxy)ethoxy)-1-phenylbutyl)malonate, 14 and diethyl 2-(4-(2-(2-
methoxyethoxy)ethoxy)butyl)-2-phenylmalonate

Ph

Ph O~ O

EtO,C O\/\O/\/O\ + Et0,C T e (6]
CO,Et 2
1:0.2
Following the general procedure 5.1 compound 14 was obtained from diethyl 2-phenyl-2-vinylmalonate (26 mg,
0.10 mmol) and 1-bromo-2-(2-(2-methoxyethoxy)ethoxy)ethane (68 mg, 0.30 mmol). The crude product was purified by
flash column chromatography to afford 9 mg (+ 2 mg of no migration product) of diethyl 2-(4-(2-(2-

methoxyethoxy)ethoxy)-1-phenylbutyl)malonate as yellowish oil, (yield = 22 % + 4 % no migration producti).

1H NMR (500 MHz, CDCl3) § 7.44 - 7.38 (m, 0.4H), 7.35 - 7.29 (m, 0.6H), 7.28 - 7.22 (m, 2H), 7.21 - 7.13 (m, 3H), 4.22 (p, ] =
6.9 Hz, 2H + 0.8H), 3.86 (qd, J = 7.1, 1.1 Hz, 2H), 3.68 - 3.56 (m, 5H + 0.4H), 3.55 - 3.51 (m, 2H + 0.6H), 3.51 - 3.47 (m, 2H),
3.43-3.39 (t, ] = 6.8 Hz, 0.4H), 3.36 (s, 3H + 0.6H), 3.36 - 3.32 (m, 3H + 0.6H), 2.32 - 2.25 (m, 0.4H), 1.80 - 1.70 (m, 1H +
0.2H), 1.67 - 1.61 (m, 1H + 0.2H), 1.45 - 1.32 (m, 2H + 0.4H), 1.29 (t, ] = 7.1 Hz, 3H), 1.23 (t,/ = 7.1 Hz, 1.2H), 0.92 (t, ] = 7.1
Hz, 3H).

13C NMR (125 MHz, CDCls) 6 170.7, 168.4, 167.8, 140.6, 128.4, 128.3, 128.1, 128.0, 127.4, 126.9, 71.9, 71.0, 70.9, 70.60,
70.59,70.53,70.51,70.1,70.0, 62.6, 61.5, 61.4, 61.1, 59.0, 58.9, 45.5, 30.5, 29.9, 27.2, 14.1, 14.0, 13.7.

HRMS (ESI) m/z [M + Na]* calcd for C22H3407Na433.2202, found 433.2206.
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GC chromatogram:
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diethyl 2-(4-hydroxy-1-phenyldecyl)malonate, 16a

Ph
EtO,C CeH1s

CO,Et  OH

Following the general procedure 5.1 compound 16a was obtained from diethyl 2-phenyl-2-vinylmalonate (26 mg,
0.10 mmol) and 1-bromooctan-2-ol (63 mg, 0.30 mmol). The crude product was purified by flash column chromatography

to afford 9 mg of diethyl 2-(4-hydroxy-1-phenyldecyl)malonate as colorless oil, (yield = 23 %).

1H NMR (500 MHz, CDCl3) & 7.30 - 7.26 (m, 2H), 7.25 - 7.15 (m, 3H), 4.24 (q,] = 7.1 Hz, 2H), 3.86 (q,] = 7.1 Hz, 2H), 3.62 (d, ]
= 9.8 Hz, 2H), 3.36 (td, ] = 10.8, 3.6 Hz, 1H), 1.86 - 1.72 (m, 2H), 1.38 - 1.11 (m, 16H), 0.92 (t, ] = 7.1 Hz, 3H), 0.87 (t, ] = 6.9
Hz, 3H).

13C NMR (125 MHz, CDCl3) § 168.9, 167.9, 140.7, 128.6, 128.5, 127.2, 71.0, 61.8, 61.3, 58.9, 45.1, 37.7, 34.6, 31.9, 30.1, 29.4,
25.8,22.7,14.3,14.2,13.8.

HRMS (ESI) m/z [M + Na]* calcd for C23H3s0sNa 415.2460, found 415.2463.

GC chromatogram:
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diethyl 2-(4-oxo-1-phenyldecyl)malonate, 16b

Ph
EtO,C CeH1s

COEt O

Following the general procedure 5.1 compound 16b was obtained from diethyl 2-phenyl-2-vinylmalonate (26 mg,
0.10 mmol) and 1-bromooctan-2-ol (63 mg, 0.30 mmol). The crude product was purified by flash column chromatography
to afford 4 mg of diethyl 2-(4-oxo-1-phenyldecyl)malonate as colorless oil, (yield = 11 %).

