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Przewodnik po rozprawie doktorskiej

3. PRZEWODNIK PO ROZPRAWIE DOKTORSKIEJ
3.1 Cel i zaloienia pracy

Kataliza metalami przejsciowymi jest potgznym narzgdziem w chemii organicznej. Na

przestrzeni ostatniej dekady umozliwita ona synteze wiclu waznych produktéw w sposdb wydajny
i selektywny. Duza liczba reakcji tworzenia wigzan C-C i C-heteroatom wymaga wykorzystania katalizy
metalami przejsciowymi bloku 4d 1 5d ukladu okresowego. Niestety, sg to rozwigzania bardzo
kosztowne 1 nieprzyjazne srodowisku. W zwigzku z tym, stale poszukuje si¢ nowych rozwigzan.
Alternatywa moga by¢ katalizatory oparte na naturalnych, a co za tym idzie tanszych, kompleksach
metali przejéciowych bloku 3d. W rezultacie zastosowanie ich w procesach tworzenia nowych wiazan
C-C jest coraz bardzigj pozadane. Wérdd nich mozna wyréznié, m.in. te, zawierajace w swojej budowie
jon kobaltu.
Za poczatek ery katalizy kobaltem uwaza si¢ pionierskie odkrycie Kharasha i Fieldsa, ktorzy w 1941
roku w obecnosci 2 mol% chlorku kobaltu(Il) przeprowadzili pierwszg reakejg dimeryzacji bromku
fenylomagnezowego. Kolejne siedemdziesiat lat badan sprawilo, ze katalizatory kobaltowe staly sig
jednymi z czescie] wykorzystywanych w reakcjach homo- a pdzniej réwniez heterosprzggania.

Katalizatorem kobaltowym, ktory zastuguje na wyréznienie, ze wzgledu na jego znaczenie
biologiczne jak 1 chemiczne, jest witamina By,. Jest to wysoce sfunkcjonalizowany zwiagzek organiczny,
zawierajacy wewnatrz pierscienia korynowego jon kobaltu na +3 stopniu utlenienia. W wyniku redukcji
przyjmuje formy Co(Il) oraz Co(l), majace charakter odpowiednio rodnikowy i nukleofilowy.
Kompleks kobaltu na +1 stopniu utlenienia reaguje z elektrofilami tworzae alkilokobalaminy. Zwigzki
te, na drodze termo- badz fotolizy ulegaja homolitycznemu rozpadowi tworzac rodniki alkilowe. Jeszeze

do nicdawna, najczgscicj stosowanymi w tym celu elektrofilami byly halogenki alkilowe.

W 2020 roku nasz zespol wykazal, ze w reakcjach katalizowanych witaming Bi mozna
generowac rodniki z naprezonych bicyklobutandéw. Rodniki te wstepowaly w reakceje z SOMOfilami
lub halogenkami arylowymi w obecnosci katalizatora niklowego.

Zalozylam, ze moiliwe bedzie wykorzystanie rowniez innych naprezonych pierscieni, ktore
z udzialem witaminy B, prowadzilyby do powstania rodnikéw nukleofilowych.

Swoje badania rozpoczglam od przetestowania epoksydow, jako najmnigjszych cyklicznych eterow.
W ostatnich latach pojawilo si¢ wicle metod pozwalajacych na generowanie rodnikow alkilowych
z epoksydow, przy czym regioselektywno$é reakeji zalezna jest od podstawnika wystepujacego przy
pierScieniu heterocyklicznym. Znane sa selektywne metody otwierania epoksydow zawierajgcych
podstawnik alkilowy od strony mniej lub bardziej zatloczong) sterycznie prowadzae tym samym do
utworzenia odpowiednich alkoholi pierwszo- lub drugorzgdowych (Schemat I). Niestety problem
pojawia si¢ w przypadku epoksydow z podstawnikiem arylowym. Ze wzgledu na wysoka stabilnoge
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Przewodnik po rozprawie doktorskiej

rodnikéw benzylowych, preferowane podejscie, bez wzgledu na typ katalizatora, (fotokatalizator badz
kompleksy tytanu) nastgpuje od strony bardziej zatloczonej steryeznie, co prowadzi jedynie do
utworzenia pierwszorzgdowych alkoholi. W oparciu o aktualne doniesienia literaturowe, nie bylo
metody pozwalajgce) na otwarcie tego typu epoksydow od strony mniej zatloczong steryeznie,

narzucajgee] tym samym gencrowanie rodnika alkilowego.

ApokeyHy BIVIOWE. o iisesstmsesssmes epoksydy alkllows e
E Doyle (2020) Ar=i| : E - E
: NUTIPC] ] : Ar=Br !
; e ! : N (RO E
H (] E o E ; o E
AR . SIS U G alkohol 1 :
' Brak doniesiefi (R ; - Welx (2014) ;
: fiteraturowych : ; .
‘ : Ar=Br - /K’ Ar !
i [Ni, Nai =~ R :

alkohol 2° 5 alkchol 2° :

]

Schemat 1 Rodmkowe reakCJe otwarcia pierscienia epoksydu

Zalozylam, Ze zastosowanie porfirynoidowych kompleksow kobaltu (glownie witaminy B2 i jej
pochodnych) jako katalizatorow, ktore w warunkach redukujacych ulegaja reakcji
z elektrofilami, pozwoli na rozwigzanie powyiszego problemu. Witamina Bi: jako sterycznie
zatloczona molekuta powinna mieé¢ wplyw na regiosclektywnosé powyzszego procesu. Ponadto,
przypuszczatam, ze powstaly rodnik na drodze homolitycznego rozpadu wigzania Co-C bedzie ulegat
dalszym przemianom, np. wstepowal w cykl niklowy i uczestniczyl w reakcji tworzenia wigzania
Ce3Cepa. W dalszej czgéci swoich badan postanowilam sprawdzié, czy motzliwe bedzie
przeprowadzenie analogicznych transformacji rowniez dla czteroczlonowych pierscieni

heterocyklicznych, oksetanow (Schemar 2).

: OH ! OH o] S OH i OH
1 5 v collly ——x Y i hv | L Qi
(R % E (R n=1 \;RJ n n=2 (\E Coflll) (R (3} E
! rodnik ! rodoik |
L afkiiowy | L alidlowy |

Schemat 2 Regioselektywne otwarcie epoksydow i oksetanow katalizowane witaminag Biz

Druga cze$¢ moich badan dotyczyla jednoczesnego generowania rodnikow alkilowych i acylowych
w reakcjach katalizowanych witamina B,,.. Warto podkresli¢, ze tworzenie rodnikow acylowych
z udzialem witaminy By, bylo do niedawna oparte tylko na reakcjach elektrochemicznych przy
zastosowaniu symetrycznych bezwodnikéw. Duzym postgpem w tej tematyce byla opracowana przez
nasz zespol fotokatalityezna metoda oparta na zastosowaniu tioestréow jako prekursoréw w tworzeniu
rodnikéw acylowych, katalizowana pochodng hydrofobowa witaminy By, Tak zaproponowane
rozwigzanic ni¢ tylko znaczaco poprawilo wydajnosc i efektywnosé procesu ale takze zwigkszylo

tolerancje grup funkcyjnych (Schemat 3).

Insplracja Idea

o Gryko {2017) ©

Schemat 3 Generowanie rodnikéw alkilowych i acylowych z jednego reagenta
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W oparciu o te informacje, postanowdam wige zaprojektowal taki zwigzek, ktory umozliwilby
wytworzenie obu typéw rodnikéw: alkilowego i acylowego. Nawigzujac do danych literaturowych

zalozylam, ze powinien on mie¢ ugrupowanie tioestru oraz halogenek.

15
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Przewodnik po rozprawie doktorskief

3.2 Wstep literaturowy

Natura jest niewyczerpanym zrodlem inspiracji dla naukowcoéw wszystkich dyscyplin. To ona,
wykorzystujac polimery (bialka), stworzyla ogromna liczbg katalizatoréw (enzyméw), ktore
determinujg procesy metaboliczne i biochemiczne zwiazane z funkcjonowaniem organizméw Zywych.
Obecnie potrzebne sa réwniez reakcje chemiczne, ktére nic zawsze mogg byé prowadzone
z wykorzystaniem katalizy enzymatycznej. W zwiazku z tym, na przestrzeni lat, opracowano
1 przebadano wicle nowych, syntetycznych katalizatorow, tak aby mogly promowaé transformacje
chemiczne w sposob wydajny 1selektywny. Podejmowane przez uczonych wysitki majg na celu
opracowanie metod, ktore cho¢ w nieznacznym stopniu moglyby doréwnaé naturalnie zachodzacym
przemianom enzymatycznym. Niestety, wiele z nich wymaga zastosowania metali cigzkich (Pd, Ru,
Ir), ktore charakteryzuje niska stabilnosé 1 selektywnose, a takze toksycznos$e.

W 1948 roku, grupy Folkersa i Smitha po raz pierwszy wyizolowaly krystaliczna forme
witaminy B, zwang rowniez kobalaming.! Jest ona skladnikiem niezbgdnym do prawidlowego
funkcjonowania organizmdéw Zywych, m.in bierze udzial w tworzeniu czerwonych krwinek, ktorych
niedobor moze prowadzi¢ do anemii. Ponadto, odpowiedzialna jest za prawidlowe funkcjonowanie
ukladu nerwowego 1 pokarmowego. W komorkach eukariotycznych przeksztalcana jest
w metaloorganiczne kofaktory, ktorych rolg jest katalizowanie szeregu reakcji biochemicznych, do
ktéorych naleza migdzy innymi izomeryzacja, transfer grupy metylowej czy dehalogenowanie.®”
Zdolnos¢ witaminy B2 do przeprowadzania tych wymagajacych pod wzgledem termodynamicznym
reakcji zwrocila uwage chemikéw syntetykow, co w efekeie doprowadzito do odkrycia wielu nowych,

uzytecznych reakeji z jej udziatem.

Aktualnie chemia witaminy Bz przezywa swoj remesans. Wykorzystywana jest ona jako

bezpieczny i ,,zielony” katalizator kobaltowy, tramsporter lekéw czy sensor mRNA i cyjankow.

Ponizszy przeglad literaturowy nie jest wyczerpujacy, z zalozenia ma tylko zademonstrowad potencjat

mozliwoéci wykorzystania witaminy Baz jako katalizatora reakcji chemicznych.
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3.2.1 Witamina B:»: budowa i wlasciwosci katalityczne

Witamina By, (1) jest to wysoce sfunkcjonalizowany tetrapirolowy zwigzek tworzacy
pierscien makrocykliczny, wewnatrz ktorego ulokowany jest jon kobaltu bedacy na +3 stopniu
utlenienia (Rysunek 1).51 Kation ten jest skoordynowany z czterema pirolowymi atomami azotu oraz
dwoma ligandami usytuowanymi po obu stronach pier§cienia korynowego. Ligandem a (aksjalnym)
jest 5,6-dimetyvlobenzimidazol, natomiast ligand [ zalezny jest od formy kobalaminy, 1 tak
cyjanokobalamina (I; = CN), metylokobalamina (I; = CHs), akwakobalamina (I; = H,O),
adenozylokobalamina (L = adenozyna). Wszystkic je okresla sig mianem witaminy Bi;. Niestety,
duza niedogodno$cig w powszechnym stosowaniu ich jako katalizatoréw jest hydrofilowose, ktéra
znaczgeo ogranicza wykorzystanie popularnych w chemii organicznegj rozpuszezalnikéw (acetonitryl,
aceton, czy chlorek metylenu). Problem ten pojawia si¢ réwniez przy zastosowaniu pochodnej
witaminy Bi;, kobinamidu (5), ktory pozbawiony jest petli nukleotydowe). Rozwiazaniem tego
problemu jest heptametylowy ester kwasu kobyrynowego (4) powstaly na drodze kwasowej
metanolizy. Ze wzgledu na jego hydrofobowy charakter z powodzeniem moze by¢ stosowany
w reakcjach prowadzonych w rozpuszczalnikach, ktore byly ograniczeniem w przypadku katalizy

witaming Bis.

CONH ligand B
L : AONHQ

Lo~ -CONH

H;NOC
E HO,
tigend a R __t(o
-A-p-0O
NH © % :
[ N “~oH
L HO, i
s 9 io i R; = CO.Me Heptametylowy aslsr kwasu kobyrynowsgo, HME; 4
0P ¢ CONH;  Kobinamid, Cbi; 5
. 78 o H
T o} :\ e
pelia nukdeolydows

Ry= ;—CN Cyjanokobalamina, (CN)Cbl; 1 OH Adenozylokobalamina, AdoCbl; 6
j-CH;  Metylokobalamina, MaCbl; 2 .o
NN
aaw
N=~ N

NH2
Rysunek 1 Witamina Biz1 jej pochodne

kHzo Alkwakobalamina, (H;O)Cbl; 3

Procesy katalizowanc witaming By, §ciSle zalezg od wlhasciwoscei redukujgco-utleniajgcych
jonu Co(IIl), ktéry pod wplywem dzialania czynnika redukujacego moze przyjac formg Co(Il) lub

Co(I) o charakterze odpowiednio: rodnikowym i nukleofilowym (Schemat 4).'** Formy te maja rézne
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barwy, a ich zmiana pomocna jest przy wizualnym okresleniu stopnia utlenienia jonu kobaltu.
Witamina By, ktorej centralny jon kobaltu jest na +3 stopniu utlenienia jest czerwona, w wyniku

redukeji do Co(I) przybiera barwg brazowobrunatng, natomiast forma z jonem Co(I) jest zielona.

rodnik “supemnuideofi™

T X ‘“ﬁ L ‘i X

[+
“ohelb . —/‘;‘o 5 -Eo
o-R-0 . p -0 -0~ “-0

z 0

O

Schemat 4 Procesy redukCJl witaminy Biz

Wigkszos¢ syntetycznie uzytecznych reakeji chemicznych katalizowanych witaming Bi,
przebiega z udzialem jonu Co(I)." Zredukowana forma witaminy Bi; na +1 stopniu utlenienia jest
diamagnetycznym kompleksem przejawiajgcym silne wlasciwosci nukleofilowe. Czgsto tez nazywana
jest supernukleofilem 1 jako taka bierze udzial w wielu reakcjach substytucji nukleofilowe) Sy2.
Kobalamina na +1 stopniu utlenienia reaguje z eclektrofilami tworzac odpowiednio alkilo- lub
acylokobalaminy(III). Do elektrofili, ktore do tej pory byly wykorzystane w reakcjach katalizowanych
witaming By, naleza, m.in. halogenki alkilowe, winylowe i alkinylowe, bicyklobutany, epoksydy,
akceptory Michacla, chlorki i bezwodniki kwasowe (Schemat 5).21°

R-X Co=R halogenki afkllows
- H,C=CHX
& £ Co~CH=CH, bromii winylowe
Go i}
o HC=CX Co=C=CH helogenki afkinylows

o e—EWG
N Co={ D—EWG bicyidobutany
NH 4
(" o, ¥ A
L bo Co=CH,CH,OH  spoksydy

H,C=CH—-EWG

Co=CH,CH.EWG akcepfory Michaela

R-COX

* Co=COR chiorki kwasows

Schemat 5 Przyktady elektrofili wehodzacych w reakeje z Cofl)

Typowy mechanizm reakcji chemicznych katalizowanych witaming B, zaklada, w pierwszym etapic
redukeje katalizatora Co(Ill) do Co(l) (Schemat 6). Najczesciej stosowanym ukladem redukujacym,
jest Zn/NH4Cl, ale mozna stosowaé rowniez zwigzki tytanu, NaBH,, Mn Ilub uklady
fotokatalityczne.'**'** Powstala kobalamina na +1 stopniu utlenienia, jako nukleofil, reaguje
z elektrofilowym substratem tworzac alkilokobalaming (lub acylokobalaming). Na skutek dzialania
temperatury lub promieniowania §wietlnego nastepuje homoliza wiazania Co(IlD)-elektrofil, w wyniku

ktore) generowany jest rodnik alkilowy (lub acylowy) oraz Co(Il). Wysoka efektywnosé tego procesu
19
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przypisywana jest stosunkowo stabemu wigzaniu Co-C, ktorego energia dysocjacji wynosi zaledwie

~126 kJ/mol ¥ Cykl katalityczny zamyka sig w wyniku ponownej redukcji Co(Il) do Co(I).

ele:rl:rl'il

M1 supemukleofil

(Col) Cyki katalityczny (Co')—E

witaminy B4

R
rodnik alkilowy
{lub acylowy)

hvlub T

Schemat 6 Ogolny cykl katalityczny reakeji przebiegajacych w obecnosel witaminy Bia
3.2.2 Katalizowane witaming By; reakcje z udzialem rodnika alkilowego

W reakcjach katalizowanych witaming Biz, rodniki alkilowe generowane sg z alkilokobalamin
na drodze foto- lub termolizy. Stabilno&é otrzymanych indywiduéw w duzej mierze zalezy od rodzaju
podstawnika alkilowego (efckty steryezne 1 indukeyjne), konformacji pier§cienia i obecnosei pgtli
nukleotydowej. Energie (BDE) dysocjacji wigzania Co-C w tych pochodnych zmniejszajg sig
w kolejnosei Me > Et = iPr > /Bu. Zatem najstabilniejsze sg alkilokobalaminy, ktorych atom kobaltu

polaczony jest z pierwszorzgdowym atomem wggla.

3.2.2.1 Dehalogenowanie

W reakcjach dehalogenowania katalizowanych witaming Biz 1 jgj pochodnymi najezedcie
stosowanymi prekursorami sg halogenki alkilowe. W 1979 roku Soufflet, jako jeden z pionierow
opracowal elektrochemiczna metodg dehalogenowania bromku butylu (7) katalizowana pochodng
witaminy By (Schemat 7).%°

MaChi (2) (¢ = 10 M), BuyNBF, (c = 107),
B - H
e DMF:£PrOH (50:50) T

7 8

Schemat 7 Elektrochemiczna metoda dehalogenowania bromku butylu

Wykazal on, zc przy kontrolowanym potencjale mozliwa jest redukcja kobalaminy i utworzenie
rodnika alkilowego. Proces katalityczny tak zaproponowanej przemiany rozpoczyna si¢ od utworzenia
formy Co(I) powstalej na drodze dwuelektronowe) redukcji metylokobalaminy (2) przy potencjale -1.0
V, ktora nastgpnic reagujge z bromkiem butylu (7) daje odpowiednig butylokobalaming. Zwiazek ten
ulega elektrolizie przy -1.0 V do -1.5 V prowadzacej do powstania kobalaminy z jonem kobaltu na +2

stopniu utlenienia i rodnika butylowego, ktorego redukeja prowadzi do alkanu 8.
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Elektrochemiczna metod¢  generowania rodnikow  wykorzystal réowniez  Foote
w wewnatrzczasteczkowej cyklizacji odpowiednio zaprojektowanych bromkow alkilowych (Schemat

8).1

o 5.2 (1,0.05 mmol), LICIOs (= 0.1 M), O By (1, 6.05 mmol), LICIO (c = 0.1 M), o
NH,Br (c = 0.05 M), NH,Br {c = 0.05 M),
H DMF, E=-1.9 v&. SCE nRe DMF, E=-1.9 vs. SCE (hs)
n=3 n=45 ?
W = 10-80% W =T0-85%
o Bz {1, 0.05 mmol}), LICIO, (c = 0.1 M), o B4 (1, 0.05 mmol), LiCIO, (c =0.1 M), a
NH4Br (c = 0.05 M), NH,4Br {c = 0.05 M),
i DMF, E=-1.9vs. SCE Br DMF, E=-1.8 vs. SCE ~
n=3 n=45 (cHy)
n n
W =40-90% W =45-95%

Schemat 8 Elcktrochemiczna metoda wewnatrzezasteczkowe] cyklizacji opisana przez Foote

W toku badan, wykazal on zaleZnos¢ struktury powstajacego produktu od dlugosci lancucha
alifatycznego halogenku. Bromki alkilowe zawierajgce cztero- i pigeiowgglowy lancuch alifatyezny
selektywnie ulegaja wewnatrzczasteczkowej cyklizacji. Natomiast, zwiazki z trzema atomami wegla,
dla ktoryeh cyklizacje 5-endo-trig nie sg uprzywilejowane; daja, podobnie jak u Souffleta, produkty
dehalogenowania.

Halogenki alkilowe ze wzglgdu na swoja wysoka reaktywno$é oraz podatno$é na tworzenie
rodnikéw bardzo czgsto ulegajg roznym przeksztalceniom, ktore czasami moga by¢ przydatne. Jedna
z najczgscie] obserwowanych jest reakcja dehalogenowania, ktora na przestrzeni ostatniej dekady jest
bardzo intensywnie badana przez zespoly van der Donka 1 Hisaedy. Hisaeda, przeprowadzil, zakrojone
na szeroka skale, badania nad dehalogenowaniem di(chlorofenylojtrichloroetanu (DDT, 11), ktory
nalezy do grupy silnych insektycydow.''”! Wykazal on, Ze w obecnoéci pochodnej witaminy By,
1 odpowiedniego reduktora tworzy sig di(chlorofenylo)dichloroetan (DDD, 12) z wydajnoscia 71%
(Schemat 9). W reakeji te] mozna stosowac rézne czynniki redukujgee, w tym NaBH,4 oraz metody
elektrochemiczne. Ostatnio opisano zastosowanie [Ru(bpy):|Clz, w roli fotokatalizatora 1 aminy jako

Sacrificial reductant”.

Cl cl

ci. j.cl H..Cl
[Cob(ll};C,estar]CI0, (9, 5 mol%b),
O O [Ru{bpy)]Cl: (10, 5 mol%), O O
Niebleskls LED
cl cl cl cl
" W= 71%; 12

Schemat 9 Dehalogenowanie DDT katalizowane pochodng witaminy Bz

Ponadto, w oparciu o wezesniejsze dane literaturowe, Hisaeda ze wspolpracownikami zaproponowat
mechanizm tej reakcji (Schemat 10). W pierwszym etapie [Ru(bpy)s[** w stanie wzbudzonym utlenia
trictanoloaming (TEOA) do kationorodnika, sam redukujgc si¢ do [Ru(bpy)k]". Tak powstaly
kompleks redukuje katalizator kobaltowy do formy Co(I), jednocze$nie zamykajac I cykl katalityczny.
Zredukowana forma katalizatora, reaguje z DDT (11) tworzae wigzanie Co-C. Dehydrokobaltowanie
daje pozadany produkt DDD (12). Nalezy nadmienié, ze katalizator rutenowy jest w stanie
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zredukowaé¢ wylacznie kompleks kobaltu na +2 stopniu utlenienia, a zatem wymaga on

wczesniejszego przygotowania.

-
TEOA

[Ru(bpyls]* coffl
Cl
TEOA

[Rufbpy)sP* e Q
W,

\ i o
[Ru{bpy}s]®* cl

cr
cl

Schemat 10 Mechanizm reakeji dehalogenowania DDT

Innym, réwnie nicbezpiccznym 1 toksycznym zwiazkiem jak DDT zawierajgcym atomy chloru
jest tetrachloroetylen (PCE). Alken ten nalezy do grupy zwiazkéw zagrazajacych zdrowiu i Zyein
organizmow zywych. Jak wynika z przeprowadzonych badan, jest odpowiedzialny, m.in za
wystepowanie nowotwordow watroby 1 nerek wérdd zwierzat, a takze zostal sklasyfikowany jako
prawdopodobny czymnik rakotworezy u ludzi. Zatem sposoby jego utylizacji sa niezmiemie istotne.
W2002 roku, wvan der Donk przedstawil fotokatalityczng metod¢ dehalogenowania
polichloroetylenéw (Schemat 11).

42 (1, 10 mol%),

c'; _(c' cytrynian tytanu(il), c': = :c'
] i Miebieskia LED K H
W =62-88%

Schemat 11 Fotokatalityczna metoda dehalogenowania van der Donka

Na podstawie przeprowadzonych badan eksperymentalnych, van der Donk zaproponowal mechanizm
powyzsze) transformacji (Schemat 12). Analogicznie, jak w poprzednio opisanych pracach, reakcja
rozpoczyna sig od redukeji kobaltu do jonu Co(I), ktory jako nukleofil reagujac z trichloroetylenem
tworzy wigzanie Co-C. Ze wzglgdu na niska energig tego wiagzania, pod wplywem swiatla widzialnego
nastgpuje jego rozerwanie generujae rodnik winylowy, a nastgpeza jego redukcja prowadzi do

powstania finalnego produktu.
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Schemat 12 Mechanizm reakeji dehalogenowania opisana przez van der Donka

W 1980 roku Scheffold wykorzystal reakcjg dehalogenowania katalizowang witaming Bi;
w przemianie f-haloestréw do kwasow karboksylowych (Schemat 13).8

0 305 (1, 1.4-4.4 mol%) a
{1, . +  HiG=CH,
RJI\O,’\,X Zn, NrtH4CI. RJL@,_,
R = Ph, 4-Me-CgH,-NH; X = CI, Br W = 98-98%

Schemat 13 Metoda tworzenia kwasow karboksylowych z f-haloestrow

Opracowana metoda bardzo dobrze sprawdza sig dla estrow kwasu benzoesowego, pozadane produkty
otrzymuje sig¢ z bardzo wysokimi wydajnosciami (90-98%6) niezaleznie od uzytego halogenku (Cl, Br).
Niestety, w pracy zabraklo informacji na temat reaktywnosci alifatycznych kwasow karboksylowych.
Mechanizm opracowane] metody zaklada reakejg Co(I) z S-haloestrem, ktéra prowadzi do
odpowiedniej alkilokobalaminy. Koncowym etapem jest dwuelektronowa redukcja kompleksu,
w wyniku ktérej powstaje odpowiedni kwas karboksylowy oraz etylen jako produkt uboczny.
Nawigzujac do badan opisanych powyzej, w 1999 roku Franck zaprezentowal fotochemiczng
metode tworzenia podstawionych glikali z bromoheksoz (Schemat 14).* Udowodnil on, ze stosujac
witaming Bi, oraz Zn 1 NH,Cl, w spos6b selektywny, mozna utworzyé wigzanie C=C. Kluczowe ctapy

mechanizmu s3 analogiczne do tych, opisanych przez Scheffolda.

OAc 2,2 (1, 10 mol%), OAc
18] cytrynian bytanu{lll), o
f 'ﬁo e 385 nm Aﬁp I o
Br
13 W =084%, 14
AcQOAE o AcOOAG Qhe e OAc
AcO Q Ao ™ Ao o
AcO AcO i AcO e
Br Br
15 W =93%, 16 17 W = 95%, 18

Schemat 14 Fotochemiczna metoda tworzenia glikali

Analogiczna reakcja prostych bromkow alkilowych daje terminalne alkeny z dobrymi wydajnosciami
(Schemat 15).* Opisanc przez Westa podejscie selektywnie prowadzi do utworzenia terminalnych
alkenow. Warto podkreslic, ze reakcje eliminacji bardzo czgsto charakteryzuje brak chemo-
i regioselektywnosci, a dodatkowo stosowanie mocnej zasady skutkuje ograniczeniem
wprowadzanych grup funkcyjnych. Co waZne, metody climinacji sprzyjajg powstawaniu
termodynamicznie stabilnych olefin, w ktorych wiazanie podwdjne wystgpuje wewnatrz lancucha

czasteczki, zgodnie z reguly Zajcewa. West wykazal natomiast, ze przy zastosowaniu zatloczonej
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sterycznie witaminy Biz oraz NaBH,, w obecnosci stabej zasady (NaHCOs) mozliwe jest selektywne
utworzenie terminalnego wigzania C=C z bardzo dobra wydajnoscia.
843 (1, 5 mol%), NaBH,, (4 ekw.},

NaHCOj4 (1.5 ekw.), MeCN (c = 0.1 M),
i, Niebieskie LED

R/\/ Br R/\‘

R = alkil, Bn W = 25-82%

Schemat 15 Fotochemiczna metoda generowania wiazania C=C katalizowana witaming B12

Opracowane warunki sprawdzajg sig dobrze nie tylko dla bromkoéw, ale réwniez 1 pseudohalogenkow,
dajac produkty 26-32 z wydajnosciami 54-87% (Tabela 1). W reakeji tej, bromek adamantylu okazat
si¢ catkowicie niereaktywny, przede wszystkim,. ze wzgledu na niezdolnos¢ do wstgpowania w reakcje
Sx2 oraz hipotetyczng niestabilno$¢ produktu koncowego. Co ciekawe, przetestowane w badaniach
mesylany (24-25), rowniez dawaly terminalne olefiny (31-32) z wydajnoscia 88% 1 53% (wiersze 6
17).

Tabela 1 Zakres stosowalnosci metody tworzenia alkendw z pseudohalogenkow alkilowych

Lp. Substrat Pradukt PWaydainodé [%]

1 m’“ m 87
19 28

5 P N"""0Ts P NN 54
20 27 -

3 (HCWH,C™"0Te (HiClaHsC 56
21 28

4 (Hzc)aHgC/\/LoTl (Hzc)"H’c/\/W 56
22 29

OTs /@/\/\

5 MDO/O/\/\’ MeO 75
23 30

6 Ph/\/\/\o“' PhW 28
24 E-3 |

7 (HOWHC” " "0Ms (HClaH ™ 53
25 22

3.2.2.2 Dimeryzacja

Zdolnos¢ witaminy B;; do generowania rodnikéw alkilowych z halogenkow wykorzystal van

der Donk w fotokatalitycznej metodzie dimeryzacji halogenkéw benzylowych, zaréwno bromkéw jak

i chlorkow (Schemat 16).

R Bz (1, 10 mol%), R
L cyirynian tylnnu(lll!_i Q
il x 385 nm O

R =H, CHz; X =Br, Cl

Schemat 16 Fotokatalityczna metoda tworzenia dimerow

w
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Pozwala ona na otrzymanie pozadanego produktu 37 z wydajnoscig odpowiednio 98% 1 68% (Tabela
2, wiersze 11 2). Niewiele nizsza wydajnosc obserwuje sig dla drugorzgdowych halogenkow (35 1 36).

Produkty te powstaly z wydajnoscig 64% 1 75% (wiersze 31 4).

Tabela 2 Zakres stosowalnosci i ograniczenia fotokatalitycznej reakeji dimeryzacji opracowanej przez van der Donka

L.p Subsirat Produkt Wydainosé [Ya]
P el )
1 Z O 1 98
a3 -
ar
o o~
2 : 0 68
. .
37
3 ©A\Br 64
a5
J

36

W tym wypadku jako reduktor zostal zastosowany cytrynian tytanu(Ill). Wytworzona
benzylokobalamina, w wyniku homolizy wiazania Co-C, doprowadzila do powstania rodnika

benzylowego, ktéry na drodze homosprzggania daje finalny produkt (dimer) (Schemat 17).

Schemat 17 Mechanizm dimeryzacji halogenkéw benzylu opisany przez van der Donka

Niewatpliwg wada przedstawionej metody jest zastosowanie az 10 mol% katalizatora. W 2014 roku,
nasz zespol wykazal, ze reakejg t¢ mozna prowadzi¢ w obecno$ei kobalestru (39) 1 NaBH, jako
reduktora (Schemat 18).%° Kobalester to pochodna witaminy By, w ktorej grupy amidowe zostaly
zastapione estrowymi, dzigki temu zwiazek przejawia charakter amfifilowy 1 rozpuszeza sig réwnicz
w rozpuszezalnikach organicznych. W tym przypadku, zastosowanie jedynie 0.5 mol% katalizatora
kobaltowego oraz ogrzewania mikrofalowego efektywnie wplynglo na selektywnosc reakeji, pozadane

dimery powstawaly z wysokimi wydajno$ciami (74-91%, Tabela 3).
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“ble (39, 0.5-2.5 mol%),

= Br _NaBH, (0.5 mmol), /-PrOH
R@/\ - : = oy

> MW, 15 min. et | g R
R = H, CHy, 4, 3-l, 4-NQ;, 2-CN, 4-F, 3-OMe W=52-81%

Schemat 18 Reakcja dimeryzacji katalizowana kobalestrem w obecnosci NaBHq

Niestety, w reakeji tej bromki benzylowe posiadajace grupy elektronoakceptorowe s mniej reaktywne
i ulegaja jedynie dehalogenowaniu (wiersz 4). Zwigkszenie ilosci katalizatora do 2.5 mol% oraz
podwyzszenie temperatury (120 °C) znaczaco poprawily selektywno$é, a tym samym wydajnosé
pozadanych produktow (56-90%).

Tabela 3 Zakres stosowalnosci i ograniczenia metody

L.p. R Hosé katalizatora [mol%] T [°C] Produkt — Wydamosé dimerow [%]
1 H 0.5 90 40 84
2 4.1 0.5 90 41 74
3 31 0.5 Q0 42 70
4 4-NO, 0.5 90 43 Sladowe iloci
5 4-NO, 2.5 120 44 56
6 2-CN 2.5 120 45 52
7 4-F 0.5 90 46 90
8 3-OMe 0.5 0 47 91

Zdolno$¢ witaminy Bi: do generowania rodnikéw alkilowych nie ogranicza sig tylko do
stosowania halogenkow alkilowych. W 2002 roku van der Donk wykazal, ze do tego celu mozna

wykorzysta¢ rownicz alkeny (Schemat 19).%7

R, B4 {1, 10 mol%), Ry
cytrynian tytanu(lll), Rz
R1/§ 385 nm L
R4
Ry = Ph, 4-MeCgHj, 2,5-(Me),CoHs, W = 50-80%
4-C|CQH4. 4-F03H4:
Rz =H, Me, Ph

Schemat 19 Dimeryzacja alkenow opisana przez van der Donka

Opracowana metoda jest uzyteczna jedynie dla mono- i 1,1-dipodstawionych styrendéw 1 prowadzi do
utworzenia dimerdéw (Rysumek 2). Natomiast brak konwersji obserwuje sig w przypadku

1,2-dipodstawionych alkenow, najprawdopodobniej ze wzgledoéw sterycznych.
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Foasdileasdien s

48 50% 48 80% 50 80% 51 85%

52 0% R Nieprzereagowane substraty :

Rysunek 2 Zakres stosowalnosci 1 ograniczenia metody dimeryzacji alkenow

Postulowany przez van der Donka mechanizm dimeryzacji jest analogiczny do opisanych powyzej
(Schemat 20). Powstaly rodnik ulega reakcji z druga czasteczka olefiny, a wytworzony produkt

posredni w wyniku redukeji daje dimer.

Schemat 20 Mechanizm dimeryzacji alkenéw opracowany przez van der Donka
3.2.2.3 Reakcje addycji do wigzan wielokrotnych

Oprocz reakcji homosprzggania, na znaczeniu zyskuja reakcje sprzggan krzyzowych.
Powstajgce w tych przemianach niesymetryczne produkty sg o wiele bardzig) przydatne dla chemikow
organikow, m.in. z uwagi na ich uzytecznoéé w syntezach zwigzkow, np. biologicznie czynnych.
Jednym z pierwszych takich przykladéw jest opisana przez Giesego fotoelektrokatalityczna

funkcjonalizacja monopodstawionego maleinianu dietylu 53 (Schemat 21).%

CO,Et (HLO)ChI (3, 0.25 mmol), CO,EL CO,Et
; LICIO, (¢ =0.25M),DMF, . R R. &
R-Be ¥ E=-08V vs. AgCl t
COzEt CO,Et CO,Et
53 —
R = #Bu, cykloheksyl, heksyl W = 35-80%

Schemat 21 Fotoelektrochemiczna metoda tworzenia wigzania C-C z bromkow alkilowych i akceptorow Michaela

Wrykazal on, ze rodnik wygenerowany z bromku alkilowego w obecnosci akwakobalaminy (3)
w sposob selektywny tworzy wigzanie C-C z tripodstawionym alkenem. Przetestowane bromki
alifatyczne: I-, II- oraz II-rzgdowe prowadzily do pozgdanych produktéw z wydajnosciami 35-80%
(Rysunek 3). Niestety, autorzy pracy ograniczyli si¢ tylko do przetestowania jednego, bardzo
reaktywnego akceptora Michacla, i nie pokusili sig¢ o zbadanie jaki wpltyw na reakcje mogg micé inne

podstawniki elektrono-akceptorowe obecne w strukturze tego substratu.
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CO5EL EtO.C CO;EL
2 CO,Et
CO;Et COzEt
54 80%; dr 96.5:3.5 55 60%; dr 93:7 58 35%,; dr 60:40

Rysunek 3 Zakres uzytecznosci reakeji Giesego

Zaproponowany przez auforéw mechanizm zaklada generowanie rodnika alkilowego na drodze
homolizy wigzania Co-C, ktory nastepnie reaguje z olefing tworzac produkt posredni 1 (Schemat 22).
Finalnym ctapem jest protonowanie karboanionu do produktu koncowego V. Zaproponowany
mechanizm poparty jest eksperymentami mechanistycznymi, do ktérych nalezy, m.in. reakcja
z deuterowanym odczynnikiem (D,0), ktéra potwierdza obecno$¢ karboanionu, powstatego w wyniku

redukeji rodnika.

—R
CO,Et
e cozEt coEt | cog |
2 2 2EL
R R e rRUL. HL IR :
_— B : '
CO,Et CO,Et i CO.Et :

Schemat 22 Mechanizm addycji bromkow alkilowych do akceptorow Michacla

Ponadto, Giese wraz ze wspdlpracownikami zaproponowali alternatywng metodg prowadzenia tej
reakeji 1 zamiast elektrochemicznej redukcji katalizatora kobaltowego zastosowano Zn/EtsN
(trietyloamina). Wyniki jakie uzyskali byly analogiczne do tych, ktore otrzymano w reakej

prowadzongj na drodze elektrochemiczne) (Schemat 23).

CO,Et H,0)Chi (3, 0.15 mmol), CO,Et CO,Et
Zn (34 mmal), TEA {43 mmal), R Ry~
R-Br + *
r ol DMF (c = 0.1 M),
CO,Et CO,Et CO,Et
53 ey
R = £-Bu, cykicheksyl, heksyl W = 63-90%

Schemat 23 Funkcjonalizacja olefin za pomoca bromkow alkilowych

Analogia do generowania rodnikow alkilowych z halogenkéow alkilowych, jest zastosowanie
pseudohalogenkow. Przykladowo, grupa Komeyamy przedstawita metodg tworzenia wigzania C-C na

drodze fotokatalitycznej reakcji tosylanu alkilu z akceptorem Michaela (Schemat 24).%°
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312 {1, 5 mol%), Mn {3 ekw.),

EtgN-HCI (1.5 ekw.), DMF (c = 0.8 M),
P L~

ROl * #UEWG ™, 8 godz., Niebleskis LED R"ewe
R = alkil, EWG = SO;Ph, amidy, estry, Bpin W = 40-90%

Schemat 24 Fotokatalityczna metoda tworzenia wiazania C-C z tosylanu alkilu i akceptora Michaela

Eksperymenty optymalizacyjne, wykazaly ze zastosowanie witaminy By, w obecnodci manganu jako
reduktora oraz $§wiatla nicbieskicgo pozwala na syntezg pozgdancgo produktu w sposdb selektywny
1 wydajny. W przypadku braku ktéregokolwick z komponentéw, obserwowane byly jedynie §ladowe
ilogci produktow, badz ich catkowity brak (Tabela 4).

Tabela 4 Optymalizacja warunkow reakeji tworzenia wigzania C-C z tosylanu alkilu i akceptora Michaela

Lp. Zmiany warunkow reakcii w stosunku do zoptymalizowanych Wydainosé [2a]
1 brak 61
2 bez udzialu TEA-HCI 10
3 CoCl{dmgH),Py zamiast witaminy By, sladowe 1losci
4 Zn zamiast Mn 51
5 bez udziatu swiatla 5

W zoptymalizowanych warunkach sprawdzono zakres stosowalnosci 1 ograniczenia metody (Rysunek
4). Alkilowe pseudohalogenki w reakcjach z akrylanem fenylu prowadzily do odpowiednich
produktow z dobrymi wydajnosciami. Przetestowane akceptory Michaela z podstawnikiem amidowym
w reakeji z pierwszorzgdowymi tosylanami dawaly produkty (57-38) z wydajnoéciami odpowiednio
60% 175%. Zastosowanie drugorzgdowych pscudohalogenkéw spowodowalo obnizenie wydajnosci
do 40%. Podobne wydajnosci byly obserwowane rowniez w przypadku zastosowania winyloboranu

pinakolu oraz akrylanu metylu.

57 60% 58 75% 59 85% 80 25%
81 40%
S O , "
Sk O \\W\IOPh Wmm \(,)a/\r/\/\lro L]
m : (o} MeO” : Bu Q
82 82% 63 72% 84 75% 085 46%
Rysunek 4 Zakres stosowalnosci fotokatalityeznej metody tworzenia wigzama C-C z pseudohalogenkow 1 akceptorow
Michaela

Osaka ze wspolpracownikami, zaproponowali réwniez mechanizm tej reakcji, jest on
analogiczny do tych, prezentowanych przez Scheffolda i van der Donka w odniesieniu do halogenkéw
alkilowych (Schemat 25). Zaklada on tworzenic rodnika alkilowego powstalego na drodze homolizy
wigzania Co-alkil, ktory nastgpnie reagujac z akceptorem Michaela daje produkt koncowy. W celu
potwierdzenia mechanizmu zostaly przeprowadzone niezbgdne badania mechanistyczne. Charakter
rodnikowy reakcji udowodniono stosujac zegar rodnikowy (Schemat 2354) oraz y-terpinen,

powszechnie stosowany jako donor wodoru (Schemat 25B). Co wigee), reakcja prowadzona bez
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udzialu tosylanu alkilu daje dimer akceptora Michaela 72 z wydajnoscig 30% przy konwersji 60%
(Schemat 25C).

Co(hl) A. Zegar rodnikowy

OPh
Byz (1, 5 mol%), Mn (3 ekw.), ON\[C';

M"l o~

5 R oTs oTs EtgNHCI (1.5 ekw.), DMF {c = 0.8 M

112 Mn?* C‘\ s 2 po,py Dol L. clow), DMF {0 . 68, 19%
&6 o7

Cofl) t, 16 godz., Nisbisskie LED

- OPh
iz Wi B. Reakcja z pulapk] rodnikowsg = o

Co(ll) (lll)co—\R B2 {1, 5 mol%), Mn (3 ekw.), 89, 34%
y-terpinen (3 ekw.), DMF (c = 0.8 M),
I ot t, 16 godz., Nisbleskle LED Mo M
70 ™, 80%
C. Tworzenie dimerdw z akcepioréw Michaela
pEE S e BT Byz (1. 5 mol%), Mn (3 ekw.),

rt, 16 godz., Nishieskis LED
67 72, 30%

. Mn, H* ! : . -
R+ P EWG n_>:R/\;\EWGE #~co,pp EaNHCI(1.5 chw), DVF (o= 0.8 M), \(/‘co,Pn)‘

Schemat 25 Postulowany mechanizm Osaki wraz z badaniami mechanistycznymi

Kolejnym przykladem jest fotokatalityczna metoda tworzenia pochodnych pirolidyny na drodze

wewnatrzezgsteczkowe) cyklizacji odpowiednio zaprojektowanego bromku alkilowego (Schemat

26).5°

N
Ts

W =40-02% n=1,2; R=H, CHy, CHyPh W= 11-95%

Byg (1, 8 mol%), MeOH, IR By (1, 6 mol%), MeOH,
d Zn (8 ekw.), NH,CI (3.5 ekw.), Br. ! Zn (6 slow.), NH,CI (3.5 akw.),
n( Blate LED, 18 godz. Niebleskle LED, 15 min.
f nlhy ol
Ts

Schemat 26 Fotokatalityczna metoda wewnatrzezasteczkowej cyklizacii katalizowana witaming Bz

W obecnosci witaminy By, jako katalizatora oraz ukladu redukujgcego Zn/NH.Cl generowany jest
rodnik alkilowy, ktory w nastgpnym etapie reaguje z terminalnym wigzaniem wiclokrotnym
prowadzac do powstania okreslonego produktu. Struktura produktu zalezy od warunkéw reakcji,
w tym zastosowanego §wiatla. 3-Metylopirolidyna tworzy si¢ w reakcji naswietlanej §wiattem bialym,
podczas gdy pirolidyna z egzocyklicznym wiazaniem podwojnym powstaje pod wplywem $wiatla
niebieskiego. Ograniczeniem metody jest konieczno$¢ zastosowania bromkoéw alkilowych; jodki,
chlorki badz pseudohalogenki prowadzily do powstania jedynie §ladowych ilo$ci produktu. Ponadto
grupa aminowa obecna w substracie wymaga zabezpieczenia. Wykazano, ze tylko grupa tosylowa
byla odpowiednia w powyzszej transformacji. Co wigcej, opracowana metodologia bardzo dobrze

sprawdza si¢ w reakcji tandemowej, ktora zachodzi w obecnosci akceptora Michaela (Schemat 27).

."‘ Bys (1, 8 mol%), MeOH, o
B, | Zn (8 ekw.), NH,CI (3.5 ekw.), _
j(* J + ZEwe Nisbleskle LED, 15 min. n(
n
%

N
Ts

n =1, 2; R=H, CHy, CHoPh W= 11-95%
Schemat 27 Fotokatalityczna metoda otrzymywania podstawionych pirolidyn
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Wigkszos¢ z przetestowanych ubogich w elektrony alkenow (zawierajace ugrupowania estrowe,
amidowe, karbonylowe czy sulfonowe) prowadzi do powstania oczekiwanych produktow
z satysfakcjonujgcymi wydajnosciami. Postulowany mechanizm, zaklada tworzenie alkilokobalaminy
L, ktora pod wplywem $wiatla widzialnego wigzanie Co-C ulega homolizie generujae rodnik alkilowy
II. W wyniku wewngtrzezasteczkowej cyklizacji powstaje produkt posredm 111, ktéry moze, a) zostad
zredukowany do produktu 73, b) reagowac z kobalamina na +2 stopniu utlenienia lub c) reagowac

z akeceptorem Michaela tworzge wysoce sfunkcjonalizowane pochodne pirohidynowe IV (Schemat 25).

S

_____ h \(

Schemat 28 Mechanizm reakeji cyklizacji oraz nastepezej addycji akeeptora Michaela

0d czasu jej okrycia przez Kharasha w 1937 roku, addycja rodnikowa z przeniesieniem atomu
(Atom Transfer Radical Addition - ATRA) jest przedmiotem wielu badan, majacych na celu
opracowanie wydajnych i selektywnych metod jednoczesnego tworzenia wigzan C-C i1 C-halogen.
Wigkszos¢ z opracowanych metod opiera sig na wykorzystaniu toksycznych katalizatorow oraz
dodatkéw w postaci nadtlenkéw, odezymnikow cynoorganicznych lub borandw, a takze czgsto reakcje
te prowadzi si¢ w wysokich temperaturach. Wychodzac naprzeciw tym problemom, nasz zespot
opracowal metodg, ktora w sposéb selektywny pozwolila otrzymacé szereg a-bromopochodnych

z prostych bromkéw alkilowych 1 akceptordow Michacla (Schemat 29).%

5 E (4, 8 mol%), o %

2 L 2

/J\ v P EWe NaBH,, 80 °C : {

R X MW, 300 W, 40 min. R” EWG
R4 = Bn, akil; Rz =H, CHy; X =Br, Cl W = 15-82%

Schemat 29 Addycja rodnikowa z przeniesieniem atomu (ATRA)

Zastosowanie katalizatora kobaltowego w obecnosci NaBH, i ogrzewania mikrofalowego moze byc
doskonalg alternatyws do wczeéniej opisanych metod, a jednoczes$nie stanowié ich dopelnienie.

Badania zakresu stosowalnosci 1 ograniczen metody wykazaly, ze w reakcji z sulfonem
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fenylowo-winylowym, bromki i chlorki benzylowe zawierajace podstawniki elektronodonorowe
lub elektronoakceptorowe w pierscieniu aromatycznym, a takze I- i [l-rzgdowe bromki alkilowe daja
pozadane produkty z dobrymi wydajnosciami (Rysunek 3). W przypadku akceptordéw Michaela,
oprocz sulfonu, dobrymi substratami sg roéwniez estry 1 amidy. Co cickawe, w reakeji
2-bromomalonianu metylu z sulfonem fenylowo-winylowym tworzy sig cyklopropan 83
z wydajnoscia 57%. Tak powstaly produkt najprawdopodobniej jest wynikiem deprotonowania
produktu ATRA w obecnosci zasady (Cs,COs), ktory w konsekwencji indukuje cyklizacis.

Br Br Br Br
i P BB " MeQ

75 63% T6 44% TT31% 78 57%
Br Br
Br Br Br Cl i Br
: ~"~80,Ph = S0,Ph
_ Q | o # Br’MSOQPh cr‘k«/ksozpn
NG~ % NG
79 31% 80 31% 81 15% 82 52%
Br
COMe s a\AIrOMe
Mao;ﬁmt)zph 0
OMs

8357% 84 42% 85 60%
Rysunek 5 Zakres uzytecznosei reakeji ATRA
Metode tworzenia rodnikéw alkilowych z halogenkdw organicznych w obecno$ci witaminy
Bi; wykorzystala grupa Hisaedy w syntezie podstawionych olefin ze styrendw (Schemar 30).%*
Przedstawili oni, altematywna do reakceji Hecka, metodg funkcjonalizacji wigzania C=C. Wykazali, Zze
zastosowanie fotokatalizatora [Ru(bpy)s]Cl, jako reduktora oraz hydrofobowej, stabilngj) pochodnej
witaminy Bi: z jonem kobaltu na +2 stopniu utlenienia jest efektywnym ukladem katalitycznym

w syntezie alkilowanych olefin.

[Coblll);C,ester]CIO, (86, 1 mol%),
[Ru(bpy)sICl» (87, 1 mal%), A
e i R Br DIPEA (c=0.1M), N, 1t, Bt A IR
TE Ra MeOH, Nisbleskie LED, R e
4 godz. T
Ry = H, 4-#-Bu, 4-CHy, 4-C|, 4-OMs, 4-CF3, Ph, 4NO;; W= 58-88%

Ry = 2-CHj, 3-CHj, 4-CHy, 4-CFy, 4-OMe

Schemat 30 Metoda tworzenia wiazania C=C ze styrenéw i bromkow alkilowych
W reakcji tej fotokatalizator w stanie wzbudzonym utlenia trzeciorzgdowa aming -
N.N-diizopropyloetyloaming (DIPEA) do kationorodnika, a sam redukuje si¢ do [Ru(bpy).]" (Schemat
31). Tak powstaly kompleks [Ru(bpy)s|” redukuje jon Co(Il) do jonu Co(I). Nukleofilowa forma
katalizatora kobaltowego reaguje z bromkiem alkilowym tworzac alkilokobalaming, ktéora w wyniku
homolitycznego rozerwania wigzania Co-C prowadzi do utworzenia rodnika II. W kolejnym etapie
rodnik II reagujac z olefing 89 tworzy produkt posredni III. Powstaly rodnik benzylowy z Co(Il)
tworzy kompleks IV. Finalnym etapem jest f-climinacja prowadzaca do produktu 90.
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[Ru(bpy)al* Co(Nl)
FPrNEL J/@
[Ru{bpy),]*** .
B
\ Ruspy)l -

Schemat 31 Mechanizm reakeji sprzegania styrenmu z bromkiem alkilu

W reakeji te) mozliwe jest rowniez zastosowanie terminalnych alkinéw jako substratow, ktore daja
dipodstawione alkiny (Schemat 32). Tym razem jako fotokatalizator wykorzystano
Ir[(dtbbpy)(ppy):]PFs. Postulowany, na podstawie badan cksperymentalnych mechanizm jest

analogiczny do zaproponowanego powyzej.

[Cob(ll},C astar]CI0, (B6, 1 mol%), S
2 X [Ir(dlbbpy)(ppy),]PF, {91, 0.1 mol%), 4Rz
8 e S HPINEt {c = 0.1 M), MeOH {c = 0.1 M), o &
Reu Roig Niablaskie LED B
6 godz. R1’+ 2

Ry = H, 4-CHg, 4-CI, 4-Br, 4-F, 4-OMs, 4-CF, 4-CO;CH; W = 18-80%
Ry = H, 4-CH,, 4-OCHj, 4-Cl, 4-Br, 4-F
X=Cl, Br

Schemat 32 Fotokatalityczna reakeja sprzegania alkinéw z bromkami alkilowsmi

Wérdd grupy zwigzkéw, zdolnych generowac rodniki alkilowe w obecno$cl witaminy Bi: sa
diazozwigzki. Przyktadowo, Gryko wraz ze wspolpracownikami opracowala fotokatalityczng metodg
C-H funkgjonalizacji olefin katalizowana pochodna witaminy By, kobalestrem 39 (Schemat 33).%

R 1. Kobalostar (39, 2 mol%), Zn (8 ekw.), .
2 2
P NH4CI (3.4 ekw.), MeCN,
RS 1 NTTCOR Biake LED, R CO,R,
2. H, PdiC, EtOH
R, = Ph; Rz = H, Ph; Ry = Et, Bu, Bn W= 18-91%

Schemat 33 C-H funkcjonalizacja olefin katalizowana witaming pochodng witaminy B1s

Zoptymalizowane lagodne warunki reakcji (zaledwie 2 mol% katalizatora kobaltowego, uklad
Zn/NH,Cl jako czynnik redukujacy oraz §wiatlo widzialne) prowadzilty do otrzymania produktow
z dobrymi wydajnosciami (16-91%). Niestety utrudnieniem, wynikajgcym z cyklu katalitycznego byto
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powstawanie mieszaniny dwoch produktow: olefiny oraz jej zredukowanej formy. Rozwigzaniem tego
problemu byla nastegpcza reakcja wodorowania w obecnosci palladu na wegl aktywnym (Pd/C),
w celu otrzymania tylko zwigzkéw nasyconych. Opracowana metoda zostata przetestowana pod katem
je] uzytecznosci. 1,1-Dipodstawione olefiny dawaly pozadane produkty z dobrymi wydajno$ciami
(Tabela 5). Obecnosc podstawnikow elektrono-donorowych w pierscieniu fenylowym jest dobrze

tolerowana. Natomiast ubogie w elektrony olefiny sg niereaktywne w tej reakcji.

Tabela 5 Zakres stosowalnosci i ograniczenia metody

Lp. R, R, R; Czas fh] Produkt Wydajnosé [%]

1 Ph Ph Et 18 922 91
2 Ph Ph t-Bu 18 923 67
3 Ph Ph  (CHa)sPh 18 924 60
4 4-FCeHa H Et 6 95 16
5 4-BrCsH, H Et 6 96 28
6 4-MeOCgH, H Et 6 97 38
7 4-CO;MeCgHy H Et 6 98 0

Badania mechanistyczne wykazaty, ze reakcja ta ma charakter rodnikowy (Schemat 34). Zredukowana
postaé Co(I) dzialajac jako supernukleofil reaguje z elektrofilowym diazozwiazkiem 99 tworzace
wigzanie Co-alkil. Na drodze homolizy wygenerowany rodnik II ulega reakcji addycji do wigzania

podwdinego a dalsza redukcja prowadzi do produktu koncowego (92).

cozet

™ CO,Et

Co{ll) \_/ CO,Et
‘\/ \ 3

comn ZONHLL, - oy

Cofii)

. :
Ph)\/\COZEt ; Ph)\/\ooin i

Ph m —— - H
Ph CO,E

Cefliy IV

Schemat 34 Mechanizm C-H funkcjonalizacji olefin opracowany przez zespdt Gryko

Warto podkreslic, ze jest to pierwsze doniesienie literaturowe, w ktérym z diazozwigzku generowany
jest rodnik. Dotychczasowe reakcje oparte byly bowiem na tworzeniu z nich karbenow, ktore
prowadzily do cyklopropanéw (Schemat 35).* Taka reaktywnos¢ w reakcji katalizowanej witaming

Biz opisat Zhang.

Et0,C R

Metoda Gryko Metoda Zhanga
Schemat 35 Pordwnanie reaktywnosci diazozwiazkow w reakejach katalizowanych witaming Biz
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3.2.2.4 Inne reakcje

Witamina Bi,, oprocz powszechnie stosowanego cynku jako reduktora, ulega réwnicz redukeji
chlorkiem chromu(Il), co wykazano w termicznej reakcji aldehydow z 1,3-dienami katalizowanej
witaming Bu (Schemat 36)°¢ W procesie tym chlorek chromu(Il) jest nie tylko reduktorem, ale
wstepuje w reakcje z rodnikiem dajagc zwigzek chromoorganiczny.

B2 (1, 0.10 mmol), Ry

Ry
CrCly (4 mol), HyO (1 mol), DMF (=04 M), _ R,
RiGHD * f\f? 20 °C, 30 min-3.5 godz.
Rs OH Ry

Ry = alkil, Ph; Rz = H, CHg, OBn; R = H, CH, alkl W =81-94%
Schemat 36 Termiczna metoda fimkcjonalizacii 1,3-dienow

W opracowanej przez zespot Takai metodzie, zostaly przetestowane rozne aldehydy alifatyczne oraz
aromatyczne, wszystkic prowadzily do powstania pozgdanych produktéw z bardzo dobrymi
wydajnosciami. Podobne rezultaty otrzymano w przypadku réznie podstawionych 1.3-diendow. W tym
przypadku, Co(Ill) zostaje zredukowany za pomoca za pomoca CrCl, do formy Co(I), ktéra w reakcji
z wodg tworzy wodorck kobalaminy I (Schemat 37). Tak powstaly kompleks ulega reakej
hydrokobaltowania z dienem tworzac allilokobalaming II. Na drodze homolizy wigzania Co-C
gencruje si¢ rodnik allilowy III, ktéry reagujge z Cr(Il) tworzy zwigzek chromoorganiczny IV.
Finalnym etapem jest jego reakcja z aldehydem dajaca produkt konicowy.

2 Cr(ll)\/ \<
2 crll)
e Aot | oy e

cr(lin e RN
NP i OH

Schemat 37 Mechanizm funkejonalizacji 1,3-diendow

W podrozdziale 3.2.2.] zostaly opisane reakcje dehalogenowania DDT. Zespol Hisaedy,
opracowal réowniez inne metody wykorzystania trichloropodstawionych zwigzkéw. W 2016 roku
zaproponowal synteze estréw benzylowych, katalizowang pochodna witaminy B,; immobilizowang na

TiO; (Schemat 38).57

cl 0.0,

Cl._|..Cl S R
Ey-T10; (5 mol%), R-OH
Swiatto UV

103
R = Me, Et, Pr, £Pr

Schemat 38 Metoda tworzenia estrow z trichlorotoluenu

W =10-88%
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Wrykazal on, ze pod wplywem dzialania swiatla UV mozliwe jest utworzenie odpowiedniego chlorku
benzoilu, ktory w reakcji z alkoholem (pelni on réwniez rolg rozpuszezalnika) daje produkt koncowy -
ester. Opracowane warunki reakeji z powodzeniem zostaly wykorzystane do syntezy szeregu réznie

podstawionych estrow (104-113) z dobrymi wydajnosciami (10-99%, Rysunek 6).

coznee GOzFl C(};Pr cO,'Pr Go,ms
104 99% 105 92% 108 90% 107 10% 108 75%
CO;Me CO;Me HaNs CO,Et
R
- CO4EL
. @ /
o1 cl

ngms

109 B7% 110 3% 111 99% 112 56% 113 48%

Rysunek 6 Zakres stosowalnosci 1 ograniczenia tworzenia estrow z trichlopodstawionych arenow

Wryjatkiem byla reakcja z ipropanclem, ktéra prowadzila jedynie do sladowych ilosci benzoesanu
i-propylu (107), najprawdopodobniej ze wzgledu na zatloczone steryczne czgsteczki. Ponadto
przetestowane halogenki, zaréwno alifatyczne jak 1 aromatyczne réwniez prowadzily do
odpowiednich produktéw z dobrymi wydajnosciami (Rysunek 6). Mechanizm powyzszego procesu, ze
wzgledu na obecnosc tlenu, jest inny od tych prezentowanych powyzej (Schemat 39). W pierwszym
ctapie zaklada on generowanie rodnika benzylowego I, ktéry reagujge z tlenem czasteczkowym
tworzy rodnik nadtlenkowy II. Nastegpeza reakcja eliminacji oraz dysproporcjonowania prowadzi do

powstania chlorku benzoilu (114), ktory ulega reakeji z alkoholem finalnie dajac ester 104.

ST 8oy EyET

CI

Schemat 39 Mechanizm reakeji tworzenia estrow w warunkach tlenowych

Hisaeda 1 wspolpracownicy, w swoich badaniach wykazali, ze opracowana metoda moze postuzy¢ do
syntezy amidow (Schemat 40). Postulowany mechanizm jest analogiczny do opisanego powyZej;

z tym ze powstaly chlorek benzoilu (114) reagujac z odpowicdnig aming prowadzi do powstania

amidow.
iy
a%e g
B,5-T10; (5 mal%), MeOH
amina, Swlatio UV
103

amina = dietylocamina, trietyloamina, piperydyna W = 79-84%
Schemat 40 Metoda tworzenia amidow z trichlotoluenu z udzialem Bi2-Ti0Oz
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Zwiazki fluorcalkilowe odgrywaja znaczaca role w wielu dziedzinach Zycia, m.in.
w przemysle farmaceutycznym, rolnictwie oraz w materialach organicznych. Ze wzgledu na ich
stabilno$é, lipofilowosé, a takze ze wzgledu na wystgpowanic podstawnika clektrono-akeeptorowego,
najwigksza popularnoscig cieszg si¢ te, zawierajgce podstawniki -CFs Iub perfluorcalkilowe. Do tej
pory, znane metody syntezy tej klasy zwigzkoéw w duze] mierze opieraly si¢ na stosowaniu
katalizatorow palladowych oraz miedziowych, co pozwalalo na wprowadzenie tych grup do
pier§cienia aromatycznego. Niestety, ich duzym ograniczeniem byla przede wszystkim, konieczno$é
zastosowania grupy kierujacej (elektrofilowej lub nukleofilowej), halogenku lub podstawnika
boranowego. Rozwigzaniem jest przeprowadzenie tych reakceji na drodze rodnikowej. Opracowane
przez Barana® MacMillana.*® Rittera® czy Blackmond® metody wymagaja jednak zastosowania
nickiedy kosztownych, trujacych lub potencjalnie wybuchowych odezynnikow. Diatego, wyzwaniem
bvio opracowanie nietoksycznej, tanief, ekologicznej a przede wszystkim bezpiecznef metody, ktora
w sposob selektywny prowadzilaby do powstania fluorowanych pochodnych. Hisaeda wraz ze
wspolpracownikami w2017 roku opisal fotoclektrochemiczne perfluoroalkilowanie arendw

katalizowang hydrofobowa pochodng witaminy Biz (Schemat 41).7°
OMe i N an OMe

Cob(ll};Cqestar]CIO, (88, 5 mol%),
L e o
E=-0.8 vs. AgCl
Me(Q OM MeD OMe

Schemat14:: Fotoelektrochemiczna metoda perfluoroalkilowania arenow

W toku optymalizacji reakcji 1.3,5-trimetoksybenzenu (115) z jodkiem perfluoropropylu
przetestowano rozne rozpuszezalniki oraz potencjaly elektrolizy. Nastepnie w  optymalnych
warunkach sprawdzono zakres 1 ograniczenia opracowane] metody. Metoksybenzeny w reakcjach
zroznymi perfluoroalkilowymi jodkami dawaly pozadane produkty z dobrymi wydajno$ciami
(48-84%). Analogiczne rezultaty, otrzymano dla zwiazkow heterocyklicznych; produkty powstawaty
z wydajnodciami w zakresie 35-61%.

Ponadto, autorzy wykazali, ze te same warunki reakeji mogg prowadzi¢c do wewnatrzezgsteczkowej
cyklizacji, pod warunkiem uzycia 1,4-dijodopochodnych jako substratow (Schemat 42). Niewatpliwa
wadg bylo otrzymywanie mieszanin dwoch produktow: powstalego w wyniki wewngtrzezasteczkowe)

cyklizacji oraz perfluoroalkilowania arenow.
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F
e F CFg)sCHaH
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Schemat 42 Wewnatrzezasteczkowa cyklizacja arendw zwigzkami perfluoroalkilujacymi katalizowana pochodna witaminy
Bz

W zaprezentowanych w powyzszym rozdziale reakcjach katalizowanych witaming B, oraz jef
pochodnymi w duzej mierze jako substraty wyvkorzystywane sq halogenki alkilowe. Zwigzki te ze
wzgledu na wysokg reaktvwnosc stosowane sg na duzg skale, nie tylko w rekciach homosprzegan ale
staty sig rowniez popularne w reakcjach heterosprzegania. Isiotnym ich zastosowaniem sqg infensywnie
prowadzone przez Hisaedg badania nad reakcjami dehalogenowania, ktore przede wszystkim majg na
celu przeksztalcenie szkodliwych dla  organizmow  Zywych, zwigzkow (pestyeydy) do  ich

bezpieczniefszych odpowiednikow.

3.2.3 Generowanie rodnikow acylowych katalizowane witaming By

Rodniki acylowe ze wzglgdu na ich nukleofilowy charakter sa reaktywnymi indywiduami
czesto stosowanymi w chemii syntetyeznej i organicznej.®? Biorg udzial m.in. w rodnikowych

6365

reakcjach addycji typu Giesego do aktywowanych alkendw, acylowaniu heteroarenow typu

Miniseci, czy tez w procesach otrzymywania szerokiej gamy naturalnych i biologicznie aktywnych
czgsteczek.5%% Standardowe metody ich gencrowania, w duze] mierze wymagaja zastosowania
drastycznych warunkéw reakcji, do ktorych niewatpliwie nalezy promieniowane UV czy wysoka
temperatura (Schemat 43).% Innym sposobem ich otrzymywania jest wstgpne wygenerowanie
rodnikéw alkilowych z ogolnodostgpnych jodkéw alkilowych na drodze fotochemiczne] badz
termicznej i ich nastgpeza reakcja z tlenkiem wegla (CO). W alternatywnych metodach stosowane sa
mnicjatory rodnikowe (azobis(izobutyronitryl) - AIBN) lub nadtlenck wodoru, ktéory w wyniku
homolityczne] abstrakeji atomu wodoru z aldehydow lub a-oksokwaséw prowadzi do utworzenia

pozadanych rodnikéw acylowych.®
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R ™y ¥ =H, COOH
Schemat 43 Metody generowania rodnikow acylowych

Jednakze, z syntetycznego punktu widzenia uzyteczno$é tych metod jest nieco ograniczona z uwagi na
wymog stosowania wysokich temperatur podczas prowadzenia reakcji lub stechiometrycznych ilosei
toksycznych reagentéw czy utleniaczy. Scheffold wykorzystal symetryczne bezwodniki kwasowe
w fotoelektrochemiczne] metodzie acylowania eclektrofilowych olefin w obecnosci witaminy Bis
(Schemat 44).7° Wykazal on, ze zastosowanic clektrolizy przy kontrolowanym potencjale pozwala na

otrzymanie szeregu pozadanych produktow, réwniez tych z grupami podatnymi na redukcje (np. grupa

karbonylowa).
3 By (1,5 mol%), &
LICIO, (¢ = 0.3 M),
+ Z Ewe e =
R‘Jko)LR DMF, E = -0.95 V va. SCE, hv R’U\/‘EWG
R = 1°alkil, aryl; EWG = -CHO, -C(O)R, CO3R, -CN W = 30-80%

Schemat 44 Acylowanie olefin katalizowane witaming B1z

Wykorzystanie bezwodnikéw kwasowych w syntezie niesie ze sobg wiele trudnosci. Z uwagi na ich
niestabilnos¢ 1 podatno$é na hydroliz¢ najczgécie] wytwarzane sa in sifu, w reakcji kwasow
karboksylowych z DMDC (diwgglan dimetylu) lub Boc,O (diwgglan di-fert-butylu). Na podstawie
mechanizmu fragmentacji, polowa czgsteczki bezwodnika rozpada sig¢ do karboksylanu, co z punktu
widzenia wicloctapowych syntez totalnych badZ syntezy lekow jest mato ekonomiczne. Alternatywsa
moze by¢ zastosowanie bezwodnikow niesymetryceznych, ale w ich przypadku duzym problemem jest
nicselektywna fragmentacja czasteczki, ktora prowadzi do powstania jednego z dwdch mozliwych
rodnikéw acylowych. Lepszym rozwigzaniem jest zastosowanic stabilniejszej pochodnej kwasu
karboksylowego, ktéra znaczgco ograniczylaby powstawanie produktéw ubocznych. Takim
przyktadem sa tioestry, z ktorych w sposéb wydajny mozna generowac rodniki acylowe. Tioestry
charakteryzujg sig mniejsza energia wigzania C-S, w pordéwnaniu do wiazania C-O wystepujacego
w estrach, dzigki czemu sa one o wiele bardziej podatne na homolityczng dysocjacjg prowadzaea do
utworzenia rodnika acylowego, co pozwala na zastosowanie lagodniejszych warunkow reakcji.
Zwiagzki te najezgseig) stosowane byly w fotokatalitycznych reakejach wewnatrzezgsteczkowych. Na
przyktad, w obecnosei kompleksow irvdu, McErlean ze wspdlpracownikami wykorzystat te
prekursory jako zrodlo rodnikéw acylowych w wewnatrzezasteczkowej reakcji cyklizacji typu

6-exo-trig dajace] pochodne chromanonu 1 indanonu z dobrymi wydajno$ciami (18-71%) (Schemat
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45).7! Warto podkre§lié, ze proby zastosowania opracowanych warunkéw w migdzyczasteczkowej

reakeji prowadzily do uzyskania tylko $§ladowych ilosei produktéw.