1H NMR (500 MHz, CDCl3) & 7.30 - 7.26 (m, 2H), 7.24 - 7.15 (m, 3H), 4.24 (qd, ] = 7.1, 0.9 Hz, 2H), 3.86 (qd, J = 7.1, 1.5 Hz,
2H), 3.63 (d, 1H), 3.32 (td, J = 11.3, 3.3 Hz, 1H), 2.31 - 2.20 (m, 3H), 2.12 - 2.00 (m, 2H), 1.88 - 1.81 (m, 1H), 1.49 - 1.40 (m,
2H), 1.30 (t,] = 7.1 Hz, 3H), 1.26 - 1.17 (m, 6H), 0.92 (t, ] = 7.1 Hz, 3H), 0.85 (t, ] = 7.1 Hz, 3H).

13C NMR (125 MHz, CDCl5) 6 210.6, 168.4,167.8, 140.2, 128.6, 128.5, 127.4, 61.8, 61.3, 58.9, 45.2, 42.9, 40.5, 31.7, 29.0, 27.9,
23.9,22.6,14.3,14.2,13.8.
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HRMS (ESI) m/z [M + Na]* calcd for C23H340sNa413.2304, found 413.2311.

GC chromatogram:
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diethyl 2-(4-hydroxydecyl)-2-phenylmalonate, 16c
Ph CeHis

Et0,C
2¥ CO,Et OH

Following the general procedure 5.1 compound 16¢ was obtained from diethyl 2-phenyl-2-vinylmalonate (26 mg,
0.10 mmol) and 1-bromooctan-2-ol (63 mg, 0.30 mmol). The crude product was purified by flash column chromatography
to afford 6 mg of diethyl 2-(4-hydroxydecyl)-2-phenylmalonate as colorless oil, (yield = 14 %).

1H NMR (500 MHz, CDCl3) § 7.44 - 7.37 (m, 2H), 7.36 - 7.30 (m, 2H), 7.30 - 7.26 (m, 1H), 4.22 (dqd, ] = 10.6, 7.0, 3.3 Hz, 4H),
3.61 - 3.55 (m, 1H), 2.36 - 2.24 (m, 2H), 1.47 - 1.36 (m, 5H), 1.33 - 1.20 (m, 15H), 0.88 (t, 3H).

13C NMR (125 MHz, CDCIs) 6 170.9, 137.3, 128.3, 128.1, 127.6, 71.5, 62.8, 61.66, 61.65, 37.58, 37.57, 35.7, 32.0, 29.5, 25.8,
22.8,21.0,14.2,14.14, 14.13.

HRMS (ESI) m/z [M + Na]* calcd for C23H3s0sNa 415.2460, found 415.2458.

GC chromatogram:
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diethyl 2-(7-hydroxy-1-phenyldodecyl)malonate, 17

Ph OH
EtO,C
2 MC5H11
CO,Et

Following the general procedure 5.1 compound 17 was obtained from diethyl 2-phenyl-2-vinylmalonate (26 mg,
0.10 mmol) and 1-bromodecan-5-ol (71 mg, 0.30 mmol). The crude product was purified by flash column chromatography

to afford 16 mg of diethyl 2-(7-hydroxy-1-phenyldodecyl)malonate as colorless oil, (yield = 38 %).

1H NMR (500 MHz, CDCl3) & 7.28 - 7.25 (m, 2H), 7.22 - 7.16 (m, 3H), 4.24 (q, ] = 7.1 Hz, 2H), 3.86 (q,] = 7.1 Hz, 2H), 3.61 (d,]
= 10.9 Hz, 1H), 3.51 (s, 1H), 3.34 (td, ] = 10.8, 3.7 Hz, 1H), 1.71 - 1.59 (m, 2H), 1.40 - 1.18 (m, 19H), 0.93 (t, ] = 7.1 Hz, 3H),
0.88 (t,] = 6.9 Hz, 3H).

13C NMR (125 MHz, CDCl3) § 168.7, 168.0, 141.1, 128.5, 128.4, 127.0, 72.1, 61.6, 61.2, 59.1, 45.8, 37.6, 37.5, 34.0, 32.0, 29.5,
29.4,27.1,255,22.8,14.3,14.2,13.8.
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HRMS (ESI) m/z [M + Na]* calcd for C2sH400sNa 443.2773, found 443.2778.

GC chromatogram:
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diethyl 2-(10-hydroxy-1-phenyldecyl)malonate, 18

Ph
Et0,C OH

CO,Et

Following the general procedure 5.1 compound 18 was obtained from diethyl 2-phenyl-2-vinylmalonate 26 mg, 0.10 mmol)
and 8-bromooctan-1-ol (63 mg, 0.30 mmol). The crude product was purified by flash column chromatography to afford

12 mg of diethyl 2-(10-hydroxy-1-phenyldecyl)malonate as colorless oil, (yield = 31 %).