,\/Q facIrippy)s (126, 2.5 mol%),
BusN (10 ekw.), HCO,H (10 ekw.),
R, _'j/ e il MeCN (0.05 M), Nisbleskie LED R"_l:\ Re
o
X

|
e X/\/\Rz

R4 =H, Me(, t-Bu, Br; R, = ester, cyklohaksyl; X = CH,, NH, O W=18-T1%

Schemat 45 Wewnatrzezasteczkowa reakeja cyklizacji pomigdzy tioestrami i olefinami katalizowana fae-Ir(ppy)s

Po raz pierwszy migdzyczasteczkowa reakejg tioestrow z akceptorami Michaela katalizowang
pochodng witaminy Biz opisal nasz zespolt w 2017 roku (Schemat 46).* Mechanizm tego procesu
zaklada w pierwszym etapie redukcje Co(Ill) do Co(l), ktory jako nukleofil na drodze substytucji
nukleofilowej typu Sx2 reaguje z tioesterem tworzge acylokobalaming(Ill) I. W wyniku dzialania
swiatla widzialnego nastgpuje homolityczne rozerwanie wiazania Co-C. Utworzony rodnik acylowy
I1, reaguje z olefing dajac produkt IIL, ktérego redukeja prowadzi do ketonu. Cykl katalityczny zostaje
zamknigty w wyniku redukcji Co(Il) do Co(I). Opracowana metoda bardzo dobrze sprawdza sig
w przypadku zastosowania szeregu roéznych akceptordow Michaela. Najwyzsze wydajnosei
obserwowane sa w przypadku estrow 1 akrylonitrylu, produkty tworza si¢ z wydajnodcia 83-99%.
Reakcja zachodzi efektywnie rowniez dla ketonow i 1,1-dipodstawionych olefin, natomiast

1,2-dipodstawione olefiny s mniej reaktywne (27-40%).

o = HIE (4, 5 mol%), (o}
e . yEWG Zn (3 ekw.), NHLCI (1.5 ekw.), -
el = 8" N Ry MeCN (0.1 M), Nisbieskie LED . R, EWG
' 16 godz. = Rg

R4 = alkil, aryl, halogan OMe, CN, CF3, NMey; R; = H, Me, Ph, CO;Me, CF; W = 27-09%

o b
\
Zn, NH4CI Ry i

/
‘\

(o} EWG L T AT D WO

] Y g i 0 :

i, R, o it = EWG  Zn,NHCI | :

1I/ 1“\»/ RZ ER'iI\ EWG :

Schemat 46 Fotokatalityczna reakCJa tioestrow z akceptorami Michaela

W
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Autorzy pracy przetestowali 1 poréwnali aktywno$é réznych tioestrow arylowych 1 alkilowych
z podstawnikami elektrono-donorowymi jak 1 clektrono-akceptorowymi. Reakceje prowadzily do

pozadanych produktéw z bardzo dobrymi wydajnosciami.

Metod tworzenia jak rowniez wykorzystania rodnikow acylowyvch z udziatem witaminy B jest
naprawde niewiele. Tematyka ta nie jest az tak dokladnie przebadana jak w przypadku opisanych
wezesniej rodnikow alkilowych. Z tego powodu, aktualnie poszukiwane sq alternatywne metody ich

tworzenia oraz poszerzanie zastosowania juz istniefgeyveh.
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3.3 Podsumowanie

Od momentu wyizolowania krystalicznej formy witaminy Bi, przez Folkersa 1 Smitha w 1948
roku, az do chwili obecne) opracowano szereg reakei katalizowanych zardwno kobalaming jak 1 jej
hydrofobowymi pochodnymi. Wigkszos¢ z nich oparta jest na wykorzystaniu formy Co(l) powstale;
na drodze redukcji chemicznej badz elektrochemiczne] 1 przejawiajace)  wlasciwosel
supernukleofilowe. 7 wuwagi na jej charakter, moze wstgpowac w reakcje ze zwiazkami
clektrofilowymi, ktére prowadza do alkilokobalamin (lub acylokobalamin). Nastgpnic, na drodze
termo- badz fotolizy, wigzanie Co-C ulega homolitycznemu rozpadowi, w wyniku czego generowany
jest rodnik alkilowy (lub acylowy), ktory moze ulegac dalszym przemianom. Warto jednak pamigtac,
ze atom kobaltu w witaminie Bi,, moze przyjmowac trzy stopnie utlenienia, z czego dwa moga
uczestniczyé w reakcjach katalitycznych: Co(I) oraz Co(Il). Obiec formy przejawiaja odmienne
wlasciwoscei fizykochemiczne, a rezultatem moga by¢ inne produkty powstale z tych samych
substratow. Za przyklad moga postuzy¢ prace Zhanga i Gryko. Zastosowany w obu rozwazaniach
diazozwigzek w reakeji z Co(Il) prowadzil do utworzenia cyklopropanow przez karbeny, natomiast
po redukcji pochodnej witaminy By, do formy Co(I) dawal on selektywnie produkty liniowe,
a zaproponowany mechanizm miat charakter typowo rodnikowy.

Aktualne doniesienia literaturowe obszernie opisujg metody tworzenia rodnikow alkilowych
poczynajae od prostych halogenkow 1 pseudohalogenkéw alkilowych do bardzig zloZzonych struktur.
I cho¢ wydawaloby si¢, ze opracowane metodologie sa efektywne, to dalsze badania majg na celu
poprawg ich selektywnosci, wydajnosci czy efektywnosci. Inacze) wyglada sytuacja w przypadku
rodnikéw acylowych. W literaturze odnotowano tylko dwie procedury ich tworzenia: z symetrycznych

bezwodnikéw kwasowych oraz z tioestréw. Obie katalizowane sg witaming Bia.

Rozwigzanie niektorych problemow oraz poszerzenie temaiyki zwigzaney z katalizg witaminy
B> znajduje sie w dalszej czesci dysertacji: krotkim opisie kazdego zrealizowanego przeze mnie

projektu oraz zalgezonych publikacyi.
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4. BADANIA WELASNE

Kataliza kompleksami kobaltu na przelomic ostatnich kilkudziesigeiu lat jest prgZnie
rozwijajaca si¢ tematyka w zakresie chemii organicznej. Ze wzgledu na mozliwosé prowadzenia
reakcji chemicznych w warunkach redukujacych lub utleniajacych stwarza chemikom organikom
doskonaly warsztat do pracy. I choé¢ kompleksy kobaltu do nicdawna byly jedynic alternatywg wiclu
przemian chemicznych, aktualne koszty zwigzane z pozyskiwaniem surowcoéw naturalnych sprawilo,
ze zwigzki te stosowane s3 na szeroka skalg.

Witamina Bi; jako jeden z przedstawicieli katalizatoroéw kobaltowych uwaZana jest za nietoksyczng,
bezpicezna 1 ekonomiczng alternatywg fotokatalizatoréw. I choc¢ jej zlozona budowa oraz ograniczenia
w stosowaniu nicktorych substratoéw, z uwagi na warunki redukujace, nickiedy mogg byé przeszkoda,

to wciaz katalizator ten jest stale badany a mozliwoscei jego wykorzystania nieustannie sig poszerzaja.

W ponizszym rozdziale opisalam nowe metody tworzenia rodnikow alkilowyeh z naprezonych
pierscieni  heterocvklicznych, w  ktorych kluczowg role odegrafa witamina B, Ponadfo
zaprezentowane wyniki, uzupelniajg aktualne doniesienia w zakresie generowania rodnikow

acylowych i wykorzystania ich w reakcji Giesego.
4.1 Regioselektywne otwieranie epoksydaow katalizowane witaming By,

W 2020 roku w naszym zespole wykazano, ze rodniki alkilowe moga by¢ generowane
z naprgzonych bicyklobutandw. Powstate rodniki wstgpowaly w reakeje z SOMOfilami 1 elektrofilami
(Schemat 47).7> Na podstawie tego doniesienia zalozylam, ze analogicznej reakcji powinny ulegaé
rowniez inne napreZone zwiazki. Na tej podstawie, w celu poszerzenia grupy substratow, ktore

moga by¢ aktywowane witamina Bi: postanowilam wykorzystac do tego celu epoksydy.

Ry
R
R"\%EWG \ EWG
Ra
A . EWG
£o-ENe — T -%—EWG —
rodnik
nuldeofilowy (/ \> <> EWG
1 =
o ®
Ry

Schemat 47 Generowanie rodnikow alkilowych z bicyklobutanow katalizowane pochodng witaminy Biz

Epoksydy, stanowig wazna grupg clektrofili w chemiu organiczng). 7Z uwagi na ich dostgpnosé,
powszechnie stosowane s3 w syntezie zloZzonych czasteczek organicznych.”*™ Ze wzgledu na
naprezenie pier§cienia tréjczionowego (112 kl/mol) z latwosciag ulegaja one otwarciu réznymi
czynnikami nukleofilowymi, a powstale alkohole odgrywaja znaczges rolg w chemu syntetyczne)

i medycznej (Schemat 48).757
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Schemat 48 Mozliwe podejscia nukleofila do piersciena epoksydu

W 2014 roku Weix wykazal, ze mozliwe jest selektywne generowanie rodnikéw alkilowych
z epoksydow, ktore w katalizowanej niklem reakeji z jodkami arylowymi dajg drugorzgdowe alkohole
(Schemat 49).7® Metoda ta doskonale sprawdza si¢ jedynie dla epoksyddéw z podstawnikami
alkilowymi zaréwno liniowymi jak i cykliczenymi. Natomiast reakcje epoksydéw posiadajgeych
ugrupowania arylowe prowadza do mieszaniny dwoch regioizomerow, przy czym glownym
produktem jest alkohol pierwszorzgdowy, powstaly w wyniku otwarcia epoksydu od strony bardziej

zatloczonej sterycznie.

- |R-p°dsfawfkand°w%-----~: R R - podstawnik alkdlowy |- =~=--==---]
! : 5 Ar

Doyle (2020): ﬁ. - A__oH

A : | :

RJ:/OH -ﬁc—] : — n’& — sliohal® Weix (2014)5

Ikohol 1° ‘ l OH '
alkohol 1 ; ] [:::],.:;I RJ\# Ar
alkohol 2°

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

Schemat 49 Rodnikowe reakcje otwierania epoksydow

Problem regioselektywnosei w  te) transformacji  czgéciowo rozwigzala Doyle wraz  ze
wspolpracownikami.” Wykazali oni, ze mozliwe jest regioselektywne uzyskanie alkoholi niezaleznie
od typu podstawnika R (alifatyezny, aromatyczny, cykliczny). W fotokatalityczne) metodzic,
kluczowe bylo zastosowanic kompleksu tytanu. Powodowal on otwieranic epoksydow
z podstawnikiem aromatycznym tylko od strony bardziej zatloczonegj sterycznie, tym samym generujgc
trwalsze rodniki benzylowe, finalnie prowadzac do alkoholi pierwszorzgdowych. Natomiast epoksydy
zawierajace podstawnik alkilowy badz cykliczny dawaly alkohole drugorzgdowe, analogicznie jak
u Weixa. Warto podkreslic, iz wykorzystanie $wiatla widzialnego zamiast wysokich temperatur badz
silnych zasad znaczaco poprawily efektywnosc reakcji (m.in. poprzez zwigkszenie tolerancji grup
funkcyjnych), a tym samym zwickszyly ich atrakcyjno$é. Niestely, opracowane metody weigs
uniemozliwialy tworzenie alkoholi drugorzedowych z epoksydow z podstawnikiem aryiowym.

W owigzhu 7 tym postanowilam opracowac metode, ktora pozwolilaby na regioselektywne
otwieranie epoksydow od strony mniej zatloczonej sterycinie. W oparciu o prace naszego zespohu,
dotyczgee zmiany reaktywnosci naprgzonych czgsteczek dzigki zastosowaniu katalizy witamina By,
zalozylam ze mozliwe bedzie analogiczne otwarcie pierScienia epoksydu 1 wytworzenic wigzania
Co-C (Schemat 50). Co wigee], ze wzglgdu na budowe witaminy Bi,, przypuszczatam, ze atak
kompleksu kobaltu na epoksyd bedzie mozliwy jedynic od strony mniej zatloczone) steryeznie.

Nastgpeze homolityezne rozerwanie wigzania Co-C powinno doprowadzic do wytworzenia
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pierwszorzedowego rodnika alkilowego, ktory bedzie wstgpowal w reakcje m.in.: Giesego, czy

krzyzowego sprzggania z halogenkami arylowymi wobec katalizatora niklowego.

Zn, NH.CI\ e

Schemat 50 Proponowany mechanizm regioselektywnego otwarcia pierscienia epoksydu witaming Biz

W pierwszym ctapie badan przeprowadzilam cksperymenty kontrolne, majgce na celu

wykazanie roli katalizatora kobaltowego (Schemat 3n.
2o/NICI,{DME)

/©/ e i Ar * i OH
PR Niebieskie LED PH r .

128 130

> - brak kat, Co 129 7%, 130 28%
Byy (1,5 mol%) 128 41%, 130 0%
HME (4, 5 mol%) 129 18%, 130 8%

Schemat 51 Eksperymenty kontrolne

Reakcia, w obecnosci katalizatora niklowego prowadzifa do powstania dwoch regioizomerycznych
produktow 129 i 130. Wprowadzenie do mieszaniny reakcyfnej witaminy B, skutkowalo otrzymaniem
tviko jednego regioizomeru (129). Zatem cksperyment ten jednoznacznie potwierdzil wplyw witaminy
Biz na powyzsza przemiang i wykazal, ze to wladnie ten katalizator determinuje jej regioselektywnosc.

Nastgpnic skupilam sig na przeprowadzeniu badan mechanistycznych opierajac si¢ na
modelowej reakeji tlenku styrenu (127) z 4jododotoluenem (128). Na poczatku, we wspolpracy z dr.
Chatadajem zostaly wykonane obliczenia DFT (Density Functional Theory), na poziomie teorii
BP86/6-31G{(d) uwzglgdniajgce wspotezynnik dyspersji wedlug modelu Grimme 1 solwatacji opartego
na modelu SMD (Rysunek 7). W obliczeniach tych modelem katalizatora byla koryna posiadajaca 15

grup metylowych na zewnatrz pierscienia.

435

https://rcin.org.pl



Przewodnik po rozprawie doktorskiej

3
E
= +
S Fh\ﬁ
: ool i s15 |
] TR Abord
£ 9B P & w3
2 518 [ca'] nh_11 CH
s —_— Ik 3 44.3 '8_<
2 e by A W
B o S T8e . T F oLl
TSN PER I 44 T B
o En - ] ;i
+ § —
(= J:) a . : P22
A 127 1) :
[ca Fh o-:l\ Bum :
ot PR e
N T 281
-NH, "
Y ph OH‘r" P"?R_P
‘I" [cclll)_/ ," [ca'y
[T B =
107
lla
-119.8
H
co” Ph  perarwanle Upmazluo?amhum
_ Nukleafilows otwarcie epokeyd wigzania Co-C | witsminy Bya
=

Rysunek 7 Obliczone energie swobodne Gibbsa w reakeji witaminy Bio i epoksydu

Uzyskane wyniki jasno wykazaly, iz podejécie witaminy Bi: do czasteczki epoksydu jest bardziej
preferowane od strony mmniej zatloczonej sterycznie. Roznica energetyczna standéw przejsciowych
prowadzacych do regioizomerycznych produktéow wynosi ~8 kl/mol.

Tworzenie wigzania Co-C potwierdzitam metoda spektrometrii mas (MS), w widmie obserwowalam
pik odpowiadajacy alkilokobalaminie (Schemat 524), a generowanie rodnika alkilowego popartam
cksperymentem z pulapks rodnikows (2.2,6.6-tetrametylopiperydyno-1-oksyl, TEMPO) (Schemat
52B). W eksperymentach tych wykorzystatam HME.

A B.
OH J<
O HME, ZniNH,CI §E, TEM
] _HME TEMPO
. h/L\ — acelon, T e /u ZnINH,C, aceton, Ph/]\’ ]
Biste LED caq) Biate LED j\/
127 vz = 1157.5149 [M+H]* 12r 13

Schemat 52 A) Eksperyment potwierdzajacy tworzenie kompleksu Co-alkil B) Eksperyment z putapka rodnikowa TEMPO

W dalsze) czgéei swoje] pracy zoptymalizowalam warunki reakceji, w tym strukturg
katalizatora zaréwno korynowego jak i niklowego, ligandy, czas trwania reakeji, a takze rodzaj

1 natgzenic $wiatha (Schemat 53).

3, /NICIL{(DME)

/@/ __Zn,NHGL w
/A Tibleskla LED™
127 128 129

Optymalne warunki: epoksyd (0.2 mmol), halogenek arylu (1.5 ekw.), B1z (1, 5 mol %), NiClz(DME) (20 mol %), Zn (1.5
ekw.), NH4Cl (3 ekw ), dtbbpy (40 mol %), H20 (1.1 ekw.), NMPawhy (¢ = 0.1 M), czas: 30 min, niebieskie LED (pojedyncza
dioda, 10 W)

Schemat 53 Modelowa reakeja epoksydu arylowego 127 z 4-jodotoluenu (128)
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Badania wykazaly, ze najbardziej efektywnym kompleksem kobaltowym jest witamina Bus,
w obecnosci tego katalizatora produkt 129 tworzyl si¢ z wydajnoscia 60%. Podobne rezultaty
obserwowalam dla jej hydrofobowej pochodne; 4 (HME, 57%). W przypadku pozostatych,
przetestowanych przeze mnie katalizatoréw, do ktérych m.in. nalezaly CoCl;, Co(dmgH):Cl(py)
(dmgH - dimetyloglioksym; py - pirydyna) i Co(dmgH),Pr(py)) (‘Pr - izo-propyl), obserwowalam
tworzenie si¢ jedynie $ladowych ilosci pozadanego produktu, badz catkowity jego brak (brak
konwers]i obu substratow). Natomiast jesh chodzi o katalizator niklowy, najbardzic) efektywny okazat
sig.  NIiCl(DME) (DME - 1,2-dimetoksyetan) w  obecnosci  ligandu  dtbbpy
(4.4’ -di-fert-butylo-2,2°-bipirydyna).

Majac zoptymalizowane warunki reakcji przystagpitam do sprawdzenia zakresu stosowalnosci
1 ograniczen opracowang] metody (Rysunek 8); (czgs¢ oksirandw potrzebnych do tych eksperymentow
zostala zsyntetyzowana w oparciu o dane literaturowe przez dr. Musiejuka). Reakcje epoksydow
z podstawnikami aromatycznymi, alkilowymi zaréwno cyklicznymi jak i liniowymi prowadzily
regiosclektywnie do tworzenia sig drugorzgdowych alkoholi z dobrymi wydajnosciami 132-140
(Rysunek  8). Mimo, ze reakcja wykazuje wysoka tolerancje grup funkcyjnych,
2-(4-metoksyfenyl)oksiran nie prowadzil do powstania produktu, gdyz w warunkach reakcji ulegal

rozkladowi.
apokaydy halogenkl arylows
s i sy
T e SIS SR I I e o
%~ Ph -
' RP= tBu 133a50% | Ph J [ Ph’ s
TS F 133058% 141 47% 142 30%
CN  139c53% 14 44% Wb
OMe 133d 0%
o OH
e e i T PhOgS. -~ - e, DR NS o \)\ |l
| 1 OH (7 : T I Ph S
oH L - OH OH )\) H Ph” e [
138 74% G 7 sk
136 60% 137 73% 144 B0% 145 48% 146 42%
OH OH OH |
[ }\[ = et _NHBos Y
- = [ ] oH N u
/l\)-\\ L2 e
138 (By) 21% 130 (Byy) 14% (dr21:1) 140 (B4;) 31% (d.r7:1} Ph .
(HME) 28% (HME) 57% (d.r 23:1) (HME) 56% (d.r 7:1) 147 60% 148 44% 149 63%

Rysunek 8 Zakres stosowalnosci 1 ograniczena fotokatalityezne] reakej otwierania epoksydow
Wykazalam, Ze tylko jednoczesne zastosowanie katalizatora witaminowego i niklowego
zapewnia wysoka regioselektywnos¢ w reakcji krzyZowego sprzegania epoksydow z jodkami
arylowymi. Opracowana metodologia uzupelnia istniejace podejscia i pozwala na synteze
alkoholi drugorzedowych.

Powyzsze wyniki zostaly opublikowane w czasopis$mie Journal of The American Chemical Society.

[1] A. Potrzasaj. M. Musicjuk, W. Chaladaj, M. Giedyk, D. Gryko, J. Am. Chem. Soc., 2021, 143, 25,
93689376
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4.2 Regioselektywna metoda otwierania oksetanow w obecnosci pochodnej witaminy Bi»

W toku dalszych badan nad ukladami naprezonymi postanowilam sprawdzié¢ aktywnosé
chemiczng ich homologéow, czyli oksetanow. Zalozylam, ie skoro mozliwe bylo wytworzenie
rodnikow alkilowych z naprezonych epoksydow, a takie przeprowadzenie transformacji
w sposdb regioselektywny, analogiczna reakcja otwierania oksetandéw powinna rowniez by¢
moiliwa.

Oksetany 150 nalezg do prostych czteroczlonowych zwiazkéw heterocyklicznych
zawicrajgcych w swojej budowie atom tlenu (Rysunek 9).%° Ze wzgledu na ich strukturg, mogg byé
wykorzystywane zaréwno jako bloki budulcowe w syntezie naturalnych zwiazkéw organicznych jak
1 czgsteczek lekow. Ponadto, na przestrzeni ostatnich lat coraz czgscie) wykorzystywane sy jako
odpowiedniki grup gem-dimetylowych i karbonylowych.

o S

150 151 152
oksetan azatydyna tietan

Rysunek 9 Czterocztonowe zwiazki heterocykliczne
Ze wzglgdu na naprgZenie pierécienia (106 kl/mol) zwigzki te latwo wstgpwa w reakcje,
glownie z jednoczesnym zerwaniem wigzania C-O. W istocie, najbardziej przebadane sa reakcje
otwierania pier§cienia réznymi heteronukleofilami (aminy, odczynniki metaloorganiczne), ale istnieja
rowniez nicliczne doniesicnia opisujace wykorzystanic do tego celu nukleofili wgglowych.® %
Przykladowo, desymetryzacja 3-podstawionych oksetanéw z wykorzystaniem lagodnych kwasow
Lewisa okazala si¢ skuteczng metoda w tworzeniu chiralnych alkoholi, waznych blokéw budulcowych
w syntezie lekow. Niestety, dotychezas opracowane metody, glownie opieraja si¢ na wykorzystaniu
silnych zasad lub wysokich temperatur, co czgsto skutkuje ograniczonym zastosowaniem ich
w syntezie bardziej zlozonych zwiazkéw.
Préby rozwigzania powyzszych probleméw podjeto juz na poczatku XXI wieku, kiedy to Grimme
1 Gansiiuer, po raz pierwszy zaproponowali otwieranic pierScienia oksctanowego w reakej
katalizowanej kompleksami tytanu od strony bardziej zatloczonej sterycznie prowadzacej do
utworzenia rodnikow alkilowych (Schemat 54A4). Produkiami reakcfi byly dimerv, a jedvny przvkiad
dalszef funkcjonalizacji polegal na reakcji wygenerowanych rodnikéw z akrvianem tert-butylu.
Pozgdany produkt tworzyl sig z dobrg wydainoscig jedynie w przyvpadku zastosowania duego
nadmiaru akceptora Michaela. Co wigee], autorzy stwierdzili, ze nie jest to dogodna metoda
funkcjonalizacji oksetanéw. Podobne rezultaty uzyskala grupa Okamoto, w reakcji katalizowangj
kompleksem zelaza, ktoéra wymaga zastosowania podwyiszonel temperatury oraz odczynnikow

Grignarda, ktore znacznie ograniczaly tolerancje grup funkcyinvch (Schemat 54b).

48

https://rcin.org.pl



Przewodnik po rozprawie doktorskiej

’ OH i
A R Cpa T1C] (20 mol%),

AN —CRaliCla (20 moik), R | °| Min Cou*l-k(m (2531&) R
Mn, ColFHCI (2.5 ekw) . R . B glw.

CH CO,'Bu
B Fally (3 mol%), dipimp (4 mol%),
p
@ A nPrMgCl (2.2 ekw.),
Br THF#oluen, 80 °C R OH

Schemat 54 Rodnikowe metody otwicrania oksetanow

Wychodzac naprzeciw postawionym wyzwaniom naukowym, postanowitlam opracowac
metodologie regioselektywnego otwierania oksetanow, tym razem od strony mniej zatloczonej
sterycznie wykorzystujac katalize witamina By.. Z dr. Ociepa stwierdzilam, ze proces ten powinien
zachodzié analogicznic do tego, opracowanegoe dla epoksydéow. Niestety, obliczenia DFT
przeprowadzone przez dr. Chaladaja jasno wykazaly, ze energia swobodna Gibbsa w procesie
otwierania pierécienia oksetanu jest ponad dwukrotnic wyzsza, od tej obliczone) dla cpoksydow

(Schemat 33).

n=1, R=Ph n=2,R=H
AGF = 41.1 KW/mol << AGY = 90.9 kJ/mol

Schemat 55 Porownamie energii swobodnej Gibbsa w procesic otwicrama epoksydu i oksetanu

Na podstawie dotychczasowych doniesien literaturowych, zalozono ze aktywacja oksetanu powinna
spowodowac obnizenie energii procesu otwierania pierscienia. W reakeji modelowej 3-fenylooksetanu
(133) z 4jodotoluenem (128) przetestowano rozne kwasy Lewisa (Schemat 564). Otrzymane rezultaty
wykazaly, ze najefektywniejszym kwasem Lewisa jest bromek trimetylosililu (TMSBr) prowadzacy
do otrzymania pozadanego produktu 154 z wydajnoscig 54%. W nastgpnym etapie badan warunki
reakcji poddano optymalizacji, w tym katalizatory kobaltowe i niklowe, ligandy oraz czas trwania
reakeji. W zoptymalizowanych warunkach zbadano zakres stosowalnosci 1 ograniczenia krzyzowe)
reakcji sprzggania oksetanow z jodkami arylowymi, wykazujac bardzo wysokg tolerancje grup
funkeyjnych, 1 efektywno$é metody.

W oparcin o wyZzej opisane wyniki, postanowilam sprawdzié czy mozliwe jest
przeprowadzenie regioselektywnego otwierania oksetanow wraz z ich nastgpeza addycja do alkenow

ubogich w elektrony (Schemat 565).
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A.
e HME, NICI,{DME),
ﬂ " ! Zn, NH4CI, MeCN, HD“\‘
g Niebisskie LED o
Ph Ph”
153 128 154
B.
E\) + " COMe TR £, MLl i-IQ\|
- MeCN, Blale LED B _#_-COMe
153 155 156

Schemat 56 A) Reakcja sprzegania krzyzowego oksetanu 153 z 4-jodotoluenem (128); B) Reakcja modelowa typu Giese
oksetanu 153 z akrylanem metylu (155)

Wykorzystujae zoptymalizowane warunki reake)i otwicrania cpoksydéw przeprowadzitam reakejg
3-fenylooksetanu (153) z akrylanem metylu (153). Analiza mieszaniny reakcyjnej (spektrometria mas
— MS, magnetyczny rezonans jadrowy — NMR) wykazala obecnoéé oczekiwanego produktu 156.
W nastepnym etapie przeprowadzilam optymalizacje warunkéw powyzszego procesu. Oczywiscie,
nicodzownym clementem optymalizacji bylo sprawdzenie réznych kwasow Lewisa, ktore okazaly si¢
kluczowe réwniez 1 w tej transformacji (Tabela 6). W zasadzie reakcja zachodzila tylko w obecnosci
TMSBr (wiersz 1). W reakeji te) przetestowalam réwniez szereg katalizatoréw kobaltowych, czas

trwania reakcji, a takze stosunek stechiometryczny substratow i stgzenie reakcji.

Tabela 6 Poréwnanie aktywnosci kwasow Lewisa w reakeji Giesego

F
AL

=

7 Kwas Lewisa Wydainosé 156 [%]
TMSBr 57
TMSI
TMSCI
AlCl3
ZnOTf
MgCl,
(EtO)SiCl

=1 Oy th B W b =
oy e D e O

Prace nad optymalizacja przyczynily sig do wzrostu wydajnosci, finalnie w modelowe) reakeji
uzyskatam produkt z wydajnoscia 80%. Ponadto przeprowadzone przeze mnie eksperymenty
kontrolne potwierdzily, Ze reakcja jest Scisle zalezna od zastosowanego katalizatora, kwasu Lewisa
iuzytego $wiatla (brak ktoregokolwiek z komponentow skutkowal niepowstaniem pozadanego

produktu). W kolejnym etapie pracy zbadalam zakres stosowalnosei i ograniczenia metody (Rysunek

10).
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ohkaatamy skceptory Michaela
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4
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162 68% 183 71% 188 58%, dr 1:1, pochodna estrony

Rysunek 10 Zakres stosowalnosci i ograniczenia regioselektywnego otwierania oksetanow katalizowanej witaming Bz

Oksetany, niezaleznie od podstawnikow w pierscieniu, prowadzily do oczekiwanych produktow
(157-164) z dobrymi i bardzo dobrymi wydajnosciami. W dalszej czg$ci badan poddalam reakcji
ubogie w elektrony (EWG — estry, niftryle, sulfony) olefiny. Badania wykazaly, ze s3 one
odpowiednimi substratami w tej reakcji. Co cickawe, w opracowanych warunkach, zwiazki
z terminalnym wiazaniem podwdjnym i1 potrojnym, dawaly produkty z wysokimi wydajnosciami.
Pomimo obecnosci Zn/NH,Cl nie obserwowalam niepozadanej ich redukcji. Uzytecznosc
opracowane) metody do funkcjonalizacji zlozonych czasteczek wykazalam na przykladzie zwigzkow
naturalnych (-)-mentolu i estronu.

Finalnym aspektem pracy byly badania mechanistyczne, na podstawie ktorych

zaproponowatam mechanizm reakcji (Schemat 57).

A Eksperyment z pulapky rodnikows

— HO.
- TEMPO (3 skw. j\’
/r—? R o 0;6

Zn, NH,CI
o Biste LED _
183 170 171, potwierdzono HR-MS

B. Reakcja z bromohydryng
HME

[’ o o gy —ZhNHC Ho]\,

! Blale LED !

pr B Ph N
172 170 156, 77%

C. Tworzenie bromohydryny podczas relkcji
HME

_TMSBr__ L j\/
Ph Zn, NHCT Br Ph

Blala LED
163 172, 43% 156, 19%

Schemat 57 Badania mechanistyczne regioselektywnego otwierania oksetanow katalizowanego HME

Tworzenie alkilokobalaminy II potwierdzilam metoda spektrometrii mas (MS), a obecnos$é rodnikéw
wykonujae reakcj¢ z dodatkiem pulapki rodnikowej TEMPO (Schemat 574). Ponadto wykonany
przeze mnie profil kinetyczny i1 reakcja bromohydryny (172) z akrylonitrylem (170) udowodnily, ze

aktywacja oksetanu kwasem Lewisa jest niezbgdna w zaproponowanym przeze mnic cyklu
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katalitycznym (Schemat 58). Utworzona halohydryna reaguje ze zredukowang forma katalizatora
prowadzac tym samym do odpowiedniej alkilokobalaminy I1. Powstale wigzanie Co-C pod wplywem
swiatla ulega homolitycznemu rozerwaniu, co w konsekwencji prowadzi do rodnika alkilowego II1.
Tak otrzymane indywiduum wstegpuje w reakcje z alkenami lub wprowadzone do cyklu niklowego

moze tworzy¢ produkty z jodkami arylowymi.

TMS . Zn, NH4CI

Ty B! wa“n e

Schemat 58 Proponowany mechanizm otwarcia oksetanow katalizowany HME w obecnosci kwasu Lewisa

Wrykazalam, Ze zastosowanie katalizy witamina By oraz dodatku odpowiedniego kwasu Lewisa,
pozwala na otwarcie oksetanu w sposob regioselektywny. Ponadto, utworzony rodnik powstaly
w wyniku homolitycznego rozpadu alkilokobalaminy moie ulega¢ dalszym przemianom:
reagowa¢ z akceptorami Michaela lub wstepowa¢ w drugi cykl katalityczny z niklem
i prowadzi¢ do utworzenia wiazania Cg3-Cepa.

Powyzsze wyniki zostaly opublikowane w czasopismie Organic Letters.
[2] A. Potrzasaj. M. Ociepa, W. Chaladaj, D. Gryko, Org. Lett.; DOI: 10.1021/acs.orglett.2c00355

4.3 Generowanie rodnika acylowego i alkilowego z jednego reagenta

7. punktu widzenia chemika organika, rodniki acylowe nalezg do bardzo uzytecznych
indywiduéw chemicznych. Mimo, iz generowane sg z clektrofili, same przyjmwac charakter
nukleofilowy, zdolne sa do reakcji m.in. z ubogimi w elektrony olefinami (reakcja Giesego) czy ze
zwigzkami heterocyklicznymi (reakcja Minisciego). Do najezgstszych metod ich generowania
zaliczamy: a) rozerwanie homolityczne wigzania RCO-X, b) karbonylowanie rodnikow za pomocg CO
czy c) dekarboksylowanie zwiazkow a-oksokarbonylowych.

W przypadku katalizy witaming By, istnieja tylko dwa doniesienia literaturowe (Rozdzial
3.2.3). W 2017 roku nasz zespot po raz pierwszy opracowal katalizowana estrem metylowym kwasu

kobyrynowego metodg gencrowania rodnikow acylowych z tioestrow (Schemat 59).
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@ o HME (4, 5 mol%), o

& 2Zn, NH,Cl, MeCN

NS g T ZEWe nisbieskis LED ol EWG
& F

R = Cl, Br, CMe, CN, CFy; EWG = estry, amidy, nitryle, sulfony WW=237-99%

Schemat 59 Fotokatalityczna metoda tworzenia rodnikow acylowych katalizowana pochodng witaminy Bia

Wrykazano, ze utworzona acylokobalamina pod wplywem s$wiatlta rozpada si¢ generujac rodnik
acylowy, a ten z kolei reaguje z akceptorami Michaela. Zainteresowana tymi wynikami
postanowilam sprawdzi¢, czy mozliwe jest zaprojektowanie takiego substratu, ktory pozwoli na
jednoczesne generowanie rodnikow alkilowych i acylowych w warunkach katalizy witaming By,
Wraz z dr. Ociepg zaplanowali$my strukturg takiego substratu (Schemat 60), ktoérego synteza opierala
sig na reakcji 2-merkaptopirvdyny z kwasem karboksylowym w obecnosci odezynnika sprzegajacego
DCC (N,N’-dicykloheksylokarbodiimid) lub z chlorkiem kwasowym.

= ] . j\ a) DCC, DMAP, THF, rt N STR
= . b} THF, rt, 1 godz.
N 8H R 7X | =2 0
173
X=0H,cl

Schemat 60 Strategia syntezy substratow

W pierwszym etapie badan sprawdziliSmy czy otrzymany 6-bromoheksanotionian

S-pirydyn-2-ylu reaguje z akrylonitrylem (Schemat 61).

HME (4), o
NS f}
i AL Br Zn, NH,CI, MeCN
U lf 557 + T EN Ticbieskie LED ™ NC { CN
= 5
174 170 173 84%
produkty uboczne:
= 0 = 0
178 177 178

Schemat 61Reakcja modelowa tioestru 174 z akrylonitrylem (170)

Reakcja modelowa tioestru 174 z akrylonitrylem (170) w obecnosci $wiatla prowadzita do powstania
pozagdanego produktu 175 z wydajnoscig 46%. ktéremu towarzyszyly produkty uboczne:
zdehalogenowany tioester 176, produkt powstaly w wyniku addycji akrylonitrylu tylko od strony
halogenku 177 oraz alkohol - produkt hydrolizy 178. W celu wyeliminowania tworzenia sig
niepozadanych produktow ubocznych, warunki reakcji poddano optymalizacji. Przetestowalam m.in.
rozne katalizatory, stosunki stechiometryczne w jakich zostaly uzyte Zn/NH,4Cl oraz substraty, dlugosé
fali §wiatla a takze czas trwania reakeji. Finalnie oczekiwany produkt otrzymano z wydajnoscig 64%.
W nastgpnym etapie sprawdzitam zakres stosowalnosci 1 ograniczenia opracowanej metody
(Rysunek 11). Tioestry zawierajgce w swej strukturze pierwszorzedowy lub drugorzgdowy halogenck,

daja oczekiwane produkty (179-189) z dobrymi wydajnosciami.
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Rysunek 11 Zakres stosowalnosei i ograniczenia metody generowania rodnikéw acylowych i alkilowych z jednego regenta

W przypadku reakcji tioestru posiadajacego w swej strukturze ugrupowanie chlorku lub bromku
benzylowego, pozadany produkt 182 tworzy sig z wydajnoscig 29%. W reakcji te] generuje si¢ bardzo
reaktywny rodnik benzylowy, ktory latwo ulega dimeryzacji 1 redukeji. Je$li chodzi o akceptory
Michaela, to w opisangj reakcji mozna wykorzystaé sulfony, estry 1 nitryle. Wyjatkami sa te, ktore
posiadaja grupy wrazliwe na warunki redukujace.

Nieodlacznym aspektem moich badan bylo wyjasnienic mechanizmu tej reakcji. W tym celu
przeprowadzilam niezbgdne eksperymenty, ktére potwierdzily powstanie zaréwno rodnika alkilowego
jak 1 acylowego, a takze pozwolily na zdefiniowanie etapu limitujacego szybkos$¢ powyzszego
procesu.

W pierwszej kolejnosci wykonalam eksperymenty z dodatkiem pulapki rodnikowej (TEMPO),
ktore potwierdzily tworzenie si¢ zaréwno rodnikéw alkilowych i acylowych. Nastgpnie w celu
okreslenia kolejnosci ich generowania wykonalam profil kinetyczny reakcji wykorzystujac technike
spektrometrii mas (MS) (Schemat 62). Pomiary zostaly wykonane we wspolpracy z mgr. Spélnikiem.
W toku badan okazalo si¢, ze w pierwszej kolgjnosci tworzy si¢ kompleks Co-alkil, powstaly

w wyniku ataku Co(I) na bromek alkilu, a dopiero po 20 minutach generuje si¢ kompleks Co-acyl.

=25 o
% (|||)Co’\64JLspy
20 1® ®
™
E Q
v} i ® & ®
2 o ®
£ 10 - ™ {liny
u ®
& . . » b @ (o] A N
® .. e
r o9 ® ® . ® 175
0 20 40 60 80 100 120
Czas [min.]

Schemat 62 Profil kinetyczny reakeji tioestru z akceptorem Michaela
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Aby potwierdzi¢ machanizm wykonalam réwniez reakcje w obecnogcei deuterowanego chlorku amonu.
W reakeji utworzyla si¢ mieszanina czterech zwigzkow 175, 190, 191 i 192 (Schemat 63), ktore

zawieraly w swojej strukturze deuter.

Niebleskie LED
170

H. . .O H_ O
H D
NcU\(‘):\FCN " NCMG:\KCN
. ST& HME o no
> Br N
U § ° " N Z WDl CDCN 175 -
174 i B 5 i
NC%CN * NCJ&(NCN
§ 5
HC i D
191 192
Schemat 63 Reakcja z deuterowanym ND4Cl

Na podstawie przeprowadzonych eksperymentéw zaproponowatam mechanizm reakceji (Schemat 64).
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Schemat 64 Mechanizm reakeji tioestrow z akceptorami Michaela

Analogicznie jak w pozostalych opracowanych przeze mnie badaniach, pierwszy etap zaklada
redukcje katalizatora kobaltowego do formy Co(I), ktory dzialajac jako supernukleofil ulegat reakeji
Sx2 z tioestrem tworzac alkilokobalaming I. Na drodze homolizy wigzania Co-C utworzony rodnik
reagowal z akceptorem Michaela tworzae produkt IV, ktory w reakeji z Co(I) acylokobalaming V.
Ponowna homoliza wigzania i reakcja z uboga w elektrony olefing prowadzila do produktu

koficowego.

Zaprezentowane wyniki jasno wskazuja, ze moiliwe jest jednoczesne generowanie rodnikow
alkilowych i acylowych z wykorzystaniem kobalaminy jako katalizatora. Badania
mechanistyczne dowodza, Ze generowanie rodnikéw alkilowych jest znacznie szybsze od

rodnikéw acylowych.
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Powyzsze wyniki zostaly opublikowane w czasopismie Furopean Journal of Organic Chemistry.

[3] A Potrzasaj. M. Ociepa, O. Baka, G. Spdélnik, D. Gryko, Ewr. J. Org. Chem , 2020, 1567 — 1571.
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4.4 Podsumowanie

Kobalamina 1 jej pochodne to efektywne katalizatory wielu reakcji organicznych. Wigkszo$é z nich
przebicga poprzez ctap tworzenia rodnika, ktérych zrodlem s3 najezgécie) halogenki, pseudohalogenki
1 olefiny. C jej i ‘ ik

Przeprowadzone przeze mnie badania znaczaco wplynely na aktualny stan wiedzy
dotyczace] metod generowania rodnikdéw alkilowych i acylowych oraz wykorzystanie ich

w reakcjach fotochemicznych.
Do moich najwiekszych osiagnie niewatpliwie moge zaliczy¢:

1. Przedstawienie, po raz pierwszy, fotokatalitycznej metody regioselektywnego
otwierania pierscienia epoksydowego od strony mniej zatloczonej sterycznie. Opracowana przeze
mnie metodologia doskonale sprawdza sig zaréwno dla epoksyddw zawierajgeych podstawnik
aromatyczny, cykliczny jak i1 alifatyczny dajac pozadane produkty z dobrymi wydajno$ciami. Praca ta
z pewnoscia stanowi dopelnienie aktualnych doniesien dotyczacych metod otwicrania tréjezlonowych

zwigzkow heterocyklicznych.

2. Opracowanie fotokatalitycznej metody, ktora w sposdb wydajny i regioselektywny
pozwala na funkcjonalizacje oksetanow, przebiegajaca z otwarciem pierscienia. Metodologia ta,
w ogromnym stopniu poszerza aktualne doniesienia literaturowe dotyczace naprgzonych, cyklicznych
cterow. Jest to pierwszy przyklad, w ktorym Co(I) jako supernukleofil otwiera pierécien od strony

mniej zatloczonej steryeznie 1 prowadzi do selektywnego tworzenia tylko jednego regioizomeru.

3. Opracowanie metody, ktéra pozwala na generowanie rodnika alkilowego i acylowego
z tioestru. W oparciu o profil kinetyczny, udowodnilam ze tworzenie rodnikéw alkilowych jest

procesem determinujgcym szybkosé reakeji.

Badania zaprezentowane w niniejsze] rozprawie stanowig zwartg calo$é 1 jasno demonstrujg
uzytecznose witaminy B, 1 jej pochodnych jako efektywnych katalizatoréw w gencrowaniu rodnikow
alkilowych z naprgzonych czgsteczek. Wykazuja, ze alkilokobalaminy tworzg sig znacznie szybciej,
niz acylokobalaminy. Ponadto, przedstawione rozwazania opisuja znaczacy wplyw witaminy By, na

reakcje chemiczne, w ktorych wystgpowal problem regioselektywnosci.

Warto jednak podkreslic, ze powyisze badania sq jedynie poczagtkiem i mogg bvé wskazowkg dla
immveh do dalszyeh odkryc.
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5. STRESZCZENIE W JEZYKU POLSKIM

GENHZ Witamina By, nalezy do grupy skladnikéw odzywezych istotnych dla
CONH;

organizmow zywych. W komorkach eukariotycznych pelni rolg
kofaktora, ktéry uczestniczy w wielu procesach biochemicznych
(transfer grupy metylowej, izomeryzacja czy dehalogenowanie). Jej
wysoka zdolno$¢ katalityczna uwarunkowana jest wystgpowaniem
slabego wigzania kowalencyjnego Co-C, ktore moze, pod wplywem
dziatania czynnikoéw redukujacych, $wiatla badz temperatury ulec

homolitycznemu rozerwaniu stajac sig tym samym Zrodlem rodnikow.

Cecha ta, w polagczeniu z jej nietoksycznosciag, stanowi idealng
Wilamina Bea alternatywe dla drogich i toksycznych katalizatorow zawierajacych
metale cigzkie takie jak olow, ruten czy iryd. Opracowano wicle reakeji katalizowanych tym zwigzkiem,

jednakze w wigkszoéei z nich Zrodlem rodnikéw sg halogenki alkilowe.

W pierwsze) czgéel swoich badan skupilam sig na sprawdzeniu mozliwosci generowania rodnikow
alkilowych z epoksydéw. W przypadku fotokatalitycznych reakcji z udzialem epoksydéw arylowych,
atak reagentow nastepuje od strony bardziej zatloczonej steryeznie, prowadzac do reaktywnych
rodnikéw benzylowych. Wykazalam, Ze duie zatloczenie steryczne witaminy B,. powoduje
generowanie rodnikow pierwszorzedowych, ktore w reakcji z elektrofilami daja alkohole
drugorzedowe. Zakres stosowalnosci opracowane)j przeze mnie metody obejmuje réwniez epoksydy
alifatyczne i cykliczne.

W kolejnym etapie swojgj pracy postanowilam sprawdzié, czy oksetany moga by¢ prekursorami
rodnikéw w katalizie witaming Bi:. Ze wzglgdu na prawic dwukrotnie wigksza energig swobodng
Gibbsa otwierania pierScienia, w poréwnaniu do epoksydow, kluczowym etapem badan bylo wybranie
odpowiedniego kwasu Lewisa. Najlepszy okazal si¢ bromek trimetylosililu. Optymalizacja warunkow
reakceji pozwolila na vzyskanie finalnych produkiéw z bardzo dobrymi wydajnosciami. Metoda ta jest
uzyteczna zardwno w reakeji typu Giese jak rowniez w reakceji sprzggania krzyzowego.

W ostatniej fazie prac zaprojektowalam reagent, ktory pozwolil na generowanie zaréwno
rodnikéw alkilowych jak 1 acylowych. W oparciu o profil kinetyczny, udowodnilam ze tworzenie

rodnikow alkilowych jest procesem determinujacym szyvbkosé reakcji.

Przeprowadzone przeze mnic badania, wykazaly, Zze w recakcjach katalizowanych witaming Bi;
substratami, oprocz powszechnie stosowanych halogenkéw alkilowych, mogg byé réwniez epoksydy

i oksetany.
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6. STRESZCZENIE W JEZYKU ANGIELSKIM / ABSTRACT IN ENGLISH

CONH; Vitamin Bi; is a complex biomolecule of great importance for the
CONH;
o normal functioning of all living organisms. In eukaryotic cells, it
HaNOC” SN . CONH,
SN ‘N { acts as a cofactor that is involved in many biochemical processes
H N FoN= (methyl transfer, isomerization, or dehalogenation). Its high
HaNOC ”
| catalytic capacity is conditioned by the presence of a weak covalent
i . CONH,
oﬁJ <N Co-C bond that can be selectively cleaved under reducing
NH " . . . .
[ o N conditions, light or temperature becoming a source of radicals. This
o - e g . ;
O 0 characteristic feature together with its non-toxicity is an ideal
v O H
° “oH alternative to expensive and toxic catalysts containing heavy metals
Vitemin B,,

such as lead, ruthenium, or iridium. Many reactions catalyzed by

vitamin B;; have been developed, of which, the majority utilise alkyl halides as a source of radicals.

In the first part of this work, I have focused on exploring the possibility of generating alkyl
radicals from epoxides. In the case of photocatalytic reactions involving aryl epoxides, the attack of
the reagents occurs from the more sterically hindered side, leading to highly reactive benzyl radicals.
I revealed that in contrast to known methods, the bulky vitamin By catalyst can generate
primary radicals, which react with electrophiles, to produce secondary alcohols. The range of
applicability of the developed method includes aliphatic and cyclic epoxides.

In the next part of my work, I decided to check whether oxetanes can be a radical precursors
in vitamin By, catalysis. Due to oxetanes having nearly double the Gibbs free energy compared to the
ring opening of epoxides, the key step in this transformation was to select the appropriate Lewis acid.
It was revealed that bromotrimethylsilane was the optimum Lewis acid. The optimization of the
reaction conditions allowed the formation of the desired products in excellent yields. This method is
useful for both Giese-type and cross-coupling reactions.

Finally, I have designed a reagent, that can generates, both, acyl and alkyl radicals. The

kinetic profile revealed that the generation of alkyl radicals is a rate-determining process.

In summary, my studies showed that epoxides and oxetanes can be used, in addition to

commonly used alkyl halides, in vitamin B, ,-catalyzed reactions.
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ABSTRACT: Ring-opening of epoxides furnishing either linear or
branched products belongs to the group of classic transformations
in organic synthesis. However, the regioselective cross-electrophile
coupling of aryl epoxides with aryl halides still represents a key
challenge. Herein, we report that the vitamin B,,/Ni dual-catalytic
system allows for the selective synthesis of linear products under
blue-light irradiation, thus complementing methodologies that give
access to branched alcohols. Experimental and theoretical studies
corroborate the proposed mechanism involving alkylcobalamin as

an intermediate in this reaction.

B INTRODUCTION

Driven by high demand for sustainable and efficient reactions,
the discovery of selective reactivity patterns remains a key
challenge. As epoxides are crucial building blocks in the
synthesis of nonsymmetrical alcohols, their regioselective
reactions have been intensively studied.'™ In particular,
considerable attention has been recently devoted to the
utilization of epoxides in cross-electrophile couplings leading,
in general, to regioisomeric (linear and branched) products
(Scheme 1).*”7 It has been shown that the innately
electrophilic epoxides can be transformed into radicals and,
as such, be involved in a transition-metal-catalytic cycle.”®
Depending on reaction conditions, the initial nucleophilic

Scheme 1. Regioselective Nickel-Catalyzed Cross-
Electrophile Coupling of Epoxides with Aryl Halides

OH Weix (2014)

Ar
RN AN OH

- Ar=Br Ar=Br
linear W| W branched
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This work ” Doyle (2020):

Ar
o
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hv h

OH Ar=I| Are=|
/K, ar [Comil [NI/Ti/PC]
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linear
- sole regloisomer
- mild reaction conditions
- vitamin By, as Co-catalyst
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DFT - alkylcobalamin as Intermediate

O vitamin B,, as a cobait-catalyst
O sole reglolsomer
Q mild reaction conditions

attack occurs predominantly at either the terminal or internal
carbon atom,

In 2014, Weix and co-workers developed a nickel-catalyzed,
regiodivergent cross-electrophile coupling of epoxides with
various halides and triflates.® For aliphatic epoxides (Scheme 1,
upper part), the regioselectivity of the ring-opening step
depends on the cocatalyst used. Sodium iodide promotes the
formation of a linear product. The nucleophilic attack of the
iodide anion at the less substituted carbon atom affords
iodohydrin, which in turn undergoes reduction and Ni-
catalyzed coupling with an electrophile. On the other hand,
in the presence of a titanocene cocatalyst secondary alkyl
radicals are generated, facilitating the formation of branched
prodl.lcts.g’10 Aryl epoxides, however, react predominantly at the
benzylic position, regardless of the conditions employed. A similar
reactivity pattern has been recently reported by the Doyle
group, who used organic iodides and the Ti/Ni/photoredox
catalytic system in ring-opening reactions of three major
classes of epoxides, namely, aryl, aliphatic, and bicyclic
(Scheme 1, lower part).'* By changing a nickel complex, the
authors were able to transform aliphatic epoxides into linear
products, while aryl epoxides selectively formed branched ones.
Despite the enormous importance of these contributions, the
synthesis of linear products from aryl epoxides via cross-
electrophile coupling still represents an unsolved challenge.
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Scheme 2. (A) Structures of Cocatalysts: Vitamin B;, and Derivatives; (B) Proposed Mechanistic Concept

(A) Structures of Co-catalysts used (B) Mechanistic concept
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Our recent work on the alkylation of strained molecules
showed that cobalt catalysis opens the Pa’rh to a polarity-
reversal strategy for radical couplings. 2 We questioned
whether it would be possible to adapt this methodology to
achieve selective reactions of epoxides. Herein, we disclose that
the nudleophilicity of Co{I} species along with sterically
restricted side chains allows generating C-radicals from
epoxides in a selective manner and engage them in Ni-

catalyzed cross-coupling.

B RESULTS AND DISCUSSION

Design of the Catalytic System. Vitamin B, (1,
cobalamin) is a natural cobalt complex of remarkable stability
and high biological importance.l3_ ® Due to the unique ability
to form light-sensitive cobalt—carbon bonds, vitamin By, {1)
and its hydroPhobic and amphiphilic derivatives 2 and 3
(Scheme 2A)'°*' have also been adopted for synthetic
chernistry and used as redox mediators for the generation of
various radicals.***® We assumed that a nucleophilic Co{I})
complex that forms upon the reduction of cobalamin should
open electrophilic epoxides, generating alkyl cobalamins
(Scheme 2B). Such intermediates, upon light irradiation,
undergo the homolytic Co—C bond deavage to give alkyl
radicals, which can be engaged in a number of both radical
reactions and transition-metal-catalyzed cross-couplings. Im-
portantly, from the viewpoint of regioselective design, a bulky
vitamin By catalyst should attack an epoxide from the less
sterically hindered side. This kinetic factor may prevail over the
high thermodynamic preference for stabilized benzyl radicals
and thus allow the selective formation of primary radicals of
type TIL.

To examine our hypothesis, in the first instance, we
theoretically investigated the possible formation of alkyl
radicals via a sequence of the epoxide ring opening with
reduced vitamin B, (Co(I) complex) followed by homolytic
cleavage of the Co—C bond in alkyl cobalamin II. DFT
calculations were performed with Gaussian 182 Geometry
optimizations were computed at the BP86/6-31G(d) level of
theory with the D3 version of Grimme’s empirical dispersion
correction and solvation (acetone) with the SMD model
Frequency analysis was performed at the same level to provide
correction to thermodynamic functions and confirm the nature
of optimized structures {minima and transition states featured
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zero or one imaginary frequency, respectively). Single-point
energies were computed at the BP86/6-311++G(2dEp) level
of theory with the D3 version of Grimme’s empirical
dispersion correction and solvation {acetone) with the SMD
model. Several hybrid and long-range corrected functionals
were tested for the model reaction (see Supporting
Information {SI) for details). BP86 was, however, selected
for further studies due to good performance reported for both
ground and exited state calculations of cobalamin systems.zs_so
We performed calculations approximating the structure of
vitamin By, (1) with a Co-corrin complex bearing 15 methyl
groups, reflecting the substitution pattern at the periphery of
the macrocydic ring (Figure 1).

The calculated Gibbs free energy profile for the benchmark
reaction of styrene oxide {5a) with the Co-corrin complex is
depicted in Figure 1. Two paths, involving the nucleophilic
attack on either side of the epoxide, were considered. In line
with our assumptions, the ring opening of the epoxide with the
nucleophilic Co{I) complex should proceed at the less
hindered terminus with a 43.7 kJ/mol barrier, accessible
even under mild conditions (black path). The barrier for the
analogous reaction at the more hindered side is ~8 kJ/mol
higher (gray path). Sterically driven differences in the reactivity
might be even more pronounced for native vitamin By, or its
derivatives compared to the selected model, due to presence of
more sizable substituents at the corrin ring. Then, the resulting
Co(IIT) complex (I) is protonated, providing intermediate IL
As expected for alkyl cobalamins, the Co—C{sp®) bond in Ila
and IIb is relatively weak and quite vulnerable to homolytic
cleavage toward alkyl radical ITIa or IITb and a Co{II) complex
(AG = 141.9 and 82.6 kJ/mol, respectively). In particular, ITa
could undergo Co—C photodissociation, presumably through
the mechanism proposed by Kozlowski, involving generation
of the singlet radical pair from the first electronically excited
state {§1).317%3

The lowest singlet (Ia-S1) vertically excited states of
intermediate Ila were found at 2.20 eV {212.5 kJ/mol, TD
BP86-D3/6-311++G(2dEp)), while the relaxed S1 state lies
28.2 kJ/moI lower and features eIongation of the Co—C bond
by 0.22 A. Noticeably, due to the preference for the
nucleophilic attack at the less hindered side of the epoxide,
the above-described path (black) should provide access to a 2-
hydroxy-2-phenyl ethyl radical (IIla), even though isomeric

https://doi.org/10.1021/jacs.1c00659
J. Am. Chem. Soc. 2021, 143, 93689376
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Figure 1. Calculated Gibbs free energy profile for the reaction of
styrene oxide with the Co(l)-corrin complex.

benzyl radical IIIb is thermodynamically more stable by 47.2
kJ/mol.

To support theoretical studies, the reductive photochemical
ring opening of styrene oxide (5a) in the presence of a
hydrophobic vitamin By, derivative, HME (3), was performed
(Scheme 3). The selected Co complex 3 allows convenient
monitoring of reactive intermediates by ESI mass spectrometry
due to its tendency to undergo facile ionization.

Scheme 3. Vitamin B,,-Catalyzed Ring Opening of Epoxide
5

OH Il
O HME (3), Zn pp | 1. blue LED OH
Ph” NH4CI, acetone 2.[H] Ph
Co(ill
5a [Co(i] B
m/z = 1157.5149 [M+H]*

Indeed, the formation of intermediate alkyl-cobalt(III)
complex II was observed by HR-MS (m/z = 1157.5149 [M
+ HJ", see the SI, Section 6.2), which is in good agreement
with previous reports by Scheffold®**™3® and Rusling,39 who
used vitamin By, (1) for isomerization of symmetrical epoxides
to allyl alcohols. Satisfyingly, alcohol 9a with a —OH group at
the benzylic position formed just after 30 min. These results
corroborate the proposed mechanistic concept in which
vitamin B, opens the aromatic epoxide from the less hindered
side at the thermodynamic expense of forming the less stable
radical III in the subsequent light-induced cleavage step.

Knowing that B,, catalysis can be merged with metal-
catalyzed reactions, © we next evaluated the feasibility of
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incorporating the generated alkyl radicals in the Ni catalytic
cycle. Adding electrophilic aryl halides should enable cross-
electrophile coupling and thus provide a convenient method
for the carbon—carbon bond formation.*® The plausible
mechanism for the reaction of epoxides with aryl halides in
the presence of the B,/Ni catalytic system based on literature
reports is outlined in Scheme 2B.”*'~** The coupling requires
the cooperation of both transition metal complexes (Co and
Ni) that are activated by Zn/NH,CL** The oxidative
addition of aryl halide to Ni(0) produces aryl nickel(II)
species IV, which undergoes subsequent alkylation with radical
III and generates intermediate V. Alternatively, the same
Ni(III) species can originate from the interception of alkyl
radical III by Ni(0), preceding the oxidative addition, as has
been recently proposed by Molander and Kozlowski.* Both
these possible pathways are followed by irreversible reductive
elimination, leading to the regioselective formation of a linear
product. Cobalt(II) and nickel(I) complexes are regenerated to
Co(I) and Ni(0) with Zn, thereby closing the cycles.

Styrene oxide (5a), when subjected to the reaction with
p-iodotoluene (6a) in the presence of HME (3) and
NiCl,(DME), generated desired linear product 7aa as a single
regioisomer in 16% yield (Scheme 4). The replacement of

Scheme 4. Proof-of-Concept Experiments

o) OH Ar
Co-catalyst/NICI,(DME)
+ Ar—I Ar + OH
Ph” dtbbpy, Zn, NH,CI, NMP Ph)\’ Ph
5a 6a biue LED 7aa (linear) 12 (branched)

Co-catalyst - HME (3, 5 mol%) 7aa 16%, 12 0%
Bz (1, 5 mol%)7aa 41%, 12 0%
none Taa 7%, 12 28%

“Conditions: epoxide (5a, 0.2 mmol), aryl halide (6a, 1.5 equiv),
NiCL(DME) (20 mol %), Zn (3 equiv), NH,Cl (3 equiv), dtbbpy
(40 mol %), dry NMP (¢ = 0.1 M), blue LED (single diode, 10 W),
30 min.

HME (3) with native vitamin B,, increased the yield up to
41%. Noteworthy, the reaction without any cobalt complex
added not only was lower-yielding but also led to a mixture of
two regioisomers with a predominance of the branched
product. This result clearly shows the decisive influence of the
cobalt cocatalysis on the selectivity of this transformation. Control
experiments confirmed the dual-catalytic and light-induced
nature of the process, while the addition of a radical trap
(TEMPO) supported its radical character (see SI).

Noteworthy, the reaction without any cobalt complex added
not only was lower-yielding but also led to a mixture of two
regioisomers with a predominance of the branched product.
This result clearly shows the decisive influence of the cobalt
cocatalysis on the selectivity of this transformation. Control
experiments confirmed the dual-catalytic and light-induced
nature of the process, while the addition of a radical trap
(TEMPO) supported its radical character (see SI).

Optimization. Next, we turned our attention toward the
synthetic utility of the developed method. The reaction was
optimized with respect to cobalt and nickel catalysts, solvent,
ligand, and reducing system, providing the desired product 7aa
in 60% yield (Table 1, entry 1).

We found that the addition of water (1.1 equiv) improved
the yield of the reaction, while kinetic studies allowed us to
determine the optimal reaction time (30 min, for details, see

SI). The use of hydrophobic HME (3) instead of the parent

https://doi.org/10.1021/acs.1c00659
J. Am, Chem. Soc. 2021, 143, 9368—9376

https://rcin.org.pl



Journal of the American Chemical Society

pubs.acs.org/JACS

Table 1. Optimization Studies of the Cross-Electrophile

Ring Opening of Epoxides“
/©/ Ph

B,/NICL{DME)
dtbbpy, Zn, NH,CI

0
P
5a

8a H,0 (1.1 equiv.), NMP Taa
biue LED
entry deviation from the standard conditions yield (%) 7aa®
L none 60
2 HME instead of B, S7
3 Co(acac); instead of B, S
4 CoCl, instead of B, 7
5 Co(dmgH),Cl(py) instead of By, 8
6 Co(dmgH),Pr(py) instead of B, 11
7* Mn instead of Zn 30
8 NiCl, instead of NiClL,(DME) 36
9 Ni(acac), instead of NiCL,(DME) 33
10 Ni(OTf), instead of NiCL,(DME) 39
11 1,10-phenanthroline instead of dtbbpy 24
12 terpyridine instead of dtbbpy 1

[SS

13 no water added
“Conditions: epoxide (5, 0.2 mmol), aryl halide (7, 1.5 equiv), B,; (5
mol %), NiCL(DME) (20 mol %), Zn (1.5 equiv), NH,CI (3 equiv),
dtbbpy (40 mol %), H,O (1.1 equiv), dry NMP {c = 0.1 M), time 30
min, blue LED (single diode, 10 W) {for more details see SL). *Mn
(1.5 equiv), TMSCI (0.2 equiv), dmgH = dimethylglyoxime, dtbbpy =
4,4'-di-tert-butylbipyridine.

vitamin B;, had little impact on the optimized model reaction
{entry 2), while other commonly utilized cobalt complexes
(Co(acac)3, CoCl,) led to a decrease in the yield of alcohol
7aa (entries 3, 4). We have also examined cobalt
dimethylglyooximate (dmg) comglexes, which have been
used by Pattenden*” and Morandi*® in regioselective cobalt-
catalyzed coupling of aliphatic epoxides with alkenes. In our
system, however, both catalysts afforded the desired product
7aa only in low yields (entries 5, 6). Evaluation of reducing
agents ruled out manganese or tetrakis(dimethylamino)-
ethylene (TDAE) as an efficient alternative to the Zn/
NH,CI system {entry 7). It also allowed establishing the
optimal ratio of the two components at the 1.5 equiv: 3 equiv
level. The reaction outcome did not improve in the presence of
NiCl,, Ni{acac),, or Ni{OTY), as well as other ligands (entries
8—12). Finally, various solvents were tested {for more details,
see SI), but NMP with the addition of water (1.1 equiv)
assured the highest yield {entry 13).

Detailed analysis of the reaction mixture revealed the
formation of byproducts aside from desired product 7aa
under the optimized conditions {Scheme 2B). Acetophenone
{8a, a side-product originating from epoxide Sa) formed in 5%
yield presumably via f-hydride elimination, while styrene
{10a) is obtained in 30% yield from intermediate alcohol 9.+
Finally, the reductive elimination in the nickel cycle may
account for the observed small amount of biphenyl 1 1.7
order to gain more insight into the reaction mechanism, we
carried out the reaction with enantioenriched styrene oxide
{5a) under the optimized conditions. The expected coupling
product 7aa was obtained without any erosion of the
stereocenter, which further supports the premise of the
formation of the radical at the terminal position.

Substrate Scope. With the optimized conditions in hand,
we explored the scope and limitations of the developed
method {Scheme §}.

9371

Monosubstituted aryl epoxides Sa-f, bearing both electron-
withdrawing and electron-donating substituents, are, in
genera.[, well-tolerated and give corresponding products 7aa—
fa in 50—58% yields. However, 2-{4-methoxyphenyl)oxirane
{5e) does not afford the desired product, as it decomposes
rapidly under the present conditions. For disubstituted
epoxides, the substitution pattern determines their reactivity.
1,1-Disubsituted epoxide 5f leads to product 7fa in 44% yield,
while 1,2-disubstituted epoxide Sg remains unreactive. As far as
aryl halides are concerned, under standard conditions, both
electron-donating and electron-withdrawing substituents are
well tolerated, giving desired products 7ab—ao in good to
moderate yield (28—63%). Substitution at the 3- or 4-position
of an aryl halide does not affect the reaction. In contrast, the
more hindered halide, 2-iodotoluene {6c), undergoes coupling
with styrene oxide {3a) in reduced reaction yield {compare
7aa, 7ab, and 7ac). Although vitamin B,, exhibits exquisite
reactivity in dehalogenaﬁon reac:tions,ll which often precludes
the use of halogenated substrates, in our conditions product
7ad forms in 44% yield. Importantly from the standpoint of
possible further functionalizations, other functional groups
{(hydroxyl, carbonyl, protected amine) remain unaffected.
Moreover, the representative heteroaryl halide, 5-iodo-(4-
methylphenylsulfonyl)indole (61), proves to be a viable
substrate in the studied reaction without any further
optimization needed. The developed method is also suitable
for epoxides with aliphatic substituents {Scheme 5). The chain
length does not impact the transformation’s outcome; the
reaction with 12-epoxyhexane (Sh) and 1,2-epoxydodecane
(5i) gives products in 74% and 77% vield, respectively. We also
found that aliphatic epoxide 5j, possessing a protected primary
hydroxyl group, could be converted into secondary alcohol 7ja
in 60% vyield. The reaction with 4-(phenylsulfonyl)-1,2-
epoxybutane (Sk) gives corresponding product 7ka in 73%
yield. The potential use of aziridines as substrates was also
investigated under the developed conditions, but only low
yields of the respective products were obtained (see SI).
Further studies on extending our methodology to other classes
of heterocydles are currently ongoing in our laboratory.