1H NMR (500 MHz, CDCl3) § 7.28 - 7.25 (m, 2H), 7.21 - 7.16 (m, 3H), 4.24 (q, ] = 7.1 Hz, 2H), 3.86 (q,] = 7.2, 0.7 Hz, 2H), 3.64
- 3.58 (m, 3H), 3.34 (td, ] = 10.9, 3.9 Hz, 1H), 1.70 - 1.58 (m, 2H), 1.57 - 1.51 (m, 2H), 1.33 - 1.12 (m, 15H), 0.93 (t,/ = 7.1 Hz,
3H).

13C NMR (125 MHz, CDCI3) § 168.7,168.0,141.1, 128.5,128.4, 126.9, 63.2, 61.6, 61.2, 59.1, 45.8, 34.1, 32.9, 29.6, 29.4, 29.39,
29.37,27.1,25.8,14.3,13.8.

HRMS (ESI) m/z [M + H]* calcd for C23H3705 393.2641, found 393.2639.

GC chromatogram:
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diethyl 2-(1-(4-cyanophenyl)tetradecyl)malonate, 19a

CN

CO,Et

Following the general procedure 5.1 compound 19a was obtained from diethyl 2-(4-cyanophenyl)-2-vinylmalonate (29 mg,
0.10 mmol) and 1-bromododecane (75 mg, 0.30 mmol). The crude product was purified by flash column chromatography to
afford 26 mg of diethyl 2-(1-(4-cyanophenyl)tetradecyl)malonate as colorless oil, (yield = 56 %).
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1H NMR (500 MHz, CDCls) 8 7.58 (d, ] = 8.1 Hz, 2H), 7.32 (d, ] = 8.1 Hz, 2H), 4.24 (q, ] = 7.1 Hz, 2H), 3.94 - 3.86 (m, 2H), 3.60
(d, ] = 10.7 Hz, 1H), 3.42 (td, ] = 10.9, 3.6 Hz, 1H), 1.74 - 1.66 (m, 1H), 1.60 - 1.53 (m, 1H), 1.30 - 1.08 (m, 25H), 0.97 (t,] =
7.1 Hz, 3H), 0.87 (t,] = 6.9 Hz, 3H).

13C NMR (125 MHz, CDCls) & 168.1, 167.6, 147.2, 132.3, 129.4, 118.9, 111.0, 61.9, 61.5, 58.4, 45.7, 33.8, 32.0, 29.78, 29.75,
29.74,29.7,29.6,29.5,29.43, 29.35, 27.1, 22.8, 14.2, 13.9.

HRMS (ESI) m/z [M + H]* calcd for C2sH4sNO4 458.3270 found 458.3276.

GC chromatogram:

Datafile Name:AWI0815-PR-15_3_002.gcd
Sample Name:AWI0815-PR-15
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diethyl 2-(1-(4-(trifluoromethyl)phenyl)tetradecyl)malonate, 19b

CF;

EtO,C Cq2Hzs

CO,Et

Following the general procedure 5.1 compound 19b was obtained from diethyl 2-(4-(trifluoromethyl)phenyl)-2-
vinylmalonate (33 mg, 0.10 mmol) and 1-bromododecane (75 mg, 0.30 mmol). The crude product was purified by flash
column chromatography to afford 36 mg of diethyl 2-(1-(4-(trifluoromethyl)phenyl)tetradecyl)malonate as colorless oil,
(yield = 71 %).

1H NMR (500 MHz, CDCl3) § 7.54 (d, ] = 8.1 Hz, 2H), 7.32 (d, ] = 8.0 Hz, 2H), 4.24 (q, ] = 7.1 Hz, 2H), 3.88 (q, ] = 7.1 Hz, 2H),
3.62 (d, ] = 10.8 Hz, 1H), 3.43 (td, ] = 10.9, 3.6 Hz, 1H), 1.70 (tdd, ] = 9.8, 6.1, 3.1 Hz, 1H), 1.65 - 1.58 (m, 1H), 1.31 - 1.13 (m,
23H), 1.07 (dd, ] = 9.0, 4.9 Hz, 1H), 1.00 (td, ] = 9.1, 8.4, 4.2 Hz, 1H), 0.93 (t, ] = 7.1 Hz, 3H), 0.87 (t,] = 6.9 Hz, 3H).

13C NMR (125 MHz, CDCl3) § 168.3, 167.7, 145.6, 129.3 (qcrs, J = 32.4 Hz), 125.4 (qcrs, ] = 3.9, 3.4 Hz), 124.3 (qors, J = 271.9
Hz),123.2,61.8, 61.4, 58.7, 45.5, 34.0, 32.1, 29.80, 29.77, 29.71, 29.65, 29.48, 29.47, 29.4, 27.1, 22.8, 14.2, 13.8.

19F NMR (470 MHz, CDCls) § -62.5 (s, 3F).
HRMS (ESI) m/z [M + H]* calcd for C2sH4404F3 501.3192, found 501.3195.