Subsequently, the scope of aryl halides for the reaction with
1,2-epoxyhexane {Sh) was explored. Substrates with both types
of substituents—electron-rich and electron-deficient—on the
aromatic ring afford the corresponding products 7hd—el in
satisfactory yields. The N-Boc-protected amine, alkoxy, and
carbonyl functionalities are well tolerated. The reaction with 1-
chloro-4-iodobenzene (6d) leads to anticipated alcohol 7hd in
51% vyield. Similar to the reaction with aryl epoxides, indole-
derived halide 61 proved also a competent substrate, affording
1-(1-tosyl-1H-indol-5-yl} hexan-2-ol {7hl).

Compared to monosubstituted substrates, bicyclic epoxide
50 was converted to the desired coupling product 7oa with a
significantly lower yield.* Therefore, to gain a better under-
standing of how the reaction conditions affect the cross-
electrophile coupling of disubstituted epoxides with aryl
halides, additional experimental and theoretical studies were
performed.

The use of hydrophobic analogue 3 instead of vitamin B,
(1) does not bring any substantial improvement (Table 2,
entries 1, 2). However, with the simultaneous replacement of
NMP with acetone, a 2-fold increase in the yield of 70a was
observed (entry 3). A similar trend was also present for bicyclic
epoxide 5n and l-oxaspiro[2.5]octane (5m), which provide
considerably higher yields of desired alcohols 7na and 7oa in

https://doi.org/10.1021/jacs.1c00659
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Scheme §. Vitamin B,,-Catalyzed Ring-Opening Cross-Electrophile Coupling of (a) Aryl Epoxides® and (b) Alkyl Epoxidesb’c
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7ag 60% 7ah 48% 7ai 28% 7aj 63% 7ak 42%
Ts
. hi wco NH, w NHBoc )OHVQ/CHEOH
o J Py Ph Ph
7al 44% 7am 33% 7an 60% 7a0 46%
alky! epoxides®

7ja 60%

Tia 77%

dﬁﬁ
7ma (B12) 21%
(HME)° 29%

7ha 74%
H

'uo

7na (Byp) 14% (d.r21:1)
(HME)® 57% (d.r 23:1)4

§

7ka 73% 7la 37%

e
5 1

Pt

7oa (Byp) 31% (d.r7:1)¢ 7pa (B and HME) 0%

(HME) 56% (d.r 7:1)¢

aryl halides

287 shaoavsas s Uasa cUka s

7hd 51% The 55%

7hg 50%

7hn 60% 7hl 51%

“Conditions: epoxide (0.2 mmol), aryl halide (1.5 equiv), By, (5 mol %), NiCl,(DME) (20 mol %), Zn (1.5 equxv), NH,CI (3 equiv), dtbbpy (40
mol %), H,O (1.1 equiv), dry NMP (¢ = 0.1 M), blue LED (single diode, 10 W), 30 mm (for more details see SI). “Blue LED (single diode, 3 W),
16 h. ‘HME (5 mol %), acetone (¢ = 0.1 M), blue LED (single diode, 3 W), 16 h. “Determined by GC.

the presence of the HME/acetone system compared to vitamin
B,,/NMP. The main feature by which the studied Co catalysts
differ is the presence/absence of the so-called “nucleotide
loop” (the axial ligand located at the a face of the corrin ring
with a §',6'-dimethylbenzimidazol (DMB) moiety) in addition
to the replacement of amide into ester groups. Halpern et al.
reported that in methyl malonyl-coenzyme A rearrangement
switching between base-on and base-off forms of (CN)Cbl (1)
changes the strength of the Co—C bond and hence the rate of
its homolytic cleavage To assess if the presence of this
structura] element impacts opening of bicyclic epoxides, we
used cobalester 2 as a Co complex. This catalyst bears a
nucleotide loop in its structure, but unlike parent vitamin B,
it dissolves well in both NMP and acetone, allowing for a direct
comparison. A decisive solvent’s dependence was observed,
with acetone assuring a higher yield than NMP (entries 4, S),
which corroborates the sole influence of the reaction medium.
Likewise, the reaction catalyzed by cobinamide 4 (amide
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groups, no nucleotide loop) in NMP gives similar results to
reactions catalyzed by other B, derivatives in this solvent
(entry 6).

Performed kinetic studies contributed to a better under-
standing of the observed differences. The rate of the bicydic
epoxide (50) ring opening was found to vary significantly
depending on the conditions applied (Chart 1). It takes 6 h to
fully convert epoxide So in both vitamin B,,- and HME-
catalyzed reactions as long as NMP is used as a solvent
(compare fields A and C). On the other hand, the reaction in
acetone provides full conversion in less than 3 h, which,
presumably, translates to greater availability of alkyl radicals at
a particular time (compare fields C and D).

The reactivity of aryl iodide toward a Ni catalyst is assumed
to be at a similar level, regardless of the conditions applied.
Therefore, in NMP an insufficient concentration of alkyl
radicals derived from bicyclic epoxides may promote Ni-
catalyzed homocoupling of aryl iodide 6a, an unproductive
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Table 2. Influence of the Co Complex Structure on the
Opening of Bicyclic Epoxides®

0 I R
& Co-catalyst/NiCl;(DME) H
O @/ dtbbpy, Zn, NH,CI
blue LED
50 6a 7oa
entry solvent catalyst yield (%) 7oa
1 NMP B, 31
CONH, loop
2 NMP HME 26
CO,Me no loop
3 acetone HME" 56
CO,Me no loop
4 acetone cobalester'’ S8
CO,Me loop
5 NMP cobalester 32
CO,Me loop
6 NMP cobinamide™ 35
CONH, no loop

“Conditions: epoxide (S0, 0.2 mmol), aryl halide (6a, 1.5 equiv), Co
catalyst (S mol %), NiCl,(DME) (20 mol %), Zn (1.5 equiv), NH,Cl
(3.0 equiv), dtbbpy (40 mol %), solvent (¢ = 0.1 M), blue LED
(single diode, 3 W), 16 h.

pathway, leading to biphenyl (11a) (fields A and C).*** This
side-product is observed only in the presence of the Ni
complex. The higher reactivity of monosubstituted aliphatic
epoxide Sh is reflected by its faster conversion as compared to
bicyclic epoxide 5o (compare fields A and B). In their case, the
catalyst and the solvent do not affect the reaction; yields are
almost identical (74%) in both cases.

The observed reactivity pattern corresponds well with the
calculated barriers for the nucleophilic opening of the epoxides

with the Co(I)-corrin complex (Figure 2). In general, the
Gibbs free energy of activation for the reaction of aryl- and

R'=H,R2=CH,

R'=H,R2=Ph R'=CH;,R?=H
AGY = 43.7 kd/mol AGY = 47.1 kJ/mol AGt = 67.4 kdimol
TS3 P TS4a

R'=CH,, RZ2=Ph

R'=CH3, R?=Ph
AGH = 78.9 kJ/mol

AGF = 74.4 kJ/mol

R'R? = CH-(CH,),-CH
AGY = 71.1 kJimol

Figure 2. Gibbs free energy barriers for the opening of epoxides with
the Co(I)-corrin complex calculated at the BP86-D3/6-311++G-
(2df,p)/SMD(acetone)//BP86-D3/6-31G(d)/SMD (acetone) level
of theory.

alkyl-monosubstituted epoxides (TSla and TS2a, 43.7 and
47.1 kJ/mol for Ph- and Me-substituted, respectively) is
smaller than for more sterically demanding 1,2-disubstituted
epoxides (TS3 and TS4, >70 kJ/mol). Nevertheless, bicyclic
substrates 5n,0 provide desired products 7na and 7o0a in good
yields, while epoxide Sg, for which the activation barrier is ~3
kJ/mol higher, remains unreactive (TS3 versus TS4a)

Chart 1. Kinetic Profile of the Opening of Bicyclic Epoxides (60) (A, C, D) and Aliphatic Epoxide 6h (B)™”

A) Bj,in NMP
0o

8 === Epoxide

] =l Hallide

] e Product

g o= Biphenyl

3

T

]

2

[

800 t fmin.]

B) By, in NMP

5 /W\G\ —t— Epoxide

2 oH e Halide

§ 1.2 et Product

§ =—=—Bipheny!
Sos8 /-

|

i

%04 .

‘-ﬂﬁ;
0 PPt < <+ ¢ ;
0 200 400 600 goo ‘t[min]

C) HME in NMP

g o —o—Epoxide

s ll g Hallde
8§12 ~—ar—Product
§ \ =o—Biphenyl
Y 08 1
5 .

o

s 2

04 4 i
0 . .
0 200 400 600 goo  ‘fmin

D) HME in acetone

§ o === Epoxide

2 ~ == Halide

§ 12 g Product

8 —o—Biphenyl

3

3 08

3

B

* 04

0
0 200 400 600 goo tmin]

“Conditions: epoxide (5, 0.2 mmol), aryl halide (6a, 1.5 equiv), Co catalyst (S mol %), NiCl,(DME) (20 mol %), Zn (1.5 equiv), NH,CI (3.0
equiv), dtbbpy (40 mol %), solvent (¢ = 0.1 M), blue LED (single diode, 3 W), 16 h, dodecane as an internal standard. “Measurements at f = 0 min

refer to concentrations of compounds before mixing two solutions; see SI.
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regardless of the Z/E configuration of the epoxide {TS4a vs
TS4b, AGF = 74.4 vs 78.9 kJ/mol). Additionally, the observed
regioselectivity is well reflected by the energetically favored
attack of the Co{l)-corrin on the less hindered side on
propylene oxide {a model used for an alkyl epoxide, TS2a vs
TS2b, AGF = 47.1 vs 67.4 kJ/mol).

B CONCLUSIONS

We have developed a highly regioselective, Co/Ni-catalyzed
ring-opening reaction of epoxides with aryl halides. The scope
of our method has been demonstrated in a broad range of
aliphatic and aromatic epoxides. Gratifyingly, these include
cyclic and disubstituted epoxides even though the Gibbs free
energy of activation for their reactions are higher than for alkyl-
and aryl-monosubstituted substrates. Due to the mild reaction
conditions, a wide range of functional groups is well tolerated.

Only the cooperation of vitamin B,; as a Co catalyst with Ni
catalysis assures high regioselectivity of the cross-electrophile
coupling. The crucial ring opening by the Co{I} complex
occurs from the less hindered side, leading to linear products.

This new methodology complements the existing ap-
proaches providing access to a diverse array of substituted
alcohols, which are valuable feedstock chemicals in synthetic
and medicinal chemistry. Consequently, it closes the gap in the
synthesis of linear and branched alcohols via cross-electrophile
coupling; they are now accessible from both alkyl and aryl

epoxides.
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1. General Information

General Procedures. Unless otherwise noted, reactions were performed without the exclusion of air or moisture.
All the photochemical reactions were performed in 10 mL glassy vials sealed with aluminum caps containing a
rubber septa. Reactions were monitored by gas chromatography (GC, specification below) or thin-layer
chromatography (TLC) on Merck silica gel (GF254, 0.20 mm thickness), visualizing with UV-light, potassium
permanganate (KMnO,), or ceric ammonium molybdate (CAM)/Hanessian’s stain. Colum chromatography was
performed using Merck silica gel 60 (230-400 mesh). GC yields were calibrated using dodecane as an internal
standard.

Materials. Commercial reagents and solvents were purchased from Sigma-Aldrich, Acros Organics, Alfa Aesar,
Fluorochem, and TCI, and used as received unless otherwise noted. Dry solvents: dimethyl sulfoxide (DMSO),
dichloromethane (CH2Cly), tetrahydrofuran (THF), acetonitrile (CH3CN) were taken from Solvent Furification
System (SPS). Deuterated solvents (CDCls, (CD3),CO and MeOD) were purchased from Eurisotop. Amidine
ligands (S18)!, 5-iodo-1-(4-methylphenylsulfonyl)indole (61)%, 4-tert-butylphenylethylene oxide (Sb)?, 4-cyano-
butylphenylethylene oxide (5d)*, 4-(phenylsulfonyl)-1,2-epoxybutane (5k)°, 1-oxaspiro(2.5)octane (Sm)%, N-(p-
tolylsulfonyD)-2-phenylaziridine  (S20)7, N-tosyl-6-azabicyclo[3.1.0]hexane (S21), 2-butyl-N-tosylaziridine
(822)7 and catalysts: NiCh(dtbbpy)®, (CNIXILO)Chy(OMe): (3),° Co(dmgHpyPr (S6)'° were synthesized
according to literature procedures.

Before the reaction, zinc was activated by the following method: a) washing with 10% HCI, b) grinding, ¢) washing
with H,O, EtOH, and Et;0, d) drying in a vacuum.

Instrumentation.

s  NMR Spectroscopy: ' and *C NMR spectra were recorded at 25 °C on a Bruker 400 MIz, 500 Mz
or Varian 600 MHz instrument with TMS as an internal standard. NMR chemical shifts are reported in
ppm and referenced to the residual solvent peak of CDCls (7.26 ppm - 'H NMR and 77.16 ppm - 1*C
NMR). Multiplicities are indicated by singlet (s), doublet (d), triplet (t), quartet (q), multiplet (m} and
broad (br). Coupling constants (J) are reported in Hertz. All data analysis was performed using
MestReNova software package.

s GC/MS Chromatography: GC-MS analyses were performed using Shimadzu GCMS-QP2010 SE gas
chromatograph with FID detector and Zebron ZB 5MSi column.

s Elemental Analysis: Elemental analysis (N, H, C, S) were performed on PERKIN-ELMER 240 Elemental
Analyzer.

» High Resolution Mass Spectrometry: High-resolution mass spectra (HRMS) were recorded on a Waters
AutoSpec Premier instrument using electron iomization (El) or a Waters SYNAPT G2-S5 HDMS
instrument using electrospray ionization (ESI) with time of flight detector (TOF).

s [ow Resolution Mass Spectrometry: I.ow-resolution mass spectra (LRMS) were recorded on an Applied
Biosystems API 365 mass spectrometer using electrospray ionization (EST) technique.

s  Melting points: Melting points were recorded on a Marienfeld MPM-H2 melting point apparatus and are
uncorrected.

® [igh-performance liquid chromatography (HPLC): High-performance liquid chromatography (HPLC)

was performed on Daicel Chiralpak ID-H column (250 mm x 4.6 mm inside diameter) using a mixture of
AcOEt in hexane (10%) as a mobile phase.



2. Setup for photoreactions

Reactions were performed in three different types of photoreactors (Figure 2.1)

Figure 2.1 Photograph of a photoreactors

Characteristic of photoreactors:
A. Blue LED,; single diode 3 W, controlled by mini chiller set up at 33 °C, reactions in 10 mL vials;
B. Blue LED; single diode 10 W, fan cooling, reactions in 10 mL vials;

C. Blue LED; LED tape 9 W, fan cooling, reactions in a test tubes.
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3. Full Optimization of the Reaction Parameters

Model reaction:

~ A ¢ INICI,{DME) OH ”
. Lo-catalyst 5
i sy Zn, NH,CI Ph Ar + Ph/'\/OH
5a 6a blue LED 7aa (linear) 12 (branched)
Ar= / \

Reaction conditions: styrene oxide (5a) (0.2 mmol, 1 equiv.), 4-iodotoluene (6a) (1.5 equiv.), Zn (3 equiv.), NH4Cl (3 equiv.), Biz (1) (5
mol%), NiCl;(DME) (20 mol%), dtbbpy (40 mol®0), water (1.1 equiv.), dry NMP (¢ = 0.1 M), blue LED, 30 min.

3.1 Background experiments

Entry Deviation from the Standard Conditions Yield of 7aa [%2]
1 none 60
2 No Co-cat., No NH4Cl 7 and 28%
3 No Co-cat., No Ni-cat., No ligand 0
4 No Ni-cat., No ligand 0
5 No light <10%
&b No light, 50 °C 26
7* No light, 80 °C 28
8 Air atmosphere product not observed

Reaction conditions: styrene oxide (5a) (0.2 mmol, 1 equiv.), 4-iodotoluene (6a} (1.5 equiv.), Zn (3 equiv.), NH4Cl1 (3 equiv.), B1; (1) (5
mol%), NiCl,(DME) (20 mol%), dtbbpy (40 mol%6), water (1.1 equiv.), dry NMP (c=0.1 M), blue LED, 30 min. ® - product branched formed
— 12, " - reaction time (16 h)

3.2 The influence of light on the model reaction

Entry Light Yield of 7aa [%0]
1 Violet LEDs (tape) 23
2 White [LEDs (tape) 16
3 Green LEDs (tape) 24
4 Blue LED (single diode, 3 W) 30
5 Blue LED (single diode, 10 W) 38

Reaction conditions: styrene oxide (5a) (0.2 mmol, 1 equiv.), 4-iodotoluene (6a) (1.5 equiv.), Zn (3 equiv.), NH4Cl (3 equiv.), HME (3) (5
mol%), NiCl:DME) (20 mol%), dtbbpy (40 mol%o), acetone (2 mL), 16 h

3.3 Optimization of a solvent for HME (3) — catalyzed reaction

Entry Solvent  Yield of 7aa [%]

1 CH3CN 32
2 DMSO 7

3 Methanol 19
4 Aceton 38
5 DMF 21
6 THF 27

Reaction conditions: styrene oxide (Sa) (0.2 mmol, 1 equiv.), 4-iodotoluene (6a) (1.5 equiv.), Zn (3 equiv.), NH.Cl (3 equiv.), HME (3) (5
mol%), NiCl:(DME) (20 mol%), dtbbpy (40 mol%6), solvent (2 mL), Blue LED, 16 h
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3.4 Screening of the cobalt catalysts

Entry Catalyst Yield of 7aa [%]
1 3 38
2 S1 10
3 1 42
4 2 31
5 35 5
6 52 7
7 33 3
8 S4 7
9 S6 11

Reaction conditions: styrene oxide (5a) (0.2 mmol), 4-iodotoluene (6a) (1.5 equiv.), Zn (3 eq.), NH4Cl (3 equiv.), Co-catalyst (5 mol%),
NiClL(DME) (20 mol%), dtbbpy (40 mol%), Acetone (2 mL), Blue LEDs, 16 h

“Conditions: styrene oxide (5a) (0.2 mmol, 1 equiv.), 4-iodotoluene (6a) (1.5 equiv.), Zn (3 equiv.), NH,Cl (3 equiv.), NiCI;(DME) (20 mol%),
dtbbpy (40 mol%), dry NMP (2 mL), Blue LED, 30 min.

clo,

MeO,C N ) P\l o
N—Co—N s
C f}:C e
N =N
MeO,C 0 s E/ ; °7\j/
: R
MeOZC) OH, -—COMe |
Cobalt(IIn)
Aqus(cyano)heptamethyl Cobal(IT) phthalocyanine (S1) acetyloacetonate (S4)
cobyrinate (3)
MeQ OMe
O O = -H. 1 -
O oo | )
=N \ N 2N e Vitamin By, (1), R = CONH;
Lo - Cobalester (2), R = CO;Me
N ('.:IN P;l r'PH
0.0
O O H CoCl,
Clll.nm(p'yrldlne)bls i-Propyl(pyridine)bls Cobalt(IT) chloride (85}
MeQ OMa  (dimethylglyoximato)cobalt(IIT) (33) (dimethylglyoximato)cobalt(IIT) (96}
5,10,15,20-Tetrakis(4-methoxyphenyl)-
21H,23H-porphine cobalt (IT) (52)
7
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3.5 Optimization of a solvent for Biz (1) — catalyzed reaction

Entry Solvent Yield of 7aa [%]
1 NMP 42
2 Methanol 28
3 DMA 6
4 DMF 20
5 Acetone:Methanol 1:1 27
6 THF:H,O (1:1) 4

Reaction conditions: styrene oxide (5a) (0.2 mmol), 4-iodotoluene (6a) (1.5 equiv.), Zn (3 equiv.), NH4Cl (3 equiv.), By; (1) (5 mol%),
NiClL{DME) (20 mol%), dtbbpy (40 mol%), solvent (2mL), Blue LED, 30 min.

3.6 Biz — catalyst loading

Entry Catalyst loading [%] Yield of 7aa [%0]

1 2.5 33
2 5 42
3 15 40
4 10 38

Reaction conditions: styrene oxide (5a) (0.2 mmol), 4-iodotoluene (6a) (1.5 equiv.), Zn (3 equiv.), NH4Cl (3 equiv.), By, (1), NiCly(DME)
(20 mol%,), dtbbpy (40 mol%), dry NMP (2 mL), Blue LED, 30 min.

3.7 The influence of Zn and NH4+Cl am ounts

Entry Zn (equiv.) NH4CI (equiv.) Yield of 7aa [%]

1 3 3 42
2 3 1 34
3 6 3 22
4 3 5 20
5 3 4 31
6 3 15 42
7 3 2 46
8 1.5 3 53
9 1 3 32
10 1 2 30

Reaction conditions: styrene oxide (Sa) (0.2 mmol), 4-iodotoluene (6a) (1.5 equiv.), By (1) (Smol%), NiCl,(DME) (20 mol%), dtbbpy (40
mol%), dry NMP (2 mL), Blue LED, 30 min.
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3.8 Screening of Ni — catalysts

Entry Catalyst Catalyst loading [mol%] Yield of 7aa [%]
1 NiCl(DME) 20 53
2 NiBr,(DME) 20 43
3 NiCl; 20 36
4 NiBr, 20 43
5 Nil, 20 40
6 Ni(TMHD), 20 20
7 Ni(acac), 20 33
8 Ni(OAc)4H,0 20 31
9 Ni(OTt)h 20 39

104 NiCl(dthbpy) 20 45
114 NiCl(dthbpy) 10 46
12 NiCL(DME) 10 37
13 NiCL(DME) 40 50

Reaction conditions: styrene oxide (3a) (0.2 mmol, 1 equiv.), 4-iodotoluene (6a) (1.5 equiv.), Bi; (1) (Smol%), Zn (1.5 equiv.), NH.CI (3
equiv.), dtbbpy (40 mol%), dry NMP (2 mL), Blue LED, 30 min.; *— without ligand

3.9 Screening of ligands

811 38%

COZMB

812 53% 81313 % 814 0% 815 26%

H
o._N_ 0O =
/ L e \ O
N
NH,
816 traces B17 traces 318 0% 51941%
a9
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The amount of the ligand added:

Entry Ligand [mol%] Yield of 7aa [%]

1 10 39
2 15 41
3 20 36
4 30 37
5 40 53
6 50 39

Reaction conditions: styrene oxide (3a) (0.2 mmol, 1eq.), 4-iodotoluene (6a) (1.5 eq.), By; (1) (5mol%), Zn (1.5 equiv.), NH4CI (3 equiv.)
NiCl;(DME) (20 mol%s), dry NMP (2 mL), Blue LED, 30 min

3.10 Optimization of the substrates ratio

Entry Sa{equiv.))  6a(equiv.)  Yield of 7aa [%0]

1 1 1.5 53
2 1.5 1 43
3 1 1 40
4 1 2 36
5 2 1 45
6 1 3 42

Reaction conditions: styrene oxide (5a) (0.2 mmol), 4-iodotoluene (6a), B, (1) (5Smol%6), Zn (1.5 equiv.), NH,4Cl (3 equiv.) NiCl,(DME) (20
mol%), dtbbpy (40 mol%), dry NMP (2 mL), Blue LED, 30 min.

3.11 Concentration of styrene oxide (5a)

Entry [mol/dm3] Yield of 7aa [%]
1 0.05 18
2 0.1 53
0.2 36

Reaction conditions: styrene oxide (5a) (0.2 mmol, 1 equiv.), 4-iodotoluene (6a) (1.5 equiv.}, Bi; (1) (5 mol%), Zn (1.5 equiv.), NH.Cl (3
equiv.), NiCly(DME) (20 mol%), dtbbpy (40 mol%), dry NMP (2 mL), Blue LED, 30 min.

3.12 The influence of water on the model reaction

Entry H,0 (equiv.) Yield of 7aa [%]

1 0.3 50
2 0.6 42
3 1.1 60
4 2.2 60
5 4.4 59

Reaction conditions: styrene oxide (5a) (0.2 mmol), 4-iodotoluene (6a), Bz (1) (5 mol%), Zn (1.5 equiv.), NH4Cl (3 equiv.), NiCl,(DME)
(20 mol%,), dtbbpy (40 mol%), dry NMP (2 mL), Blue LED, 30 min.

10
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4. General Procedures
A. General procedure for aryl epoxide:

Each reaction was prepared in two glass vials (10 mL) sealed with aluminum caps with a rubber septa. The first
one, equipped with a magnetic stirring bar, was charged with activated Zn® dust (20 mg, 0.3 mmol, 1.5 equiv.),
NH4Cl (32 mg, 0.6 mmol, 3 equiv.), and catalyst 1 (5 mol%, 13.5 mg). To the second vial were consecutively
added dttbpy (40 mol%, 21 mg), aryl iodide (65 mg, 0.3 mmol, 1.5 equiv.), and NiCL(DME) (20 mol%, 9 mg).
Then dry NMP (1 mL containing water — 0.35 equiv.) was added to each vial. The resulting mixture was degassed
by purging with argon with simultaneous sonication in an ultrasonic bath for 15 min. An epoxide (0.2 mmol, 1.0
equiv.) was added dropwise via a syringe to the first vial and then the solution from the second was transferred to
the first vial. The resulting mixture was irradiated with blue LED light (single diode, 10 W; 4 = 460 nm) for 30
min. at room temperature. The resulting mixture was diluted with AcOEt, washed with water (10 mL) and brine
{15 mL). The organic phase was dried over Na:SOy, then filtered through the cotton wool and concentrated in

vacuo. A crude product was purified by means of column chromatography.
B. General procedure for aliphatic epoxide:

Each reaction was prepared in two glass vials (10 mL) sealed with aluminum caps with a rubber septa. The first
one, equipped with a magnetic stirring bar, was charged with activated Zn® dust (20 mg, 0.3 mmol, 1.5 equiv.},
NH4Cl (32 mg, 0.6 mmol, 3 equiv.), and catalyst 1 (5 mol%, 13.5 mg). To the second vial was consecutively added
dttbpy (40 mol%, 21 mg), aryl 1odide (65 mg, 0.3 mmol, 1.5 equiv.), and NiCL({DME) (20 mol%, 9 mg). Then dry
NMP (1 mL containing water —0.55 equiv.) was added to each vial. The resulting mixture was degassed by purging
with argon with simultaneous sonication in an ultrasonic bath for 15 min. An epoxide (0.2 mmol, 1.0 equiv.) was
added dropwise via a syringe to the first vial and then the solution from the second was transferred to the first vial
The resulting mixture was irradiated with blue LED light (single diode, 3 W; A = 460 nm) for 16 h at room
temperature. The resulting mixture was diluted with AcOEt, washed with water (10 mL.) and brine {15 mL). The
organic phase was dried over NaySQOy, then filtered through the cotton wool and concentrated 7 vacuo. A crude

product was purified by means of column chromatography.
C. General procedure for cyclic epoxide with Bia:

Each reaction was prepared in two glass vials (10 mL) sealed with aluminum caps with a rubber septa. The first
one, equipped with a magnetic stirring bar, was charged with activated Zn® dust (20 mg, 0.3 mmol, 1.5 equiv.),
NH4Cl (32 mg, 0.6 mmol, 3 equiv.), and catalyst 1 (5 mol%, 13.5 mg). To the second vial was consecutively added
dttbpy (40 mol%, 21 mg), aryl 1odide (65 mg, 0.3 mmol, 1.5 equiv.), and NiClL,{DME) (20 mol%, 9 mg). Then dry
NMP (1 mL containing water —0.55 equiv.) was added to each vial. The resulting mixture was degassed by purging
with argon with simultaneous sonication 1n an ultrasonic bath for 15 min. An epoxide (0.2 mmol, 1.0 equiv.) was
added dropwise via a syringe to the first vial and then the solution from the second was transferred to the first vial.
The resulting mixture was irradiated with blue LED light (single diode, 3 W; A = 460 nm) for 16 h at room
temperature. The resulting mixture was diluted with AcOEt, washed with water (10 mL.) and brine {15 mL). The
organic phase was dried over Na; 3Oy, then filtered through the cotton wool and concentrated in vacue. A crude

product was purified by means of column chromatography.
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D. General procedure for cyclic epoxide with HME:

Each reaction was prepared in two glass vials (10 mL) sealed with aluminum caps with a rubber septa. The first
one, equipped with a magnetic stirring bar, was charged with activated Zn° dust (20 mg, 0.3 mmol, 1.5 equiv.),
NH,4CI (32 mg, 0.6 mmol, 3 equiv.), and catalyst 3 (5 mol%, 11 mg). To the second vial was consecutively added
ditbpy (40 mol%, 21 mg), aryl iodide (65 mg, 0.3 mmol, 1.5 equiv.), and NiCl(DME) (20 mol%, 9 mg). Then
acetone (1 mlL) was added to each vial. The resulting mixture was degassed by purging with argon with
simultaneous sonication in an ultrasonic bath for 5 min. An epoxide (0.2 mmol, 1.0 equiv.) was added dropwise
via a syringe to the first vial and then the solution from the second was transferred to the first vial. The resulting
mixture was irradiated with blue LED light (single diode, 3 W; A = 460 nm) for 16 h at room temperature. The
resulting mixture was diluted with AcOEt, filtered through the cotton wool and concentrated in vacuo. A crude

product was purified by means of column chromatography.

4.1 Note:

=  The reaction can be easily monitored by TL.C chromatography (AcOEt/Hexane) using UV visualization,
KMnO, or the Hanessian’s stain;

= Reactions require using activated zinc (unactivated zinc gives a low yield);

=  The mixture containing Zn, NH4Cl, Cobalt-catalyst (B1; or HME) 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 (see pictures below);

= If the color of the reaction does not change (from red to dark brown/green), we highly recommend to
repeat zinc activation step;

" We highly advise to use two vials for two reasons: a) you can check by the color if the cobalt has been

reduced, b) the reaction prepared in one vial gives product in slightly decreased vield.

4.1 A) The vial containing B, ; (5 mol%), NH,Cl (3 equiv.), Zn (1.5 equiv.) — before degassing (color: red); B) The vial containing NiCl,(DME)
{20 mol%), dtbbpy (40 mol %), aryl halide (1.5 equiv.) — before degassing (color: bluish green); C) The vial containing B (5 mol%), NH,Cl1
(3 equiv.), Zn (1.5 equiv.) — after degassing (color: dark brown); D) The vial containing NiCl,(DME) (20 mol%), dtbbpy (40 mol%), aryl
halide (1.5 equiv.) —after degassing (color: light green).

12
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5. Scope and characterization of new compounds
1-phenyl-2-(p-tolyl)ethan-1-ol (7aa)

[j/‘\/G/

Following the general procedure A compound Taa was obtained from styrene oxide (5a) (24 mg, 0.20 mmol) and
4-1odotoluene (6a) (65 mg, 0.30 mmol). The crude product was purified by column chromatography (5:95
AcOEt/Hexane) to afford 25 mg of 1-phenyl-2-(p-tolyl)ethan-1-ol (7aa) as white solid, (yield = 60%).

NMR data matched those reported in the literature 1!

H NMR (400 MHz, CDCls): § 7.39 — 7.26 (m, SH), 7.13 - 7.07 (m, 4H), 4.88 (dd, J = 8.6, 4.7 Hz, 1H), 3.02 (dd,
J=13.7,4.7 Hz, 1H), 2.94 (dd, J = 13.7, 8.6 Hz, 1H), 2.33 (s, 3H), 1.93 (s, 1H).

BC NMR (100 MHz, CDCl): § 143.9,136.2, 134.9, 1294, 1292, 128.4,127.6, 125.9, 75.4, 45.7, 21.0.
1-(4-(tert-butyl)phenyl)-2-(p-tolyl)ethan-1-ol (7ba)

U

Following the general procedure A compound 7ba was obtained from 4-tert-butylphenylethylene oxide (Sb) (35
mg, 0.20 mmol) and 4-iodotoluene (6a) (65 mg, 030 mmol). The crude product was purified by column
chromatography (5:95 AcOEt/Hexane) to afford 27 mg of 1-(4-(tert-butyl)pheny|}-2-(p-tolylyethan-1-ol {(7ba) as
white solid, (yield = 50%).

NMR data matched those reported in the literature.!!

111 NMR (400 MIz, CDCL): 8 7.41 — 7.37 (m, 2II), 7.34 — 7.30 (m, 2I1), 7.13 (s, 411), 4.85 (dd, J = 9.0, 43 Iz,
1H), 3.02 (dd, J = 13.8, 4.3 Hz, 1H), 2.93 (dd, J = 13.8, 9.0 Hz, 1H), 2.34 (s, 3H), 1.90 (s, 1H), 1.33 (s, 9H).

BC NMR (125 MHz, CDCls): 8 150.5, 141.0, 136.1, 1352, 129.3, 129.2, 125.6, 1253, 75.1, 45.5, 345, 31.4,
30.0,21.0.

1-(4-fluorophenyl)-2-(p-tolyl)ethan-1-ol (7ca)
OH

R .

i
Following the general procedure A compound Teca was obtained from 4-fluorostyrene oxide (5¢) (28 mg, 0.20

mmol) and 4-iodotoluene (6a) (65 mg, 0.30 mmol). The crude product was purified by column chromatography
(5:95 AcOEtHexane) to afford 27 mg of 1-(4-fluorophenyl})-2-(p-tolyDethan-1-ol (7ea) as white solid, (yield =
59%).

NMR data matched those reported in the literature !

17T NMR (400 MIIz, CDCl): 6 7.33 — 7.30 (m, 2IT), 7.13 — 6.98 (m, 6I1), 4.87 (dd, J = 7.8, 5.4 Iz, 11I), 3.01 (dd,
J=12.0, 4.0z 1), 2.94 (dd, J=13.7, 8.1 Hz, 1I0), 2.33 (s, 3ID), 1.91 (s, 1ID).

13C NMR (150 MHz, CDCls): § 162.2 (d, J = 247.0 Hz), 139.5 (d, J = 3.4 Hz), 136.3, 134.5, 129.4, 129.3, 127.5
(d,J=8.8Hz), 115.5(d, J=21.4Hz), 74.7, 45.8, 21.1.