GC chromatogram:
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diethyl 2-(1-(4-methoxyphenyl)tetradecyl)malonate, 20a

OMe

CO,Et
Following the general procedure 5.1 compound 20a was obtained from diethyl 2-(4-methoxyphenyl)-2-vinylmalonate
(29 mg, 0.10 mmol) and 1-bromododecane (75 mg, 0.30 mmol). The crude product was purified by flash column chroma-

tography to afford 22 mg of diethyl 2-(1-(4-methoxyphenyl)tetradecyl)malonate, (yield = 47 %).

1H NMR (500 MHz, CDCls) § 7.13 - 7.08 (m, 2H), 6.85 - 6.77 (m, 2H), 4.23 (q, ] = 7.1 Hz, 2H), 3.89 (qd, ] = 7.1, 1.4 Hz, 2H),
3.78 (s, 3H), 3.56 (d, J = 10.8 Hz, 1H), 3.29 (td, ] = 11.0, 3.6 Hz, 1H), 1.70 - 1.54 (m, 2H), 1.29 - 1.05 (m, 25H), 0.97 (t,/ = 7.1
Hz, 3H), 0.88 (t,] = 6.9 Hz, 3H).

13C NMR (125 MHz, CDCls) 6 168.8, 168.1, 158.5, 133.2, 129.4, 113.8, 61.6, 61.2, 59.3, 55.3, 45.0, 34.2, 32.1, 29.82, 29.79,
29.76,29.7,29.6,29.5,27.2,22.8,14.28, 14.25, 13.9.

HRMS (ESI) m/z [M + Na]* calcd for C2sH460sNa 485.3243, found 485.3235.

GC chromatogram:

D1
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400000
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100000

diethyl 2-(4-methoxyphenyl)-2-tetradecylmalonate, 20b

MeO

EtO,C CO,Et

Following the general procedure 5.1 compound 20b was obtained from diethyl 2-phenyl-2-vinylmalonate (29 mg,
0.10 mmol) and 1-bromododecane (75 mg, 0.30 mmol). The crude product was purified by flash column chromatography to

afford 11 mg of diethyl 2-(4-methoxyphenyl)-2-tetradecylmalonate as colorless oil, (yield = 24 %).

1H NMR (500 MHz, CDCls) § 7.37 - 7.34 (m, 2H), 6.87 - 6.85 (m, 2H), 4.22 - 4.18 (m, 4H), 3.80 (s, 3H), 2.28 - 2.24 (m, 2H),
1.26 - 1.22 (m, 27H), 0.88 (t, ] = 6.9 Hz, 6H).

13C NMR (125 MHz, CDCls) 6 171.2, 158.8, 129.5, 129.2, 113.6, 62.0, 61.5, 55.4, 35.6, 32.1, 30.5, 30.1, 29.84, 29.81, 29.77,
29.7,29.51,29.47,24.7,22.8, 14.3, 14.2.

HRMS (ESI) m/z [M + Na]* calcd for C2sH460sNa 485.3243, found 485.3241.
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GC chromatogram:
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diethyl 2-(1-(3-methoxyphenyl)tetradecyl)malonate, 21

OMe

EtO,C Ci2Hzs

CO,Et
Following the general procedure 5.1 compound 21 was obtained from diethyl 2-(3-methoxyphenyl)-2-vinylmalonate
(29 mg, 0.10 mmol) and 1-bromododecane (75 mg, 0.30 mmol). The crude product was purified by flash column chroma-
tography to afford 29 mg of diethyl 2-(1-(3-methoxyphenyl)tetradecyl)malonate as yellowish oil, (yield = 62 %).

1H NMR (600 MHz, CDCls) 8 7.20 - 7.16 (m, 1H), 6.80 - 6.77 (m, 1H), 6.75 - 6.71 (m, 2H), 4.23 (q, ] = 7.1 Hz, 2H), 3.89 (q, ] =
7.1 Hz, 2H), 3.78 (s, 3H), 3.60 (d, J = 10.9 Hz, 1H), 3.32 (td, J = 10.9, 3.7 Hz, 1H), 1.65 - 1.57 (m, 2H), 1.30 - 1.04 (m, 25H),
0.96 (t,] = 7.1 Hz, 3H), 0.87 (t, ] = 7.0 Hz, 3H).

13C NMR (126 MHz, CDCls) 6 168.7, 168.0, 159.6, 142.9, 129.3, 120.9, 114.3, 112.2, 61.6, 61.2, 59.0, 55.3, 45.8, 34.1, 32.1,
29.81, 29.78, 29.74, 29.70, 29.53, 29.51, 29.49, 27.2, 22.8, 14.3, 13.9.

HRMS (ESI) m/z [M + Na]* calcd for C2sH460sNa 485.3243, found 485.3246.

GC chromatogram:
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7. Mechanistic consideration

7.1. Proposed mechanism

Ar
R EWG’l\/
R-Br Co(lll . EWG
\_/ A R
W Ar .
Co(lll) —— Co(l) R
~Zn_Co(ll) EWG>€V?G,

B
1,2-aryl migration l

Ar . Ar R
e, H
EWG R -——— EWG R <-— O

EWG EWG Ewd EWG

D C

7.2. Co(IlI)-alkyl complex formation

B12 Zn, NH,CIl, MeOH
. \M,Co(lll)
Ar, 1 h, darkness "

Reaction conditions: 1-bromododecane (0.10 mmol, 1 equiv.,), vitamin Bi2 (0.10 mmol, 1 equiv.), Zn (3.00 mmol, 30 equiv.), NH4Cl (3.00 mmol,
30 equiv.), MeOH (2 mL), darkness, 1h.

\M%\Br

A glass reaction tube equipped with a magnetic bar was charged with vitamin Bi2 (136 mg, 0.10 mmol, 1 equiv.) ammonium
chloride (80 mg, 3.00 mmol, 30 equiv.) and activated zinc (196 mg, 3.00 mmol, 30.0 equiv.), then MeOH (2 mL) was added.
Tube was sealed with a septum and the resulting mixture was degassed by purging the solution with argon for 20 min with
simultaneous sonication in ultrasonic bath (the solution turned from red to dark green or brown). Subsequently, the reac-
tion tube was then sealed with aluminium foil, bromide (25 mg, 0.10 mmol, 1.0 equiv.) was added and the reaction was
placed on a magnetic stirrer. After 60 minutes an aliquot was taken from the reaction mixture and its composition was stud-

ied by HRMS ESI(+).
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715_aw1766h 23 (0.247) Cm (17:78-(1-12+86:97)) 1: TOF MS ES+

100+ 74989 A1 27365
750.39
665.29)
EE_
750.89
760.88
4
A-2
761.88 1498.76
464 50 B
461.83.] 46550 80033 135657 [1500.77
o J.‘u T VP, P ‘ " . : miz

1800 2000 2200 2400 2600 @ 2800 3000 3200 3400

200 '~ 400 600  BOD 1000 1200 1400 1600

Signal A-1 Signal A-2 Signal B
Cr4H113C0N;3014P* C74H113C0oN;3044P* Ce3HasCoN14044P*
Calcd mass = 749,88 Calcd mass = 1498,76 Calcd mass = 1355,57

Found = 749,89 Found = 1498,76 Found = 1355,57

The HRMS ESI (+) spectrum of the reaction mixture indicates the presence of three main forms of the catalyst (signals A-1-2
and B). Signals A-1-2 corresponds to the mass of alkylcobalamin complexes. Signal B corresponds to the mass of the catalyst.

This experiment proves the hypothesis that the reaction involves alkyl-cobalt complex.

S35



7.3. Experiment with a radical trap

By, Zn, DTAC, H,0

\/TE N TEMPO Nb
Cof,ngt 10 Br A butan-1-ol, 16 h NCOzEt
green LEDs 11 CO,Et

Ph

Reaction conditions: diethyl 2-phenyl-2-vinylmalonate (0.10 mmol), 1-bromododecane (3 equiv., 0.30 mmol), TEMPO (3 equiv., 0.30 mmol)

vitamin Biz (2.5 mol%, 0.003 mmol), Zn (3 equiv., 0.30 mmol), DTAC (3.5 equiv., 0.35 mmol), n-BuOH (12.5 equiv., 1.25 mmol), H20 (5 mL), green
LEDs (525 nm), 16 h, 40 °C.

The reaction was set up following the general procedure A (in 4 mL of H20). Subsequently (after 2 h), TEMPO (3 equiv.,
0.30 mmol in 1 mL of DTAC solution in H20) was added. Then the reaction was worked up as usual. HRMS ESI(+) analysis
of the crude reaction mixture indicates the formation of the TEMPO adduct.

z15_aw1888_apcia 24 (0.257) Cm (17:60-4:16)
100, 32634 32735

A

1: TOF MS AP+
4.05e4

43333
34125
B? |
387.29
373.27
419.32
43433
324,33 34225 285,20
31233
1 B
402.30 435.34 588.46
||.J Ll.h. . \AL J L

. .
300 320 240 360 380 400 420 440 460 480 500 | 520 | 540 | 560 580 600 620 640 660 630 | 700 | 720 740

Q<
_N 0
W\O CO,Et

WCOZEt

+

Ph
Signal A Signal B
Chemical Formula: CyoHsgNO5* Chemical Formula: C3gHgNO5*
Exact Mass: 326.33 Exact Mass: 588.45
Found: 326.34 Found: 588.46

The HRMS ESI (+) spectrum of the reaction mixture indicates the presence of two main forms of the complex (signals A and

B). Signals A corresponds to the mass of dodecane-TEMPO adduct. Signal B corresponds to the mass of the product-TEMPO
adduct.