BF NMR (376 MHz, CDCL): 8 -115.1.
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4-(1-hydroxy-2-(p-tolyl)ethyl)benzonitrile (7da)

P o o
R ~

|
|
e

NC

Following the general procedure A compound 7da was obtained from 4-oxiran-2-ylbenzonitrile (5d) (29 mg, 0.20
mmol) and 4-iodotoluene (6a) (65 mg, 0.30 mmol). The crude product was purified by column chromatography
(10:90 AcOEt/Hexane) to afford 25 mg of 4-(1-hydroxy-2-(p-tolyl)ethyl)benzonitrile (7da) as white solid, (yield
=53%).

m.p. 79.5-80 °C

111 NMR (400 MHz, CDCL): § 7.63 (d,J = 8.1 Hz, 2H), 7.45 (d, J = 8.0 Hz, 2H), 7.13 (d, J = 7.8 Hz, 2H), 7.05
(d,J =179 Hz, 2H), 4.96 — 4.92 (m, 1H), 3.01 (dd,J = 13.5, 4.8 Hz, 1H), 2.89 (dd, J = 13.6, 8.5 Hz, 1H), 2.34 (s,
3H), 2.03 (d, J = 3.6 Hz, 1H).

BC NMR (125 MHz, CDCl): 8 149.0, 136.7, 133.6, 132.2, 129.4, 129.3, 126.6, 118.9, 111.2, 74.5, 45.7, 21.0.
HRMS (EI) [M]* calculated for Ci¢HisNO: 237.1154, found: 237.1154.

GC Chromatogram: (99% purity)

Wé)ﬂ 000,000)
1 gof Chrometograrm
1.25
1.00]
0.75

0.50)

0.25]

2-phenyl-1-(p-tolyl)propan-2-ol (7fa)

N

Following the general procedure A compound 7fa was obtained from 2-methyl-2-phenyloxirane (5f) (27 mg, 0.20
mmol) and 4-iodotoluene (6a) (65 mg, 0.30 mmol). The crude product was purified by column chromatography
(5:95 AcOEt/Hexane) to afford 20 mg of 2-phenyl-1-(p-tolyl)propan-2-ol (7fa) as white solid, (yield = 44%).

NMR data matched those reported in the literature.'?

11 NMR (400 MHz, CDCls): § 7.42 — 7.39 (m, 2H), 7.35 — 7.31 (m, 2H), 7.26 — 7.22 (m, 1H), 7.03 (d, /= 7.8
Hz, 2H), 6.88 (d, J = 8.0 Hz, 2H), 3.11 (d, J = 13.4 Hz, 1H), 2.99 (d, J = 13.4 Hz, 1H), 2.30 (s, 3H), 1.85 (s, 1H),
1.56 (s, 3H).

3C NMR (125 MHz, CDCls): 6 147.0, 136.4, 133.7, 130.6, 129.0, 128.2, 126.7, 125.1, 74.5, 50.2, 29.6, 21.2.
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1-phenyl-2-(m-tolyl)ethan-1-ol (7ab)

Following the general procedure A compound 7ab was obtained from styrene oxide (5a) (24 mg, 0.20 mmol) and
3-iodotoluene (6b) (65 mg, 0.30 mmol). The crude product was purified by column chromatography (5:95
AcOEt/Hexane) to afford 20 mg of 1-phenyl-2-(m-tolyl)ethan-1-ol (7ab) as white solid, (yield = 47%).

NMR data matched those reported in the literature 1!

1H NMR (400 MHz, CDCls): 8 7.40 — 7.26 (m, 5H), 7.22 — 7.18 (m, 1H), 7.08 — 6.99 (m, 3H), 4.90 (dd, J = 8.8,
4.5 Hz, 1H), 3.02 (dd, J = 13.7, 4.5 Hz, 1H), 2.93 (dd, J = 13.7, 8.9 Hz, 1H), 2.34 (s, 3H), 1.96 (s, 1H).

1BC NMR (125 Mz, CDCls): & 143.9, 138.2, 138.0, 1303, 128.44, 128.40, 127.6, 1274, 126.5, 1259, 75.3,
46.1,21.4.

1-phenyl-2-(o-tolyl)ethan-1-ol (7ac)

OH
S

Following the general procedure A compound Tac was obtained from styrene oxide (5a) (24 mg, 0.20 mmol) and
2-iodotoluene (6¢) (65 mg, 0.30 mmol). The crude product was purified by column chromatography (5:95
AcOEt/Hexane) to afford 14 mg of 1-phenyl-2-(o-tolyl)ethan-1-ol (7ac) as white solid, (yield = 33%).

NMR data matched those reported in the literature !

111 NMR (400 MIIz, CDCL): 8 7.39— 7.27 (m, 5IT), 7.18 — 7.14 (m, 41I), 491 (dd,J = 8.1, 5.2 Iz, 11T, 3.06 (dd,
J=12.0, 4.0 Hz, 1H), 3.01 (dd, J = 12.0, 8.0 Hz, 1H), 2.31 (s, 3H), 1.94 (s, 1H).

BC NMR (125 MHz, CDCls): & 144.1, 136.8, 136.3, 130.5, 130.3, 128.4, 127.6, 126.8, 126.0, 125.8, 74.4, 43 .4,
19.6.

2-(4-chlorophenyl)-1-phenylethan-1-ol (7ad)

oH Z

S

Following the general procedure A compound 7ad was obtained from styrene oxide (5a) (24 mg, 0.20 mmol) and
1-chloro-4-iodobenzene (6d) (72 mg, 0.30 mmol). The crude product was purified by column chromatography
(5:95 AcOEt/Hexane) to afford 21 mg of 2-(4-chlorophenyl)-1-phenylethan-1-ol {7ad) as white solid. (Yield =
44%).

NMR data matched those reported in the literature 1

1H NMR (400 MHz, CDCls): § 7.37 — 7.28 (m, 5H), 7.27 — 7.22 (m, 2H), 7.11 - 7.07 (m, 2H), 4.87 (1, /= 6.6 Hz,
1), 2.99 (d, J = 6.6 Hz, 211), 1.92 (s, 1ID).

BC NMR (125 MHz, CDCL): 8 143.6, 1365, 132.4, 130.9, 1285, 128.5,127.8, 1259, 753,452,
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2-(benzo[d][1,3]dioxol-5-y1)-1-phenylethan-1-ol (7ae)

Following the general procedure A compound 7ae was obtained from styrene oxide (5a) (24 mg, 0.20 mmol) and
5-10do-1,3-benzodioxole (6€) (74 mg, 0.30 mmol). The crude product was purified by column chromatography
(5:95 AcOEt/Hexane) to afford 30 mg of 2-(benzo[d][1,3]dioxol-5-yI)-1-phenylethan-1-0l (7ae) as white solid,
(yield = 61%).

m.p. 96.5-97.5 °C

111 NMR (400 MHz, CDCLy): 8 7.37 — 7.26 (m, SH), 6.77 - 6.61 (m, 3H), 5.93 (s, 2H), 4.84 (dd, J = 8.3, 49 Hz,
110, 2.96 (dd, J = 13.8, 4.9 Hz, 11I), 2.90 (dd, J = 13.8, 8.4 Iz, 11I), 2.01 (s, 11D).

BC NMR (125 MHz, CDClL): 8 147.7, 146.3, 143.8, 131.7, 128.4, 127.6, 125.9, 122.5, 109.8, 108.3, 100.9, 75.4,
458,

HRMS (ET) [M]' calculated for CisH1a(Os: 242.0943, found: 242.0938.

FElemental Analysis (%) calculated for C15H3405:C 74.36, H 5.82, found: C 7433, H 5.86.

1-phenyl-2-(4-(trifluoromethyl)phenyl)ethan-1-ol (7af)
LCF

Following the general procedure A compound 7af was obtained from styrene oxide (5a) (24 mg, 0.20 mmol) and
4-iodobenzotrifluoride (6f) (82 mg, 0.30 mmol). The crude product was purified by column chromatography (5:95
AcOEt/Hexane) to afford 19 mg of 1-phenyl-2-(4-(trifluoromethyl)phenyl)ethan-1-ol (7af) as white solid, (vield
=36%).

NMR data matched those reported in the literature 1!

1H NMR (400 MHz, CDCL): § 7.54 (d, J = 8.0 Hz, 2H), 7.38 - 7.27 (m, 7H), 4.92 (t, J = 5.0 Hz, 1H), 3.12 - 3.04
(m, 2H), 1.91 (s, 11D).

3¢ NMR (125 MHz, CDCL): 8 143.6, 142.4, 130.0, 129.0 (g, J = 32.8 Hz), 128.7, 128.1, 126.0, 124.43 (g, ] =
273.41z), 125.41 (q, T=2.8 Hz), 75.31, 45.73.

BF NMR (376 MHz, CDClL): 8 -62.4.
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1-(4-(2-hydroxy-2-phenylethyl)phenyl)ethan-1-one (7ag)

0
Il

H //’\/\

0 |
w )
-

Following the general procedure A compound 7ag was obtained from styrene oxide (5a) (24 mg, 0.20 mmol) and
4’-iodoacetophenone (6g) (74 mg, 0.30 mmol). The crude product was purified by column chromatography (10:90
AcOEt/Hexane) to afford 29 mg of 1-(4-(2-hydroxy-2-phenylethyl)phenylethan-1-one (7ag) as white solid, (yield
=60%).

NMR data matched those reported in the literature

111 NMR (400 MIIz, CDCL): 5 7.89 — 7.85 (m, 2IT), 7.36 — 7.25 (m, 7II), 493 (dd,J = 7.4, 5.8 Iz, 11T), 3.11 (dd,
J=12.0, 8.0 Hz, 1H), 3.07 (dd, J = 16.0, 8.0 Hz, 1H), 2.57 (s, 3H), 1.99 (s, 1H).

BC NMR (125 MHz, CDCL): § 197.8, 143.8, 143.5, 135.6, 129.8, 128.5,128.5,127.9, 1259, 75.1, 45.8, 26.5.

2-(4-methoxyphenyl)-1-phenylethan-1-ol (7ah)
OMe

Following the general procedure A compound 7ah was obtained from styrene oxide (5a) (24 mg, 0.20 mmol) and
4-iodoanisole (6h) (70 mg, 0.30 mmol). The crude product was purified by column chromatography (5:95
AcOEt/Hexane) to afford 22 mg of 2-(4-methoxyphenyl)-1-phenylethan-1-ol (7ah) as white solid, (yield = 48%).

NMR data matched those reported in the literature.™

1 NMR (400 MHz, CDCk): 8 7.35 (d, J = 4.4 Hz, 4H), 7.30 — 7.26 (m, 1H), 7.13 - 7.08 (m, 2H), 6.86 — 6.81
(m, 210), 4.85 (dd, J = 8.3, 5.0 Hz, 111), 3.79 (s, 310), 3.00 (dd, J = 13.8, 491z, 111), 2.93 (dd, J = 13.8, 8.3 Iz,
110, 1.99 (s, 1H).

BC NMR (100 MHz, CDClL3): 8 158.6, 144.0, 130.6, 130.1, 1285, 127.7,126.0, 114.1, 75.6, 55.4, 45 3.

4-(2-hydroxy-2-phenylethyl)benzonitrile (7ai)
:ii/‘ )

Following the general procedure A compound 7ai was obtained from styrene oxide (5a) (24 mg, 0.20 mmol) and
4-iodobenzonitrile (6i) (69 mg, 0.30 mmol). The crude product was purified by column chromatography (5:95
AcOEt/Hexane) to afford 12 mg of 4-(2-hvdroxy-2-phenylethyibenzonitrile (7ai) as white solid, (yield = 28%).

NMR. data matched those reported in the literature.

111 NMR (400 MIIz, CDCL): 8 7.57 - 7.52 (m, 2IT), 7.37 — 7.24 (m, 71I), 491 (dd,J = 7.7, 5.4 Hz, 11T), 3.11 (dd,
J=13.6,7.7Hz, 1H), 3.05 (dd, J = 13.7, 5.4 Hz, 1H), 2.01 (s, 1H).

BC NMR (125 MHz, CDClL3): 8 143.8, 143.3, 132.0, 130.4, 1286, 128.0, 1258, 118.9,110.4, 75.0, 457,
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1,2-diphenylethan-1-ol (7aj)
OH |
S

o

Following the general procedure A compound 7aj was obtained from styrene oxide (5a) (24 mg, 0.20 mmol) and
iodobenzene (6f) (61 mg, 0.30 mmol). The crude product was purified by column chromatography (5:95
AcOEt/Hexane) to afford 25 mg of 1,2-diphenylethan-1-ol (7aj) as white solid, {yield = 63% ).

NMR data matched those reported in the literature '’

1T NMR (400 MITz, CDCL): 8 7.37 — 7.26 (m, 7II), 7.25 — 7.18 (m, 31I), 4.91 (dd,J = 8.4, 5.0 Hz, 11T), 3.05 (dd,
J=137 49Tz 1), 2.99 (dd, J=13.7, 8.4 Iz, 1II), 1.93 (s, 1ID).

BC NMR (125 MHz, CDClLs): 8 143.8, 138.0, 129.5, 128.5, 1284, 127.6, 126.6, 125.9, 753, 46.1.

2-(18aphthalene-1-yl)-1-phenylethan-1-ol (7ak)

Following the general procedure A compound 7ak was obtained from styrene oxide (5a) (24 mg, 0.20 mmol) and
1-iodonaphthalene (6k) (76 mg, 0.30 mmol). The crude product was purified by column chromatography (5:95
AcOEt/Hexane) to afford 21 mg of 2-(18aphthalene-1-y1)-1-phenylethan-1-ol (Tak) as white solid, (vield = 42%).

m.p. 66.0-66.5 °C

1 NMR (400 MHz, CDCL): 8 8.13 (dd, J = 12.0, 4.0 Hz, 1H), 7.89 (dd, J/ = 8.3, 1.1 Hz, 1H), 7.78 (d, J = 8.2
Hz, 1H), 7.58 — 7.48 (m, 2H), 7.46 — 7.28 (m, 7H), 5.08 (dd, J = 8.9, 4.3 Hz, 1H), 3.56 (dd, J = 14.0, 4.3 Hz, 1H),
3.41 (dd,J =14.0, 8.9 Hz, 11), 1.95 (s, 1H).

BCNMR (125 MHz, CDCL): §144.1,134.1,134.0,132.1, 128.9, 128.5,127.9,127.7, 127.6, 126.1, 125.8, 1257,
125.5,123.7,74.4, 43.3.

HRMS (ESI) [M+Na]" calculated for CigsHisONa: 271.1099, found: 271.1096.

Flemental Analysis (%) calculated for CigH60: C 87.06, H 6.49, found: C 86.92, H 6.59.
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1-phenyl-2-(1-tosyl-1H-indol-5-yl)ethan-1-o0l (7al)
=

OH (7 =B,
A7

5
PR

Following the general procedure A compound 7al was obtained from styrene oxide (5a) (24 mg, 0.20 mmol) and
5-10do-1-(4-methylphenylsulfonyl)indole (61) (119 mg, 0.30 mmol). The crude product was purified by column
chromatography (10:90 AcOEt/Hexane) to afford 34 mg of 1-phenyl-2-(1-tosyl-1H-indol-5-yljethan-1-ol {7al) as
white solid, (yield = 44%).

m.p. 47.6-47.9 °C

11{ NMR (400 MHz, CDCL): 6 7.91 (d, J = 8.5 Hz, 1H), 7.78 — 7.73 (m, 2H), 7.54 (d, J = 3.7 Hz, 1H), 7.37 —
7.27 (m, 6I0), 7.21 (d, J = 8.2 Hz, 21), 7.14 (dd, J=8.5, 1.7 Hz, 1T0), 6.60 (dd, J =3.7, 0.8 Tz, 1IT), 4.89 (dd, J =
8.7, 4.5z 110), 3.10 (dd, J = 13.8, 4.6 L1z, 1I1), 3.02 (dd, J = 13.8, 8.7 Iz, 1II), 2.34 (s, 3ID), 1.96 (s, 11I).

BC NMR (125 MHz, CDClL): 3 1449, 143.8, 1353, 133.8, 133.1, 131.1, 1298, 128.4, 1276, 126.8, 126.62,
126.1, 125.8,122.0, 113.5, 108.9, 75.4, 45.9, 21.5.

HRMS (ESI) [M+Na]* calculated for Ca3HayNO;SNa: 414.1140, found: 414.1134.

Flemental Analysis (%) calculated for CpHuNO5S: C 7057, H5.41, N 358, 5 8.19, found: C 7031, H 544, N
3.52,857.99

4-(2-hydroxy-2-phenylethyl)benzamide (7am)

Hygroscopic compound

Following the general procedure A compound 7am was obtained from styrene oxide {5a) (24 mg, 0.20 mmol) and
4-iodobenzamide (6m) (74 mg, 0.30 mmol). The crude product was purified by column chromatography (gradually
from AcOEt/Hexane 50:50 to 80:20) to afford 16 mg of 4-(2-hydroxy-2-phenylethylibenzamide (7am) as white
solid, (yield = 33%).

m.p. 175.7-176.2 °C

11T NMR (400 MIlz, MeOD): 5 7.74 — 7.70 (m, 2I1), 7.27 (d, J = 4.3 Iz, 4IT), 7.24 - 7.18 (m, 3I1), 4.86 (dd, J =
73,63 Hz, 1H),3.10 (dd, J = 13.4, 7.4 Hz, 1H), 3.01 (dd, J = 13.4, 6.2 Hz, 1H).

BC NMR (125 MHz, MeOD): § 172.4, 1455, 144.3, 1327, 130.8, 1292, 128 4, 128.4, 127.2,76.1, 46.6.
HRMS (ESI) [M+Na]" calculated for CisHisNO:Na: 264.1000, found: 264.0994.

Flemental Analysis (%) calculated for CisHysNOp: C 74.67, H 6.27, N 5.81, found: C 74.31, H 6.55, N 5.56.
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tert-butyl (4-(2-hydroxy-2-phenylethyl)phenyl)carbamate (7an)
NHBoc

Following the general procedure A compound 7an was obtained from styrene oxide (5a) (24 mg, 0.20 mmol) and
N-Boc-4-iodoaniline (6n) (96 mg, 0.30 mmol). The crude product was purified by column chromatography (10:90
AcOEt/Hexane) to afford 38 mg of tert-butyl (4-(2-hydroxy-2-phenylethyl)phenyl)carbamate (7an) as vellow pale
solid, (yield = 60%).

m.p. 119.2-119.6 °C

1] NMR (400 Mz, CDCL): 8 7.27 (d, J = 4.3 Iz, 4IT), 7.24 — 7.18 (m, 3IT), 7.02 (d, J = 8.5 Iz, 21I), 6.40 (s,
1H), 4.78 (dd, J = 8.3, 5.0 Hz, 1H), 2.92 (dd, J=13.7, 5.0 Hz, 1H), 2.87 (dd, J = 13.7, 8.3 Hz, 1H), 1.93 (s, 1H),
1.45 (s, 9H).

BC NMR (125 MHz, CDCls): 8 152.8, 143.8, 136.9, 132.5, 130.0, 128.4, 127.5, 125.9, 118.7, 80.5, 75.30, 45 .4,
28.3.

HRMS (ESI) [M+Na]" calculated for CioH2sNOsNa: 336.1576, found: 336.1571.

FElemental Analysis (%) calculated for CioHzzNO;: C 72.82, H 7.40, N 4.47, found: C 72.75, H 7.45, N 4.42.

2-(4-(hydroxym ethyl) phenyl)-1-phenylethan-1-o0l (7ao0)

Hygroscopic compound

Following the general procedure A compound 7ao was obtained from styrene oxide (5a) (24 mg, 0.20 mmol) and
4-10dobenzyl alcohol (60) (70 mg, 0.30 mmol). The crude product was purified by column chromatography (25:75
AcOEt/Hexane) to afford 21 mg of 2-(4-(hydroxymethyl)phenyl}-1-phenylethan-1-ol (Tao) as white solid, (yield
=46%).

m.p. 71.5-72.0 °C

171 NMR (400 M1z, CDCls): 8 7.35 (d,J = 4.1 Hz, 411), 7.31 — 7.26 (m, 31), 7.19 (d, J = 7.9 Iz, 2IT), 4.89 (dd,
J=183,5.1Hz 1H), 4.65 (s, 2H), 3.05 (dd, J = 12.0, 4.0 Hz, 1H), 2.98 (dd, J = 16.0, 8.0 Hz, 1H), 1.99 (s, 1H),
1.69 (s, 110).

BC NMR (125 Mz, CDClLy): 8 143.7, 139.2, 137.5, 129.7, 128.5,127.7,127.3, 1259, 75.4, 652, 45.7.
HRMS (ESI) [M+Na]" calculated for CysITisQ,Na: 251.1048, found: 251.1047.

Elemental Analysis (%) calculated for CisHisO2+ 0.2-H,O: C 77.69, H 7.13, found C 77.66, H 7.33.
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1-(4-tolyl)hexan-2-ol (Tha)

/’“\/“\[/
OH

Following the general procedure B compound 7ha was obtained from 1,2-epoxyhexane (5h) (20 mg, 0.20 mmol)
and 4-iodotoluene (6a) (65 mg, 0.30 mmol). The crude product was purified by column chromatography (5:95
AcOEt/Hexane) to afford 28 mg of 1-(4-tolylihexan-2-ol (Tha) as white solid, (vield = 74%).

m.p. 37.2-36.5 °C

1 NMR (400 MHz, CDCL): 8 7.14 — 7.09 (m, 4H), 3.82 — 3.76 (m, 1H), 2.80 (dd, J = 13.6, 4.2 Hz, 1H), 2.60
(dd, J = 13.6, 8.4 1z, 111), 2.33 (s, 31), 1.55 — 1.45 (m, 41I), 1.40 — 1.31 (m, 3IT), 0.92 (t, /= 7.2 Hz, 310).

BC NMR (125 MHz, CDCL): § 136.1, 135.6, 129.44 12938, 727, 43.7,36.7,28.1,229,21.1, 142.
HRMS (EI) [M]" calculated for Ci3H0: 192.1514, found: 192.1515.

Flemenal Analysis (%) calculated for Ci3H0O: C 81.20, H 10.48, found: C 80.83, H 10.52.

1-(4-tolyl)dodecan-2-ol (7ia)

iy
OH

Following the general procedure B compound 7ia was obtained from 1,2-epoxydodecane (5i) (37 mg, 0.20 mmol)
and 4-iodotoluene (6a) (65 mg, 0.30 mmol). The crude product was purified by column chromatography (2:98
AcOEt/Hexane) to afford 43 mg of 1-(p-tolyl)dodecan-2-cl {7ia) as white solid, (yield = 77%).

m.p. 53.9-54.8 °C

11T NMR (400 MHz, CDCL): § 7.14 — 7.07 (m, 4II), 3.82 — 3.76 (m, 1II), 2.79 (dd, J = 13.6, 4.2 Hz, 11I), 2.60
(dd,J=13.6, 8.4 Hz, 11I), 2.33 (s, 310), 1.55 — 1.42 (m, 5II), 1.26 (m, 14I1), 0.88 (t,/ = 8.0 Hz 3ID.

BC NMR (125 MHz, CDCl): 8 135.9, 135.5, 129.29, 129.25, 72.7, 43.6, 36.8, 31.9, 29.7, 29.62, 29.61, 29.3,
258,227,210, 14.1.

HRMS (EI) [M]" calculated for C1oH3,0: 276.2453, found: 276.2454.

Elemental Analysis (%) calculated for C1oH30: C 82.55, H 11.67, found: C 82.67, H 11.48.

1-(benzyloxy)-3-(4-tolyl)propan-2-ol (7ja)

BnO~

OH

Following the general procedure B compound 7ja was obtained {rom benzyl glycidyl ether (5§) (33 mg, 0.20
mmol) and 4-iodotoluene (6a) (65 mg, 0.30 mmol). The crude product was purified by column chromatography
{10:90 AcOEt/Hexane) to afford 31 mg of 1-(benzyloxy)-3-(p-tolyl)propan-2-ol (7ja) as yellow pale oil, (yield =
61%).

1T NMR (400 MIIz, CDCL): & 7.40 — 7.28 (m, 5I), 7.11 (s, 41I), 4.55 (s, 2II), 4.04 (dd, J = 6.8, 3.5 Hz, 1ID),
3.52(dd,J=9.5,3.5Hz 1), 3.41 (dd. J= 9.5, 6.9 Iz, 1), 2.78 (d. J = 6.7 Hz, 2IT), 2.33 (s, 310, 1.62 (s, 11

BC NMR (125 MHz, CDCL): § 138.0, 135.9, 134.8,129.19, 129.16, 128.4, 127.7, 73.6, 73.4, 71.5, 39.4, 21.0.

HRMS (EI) [M]" calculated for Ci7H200,: 256.1463, found: 256.14.74.
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GC Chromatogram: (98% purity)
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4-(phenylsulfonyl)-1-(p-tolyl)butan-2-ol (7ka)

PhO,S
g <9 il

Following the general procedure B compound 7ka was obtained from 4-(phenylsulfonyl)-1,2-epoxubutane (5k)
(42 mg, 0.20 mmol) and 4-iodotoluene (6a) (65 mg, 0.30 mmol). The crude product was purified by column
chromatography (25:75 AcOEt/Hexane) to afford 45 mg of 4-(phenylsulfonyl)-1-(4-tolyl)butan-2-ol (7ka) as
white solid, (yield = 73%).

m.p. 94.8-95.2 °C

1 NMR (400 MHz, CDCL): § 7.90 (d, J = 7.3 Hz, 2H), 7.67 — 7.64 (m, 1H), 7.58 — 7.54 (m, 2H), 7.11 (d, J =
7.8 Hz, 2H), 7.04 (d, J = 7.9 Hz, 2H), 3.92 — 3.84 (m, 1H), 3.34 (ddd, J = 15.2, 10.1, 5.3 Hz, 1H), 3.21 (ddd, T =
16.0, 12.0, 8.0 Hz, 1H), 2.76 (dd, J = 13.6, 4.4 Hz, 1H), 2.62 (dd, J = 13.6, 8.3 Hz, 1E), 2.32 (s, 3H), 2.08 — 1.99
(m, 1H). 1.87 — 1.77 (m, 1H), 1.67 (d, J = 4.0 Hz, 1H).

BC NMR (125 MHz, CDCL): 3 139.2, 136.5, 134.1, 133.7, 129.5, 129.3, 129.2, 128.0, 70.8, 53.2, 43.6, 29.4,
21.0.

HRMS (ESI) [M+Na]* calculated for C17H20038na: 327.1031, found: 327.1015.

GC Chromatogram: (>99% purity)

U (x100,000)
A0S hromatoaram
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3,3-dimethyl-1-(4-tolyl)butan-2-ol (71a)

w
Unstable compound

Following the general procedure B compound 7la was obtained from 3,3-dimethyl-1,2-epoxybutane (51) (20 mg,
0.20 mmol) and 4-iodotoluene (6a) (65 mg, 0.30 mmol). The crude product was purified by column
chromatography (5:95 AcOEt/Hexane) to afford 19 mg of 3,3-dimethyl-1-(4-tolyD)butan-2-ol (7la) as white solid,
(yield =37%).

m.p. 65.3-66.0 °C

11 NMR (400 MHz, CDCls): 8 7.13 (s, 4H), 3.41 (dd,J = 10.7, 2.1 Hz, 1H), 2.88 (dd, J = 13.6, 2.0 Hz, 1H), 2.43
(dd,J = 13.6, 10.7 1z, 1I1), 2.33 (s, 31T, 1.57 (s, 11T, 1.00 (s, SII).

BC NMR (125 MHz, CDCL): § 136.7, 135.8, 129.3, 129.2, 80.6, 379, 34.8,25.9, 21.0.
HRMS (EI) [M]" calculated for Ci3H0: 192.1514, found: 192.1521.

GC Chromatogram: (97% purity)

f

1-(4-methylbenzyl)cyclohexan-1-ol (7ma)
OH

ey

Following the general procedure C compound Tma was obtained from 1-oxaspiro{2.5)octane (5m) (22 mg, 0.20
mmol) and 4-iodotoluene (6a) (65 mg, 0.30 mmol). The crude product was purified by column chromatography
(5:95 AcOEt/Hexane) to afford 9 mg of 1-(4-methylbenzyl)cyclohexan-1-0l (Tma) as white solid, (yield = 21%).

Following the general procedure I) compound Tma was obtained from 1-oxaspiro(2.5)octane (5m) (22 mg, 0.20
mmol) and 4-iodotoluene (6a) (65 mg, 0.30 mmol). The crude product was purified by column chromatography
(5:95 AcOEt/Hexane) to afford 12 mg of 1-{4-methylbenzyl)cyclohexan-1-ol (7ma) as white solid, (vield =29%).

NMR data matched those reported in the literature '

1H NMR (400 MHz, CDCL): 8 7.10 (m, 4H), 2.71 (s, 2H), 2.33 (s, 3H), 1.61 — 1.38 (m, 11H).

BC NMR (150 MIz, CDClL): § 135.9, 134.0, 130.5, 1289, 71.1, 48.2, 37.3,25.8, 22.2, 21.0.
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(LS,2R)-2-(4-tolyl)cyclopentan-1-ol (7na)

S)H
Following the general procedure C compound 7na was obtained from 1,2-epoxycyclopentane (5n) (17 mg, 0.20
mmol) and 4-iodotoluene (6a) (65 mg, 0.30 mmol). The crude product was purified by column chromatography

(10:90 AcOEt/Hexane) to afford 5 mg of (15,2R)-2-(p-tolyl)cyclopentan-1-ol (7na) as yellow pale oil, (yield =
14%).

Following the general procedure D compound 7na was obtained from 1,2-epoxycyclopentane (5n) (17 mg, 0.20
mmol) and 4-iodotoluene (6a) (65 mg, 0.30 mmol). The crude product was purified by column chromatography
(10:90 AcOEt/Hexane) to afford 20 mg of (15,2R)-2-(4-tolyl)cyclopentan-1-ol (7na) as yellow pale oil, (yield =
57%).

11 NMR (400 MHz, CDCL): 5 7.18 — 7.09 (m, 4H), 4.14 (dd, J = 12.0, 8.0 Hz, 1H), (dd, J = 16.0, 8.0 Hz 1H),
2.33 (s, 3H), 2.16 — 2.06 (m, 2H), 1.90 — 1.65 (m, 4H), 1.63 (s, 1H).

BC NMR (150 MHz, CDCL): § 140.1, 136.0, 129.3, 127.3, 80.5, 54.1, 33.9, 31.8, 21.7, 21.0.
HRMS (EI) [M]" calculated for C12H160: 176.1201, found: 176.1202.

GC Chromatogram: (>99% purity)

u (x100,000)
romatogran
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(LS,2R)-2-(4-tolyl)cyclohexan-1-ol (70a)
OH

Following the general procedure C compound 7oa was obtained from 1,2-epoxycyclohexane (50) (20 mg, 0.20
mmol) and 4-iodotoluene (6a) (65 mg, 0.30 mmol). The crude product was purified by column chromatography
(5:95 AcOEt/Hexane) to afford 12 mg of (15,2R)-2-(p-tolyl)cyclohexan-1-ol (70a) as white solid, (yield = 31%).

Following the general procedure D compound 7oa was obtained from 1.2-epoxycyclohexane (So) (20 mg. 0.20
mmol) and p-iodotoluene (6a) (65 mg, 0.30 mmol). The crude product was purified by column chromatography
(5:95 AcOEt/Hexane) to afford 21 mg of (15,2R)-2-(4-tolyl)cyclohexan-1-ol (7oa) as white solid, (yield = 56%).

NMR data matched those reported in the literature.'”

1T NMR (400 MITz, CDCLy): § 7.15 (s, 4H), 3.63 (td, J = 10.1, 43 Hz, 1H), 2.39 (ddd, J = 13.2, 10.0, 3.6 Hz.
1H), 2.33 (s, 3H), 2.14 — 2.08 (m, 1H), 1.89 — 1.72 (m. 3H), 1.59 — 1.31 (m, 5H).

13C NMR (150 MIz, CDCL): § 140.2, 136.4, 129.5, 127.8, 74.5, 52.8, 34.4,33.4, 26.1, 25.1, 21.0.
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1-(4-chlorophenyl)hexan-2-ol (7hd)

//\ ‘\/\ /\I /"\"3.;—[

OH K‘_:/v‘_../’ 3 cl
Following the general procedure B compound 7hd was obtained from 1,2-epoxyhexane (Sh) (20 mg, 0.20 mmol)
and 1-chloro-4-iodobenzene (6d) (72 mg, 0.30 mmol). The crude product was purified by column chromatography

(10:90 AcOEt/Hexane) to afford 23 mg of 1-(4-chlorophenyl)hexan-2-ol (7hd) as white solid, (yield = 54%).

NMR data matched those reported in the literature.!®

'H NMR (400 MHz, CDClL): § 7.29 — 7.26 (m, 2H), 7.16 — 7.14 (m, 2H), 3.82 - 3.76 (m, 1H), 2.79 (dd, J = 13.7,
43 Hz 1H), 2.63 (dd, J=13.7, 8.2 Hz, 1H), 1.56 — 1.30 (m, 7H), 0.91 (t,J = 7.1 Hz, 3H).

13C NMR (125 MHz, CDCls): 6 137.34, 132.4, 130.9,128.8, 72.7, 43.5,36.7, 28.0,22.8, 14.2.

1-(benzo|d][1,3]dioxol-5-yl)hexan-2-ol (7he)

,/‘\\f/\(/\, A A

OH

Following the general procedure B compound 7he was obtained from 1,2-epoxyhexane (5h) (20 mg, 0.20 mmol)
and 5-iodo-1,3-benzodioxole (6€) (74 mg, 0.30 mmol). The crude product was purified by column chromatography
(10:90 AcOEt/Hexane) to afford 24 mg of 1-(benzo[d][1,3]dioxol-5-y])hexan-2-ol (7he) as white solid, (yield =
55%).

m.p. 65.3-66.0 °C

'H NMR (400 MHz, CDClL): 3 6.78 — 6.63 (m, 3H), 5.93 (s, 2H), 3.758 —3.72 (m, 1H), 2.75 (dd, /= 13.7, 4.2
Hz 1H),2.55(dd,J=13.7, 84 Hz 1H), 1.53 - 1.30(m, 7H), 0.91 (t.J = 7.1 Hz, 3H).