This experiment proves the hypothesis that reaction involves radical as an intermediate.
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7.4. Deuterium labeling experiment

\/T\h s~ EiZ0.DTAC D0 7 co,kt
SoomE 10 BT Ar, butan-1-ol, 16 h \4\|)<CozEt
2 green LEDs Ph

Reaction conditions: diethyl 2-phenyl-2-vinylmalonate (0.10 mmol), 1-bromododecane (3 equiv., 0.30 mmol), vitamin Biz (2.5 mol%,
0.003 mmol), Zn (3 equiv, 0.30 mmol), DTAC (3.5 equiv., 0.35 mmol), n-BuOH (12.5 equiv., 1.25 mmol), D20 (5 mL), green LEDs (525 nm), 16 h,
40 °C.

The reaction was set up following the general procedure 5.1. An aliquot was taken and its composition was studied by

TH NMR.

Product 3a

BN

T T
40 39 38 3.7 3.6 3.5 3.4 33 3.2 3.1
f1 (ppm)

Deuterium labeling experiment
reaction mixture

T T T T T T T T T T T T T T T T T T T T T T T
10.5 10.0 9.5 9.0 8.5 8.0 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 0.0 -0.5

f1 (ppm)

The reaction in D20, which is a source of deuterium cation, provides the desired product with the deuterium atom incorpo-
rated at the a-position to the carbonyl group, thus corroborating the formation of an anion at this position that after protona-

tion furnishes the desired product.

S37



7.5. Undesired products

_—
S 10 B "ar, butan-1-ol, 18 h df CO,E
z green LEDs Ph

Reaction conditions: diethyl 2-phenyl-2-vinylmalonate (0.10 mmol), 1-bromododecane (3 equiv., 0.30 mmol), vitamin B12 (2.5 mol%, 0.003
mmol), Zn (3 equiv., 0.30 mmol), DTAC (3.5 equiv. 0.35 mmol,), n-BuOH (12.5 equiv., 1.25 mmol), H20 (5 mL), green LEDs (525 nm), 16 h, 40 °C.

The reaction was set up following the general procedure 5.1. After 16 h an aliquot was taken from the water and organic

phase (during workup) and its composition was studied by LR MS (ESI+).

715_aw2088b 8 (0.262) Cm (7:17) B 1: TOF MS ES+
100+ 45532 1.68e4

Sample from water phase

%

394.44

456.32
P

53546
45732 477.54 M 56263
0-hes _.H_.H',""..‘,‘..‘,.'...,.:.‘.*H.‘_H.'JH.‘,JJ].“..,‘...,...‘,.‘.W.Hﬂ.w*.h.,..‘. miz
480 500 520 540 560 580 600 620
Z15_aw2090 7 (0.245) Cm (6:12) B 1: TOF MS ES+
100 i 45531 9.33e4
Sample from organic phase
<l
45632
53.
394.44 49330 | 457,32 C
1 497 51
o | 5 | : m , X ez
T T T e e e e e e e T ek
380 3%0 400 410 420 430 440 450 460 470 480 480 500 510 520 530 540 550 560 570
COH  Ph ' CO,Et ¥ COEt  Ph ’
Ph.j 2 CO,H 2 Ph.j "2 CO,Et
HO,C CO,H 1 CO,Et HO,C CO,H
Ph
Signal A Signal B Signal C
Chemical Formula: Cy,H31O0g Chemical Formula: Cy7Hy,04 Na Chemical Formula: CysHpgOgNa
Exact Mass: 413.12 Exact Mass: 455.32 Exact Mass: 491.18
Found: 413.27 Found: 455.32 Found: 491.51
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LR MS ESI(+) analysis of the crude reaction mixture indicates the formation of three forms of the complex (signals A, B
and C). Signal A corresponds to the mass of dimer with full hydrolysis of ester groups. Signal B corresponds to the mass of
the reaction product. Signals C corresponds to the mass of dimer with partial hydrolysis of ester groups.

The small discrepancy between the yield and conversion in model raction (80% vs. 96%) stems from undesired dimerization of
the olefin along with full and partial hydrolysis of ester groups.
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7.6. NMR spectroscopy measurements and calculation of the sizes.

The samples for NMR spectroscopy were prepared by dissolving the appropriate amount of components in 1 mL of D20 to

obtain a desired concentrations and aliquots (0.7 mL) were taken.

NMR experiments were recorded on a Varian NMR vnmrs 600 MHz spectrometer equipped with a PFG Auto XID (1H/15N-
31P 5 mm) indirect z-gradient 5 mm probe head. All NMR spectra, including 'H NMR, 2D ROESY and 2D DOSY experiments,
taken for interaction/diffusion studies between all components of water solutions (in D20 and at 298 K) containing the
studied substances (DTAC, olefin, alkyl bromides, n-BuOH and vitamin Bi2), were shaken vigorously just prior to measure-

ments.