BC NMR (125 MHz, CDCls): § 147.8,146.2,132.3,122.3,109.7, 108.3, 100.9, 72.7, 43.7, 36.5,27.9,22.7, 14.0.
HRMS (EI) [M]* calculated for Cy3H;05: 222.1256, found: 222.1260.
GC Chromatogram: (>99% purity)

v (x1,000,000]
Gratogram
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1-(4-(2-hydroxyhexyl)phenyl)ethan-1-one (7hg)

Following the general procedure B compound 7hg was obtained from 1,2-epoxyhexane (Sh) (20 mg, 0.20 mmol)
and 4’ -iodoacetophenone (6g) (74 mg, 0.30 mmol). The crude product was purified by column chromatography
(20:80 AcOEt/Hexane) to afford 22 mg of 1-(4-(2-hydroxyhexyl)phenyl)ethan-1-one (7hg) as white solid, (yield
=50%).

m.p. 65.9-66.4 °C

1 NMR (400 MHz, CDCL): 5 7.92 — 7.87 (m, 2H), 7.33 — 7.29 (m, 2H), 3.88 — 3.82 (m, 1H), 2.87 (dd, J = 13.6,
43 Hz, 1H), 2.73 (dd, J = 13.6, 8.2 Hz, 1H), 2.58 (s, 3H}, 1.56 — 1.29 (m, 7H), 0.91 (t,J = 7.2 Hz, 3H).

13C NMR (125 MHz, CDCL): 8 197.8, 144.6, 135.5, 129.6, 128.6, 72.5, 44.0, 36.7, 27.9, 26.5, 22.6, 14.0.
HRMS (ESI) [M+Na]* calculated for C14H200,Na: 243.1361, found: 243.1350.

GC Chromatogram: (>99% purity)

I.IV:1%UDQ
10OrChromatogram

5.0

tert-butyl (4-(2-hydroxyhexyl)phenyl)carbamate (7hn)

P \//\T/\ =

L)
OH "™ NHBoc

Following the general procedure B compound 7hn was obtained from 1,2-epoxyhexane (5h) (20 mg, 0.20 mmol)
and N-Boc-4-1odoaniline (6m) (96 mg, 0.30 mmol). The crude product was purified by column chromatography
(10:90 AcOEt/Hexane) to afford 35 mg of fert-butyl (4-(2-hydroxyhexyl)phenyl)jcarbamate (7hn) as white solid,
(yield = 60%).

m.p. 96.6-97.1 °C

H NMR (400 MHz, CDCL): § 7.30 — 7.28 (m, 2H), 7.14 — 7.11 (m, 2H), 6.50 (s, 1H), 3.79 — 3.73 (m, 1H), 2.77
(dd,.J=13.7, 43 Hz, 1H), 2.58 (dd,.J = 13.7, 8.3 Hz, 1H), 1.51 (m, 13H), 1.38 — 1.29 (m, 3H), 0.90 (1, / = 7.2 Hz,
3H).

BC NMR (125 MHz, CDCl3): 5 152.9, 136.8, 133.2,129.9, 118.9, 80.4, 72.7,43.3, 36.4, 28.3, 27.9, 22.7, 14.0.
HRMS (ESI) [M+Na]* calculated for C17H27NOsNa: 316.1889, found: 316.1879.

Elemental Analysis (%) calculated for C17H,7NO;: C 69.59, H 9.28, N 4.77, found: C 69.40, H 9.37, N 4.84.
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1-(1-tosyl-1H-indol-5-yl)hexan-2-ol (7hl)

ol
OH

B

Following the general procedure B compound 7hl was obtained from 1,2-epoxyhexane (Sh) (20 mg, 0.20 mmol)
and 5-iodo-1-(4-methylphenylsulfonyl)indole (6I) (119 mg, 0.30 mmol). The crude product was purified by
column chromatography (10:90 AcOEt/Hexane) to afford 43 mg of 1-(1-tosyl-1H-indol-5-yl)hexan-2-ol (7hl) as
white solid, (yield = 58%).

m.p. 65.3-66.0 °C

1I1 NMR (500 MHz, CDCL): § 7.94 (d, J = 8.5 Hz, 1H), 7.79 (d, J = 8.4 Hz, 2H), 7.57 (d,J = 3.7 Hz, 1H), 7.39
(d,J=1.7Hz, 1H), 7.24 (d,J =8.1 Hz, 2H), 7.18 (dd, J = 8.5, 1.7 Hz, 1H), 6.63 (dd, J = 3.6, 0.8 Hz, 1H), 3.84 —
3.81 (m, 1H), 2.91 (dd, J = 13.7, 4.0 Hz, 1H), 2.70 (dd, J = 13.7, 8.6 Hz, 1H), 2.36 (s, 3H), 1.57 — 1.28 (m, 7H),
0.93 (t,J ="7.1 Hz, 3H),

BC NMR (125 MHz, CDCls): 8 145.0, 135.5, 133.83, 133.79, 131.2, 130.0, 127.0, 126.7, 126.2, 122.0, 113.6,
109.0, 73.0, 44.0, 36.7,28.1, 22.8, 21.7, 14.2.

HRMS (EI) [M]" calculated for CyHasNOsS: 371.1555, found: 371.1549.
GC Chromatogram: (97% purity)

Uy (x1 00,00
B‘U"Ch&n_)'argo ogiam
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Aziridines — preliminary data

A mixture of 4-methyl-N-(2-phenyl- (p-tolyl)ethyl)benzenosulphonamide (523) and 4-methyl-N-(1-phenyl-2-
(p-tolyl)ethyl)benzenosulfonamide (524)

Following the general procedure A compounds S23 and S24 were obtained from N-(p-tolylsulfonyl)-2-
phenylaziridine (S20) (55 mg, 0.20 mmol) and 4-iodotoluene (6a) (65 mg, 0.30 mmol). The crude product was
purified by column chromatography {10:90 AcOEt/Hexane) to afford an inseparable by column chromatography
mixture of 4-methyl-N-(2-phenyl-(p-tolylethyl)benzenosulphonamide  (823) and  N-(1-phenyl-2-(p-
tolylethyl)benzenosulfonamide (S24) as white solid, (17 mg, branched:linear = 1:2, vield = 23%).

NMR data matched those reported in the literature.'%-2°

'H NMR (400 MHz, CDCh): 8 7.68 (d, J = 8.0 Hz, 2Hprunched), 7.42 (d,JJ = 8.0 Hz, 2Hjnear), 7.28 (d, J = 10.8 Hz,
2Heranehea), 7.27 = 7.24 (m, 2Hpranehed), 7.21 — 715 (M, 3Hpgeart 1 Hpranenea), 7.09 — 7.06 (m, 4Hprancieat 4 imenr), 6.98
—6.96 (M, ZHimear2Hprancied), 6.79 (d, J = 7.7 Hz, 2Hppneer), 4.70 (d, J = 5.9 Hz, 1Hinear), 4.50 — 4.46 (m, 1Hpnear),
427 (t, J = 6.3 Hz, 1Hpunenad), 4.07 — 3.98 (m, 1Hpranonea), 3.54 — 3.51 (m, 2Haranonea), 2.93 (dd, J=12.0, 4.0 Hz,
QH,:WW), 2.45 (S, 3Hbranchea’), 2.36 (S, 3H1mwr), 2.30 (S, 3Hbmnched): 2.29 (S, 3H1mwr).

4-methyl-N-(2-(p-tolyl)cyclopentyl)benzenosulfonamide (S25)
PHTS
O~
Following the general procedure I} compound 825 was obtained from N-tosyl-6-azabicyclo[3.1.0]hexane (S21)
{47 mg, 0.20 mmol) and 4-iodotoluene (6a) (65 mg, 0.30 mmol). The crude product was purified by column

chromatography (10:90 AcOEt/Hexane) to afford 4-methyl-N-(2-(p-tolyl)cvclopentyl) benzenosulfonamide (S25)
as colorless oil, (14 mg, yield = 22%).

11 NMR (500 MHz, CDCL): § 7.47 (d, J = 8.0 Hz, 2H), 7.11 (d, J = 7.9 Hz, 2H), 6.96 (d,J = 7.7 Hz, 2H), 6.86
(d,J =771z, 2I), 4.54 (d, J = 6.1 Hz, 11I), 3.47 — 3.37 (m, 1IT), 2.69 (q, J = 9.4 Hz, 111), 2.39 (s, 31D), 2.30 (s,
3M), 2,18~ 2.11 (m, 1H), 2.05 - 2.0 (m, 1H), 1.77 — 1.71 (m, 2H), 1.63 — 1.51 (m, 2H).

BC NMR (125 MHz, CDClL): 8 143.0, 138.4, 1373, 1363, 129.5, 129.4, 1272, 1272, 61.5, 52.3, 33.3, 32.3,
22.1:.2156,.21.2.

HRMS (ESI) [M+Na]" calculated for CiellsNO2SNa: 352.1347, found: 352.1351.

GC Chromatogram: (99% purity)
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U (1 00,000)
8.0rChrorratogram

4-methyl-N-(1-(p-tolyl)hexan-2-yl)benzenosulfonamide (S26)

NHTs

Following the general procedure D compound S26 was obtained from 2-butyl-N-tosylaziridine (S22) (51 mg, 0.20
mmol) and 4-iodotoluene (6a) (65 mg, 0.30 mmol). The crude product was purified by column chromatography
(10:90 AcOEt/Hexane) to afford 4-methyl-N-(1-(p-tolyl)hexan-2-y1)benzenosulfonamide (S26) as colorless oil,
(19 mg, yield =28%).

1 NMR (500 MHz, CDCL): 5 7.63 (d, J = 8.0 Hz, 2H), 7.22 (d, J = 8.0 Hz, 2H), 7.00 (d, J = 7.6 Hz, 2H), 6.88
(d,J =7.7Hz, 2H), 422 (d, J = 8.1 Hz, 1H), 3.42 — 3.36 (m 1H), 2.61 (dd, J = 12.0, 4.0 Hz, 2H), 2.40 (s, 3H),
230 (s, 3H), 1.46 — 1.42 (m, 1H), 1.33 — 1.26 (m, 2H), 1.18 — 1.13 (m, 3H), 0.78 (t,.J = 6.9 Hz, 3H).

BC NMR (125 MHz, CDCL): 6 143.1, 138.1, 136.2, 134.1, 129.6, 129.5, 129.3, 127.2, 55.1, 40.9, 34.3, 27.7,
22.5,21.6,21.2,14.0.

HRMS (ESI) [M+Na]* calculated for CooHy7NO,SNa: 368.1660, found: 368.1659.

GC Chromatogram: (98% purity)

UV (x1 00,00
"”m‘%m—”’n S

8%

8.0 10.0 no 120 min
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6. Mechanistic consideration

6.1. Proposed mechanism

Ni(il) 7
zn, NH4c| . - NH4Gll 0
N'(ﬁ) Ar-l - Ar—Ar R s
6 1"
o
vV Ar R
Ni(T) L) g— . -
LimoH i MY
Ar-l 6 E A i E (J\R H*
M.(ln)l j l
OH 7 OH OH o]
R/KaA’ R/\\\ R )\R R/J\ RJ\
10 9 8
6.2 Mass spectrometry studies
OH Il
2, Zn Ph
Ph” NH,CI, acetone | -
[Cef(lil)]

Reaction conditions: styrene oxide (5a) (0.2 mmol,) Zn (1.5 equiv.), NH,CI1 (3 equiv.), HME (5 mol%), acetone (c = 0.1 M), Blue LEDs, 30
min.

The reaction was setup according to the procedure D (without the addition of aryl halide, dttbpy and NiCl:(DME).
After 10 minutes of light irradiation a small portion was taken from the reaction mixture and was examined by

LEMS.

6.5e8 — —* S i 1572

12265

925 1142

13146

ELG Mo7os.
i AFD0 45055 44674 15688 “BE3,2 1742 8 1703,9.1810,6 15963 19954

LI L - A 4 0w |
100 200 200 400 00 600 700 200 E 1c00 4100 1200 1300 140 1520 1600 1700 1300 1802 200
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The LRMS spectrum of the reaction mixture recorded after 10 minutes under light irradiation indicates the
presence of two forms of the catalyst: A and B. The first signal (A) corresponds to a catalyst lacking both axial
ligands: H2O and CN". The second signal (B) corresponds to the mass of the Co-alkyl complex.

OF_9TH_ab M | 2Bpm QL4 16334 1 HOF MS Exe
5%

1004

Chamical Formulm: CegHeCoN,O, ‘:o e
Exnct Mase: 1157,5134 ! _ 1134.36
Found: 1137,0140 1157.51 .

1127.50
L ) L L

T T T T 1 T ¥ Y t T T T T mz
1130 *135 1840 1145 150 153 “ae 11€5 140 1178 140 1os 1sa 193 200

Conclusion: Alkylcobalamin is an intermediate in this reaction generated via the nucleophilic attack of the Co(l)

Jform of the catalyst on the epoxide.

6.3 Studies of regioselectivity

OH Il
o % Zn Ph 1. biue LED OH
Ph™ NH4CI, acatone 2. HAT Ph)\
[Co{m}]
5a fa

Reaction conditions: styrene oxide (5a) (0.2 mmol,) Zn (1.5 equiv.), NH4Cl (3 equiv.). HME (5 mol%), acetone (c= 0.1 M), Blue LEDs, 16h.

Several experiments were performed to confirm the formation of the desired linear regioisomer. The reaction was
setup according to procedure D (without addition of aryl halide, dttbpy and NiCl,DME). After that time, the
resulting mixture was diluted with AcOEt, filtered through the cotton wool. An aliquot was taken from the reaction

mixture and was examined by GC-MS.

GC-MS from the reaction mixture:

o
€ (150)

2N P oA oo N
)
=
%o
/::

Retention time of compound 9a: 2.965 min.

Retention time of compound Sa: 3.015 min.
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Fragmentation peaks detected for compound 9a:

%
1004 m

75 107

50+

122
254
4 |3| ‘ 248
0 ..7”.1.,'... N 1| 1 S P - ST ST S TR W S B
70 i) 40 100 110 120 130 140 150 160 170 180 150 200 210 220 230 240

The obtained results were compared with commercially available !-phenylethanol and 2-phenylethanol.

GC-MS of 1-phenylethanol:

Retention time of 1-phenylethanol: 2.972 min.

GC-MS of 2-phenylethanol:

10

Retention time of 2-phenylethanol: 3.222 min.
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Fragmentation of 1-phenylethanol:

%
110

1003 "

74
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Fragmentation of 2-phenylethanol:

1104
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Comparison of the reaction mixture with 1-phenylethanol and 2-phenylethanol:

(x10,000,000)
2759 I

2504
A OH
2253 L B Pl

2.004
1.754
1504
1.25
1.004
0759

il
0503 FIIA l

‘ Ph
0.25] } ]

Conclusion: The signal at 2.965 min. measured for conipound 9a overlaps with the signal corresponding to 1-
phenylethanol (Sigma Aldrich) (2.972 min.). In addition, fragmentation peaks (MS) detected for compound 9a are

the same as for 1-phenylethanol. These experiments prove the formation of the linear isomer 9a as a sole product.
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6.4 Stereosclectivity studies

Reaction with racemic styrene oxide: The model reaction with the vacemic starting material was stopped after 15
minutes and the enantiomeric purity of both the substrate and the product was evaluated by HPLC. Both
compounds were racemic corroborating that the kinetic resolution is not taking place in this reaction.

e OH
o] . = ”/ 5,./NICI,{DME} /ﬂ
Ph’ T Zn, NH4C| Ph
5a aa blus LED 7aa

Reaction conditions: styrene oxide (Sa) (0.2 mmol, 1 equiv.), 4-iodotoluene (6a) (1.5 equiv.), Zn (1.5 equiv.), NH,CI1 (3 equiv.), B;; (1) (5
mol%), NiClo:(DME) (20 mol%), dtbbpy (40 mol%6), water (1.1 equiv.), dry NMP (c=0.1 M), blue LED, 30 min.

Racemic product 7aa: Chiralpak ID-H, 10% AcOEt in hexanes, 40 min run, 1 mL/min

330~

Ret.time | Start End Area Height % Arez | Width
[rin] [rrin] Irainl  [rldPeming| [l [rrin]

| i 9.518 9.27 10.03 19.4533 69.9157 489118 0.257
2 10552 1034 11.09 20.3169 64.4569 51.0882 0.300

e e a

i

Reaction with enantiomericall pure (R)-styrene oxide: The model reaction with (R)-styrene oxide gave expectadly
enantiomerically pure product as the reaction does not involve the stereogenic center.

0

rige mim)

1 OH
0 L B ./NICL(DME)
Ay | 2Rl |
Ph" P Zn, NH4CI Ph
827 ] biue LED 828

Reaction conditions: styrene oxide ($27) (0.2 mmol, 1 equiv.), 4-iodotoluene (6a) (1.5 equiv.), Zn (1.5 equiv.), NH4Cl (3 equiv.), Byz (1) (5
mol%), NiCl;(DME) (20 mol%), dtbbpy (40 mol®0), water (1.1 equiv.), dry NMP (¢ = 0.1 M), blue LED, 30 min.

Reaction product (S28): Chiralpak 1D-H, 10% AcOEt in hexanes, 40 min run, 1 mL/min

LUl

Ret.timz| Start End Area Heighit % Area | Width
Itninl [rinl [rird [ nAUTmin | fmAUT [rnin]

i | 10,333 1001 11.09 77.5107 205919 100.0000 0.353

11,333

Conclusion: Our observation indicates that the formation of a radical at the internal position of the aryl epoxide
does not occur.
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0.5 DFT calculations

Computational methods

DFT calculations were performed with Gaussian 16. Geometry optimizations were computed at BP86/6-31G(d)
level of theory with the D3 version of Grimme’s empirical dispersion correction?! and solvation (acetone) with
SMD model.?? Frequency analysis was performed at the same level to provide correction to thermodynamic
functions and confirm the nature of optimized structures (minima and transition states featured zero or one
imaginary {requency, respectively). Single point energies were computed at BP86/6-311++G(2dfp) level of theory
with the D3 version of Grimme’s empirical dispersion correction and solvation (acetone) with SMD model.
Molecular structures were visualized in CYLview.?

Performance of selected DFT methods

Performance of several commonly used functional (BP86, B3LYP, M06, PBEO and wB97XD) was investigated
and summarized in Tables 6.5.1 and 6.5.2. Geometry optimizations and frequency calculations were performed at
BP86/6-31G(d) level of theory with the D3 version of Grimme’s empirical dispersion correction®! and solvation
{acetone) with SMD model. Then, single point energies were computed using given functional (with or without
dispersion correction) and 6-31 14++G(2df,p) bases set including solvation (acetone) with PCM model. Performance
of BPE6-D3 and xB97XD was compared in Scheme 6.5.1.

Table 6.5.1. Calculated Gibbs free energies (in kl/mol, relative to substrates — styrene oxide and Co{l)-corin complex).

= 1
<] o
E Ph_,’
3 1§
o ICa) B o EJ -
E o] T81b \_/ llia
o ) Ll | ] *
ﬁ + Ph ’,",_\\‘\_ Co'y
o [Ca) .‘{‘,’ TS1a \\‘_ ‘\ S —
a — Ia .
(D ‘V\\I\
¥ NH,* —
it TNH; Pr}ﬁf’“ b
Ph % jeat Ph—r/
— I o
PR 2
lla OH
com!  Ph
Nugleophilic epoxide opening 5 Co-C cleavage
Entry  Functional TSla TSlb Ia Ib Ila IIb Ila +]{Co" IIb +[Co"]
1 BP86-D3 437 51.9 127 348 -119.8 -107.7 221 251
2 wB97TXD 949 1080 423 719 -1314 -114.2 479 926
3 MO6-D3 81.6 88.9 450 695 -112.5 -96.5 -33.9 -82.0
4 MO6 112.3 120.3 755 1009 -80.9 -64.0 -33.0 -81.6
5 PBEO-D3 08.6 112.1 56.1 84.0 -108.4 927 =705 -115.1
6 B3LYP-D3 84.4 92.2 406 651 1272 -112.8 -75.0 -122.5
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Table 6.5.2. Comparison of the calculated barriers for epoxide ring opening and Gibbs free energies of homolysis of intermediate Ia and Ila
{in kJ/mol).

Barrier height (AG")
Entry Functional of styrene oxide opening with [Col] AG of Co-C cleavage
TS1a TS1b in Ila inIlb
1 BP86-D3 437 51.9 142.6 82.6
2 wBoTXD 949 108.0 83.4 21.6
3 MO6-D3 8l.6 88.9 78.7 14.5
4 M6 112.3 1203 479 -17.6
5 PBEO-D3 98.6 112.1 38.0 -22.4
6 B3LYP-D3 84.4 02.2 52.3 -9.7
BP86-D3 wB97XD
Fl :
% Ph teol
& —_—
2 Ts1b Ph, O e i L Ph O
g 51.9 [c,,m]/_/ O_<I:>H E S T81a ’\_/
= 4 1] N L Y848
’ = 248 T
0 2 a \ 3 b
W4y i el g : )
.;,:1 R et { i o 4 } —
tenl, [ a b ;o224 A .
— A\ ] 127 & ) .
[Cg]’ Ph o 3 [ceh ‘w' =] la
"(_<Ph I“;' ‘ . Ph:| 423 | ‘
ol i | — tee ol . pH
S ;T el -
-, OH *RH,” Ea']
Ph OH' "“_8_/ iy e
! i - Ph_ pH 479
| (=] o
(T ¥
107.7 i |
i L LT
e REITE e 9.6
‘ ] i OH
lia ; “‘73_/
-118.8 j—— +
/_<°" -121.4 w
{ca™” Ph ,_/DH
Nuclsophilic spoxide opening Co-C cleavage [ce™
————— Nucdleophllic epoxide opening _Co-C cleavege

Scheme 6.5.1. Comparison of the reaction profiles calculated with BP86-D3 and xB97XD.
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TD DFT calculations

Three lowest singlet and triplet exited states for intermediate Ila and IIb were calculated at TD-BP86-D3/6-
311++G(2df,p) level of theory including solvation (acetone) with SMD model.

(CHz)is(corrin) Co(IIT)- CH2-CH(OH)Ph — I1a (vertical excitation)

Excitation energies and oscillator strengths:
Excited State 1:  Singlet-A  2.2027 eV 562.88 nm {=0.0086 <S**2>=0.000
185 -> 188 0.14945
187 ->188  -0.14429
187 > 189 0.66047
Total Energy, E(TD-HF/TD-DFT) = -3314.49012657

Excited State 2:  Singlet-A  2.2693 eV 546.36 nm {=0.0408 <S**2>=0.000
185>189  -0.21367
186 -> 190 0.10502
187 > 188 0.63447
187 > 189 0.13240

Excited State 3:  Singlet-A  2.3455eV 528.60 nm {=0.0118 <S**2>=0.000
186 -> 188 0.67630
187 > 190 0.13075

Excitation energies and oscillator strengths:

Excited State 1: Triplet-A  1.6701 eV 742.39 nm f=0.0000 <S**2>=2.000
187 -> 188 0.70619

Total Energy, E(TD-HF/TD-DFT) = -3314.50969999

Excited State 2: Triplet-A  1.8431 eV 672.68 nm {=0.0000 <S*¥2>=2.000
187 > 189 0.69916

Excited State 3:  Triplet-A  2.0703 eV 598.87 nm {=0.0000 <S**2>=2.000
186 ->188  -0.24033
186 -> 189 0.65698
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Simulated UV spectrum of ITa calculated for 20 and 50 excited states at TD-BP86/TZVP level of theory

U¥-¥is Spectrum
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Performance of selected DFT methods

Performance of several commonly used functional, including hybrid and long-range corrected functionals (BP86,
wB97XD, B3LYP, CAM-B3LYP M06, PBEO), in calculation of excited states for intermediate Ila was
investigated. Calculated vertical excitation energies (in eV) for three lowest singlet excited states are summarized
in Tables 6.5.3.

Table 6.5.3. Comparison of the calculated three lowest excitation states for intermediate ITa

Entry Level of theory S1 S2 S3
1 BP86/6-311++G(2df,p) 2.2027 2.2693 2.3455
2 BPR6/TZPV 2.2076 2.2777 2.3518
3 wB9TXD/6-31 1++G(2df p) 2.2063 2.5045 3.0270
4 wBOTXDITZVP 2.2079 2.5142 3.0252
5 CAM-B3LYP/6-311++G(2df p) 2.2285 2.5266 3.0574
6 CAM-B3LYP/TZVP 2.2304 2.5365 3.0569
7 B3LYP/6-311++G(2dE p) 2.2397 2.5336 2.8627
8 B3LYP/TZVP 2.2428 2.5431 2.8713
9 MO06/6-311++G(2df,p) 1.8827 2.1827 23572
10 MO&/TZVP 1.8968 2.2082 2.5955
11 PBE0/6-311++G(2df,p) 2.1888 2.4840 2.9338
12 PBEO/TZVP 2.1879 2.4904 2.9363
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(CHs)is(corrin)Co(III)-CHz-CH(OH)Ph — I1a-S1 (Relaxed)

Geometry of the ITa-S1 was optimized at TD-BP86-D3/6-31G(d) (root=1) including solvation (acetone) with
SMD model.

E (BP86-D3/6-31G(d) + SMD (acetone) ) = -3313.808499
E (TD-BP86-D3/6-311++G(2df,p)//TD-BP86-D3/6-31G(d) + SMD (acetone) ) = -3314.500880

Cartesian coordinates of the optimized geometry:
Charge = 1 Multiplicity = 1 Root=1

Qazaoaoaoaoazaoaoaazaooafaomzaoaan

&

omaoQEmTE{™

2.64652800
2.88283400
1.76460900
0.76337500
1.31973200
1.32061300
-0.53845100
-0.82100200
3.56379300
-1.47626500
-2.78431900
-1.30174700
-3.55940700
-2.50070700
3.20541900
4.17737700
1.95900700
3.22784500
1.86819000
-2.73383700
-1.63948300
-1.70211400
-0.39601300
-0.20621900
0.55866300
0.35883100
-4.30470800
-0.11285200
4.84615700
0.74848300
0.35925000
-0.59131800
-0.44372100
-0.27224600

-1.90628700
-3.35037900
-4.06213000
-2.94796600
-1.72537900
-4.92442900
-3.15676300
-4.18682800
-0.86277100
-2.15775800
-2.43013900
-0.83193700
-1.09168000
-0.15682500
0.46510200
1.62109800
0.82809400
2.87510500
2.27489400
1.17373300
2.04088400
3.56421800
1.59029100
3.95890000
2.70010400
-0.07840000
-1.26480700
4.06522400
1.67551500
2.71752500
-0.14118700
-1.19494200
-2.12832500
-1.61107700

0.22208100
0.55391800
-0.30393500
-0.44260200
-0.18954700
0.22592800
-0.89210700
-1.12481600
0.34886000
-1.14281200
-1.86085400
-0.83998200
-1.63851200
-1.06147600
-0.05725300
-0.21330700
-0.34733800
-0.18709700
-0.71940100
-0.71587500
-0.38833300
-0.15743600
-0.24613600
-0.42763900
0.00131000
-0.22524000
-0.83601200
-1.52493100
0.66497100
1.08908500
1.94973300
2.44460000
1.87095500
3.82322600
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-2.06402200
-3.00735200
-2.52924000
-4.37769600
-2.65432800
-3.89830000
-1.81687600
-4.82863900
-5.09276200
-4.23953400
-5.89634700
0.14767500
1.40610000
-4.15528800
-4.28306700
-4.45482900
-4.87049300
-2.10427200
-3.09653400
-1.38187600
-2.15272000
-2.61691200
-3.67910500
-2.32237800
-2.51644400
0.25432400
1.26651700
-0.418%0300
0.28026200
1.69384400
1.64141700
253164800
0.76279100
3.75759200
3.05218800
471820300
3.92774100
3.12137300
4.12058800
2.44622200
276672100
5.08157900
578503700
5.67709900
4.50089800
4.96164900
494682800
5.64068700
541691800
4.26851400
5.01360400
4.18340700
4.65405400
2.54933800
1.53043000
2.62478800
3.25970700
2.20166800
292665400
1.32439200

-0.81351500
-1.75880700
0.44965700
-1.45379400
-2.74227900
0.75967800
1.20227900
-0.19009100
-2.20196000
1.74849100
0.05448900
0.87401200
-0.42025000
1.69881400
2.41357700
2.21402400
0.88213100
3.82276000
3.39539000
3.37415800
4.90854400
4.35187900
4.30677000
541710700
3.99025200
5.25985900
5.53431400
6.09573800
5.17580200
2.36102000
3.40708100
1.86877900
1.84481000
4.05550100
4.90432300
4.40695300
3.79600200
3.31133300
3.61327400
4.17234000
2.48736200
1.42422200
2.26826800
0.50112400
1.34115400
-1.09158%900
-1.75711000
-1.53909500
-0.14472400
-3.99357700
-3.71915000
-5.09504100
-3.69581800
-3.57519900
-3.22538600
-4.64545200
-3.01196200
-4.51864500
-5.34737800
-4.87164200

2.35850200
1.91128500
2.78023000
1.87120200
1.57814400
2.74803500
3.136723500
2.28992000
1.50964700
3.07542100
225720100
232466100
2.16128100
-0.68184600
0.14553300
-1.61223000
-0.49823100
1.31667400
1.53702200
2.02120500
1.51282300
-1.11602700
-0.83026700
-1.09788400
-2.15484800
0.23230900
-0.10860300
-0.03054700
1.33258200
-2.24893600
-2.59052300
-2.76671600
-2.54218400
-1.01507500
-0.98503900
-0.59658300
-2.07231200
1.29342100
1.65631900
1.42639700
1.94064900
-1.45058000
-1.55071500
-1.34147200
-2.38420700
0.89105700
1.76814000
0.14336900
1.21841700
0.25716000
1.01814000
0.27482000
-0.73197900
2.06204400
2.30420600
2.32794900
2.69188200
-1.71747700
-1.66025000
-2.28672200
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2.66160400
-4.30833300
-4.94316400
-4.97071800
-3.61148700
-3.57002400
-4.53886000
-3.02968100
-3.77165600
-2.40322200
-1.76855500
-3.30845100
-1.84461000
-0.23545900

-3.68433700
-0.57741900
-1.38294300

0.26728900
-0.24991400
-3.64045400
-3.70737800
-4.58818200
-3.54249300
-2.69041800
-3.59099800
-2.86346800
-1.84255100
-0.77081600

-2.27667900
-2.88175400
-3.29133200
-2.64328300
-3.67162300
-1.32254400
-1.85020600
-1.49390700
-0.24286000
-3.34698000
-3.41532100
-3.95386000
-3.78043300
4.33491500

Considerable elongation of Co-C bond was noticed upon relaxation of the S1-excited state (from 1.96 to 2.18 A).

(CHa)ss (corrin)Co(IIT)-CHPh-CH:OH — I1b (vertical excitation)

Excitation energies and oscillator strengths:

Excited State 1:  Singlet-A  1.9362 eV 640.36 nm f=0.0140 <S**2>=0.000
187 -> 188 0.66537
187 -> 189 0.19611

Total Energy, E(TD-HF/TD-DFT) = -3314.49920187

Excited State 2:  Singlet-A  2.2025eV 562.92 nm =0.0121 <S**2>=0.000
185->188  -0.12292
186 > 188 0.56061
187 -> 188  -0.14307
187 -> 189 0.35481
Excited State 3:  Singlet-A  2.2371 eV 554.22 nm f=0.0305 <S**2>=0.000
185->188  -0.27576
186 ->188  -0.40825
187 ->188  -0.10239
187 -> 189 0.47369

Excitation energies and oscillator strengths:

Excited State 1:

187 -> 188

Triplet-A
0.70532

1.5754 eV 787.02 nm =0.0000 <S**2>=2.000

Total Energy, E(TD-HF/TD-DFT) = -3314.51246127

Excited State 2:

187 -> 189

Triplet-A  1.6767 ¢V 739.46 nm {=0.0000 <S**2>=2.000

0.69909
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Excited State 3:  Triplet-A  1.7828 eV 695.45 nm f=0.0000 <S**2>=2.000
186 > 188 0.68287
186 -> 189 0.16261

(CHs)ss (corrin)Co(IIT)-CHPh-CE:OH — ITh_S1 (Relaxed)

Geometry of the ITb-S1 was optimized at TD-BP86-D3/6-31G(d) (root=1) including solvation (acetone) with
SMD model.