Proton spectra were run with 16 scans, at =4 s and d1 = 1 s acquisition time and delay time (ca. 80 s), respectively. Longer
experiments used to investigate different interactions/diffusion phenomena (ROESY/DOSY sequences) were run in a short-
est possible time.” ROESY sequence (to identify intra-/intermolecular interactions in appropriate solutions) was run with 4
scans, 256 increments, acquisition time 200 ms, and mixing time 200 ms, total time ca. 50 min). To investigate diffusion and
related with it hydrodynamic radius and molecular mass of the solution ingredients the pseudo-2D DOSY experiments
(ONESHOT sequence) were run. Typical parameters were: acquisition time - 3.2 s, delay - 2 s, 16 scans for each of 16 gradi-

ent levels, with interleave option to average results, A - ca. 0.12 - 0.2 s, 6 = 0.002 s, total time ca. 24 minutes.

The proton, DOESY and ROESY spectra were processed and analyzed with the MestReNova software packages. The specific
diffusion coefficient (D) and molecular weight (M) and hydrodynamic radious (Rx) estimations were determined using

SEGWE (The Stokes-Einstein-Gierer-Wirtz Estimation) D/MW Calculator.

* Note that the shaken solutions are “alive” and time where complete recovering (visible in proton spectra, Figure S15,

str. S56) of equilibrium is reached approximately 120 minutes.
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1.1.1.'H NMR data for reaction components

Figure S2. DTAC at different concentrations
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Figure S3. DTAC systems.
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Sample: DTAC (70 pmol) in D20 (1 mL) with n-BuOH (250 pmol), Zn (60 pmol) and Zn (60 pmol) after drying.
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Figure S4. Olefin at variable concentration of DTAC.
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Sample: olefin (20 pmol) in DTAC at different concetrations in D20 (1 mL).
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Figure S5. Aliphatic bromides in DTAC.
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Sample: aliphatic bromides (60 pmol) in DTAC (70 pmol) solution in D20 (1 mL).
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Figure S6. 1-Bromohexane in micellar systems.
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Sample: 1-bromohexane (60 umol) in I) D20 (1 mL); II) DTAC (70 pmol) in D20 (1mL); IITI) DTAC (70 pmol) in D20 (1 mL) with
n-BuOH (250 pmol); IV) ) DTAC (70 pmol) in D20 (1 mL) with olefin (20 pmol); V) DTAC (70 umol) in D20 (1 mL) with n-BuOH
(250 pmol) and olefin (20 pmol).
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0.5

1) 1-Bromohexane + DTAC + olefin + n-BuOH
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Sample: 1-bromohexane (60 pmol) in [) DTAC (70 pmol) in D20 (1 mL) with n-BuOH (250 pmol) and olefin (20 umol); II) DTAC
(70 pmol) in D20 (1 mL) with n-BuOH (250 pmol), olefin (20 pmol) and Zn (60 pmol).
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Figure S7. 1-Bromooctane in micellar systems.
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Sample: DTAC (70 pmol) solution in D20 (1 mL); II) 1-bromooctane (60 pmol) in DTAC (70 umol) solution in D20 (1 mL); III)
1-bromooctane (60 pmol) in DTAC (70 umol) solution in D20 with Zn (60 pmol).
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Figure $8. 1-Bromooctan-2-ol in micellar systems.
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Sample: 1-bromooctan-2-ol (60 umol) in I) D20 (1 mL); IT) DTAC (70 umol) solution in D20 (1 mL); III) DTAC (70 pmol) solution in
D20 (1 mL) with n-BuOH (250 pmol); IV) DTAC (70 pumol) solution in D20 (1 mL) with olefin (20 pmol); V) DTAC (70 pmol) solu-
tion in D20 (1 mL) with n-BuOH (250 pmol) and olefin (20 umol).
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Figure S9. 8-Bromooctan-1-ol in micellar systems.
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Sample: 8-bromooktan-10l (60 umol) in I) D20 (1 mL); II) DTAC (70 pumol) solution in D20 (1 mL); IITI) DTAC (70 pmol) solution in
D20 (1 mL) with n-BuOH (250 pmol); IV) DTAC (70 pmol) solution in D20 (1 mL) with olefin (20 pmol); V) DTAC (70 pmol) solu-
tion in D20 (1 mL) with n-BuOH (250 pmol) and olefin (20 umol).
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Figure $10. Product 3a in micellar systems.
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Sample: I) DTAC (70 pmol) solution in D20 (1 mL) with n-BuOH (250 pmol); Product 3a (10 pmol) in II) DTAC (70 pmol) solution
in D20 (1 mL); III) DTAC (70 pumol) solution in D20 (1 mL) with n-BuOH (250 pmol); IV) DTAC (70 umol) solution in D20 (1 mL)
with n-BuOH (250 pmol), olefin (10 pmol) and 1-bromododecane (30 pmol).
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Figure $11. Vitamin B1zin micellar systems.
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Figure S12. Alkyl cobalamin.
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Figure $13. Organozinc compoud.
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Figure S14. ROESY NMR spectra of olefin 1 in micellar systems.
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Figure S15. Olefin 1 in micellar system over time.
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Figure $16. 2D DOSY NMR spectra of vitamin B1zin micellar systems.
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7.7. Computational Methods and Additional Results

The density functional theory (DFT) calculations were performed using Turbomole 7.3.8 We used the BP functional® and the
TZVP basis set!? along with the COSMO implicit solvent model'! using an infinite dielectric constant, in order to allow for
COSMO-RS?2 calculations. The ensuing COSMO-RS calculations were performed using COSMOtherm 21 and the
BP_TZVP_C30_1601 parameterisation. The DTAC surfactant was modelled as a contact ion pair, to make it a neutral mole-

cule, which is a requirement for the interfacial tension calculations.

We predicted the critical micellar concentration (CMC) using our recent method!?® with dodecane as the equivalent tail
model for the surfactant. The method is based on our COSMO-RS based method for predicting liquid-liquid interfacial ten-
sion (IFT)!* and allows to calculate the interfacial mole fraction of all components at the liquid-liquid interface, which in our
case is the micelle-water interface. The first part of any liquid-liquid IFT calculation is a liquid extraction calculation, an

equilibrium calculation between the two bulk phases, which were

1. Surfactant + water

2. Dodecane (modelling surfactant tail), alkyl bromide and olefin

In short, for the system including all components in the calculation (including the bromide and olefine reactants), the CMC
was found by changing the surfactant concentration in the calculations until the computed IFT was equal to 0. Thermody-
namically, this is the concentration at which the free Energy cost for creating the micelle-water interface vanishes, and mi-

celles can start to form spontaneously. For more details on the procedure, see’3.

Table S1. COSMO-RS predicted equilibrium mole fractions in the surface phase in the IFT calculations (the micellar interface re-

gion). The length of the aliphatic chain in the bromide is denoted by x.

entry x water DTAC bromide2 olefin1l

1 2 0.73 0.12 0.140 0.009
2 4 0.75 0.14 0.098 0.012
3 6 0.77 0.15 0.071 0.014
4 8 0.78 0.15 0.048 0.017
5 10 0.79 0.16 0.033 0.019
6 12 0.80 0.16 0.022 0.022
7 15 0.80 0.16 0.012 0.025
8 18 0.80 0.16 0.007 0.029
9 22 0.80 0.16 0.004 0.034

8 R. Ahlrichs; M. Bar; M. Haser; H. Horn and C. Kolmel; Chem. Phys. Lett, 1989, 162, 165-169.

9 A, D. Becke;. Phys. Rev. A, 1988, 38, 3098. °0]. P. Perdew, Phys. Rev. B, 1986, 33, 8822-8824-

10 F. Weigend and R. Ahlrichs, Phys. Chem. Chem. Phys., 2005, 7, 3297-3305.

11 A. Klamt and G. Schiiiirmann; J. Chem. Soc. Perkin Trans., 1993, 2, 799-805.

12 A Klamt, F. Eckert and W. Arlt, in Annual Review of Chemical and Biomolecular Engineering, 2010, vol. 1, 101-122.
13 M. Turchi, A. P. Karcz and M. P. Andersson, ]. Colloid Interface Sci., 2022, 606, 618-627.

14 M. P. Andersson, M. Bennetzen, A. Klamt and S. L. S. Stipp, J. Chem. Theory Comput., 2014, 10, 3401-3408.
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7.8. Dynamic-light-scattering (DLS) measurements

The samples for DLS were prepared by dissolving the appropriate amount of DTAC in 3 mL of H20 and after 2 h in 40 °C

aliquots were taken.

Measurements of dynamic-light-scattering (DLS) were conducted using Malvern Zetasizer Nano - ZS at 40°C, which corre-

sponds to the conditions.

Table S2. DLS measurements of micelle size.?

No Cprac [mM] additives d [nm]
1 70 - 1.27
2 54 - 1.12
3 38 - 0.72
4 22 - -

5 70 1-bromooctan-2-ol, n-BuOH  0.91
6 70 8-bromooctan-1-ol, n-BuOH 0.73

"Measurements conditions: bromide (15 pL), DTAC, n-BuOH (68 uL), H,O (3 mL), 40 °C.

Analysis of the data confirmed the presence of small micelles under the conditions developed and their increase in size with

increasing surfactant concentration.
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8. NMR spectra

Widma NMR zwiqgzkdéw dostepne sq w petnej wersji pliku Supporting Information.
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