E (BP86-D3/6-31G(d) + SMD (acetone) ) = -3313.818385
E (TD-BP86-D3/6-311++G(2df,p)/TD-BP86-D3/6-31G(d) + SMD (acetone) ) =-3314.293878

Cartesian coordinates of the optimized geometry:
Charge = 1 Multiplicity = 1 Root=1

mmQOOZOOOOOZOOOOZOOONOEZOOOO

2.64652800
2.882838400
1.76460500
0.76337500
1.31973200
1.32061300
-0.53845100
-0.82100200
3.56379300
-1.47626500
-2.78431900
-1.30174700
-3.55940700
-2.50070700
3.20541900
4.17737700
1.95900700
3.22784500
1.86819000
-2.73383700
-1.63948300
-1.70211400
-0.39601300
-0.20621900
0.55866300
0.35883100
-4.30470800
-0.11285200

-1.90628700
-3.35037900
-4.06213000
-2.94796600
-1.72537900
-4.92442900
-3.15676300
-4.18682800
-0.86277100
-2.15775800
-2.43013900
-0.83193700
-1.09168000
-0.15682500
0.46510200
1.62109800
0.82809400
2.87510500
2.27489400
1.17373300
2.04088400
3.56421800
1.59029100
3.95890000
2.70010400
-0.07840000
-1.26480700
4.06522400

0.22208100
0.55391800
-0.30393500
-0.44260200
-0.18954700
0.22592800
-0.89210700
-1.12481600
0.34886000
-1.14281200
-1.86085400
-0.83998200
-1.63851200
-1.06147600
-0.05725300
-0.21330700
-0.34733800
-0.18709700
-0.71940100
-0.71587900
-0.38833300
-0.15743600
-0.24613600
-0.42763900
0.00131000
-0.22524000
-0.83601200
-1.52493100
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4.84615700
0.74848300
0.35925000
-0.59131800
-0.44372100
-0.27224600
-2.06402200
-3.00735200
-2.52924000
-4.37769600
-2.65432800
-3.89830000
-1.81687600
-4.82863900
-5.09276200
-4.23953400
-5.89634700
0.14767500
1.40610000
-4.15528300
-4.28306700
-4.45482900
-4.87049300
-2.10427200
-3.09653400
-1.38187600
-2.15272000
-2.61691200
-3.67910500
-2.32237800
-2.51644400
0.25432400
1.26651700
-0.41890300
0.28026200
1.69384400
1.64141700
2.53164800
0.76279100
3.75759200
3.05218800
4.71820300
3.92774100
3.12137300
4.12058800
244622200
2776672100
5.08157900
578503700
5.67709900
4.50089800
4.96164900
4.94682800
5.64068700
5.41691800
4.26851400
5.01360400
4.18340700
4.65405400
2.54933800

1.67551500
271752500
-0.14118700
-1.19494200
-2.12832500
-1.61107700
-0.81351500
-1.75880700
0.44965700
-1.45379400
-2.74227900
0.75967800
1.20227900
-0.19009100
-2.20196000
1.74849100
0.05448900
0.87401200
-0.42025000
1.69881400
241357700
2.21402400
0.88213100
3.82276000
3.39539000
3.37415800
4.90854400
4.35187900
4.30677000
541710700
3.99025200
5.25985900
553431400
6.09573800
5.17580200
2.36102000
3.40708100
1.86877900
1.84481000
4.05550100
4.90432800
4.40695300
3.79600200
3.31133300
3.61327400
4.17234000
2.48736200
1.42422200
2.26826800
0.50112400
1.34115400
-1.09158%00
-1.75711000
-1.53909500
-0.14472400
-3.99357700
-3.71915000
-5.09504100
-3.69581800
-3.57519900

0.66497100
1.08908500
1.94973300
2.44460000
1.87095500
3.82322600
2.35850200
1.91128500
2.78023000
1.87120200
1.57814400
2.74803500
3.136723500
2.28992000
1.50964700
3.07542100
2.25720100
232466100
2.16128100
-0.68134600
0.14553300
-1.61223000
-0.49823100
1.31667400
1.53702200
2.02120300
1.51282300
-1.11602700
-0.83026700
-1.09788400
-2.15484800
(0.23230900
-0.10860300
-0.03054700
1.33258200
-2.24893600
-2.59052300
-2.76671600
-2.54218400
-1.01507500
-0.98503900
-0.59658300
-2.07231200
1.29342100
1.65631900
1.42639700
1.94064900
-1.45058000
-1.55071500
-1.34147200
-2.38420700
0.89105700
1.76814000
0.14336900
1.21841700
0.25716000
1.01814000
0.27482000
-0.73197900
2.06204400
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1.53043000
2.62478800
3.25970700
2.20166800
2.92665400
1.32439200
2.66160400
-4.30833300
-4.94316400
-4.97071800
-3.61148700
-3.57002400
-4.53886000
-3.02968100
-3.77165600
-2.40322200
-1.76855500
-3.30845100
-1.84461000
-0.23545900

-3.22538600
-4.64545200
-3.01196200
-4.51864500
-5.34737800
-4.87164200
-3.68433700
-0.57741900
-1.38294300

0.26728900
-0.24991400
-3.64045400
-3.70737800
-4.58818200
-3.54249300
-2.69041800
-3.59099800
-2.86346800
-1.84255100
-0.77081600

2.30420600

2.32794900

2.69188200
-1.71747700
-1.66025000
-2.28672200
-2.27667900
-2.88175400
-3.29133200
-2.64328300
-3.67162300
-1.32254400
-1.85020600
-1.493%0700
-0.24286000
-3.34698000
-3.41532100
-3.95386000
-3.78043300

4.33491500

Exclusion of the ring opening of epoxide via protonation

The pathway involving protonation of the epoxide was not considered as accessible under developed conditions.
The pKa of protonated epoxide is estimated to be ~ -3, while the pKa of NH4" is 10.5 and 9.2 in DMSO and water,
respectively. We calculated AG for protonation of styrene oxide, which was found to be 86.2 kJ/mol. The
calculated geometry of the protonated styrene oxide resembles a benzyl carbocation stabilized by neighboring OH
group (opened epoxide ring). It is consistent with the textbook fact that acid mediated ring opening of epoxides
proceeds according to Markovnikov's rule, i.e. at side delivering more stabilized carbocation (usually more
substituted).

Calculated geometry of protonated styrene oxide:

E (BP86-D3/6-31G(d) + SMD (acetone) ) = -385.285837

E (BP86-D3/6-311++G(2df,p)// BP86-D3/6-31G(d) + SMD (acetone) ) = -385.409967

Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=

Thermal correction to Gibbs Free Energy=

Charge = 0 Multiplicity = 1

conoman

2.52508100
1.34736500
1.60472200
3.18431400
0.00844400
-0.94453700
-0.45038400
-2.29251200

-0.32356700
0.58964600
1.65632600
0.04159200
0.25230700
1.32364900
-1.11210500
1.03990500

0.146957
0.153201
0.156145
0.113745

0.48023600
0.41982600
0.45594700
-0.75873000
0.18870500
0.04286300
0.13629900
-0.13004300
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-0.58653800
-1.80146700
0.26369200
-2.71785500
-3.02156100
-2.16113200
-3.78111000
229071700
3.20098100
2.67090600

2.35775500
-1.37683100
-1.93492600
-0.30686500

1.84837300
-2.40905600
-0.528%0200
-1.39895300
-0.05361700
-0.38656700

0.08003100
-0.03800200
0.23109500
-0.17148200
-0.23661000
-0.07748900
-0.31358100
0.53681200
1.30746800
-1.48424900

https://rcin.org.pl

45



Optimized geometries, energies and corrections to thermodvnamic functions

(CHs)as(corrin)Co(l)

; }/
\.x’ v /“‘ =
2 1 .

A O

-

E (BP86-D3/6-31G(d) + SMD (acetone) ) = -2928.477102

E (BP86-D3/6-311++G(2df,p)/ BP86-D3/6-31G(d) + SMD (acetone) ) = -2929.055777
E (WB97XD/6-311++G(2df,p)/ BP86-D3/6-31G(d) + SMD (acetone) ) = -2928.240361

E (M06-D3/6-311++G(2df,p)// BP86-D3/6-31G(d) + SMD (acetone) ) = -2927.454493

B (M06/6-3114++G(2df,p)// BP86-D3/6-31G(d) + SMD (acetone) ) = -2927.427618

E (PBE0-D3/6-311++G(2df,p)/ BP86-D3/6-31G(d) + SMD (acetone) ) = -2926.636664
E (B3LYP-D3/6-311++G(2df,p)// BP86-D3/6-31G(d) + SMD (acetone) ) = -2928.828969

Zero-point correction= 0.777157

Thermal correction to Energy=
Thermal correction to Enthalpy=

Thermal correction to Gibbs Free Energy=

Charge = 0 Multiplicity = 1

C
C
C
C
N
H
C
H
C
¢
C
N
C
C
C
¢
N
¢
C
¢
C
¢
N
¢
C
€

0

H
H
H
H
C

2.89796800
4.32173700
4.26146600
2.778668000
2.02435100
4.86199000
2.28150400
3.00938400
2.49581400
0.93192300
0.41558000
-0.08484000
-1.04433100
-1.30331300
1.14056600
0.63340400
0.17817600
-0.91955%00
-1.12962700
-2.57194400
-2.73328400
-4.05142100
-1.67220300
-3.61678200
-2.11827700
0.13336500
-1.71663700
-3.73246600
0.9%062700
-1.96420400
-3.79101700

-0.88780100
-0.37091400
1.04280500
1.34831300
0.20638400
1.76519300
2.64274500
3.45996900
-2.21796200
2.97282400
4.40299700
2.04349700
4.20901300
2.74106100
-2.55441400
-3.96386300
-1.63445000
-3.80045100
-2.28283300
2.18758600
0.77184300
0.00672400
-0.04597000
-1.44904000
-1.45953100
0.17296300
4.88538300
-1.51982700
-4.65251800
-1.71536400
3.09284600

0.816751
0.817695
0.712569

-0.29370100
-0.60043500
0.05023900
-0.03665400
-0.10672600
-0.53452600
0.00507500
0.03233000
-0.27565700
0.00182100
-0.09568000
-0.00739900
0.39642400
0.06831100
0.03138200
0.29524200
0.13849800
0.12579600
0.49382800
-0.05012400
-0.18724400
-0.41839000
-0.18285700
-0.03270900
-0.35841900
-0.04823000
-0.15999200
1.06567300
-0.49373500
-1.42233300
0.00182300
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-4.51492300
-4.32978600
-35Z2131000
-4 43590500
-4 59654400
-3.64312200
-3.37222600
-3.24695500
-5.76248400
-5.90202000
-4.93237000
-4 443 28700
-4.18115300
-5.52220300
-4.27712700
-1.38260500
-2.32559900
-(1.55990700
-1.42483200
-1.73376000
-2.81733400
-1.52598400
-1.50359400
-1.23281300
-0.96136700
-2.30269200
-0.63197000
115661600
0.78126300
225983700
0.86580600
3.45703000
418496000
4134653168
250016500
5.52080160
573864700
642336700
537320300
4.44581300
366116000
5. 43087900
435032400
4. 70988000
5.78860400
451277900
4.14363300
-1.258B62600
-1.06322600
-2 30600800
-0.58135600
0.35217300
-0.01522400
142166100
-0.22277F00
123856100
223517100
0.73849600
138182400

2.84461300
301926400
4. 15041400
(2.12490000
118169800
-3 27819800
-0 42294900
041387400
131941760
0. 4030530
.57916600
-2.56548000
-3.54867900
-2.41011000
-2.61879900
204245800
-2 56050400
2. 45384000
-(0.95560100
-4 TI629300
-4 GOATO00
-5 81828700
-4 69289500
-4 OR4GT7200
-5.12968600
-3 95969600
-3.42751500
-4.52716500
-5.55148500
-4.57480700
-3.90210060
-3.35090300
-3.11231000
-3.539842140
-4 27248500
-1 18313700
206495700
-0.54445700
-1.52206400
-0.20672200
0.46599000
022471300
-1.18040000
1.11033600
0.80417200
2.11982500
0.33401800
4.43909100
5.48925700
4.20032500
3778990500
4 81064500
5 82979400
4.11500600
543001303
556491760
6 41588500
512587960

0.79279100
{0,96461 900
03712200
-1.51464900
219153400
-2. 57058100
-2.12703600
3.46969700
0.11374500
0.46704900
1.31583500
-0.67880500
-0.25168700
-0.50606100
-1.76960100
199732700
2.33898000
2 B05306800
218485700
(0.90040100
{.865501600
(0.68426800
206506400
~1. 36264000
-1 60087500
-1.59728700
-2.03384800
163469100
1. 84715800
161793900
2.49546100
-0.60068500
-1.474691460
23523708
-0, 852G1600
007330006
-3,694491 00
-0,09799200
0.96613700
-2 13832100
253154300
2. 40027400
-2.653180704
1.52840100
1.64316000
1.93153100
214467200
T.O0RSTT00
2 1RG50
218753506
250458006
-1.59374900
-1. 71325500
-2. 01263800
-2 18658200
(3.69R64200
(24732400
C.ORG22RGD
174062900
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Styrene oxide (5a)

E (BP86-D3/6-31G(d) + SMD (acetone) ) = -384.864773

E (BP86-D3/6-311++G(2df,p)// BP86-D3/6-31G(d) + SMD (acetone) ) = -384.988857
E (WB97XD/6-311++G(2df,p)// BP86-D3/6-31G(d) + SMD (acetone) ) = -384.843489
E (M06-D3/6-311++G(2df,p)// BP86-D3/6-31G(d) + SMD (acetone) ) = -384.694325
E (M06/6-311+-+G(2df.p)// BP86-D3/6-31G(d)+ SMD (acetone) ) = -384.692796

E (PBE0-D3/6-311++G(2df,p)// BP86-D3/6-31G(d) + SMD (acetone) ) = -384.530381
E (B3LYP-D3/6-311++G(2df,p)// BP86-D3/6-31G(d) + SMD (acetone) ) = -384.99321

Zero-point correction=

Thermal correction to Energy=

Thermal correction to Enthalpy=

Thermal correction to Gibbs Free Energy=

0.134965
0.142345
0.143289
0.102785

Charge = 0 Multiplicity = 1

DD DZTDEQEHOQOEZQOQQ0TZ Q0

2.59437100
1.60686700
1.84497600
2.50403700
0.15006000
-0.80201500
-0.28956500
-2.17191700
-0.46623700
-1.65808000
0.45175900
-2.60395800
-2.90277300
-1.98905300
-3.67296900
2.23834300
3.50907200

-0.04897300
0.60965100
1.62556100

-0.42054900
0.27919200
1.31717800

-1.06077600
1.02083600
236109000

-1.35582500

-1.86484600

-0.31618800
1.83667500

-2.40072700

-0.54792500

-0.80622300
0.49023100

0.73917500
-0.15344600
-0.50545200
-0.65567200
-0.09355000
-0.04163800
-0.06972200
0.05138800
-0.07257900
0.01841700
-0.13803000
0.08296500
0.09291900
0.03241600
0.15065200
1.45422700
1.02968200

(CHz)is(corrin)Co(J) - styrene oxide — TS1a

E (BP86-D3/6-31G(d) + SMD (acetone) ) = -3313.352516

E (BP86-D3/6-311++G(2df,p)// BP86-D3/6-31G(d) + SMD (acetone) ) = -3314.051616
E (wB97XD/6-31 14+G(2df p)// BP86-D3/6-31G(d) + SMD (acetone) ) = -3313.071329
E (M06-D3/6-3114+-+G(2df,p)// BP86-D3/6-31G(d) + SMD (acetone) ) = -3312.141359
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E (M06/6-311++G(2df,p)// BP86-D3/6-31G(d) + SMD (acetone) ) = -3312.134298
E (PBE0-D3/6-311++G(2df,p)// BP86-D3/6-31G(d) + SMD (acetone) ) = -3311.203294
E (B3LYP-D3/6-311++G(2df,p)// BP86-D3/6-31G(d) + SMD (acetone) ) = -3313.83971

0.912471
0.960448
0.961392
0.838993

Zero-point correction=

Thermal correction to Energy=

Thermal correction to Enthalpy=

Thermal correction to Gibbs Free Energy=

Charge = 0 Multiplicity = 1

EEOEEEEEOEOEOOOOOEOOEEEEQOOZOOOOOZOOOOZOOOEOEZOOOO

2.66075000
2.92143400
1.81071700
0.78609600
1.32655100
1.39890300
-0.51742000
-0.78922900
3.55661100
-1.47963000
-2.80783600
-1.30735400
-3.59344300
-2.53062800
317070900
4.12082300
1.91228400
3.14183500
1.80200700
-2.78218500
-1.70303200
-1.79489300
-0.44316700
-0.31604400
0.47877400
(0.35013200
-4.32713500
-0.25028100
478390100
0.65415700
0.50260600
-0.46569100
-0.26219200
0.18293000
-1.94541400
-2.84722400
-2.44797200
-4.22569900
-2.45948400
-3.82114700
-1.75032800
-4.71652500
-4.91630900
-4.19745500
-5.79046500
0.25426200
1.55300300
-4.21546700
-4.33920600
-4.55249300

-1.88004100
-3.34429900
-4.08364700
-2.98954300
-1.74131100
-4.92420400
-3.23896300
-4.28450300
-0.82082900
-2.26908300
-2.59163%00
-0.93050300
-1.25249300
-0.27940000
(0.49808900
1.67224100
0.81991000
2.90207200
2.26124300
1.05663600
1.95544100
3.48216400
1.52362600
3.89939100
2.66945400
-0.12038700
-1.40760900
396915300
1.76094300
272562600
-0.03356300
-1.00662300
-2.06126800
-0.53909400
-0.70921400
-1.68258000
0.53818300
-1.41491100
-2.65474800
0.81539900
1.28265100
-0.16213000
-2.18595900
1.79297500
0.05154100
1.02696800
-0.31920300
1.55760200
2.29449500
2.04040700

0.21567600
0.63074000
-0.17857200
-0.36804900
-0.21360400
0.41129000
-0.78725700
-0.96538500
0.31870300
-1.05293600
-1.72285500
-0.80936800
-1.52741900
-1.01543300
-0.09331300
-0.26639700
-0.38165700
-0.25880600
-0.79036400
-0.71939900
-0.44015000
-0.23612100
-0.34376900
-0.55694200
-0.10504300
-0.36851000
-0.71051100
-1.65996500
0.61448000
0.98471600
2.05436400
2.61104900
2.31886900
3.75944400
2.50708500
2.04259100
2.92784300
1.98349600
1.71448000
2.86141600
3.32739000
2.38764400
1.62222500
318473100
2.33939700
211383300
1.99010000
-0.66855900
0.14069300
-1.60427000
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-4.91273000
-2.16815500
-3.15024400
-1.42837800
-2.22706000
-2.74642900
-3.80231700
-2.4T798100
-2.65999600
0.13067700
1.12658000
-0.56952500
0.18789900
1.65425700
1.58402800
251005500
0.74061500
3.65318000
293215500
4.60396000
383723800
3.01603300
4.00437400
231695500
267759000
5.04095600
5.72825000
5.65696200
447164100
4.96099000
495894000
5.64973000
540635300
431561500
506550300
4.25480000
4.68744200
2.60734100
1.57577400
271717700
3.29556900
2.24415600
298621200
1.36636100
268005600
-4.37268300
-5.01727700
-5.02992900
-3.69453300
-3.55963500
-4.55030700
-3.01386700
-3.71794900
-2.49812300
-1.85206500
-3.41956200
-1.96504300

0.73520100
3.78276700
3.34857900
3.35946400
4.87276300
4.23112500
4.16839000
5.30403300
3.84820400
5.23267400
5.52195300
6.04460700
5.18638000
231715200
3.35461100
1.83180000
177330300
4.08607900
492215300
4.46232300
3.82024600
3.35511600
3.68801600
4.19943900
2.52999200
1.48911300
2.34628600
0.58085700
1.37786100
-1.00951300
-1.63238900
-1.48249900
-0.04345100
-3.94096500
-3.61261000
-5.04217500
-3.69007800
-3.46219600
-3.13730500
-4.51219000
-2.83876200
-4.61973000
-5.43241000
-5.01982700
-3.81278800
-0.79145300
-1.61102000
0.06381200
-0.49508800
-3.777791300
-3.89145%00
-4.72917900
-3.62328100
-2.92691200
-3.82178%00
-3.14441400
-2.09942700

-0.44239600
1.23659700
1.48824100
1.93910200
1.40972700

-1.19183400

-0.88514100

-1.20512900

-2.22466500
0.04651400

-0.32899100

-0.22299200
1.14815600

-2.32437900

-2.69122600

-2.81957300

-2.62155200

-1.09456000

-1.08034600

-0.67383000

-2.14807000
1.21509300
1.58195800
1.33431100
1.86914000

-1.49275900

-1.60315100

-1.36825900

-2.43085300
0.87006200
1.77924700
0.14668800
1.15416400
0.35375300
1.08880000
0.43034900

-0.65409600
2.14661000
2.36971500
2.47748500
2.74430800

-1.56262300

-1.47600600

-2.10051900

-2.17974700

-2.777397500

-3.14000600

-2.55780500

-3.59265700

-1.08918800

-1.56837700

-1.22573500

-0.00800900

-3.20633300

-3.25415600

-3.77550800

-3.70747400
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(CHs)is(corrin)Co(l) - styrene oxide — TS1b

E (BP86-D3/6-31G(d) + SMD (acetone) ) = -3313.346153

E (BP86-D3/6-311++G(2df,p)// BP86-D3/6-31G(d) + SMD (acetone) ) = -3314.048305
E (wB97XD/6-31 1++G(2df,p)// BP86-D3/6-31G(d) + SMD (acetone) ) = -3313.066167

E (M06-D3/6-31 1++G(2df,p)// BP86-D3/6-31G(d) + SMD {acetone) ) = -3312.138419

E (M06/6-311++G(2dEp)// BP86-D3/6-31G(d) + SMD (acetone) ) = -3312.098033

E (PBE0-D3/6-311++G(2df,p)// BP86-D3/6-31G(d) + SMD (acetone) ) = -3311.167819
E (B3LYP-D3/6-311++G(2df,p)// BP86-D3/6-31G(d) + SMD (acetone) ) = -3313.810532

Zero-point correction= 0.912828

Thermal correction to Energy=
Thermal correction to Enthalpy=

Thermal correction to Gibbs Free Energy=

Charge = 0 Multiplicity = 1

OEaaoO@mOoTmooazaoocoaozaoooozZzaooomaomzaoaan

o]

3.09586900
3.93977200
3.11217500
1.73075400
1.77270500
3.14092200
0.57154800
0.68949100
3.54136100
-0.71310800
-1.94862400
-1.00130000
-3.03305000
-2.37957700
270319500
3.19274900
1.41616000
1.85143700
0.86677500
-3.07121800
-2.36382800
-2.96899400
-1.04028100
-1.66977300
-0.58539900

0.26894300

-3.94908400
-1.47801900
3.69196500
-0.59221000
0.10154200
1.16178200
217812000
0.79944400

-0.98180400
-2.27050700
-3.23764300
-2.63836800
-1.30186000
-4.26700000
-3.35977300
-4.43038300
0.31136700
-2.82777600
-3.69381800
-1.49667200
-2.60569400
-1.32047700
1.42379100
2.85772300
1.28868300
3.66995400
2.57854300
-0.12095600
1.11915100
2.53443100
1.14735100
3.37345500
2.56222000
-0.13394200
-2.84340400
3.30335800
3.17173300
2.79933400
0.05691800
-0.83327100
-0.61944300
-0.20528600

0.960938
0.961883
0.838308

0.12629100
0.24968300
-0.65189400
-0.54651800
-0.24025100
-0.24818100
-0.80465800
-0.99897300
0.36745300
-0.86092000
-1.08881100
-0.67936900
-1.35719400
-0.85049400
0.03423700
-0.10266400
-0.27554800
-0.24096000
-0.81219200
-0.72529300
-0.60463900
-0.75616100
-0.42637600
-1.01900300
-0.29850100
-0.30426200
-0.78611900
-2.10601300
0.83455600
0.78166600
2.30075300
2.82331000
2.43874400
4.01033600
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0.37865600
-4.58973300
-5.01584600
-5.00534100
-4.98219700
-3.70049500
-4.50631500
-3.01545400
-4.15954200
-3.91330400
-4.92600400
-4.01742600
-3.51003500
-1.75621400
-0.86868600
-2.64106900
-1.82377300
0.89528500
0.53525200
1.91700300
025628800
2.00275800
1.04749900
273800200
234586200
1.43994400
2.21841900
0.48965200
1.33361500
423671100
4.57230400
5.12700200
3.84489900
4.90308700
5.14947900
573047800
491217000
5.41074900
6.05138500
5.80260300
5.52506400
3.88332300
2.84558600
4.47033000
430269400
3.53119900
453730100
281609800
352993200
-3.42018000
-3.86167600
-4.16261900
-2.53695200
-2.28022300
-3.17983900
-1.44195500
-2.48005900
-1.75759900
-1.00831800
-2.770288800

1.10241600
-0.13955000
0.63671700
0.02435700
-1.10420700
3.01686100
2.32474800
3.11330100
4.00555900
2.67714400
2.29177500
3.74906300
2.15497800
4.85330500
5.40185500
5.32820200
4.99868600
247472300
339677900
227181800
1.63140400
4.91999300
5.46568700
5.61196900
4.68807000
4.12150300
4.78806200
4.68313900
3.26322400
3.01895700
4.06778300
2.40305500
270729900
0.59552700
-0.13531200
0.58165300
1.58880900
-2.17938000
-1.70869100
-3.20055200
-1.61670700
-2.79865700
-3.01993200
-3.73288000
-2.06801900
-3.27874000
-3.71397000
-3.89677400
-2.26429200
-2.43349300
-3.35910500
-1.62762300
-2.17097000
-4.46651400
-5.09384500
-5.12435600
-3.77117900
-4.71790300
-5.47735900
-5.25374700

215168200
-0.76858300
-0.11446900
-1.78001200
-0.40734900
0.51797800
0.80846800
1.37504200
0.33580700
-1.97088500
-1.77115300
-2.22475400
-2.85740700
-0.63985100
-0.99568500
-1.10228200
0.45245400
-2.35275900
-2.83815500
-2.71034800
-2.66937500
-1.12330400
-1.20534600
-0.67274200
-2.14425100
1.17917000
1.59381300
1.17636800
1.86856700
-1.23024200
-1.30850900
-1.01826900
-2.21290100
0.97950400
1.76656500
0.24681900
1.45801900
-0.20133100
0.55978900
-0.36244300
-1.14356000
1.70737800
2.01185100
1.78769800
242072700
-2.13954300
-2.27088600
-2.71128900
-2.57888600
-2.84385400
-3.25282700
-2.96441700
-3.45348800
0.21182500
0.06499800
0.50500600
1.04173600
-2.22618200
-1.93976200
-2.42693500
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-1.41734000

0.96302900
-1.32786400
-2.23687300
-1.83264200
-3.59982400
-1.85236300
-3.19345900
-1.15037300
-4.08774400
-4.28126100
-3.56440900
-5.15178800

-4.24664700
-1.92699700
-0.24255700
0.81912200
-1.56350900
0.57759300
1.84517400
-1.80798200
-2.40128800
-0.73978600
1.41985300
-2.83925700
-0.93442700

-3.16373200
2.74296200
2.49084100
2.69662800
2.51347200
2.91986000
2.69532600
2.74168200
2.33472100
2.94196800
3.08178500
2.76129500
3.11716900

(CHz)s(corrin)Co(II)-CH;-CI(O-)Ph - Ta

E (BP86-D3/6-31G(d) + SMD (acetone) ) = -3313.362102

E (BP86-D3/6-311++G(2df,p)// BP86-D3/6-31G(d) + SMD (acetone) ) = -3314.063958
E (wB97XD/6-311++G(2df p)// BP86-D3/6-31G(d) + SMD (acetone) ) = -3313.091918

E (M06-D3/6-31 1++G(2df,p)/ BP86-D3/6-31G(d) + SMD (acetone) ) = -3312.155852

E (M06/6-311++G(2df,p)// BP86-D3/6-31G(d) + SMD (acetone) ) =-3312.115847

E (PBE0-D3/6-311++G(2df,p)/ BP86-D3/6-31G(d) + SMD (acetone) ) = -3311.189843
E (B3LYP-D3/6-311++G(2df,p)// BP36-D3/6-31G(d) + SMD (acetone) ) = -3313.830875

Zero-point correction= 0.912884

Thermal correction to Energy=
Thermal correction to Enthalpy=

Thermal correction to Gibbs Free Energy=

Charge = 0 Multiplicity = 1

QzzoooaoaZzZzaaoaomaomzaoaad

2.60941200
2.79440100
1.67352500
0.70749000
1.29523100
1.19934900
-0.59430300
-0.89780600
3.53704300
-1.52044800
-2.84335500
-1.32316700
-3.61014000
-2.51995000
3.20329300
4.20009600
1.96706200
3.27123200

-1.95715700
-3.43267300
-4.11797000
-2.97859500
-1.76358400
-4.93441500
-3.16625300
-4.19378500
-0.93330300
-2.15547800
-2.39731700
-0.83911100
-1.06843000
-0.14117700
0.40812000
1.54499600
0.78694200
2.81469600

0.960990
0.961935
0.839526

0.21475400
0.62295300
-0.22221600
-0.43925300
-0.24850800
0.35322700
-0.90077300
-1.12285700
0.35412200
-1.13330100
-1.84380400
-0.80949100
-1.54185800
-1.00433400
-0.04324700
-0.20360900
-0.33186900
-0.18957800
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1.90797300
-2.72316100
-1.60919800
-1.64582600
-0.36869500
-0.15105100

0.59805900

0.36116900
-4.30769500
-0.07934600

4.86011400

0.76708300

0.36770900
-0.55557000
-0.45385500
-0.06388300
-2.04434000
-3.01608900
-2.48750100
-4.38838200
-2.68473900
-3.85133300
-1.74676100
-4.81234200
-5.12547800
-4.17123400
-5.87919500

0.16038700

1.41207900
-4.13750500
-4.22411900
-4.47321600
-4.85388500
-2.00650200
-3.00117600
-1.27805900
-2.02976900
-2.57274600
-3.62967100
-2.26966900
-2.49845300

0.34177700

1.34941900
-0.32638800

0.39267900

1.76482600

1.73397200

260335200

0.83141500

3.83146300

3.14428800

479577400

4.00617600

3.15747700

4.15708900

2.49289700

278280000

5.11687600

583706700

569631300

2.23389200
1.19517100
2.05314200
3.57927800
1.58501200
3.94876200
2.68518300
-0.09956400
-1.26820000
4.03011400
1.59610900
270899400
-0.13613500
-1.15531600
-2.14537700
-1.12097000
-0.78164100
-1.71259400
0.47313700
-1.40243000
-2.69311500
0.80019800
1.19659700
-0.13882400
-2.14706600
1.78910800
0.11323000
0.88663600
-0.39817000
1.74162800
247718500
223851500
0.93898300
3.85934500
3.45237200
3.39977400
4.94716400
4.37316000
4.33851800
5.43657700
4.00540400
5.25616800
551127400
6.09666700
5.19337900
2.30365200
3.34608100
1.79153400
1.79919700
3.98267100
4.84673100
431619500
371773700
3.26096800
3.55065100
4.13226000
2.44609600
1.33034700
2.16086700
0.39816700

-0.72983100
-0.67844700
-0.39351700
-0.16969700
-0.30507200
-0.48158400
-0.04314500
-0.29833000
-0.70314200
-1.58339100
0.68197300
1.04851800
1.73333700
2.42521700
1.88842300
3.69335100
236798700
1.95707800
2.83920200
1.98990500
1.59045600
2.85973600
3.19922300
2.43418600
1.66393500
3.21082800
2.45424400
2.09925600
1.97636800
-0.60230300
0.21228100
-1.53076500
-0.36644800
1.31083500
1.55854000
2.00219500
1.50309400
-1.11169700
-0.80460600
-1.10647100
-2.15089100
0.14125600
-0.22781800
-0.12119000
1.24220400
-2.26364500
-2.62093800
-2.776095900
-2.56937900
-1.01578500
-0.99451400
-0.59031800
-2.07110900
1.28711700
1.65966100
1.40865900
1.93407400
-1.42704700
-1.52755300
-1.30475300
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4.54800600
4.92324800
4.88068600
5.60226600
5.40062200
4.16623200
4.91469900
4.05533000
4.56783100
2.44112300
1.46712400
2.41321300
3.20647200
2.11971200
2.81710200
1.23979600
261339500
-4.43435200
-5.06250000
-5.11275900
-3.78746500
-3.62250400
-4.61117500
-3.09724300
-3.78511500
-2.50942700
-1.86450900
-3.42366400
-1.96902300

1.24801600
-1.17967000
-1.80991500
-1.67306400
-0.23422700
-4.09062900
-3.78920500
-5.18736400
-3.863%90600
-3.52923700
-3.06504500
-4.59029800
-3.01526600
-4.67488400
-5.52280400
-5.03283100
-3.89158600
-0.54065600
-1.35377800

0.27397600
-0.16689500
-3.62262100
-3.66453400
-4.56762200
-3.56957800
-2.59395600
-3.48253100
-2.75428300
-1.72348100

-2.36828900
0.92544000
1.82815400
0.20687200
1.22540100
0.37748200
1.12506900
0.46030300

-0.62456000
2.13430000
2.37200900
2.44614700
2.74275000

-1.59405300

-1.48337500

-2.15740600

-2.19765400

-2.773045200

-3.13675600

-2.43826900

-3.54271100

-1.33291600

-1.82687400

-1.56059700

-0.24249900

-3.34728000

-3.46827700

-3.94556200

-3.76034900

(CHs)is(corrin)Co(II)-CHPh-CH(O) - Th

E (BP86-D3/6-31G(d) + SMD (acetone) ) = -3313.353368

E (BP86-D3/6-311++G(2df,p)// BP86-D3/6-31G(d) + SMD (acetone) ) = -3314.056514
E (wB97XD/6-31 1++G{(2df,p)// BP86-D3/6-31G(d) + SMD (acetone) ) = -3313.081588

E (M06-D3/6-311++G(2df,p)// BP86-D3/6-31G(d) + SMD (acetone) ) = -3312.147473

E (M06/6-311++G(2dE,p)// BP86-D3/6-31G(d) + SMD (acetone) ) =-3312.107111

E (PBE0-D3/6-311++G(2df,p)// BP86-3/6-31G(d) + SMD (acetone) ) = -3311.180201
E (B3LYP-D3/6-311++G(2df,p)// BP86-D3/6-31G(d) + SMD (acetone) ) = -3313.822528

Zero-point correction= 0.913456
Thermal correction to Energy= 0.961535
Thermal correction to Enthalpy= 0.962479
Thermal correction to (Gibbs Free Energy= 0.840491
Charge = 0 Multiplicity = 1
C 3.10634600 -0.96790400 0.15658900
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3.95554200
3.11331200
1.73392000
1.78261500
3.14232500
0.57198100
0.69093900
3.55477500
-0.71344800
-1.94310300
-1.00694600
-3.02133800
-2.37713500
2.71624300
3.21448200
1.42875200
1.87688500
0.88539900
-3.06498200
-2.35267500
-2.94897000
-1.03895100
-1.64220600
-0.56950900
0.26020000
-3.94744000
-1.43468600
3.71387200
-0.57706300
0.05067800
1.02339000
2.07103900
0.72430000
033151900
-4.58194700
-5.01190300
-4.98270400
-4.98099400
-3.69877000
-4.50924100
-3.02726800
-4.15371500
-3.87286100
-4.89047800
-3.96610500
-3.45843200
-1.72962000
-0.83348400
-2.60409600
-1.81608600
0.92091400
0.57270600
1.94265200
0.27414900
2.03195500
1.07702300
276711700
2.37646900
1.46729400
225193300

-2.25702800
-3.19480900
-2.59941700
-1.27911900
-4.23579600
-3.31505200
-4.37815000
0.31817700
-2.78282700
-3.63755100
-1.46311300
-2.53853100
-1.27336600
1.43705200
2.86786400
1.3170%9000
3.68848400
2.60039600
-0.07460700
1.16351200
2.58237900
1.19144900
3.42021700
2.59865300
-0.11331000
-2.79250100
3.36328100
3.17418800
2.83032000
-0.11725400
-1.06165%900
-0.82250400
-0.79251500
0.92829600
-0.08596500
0.67889900
0.09967300
-1.05609700
3.05251100
2.35901100
3.14245600
4.04250100
2.73588500
2.35547900
3.80987000
221706800
4.89521000
5.44414000
5.37888400
5.02606300
247687500
3.39740600
226119700
1.63867300
4.93256200
5.47800400
5.62580300
4.69400100
4.14485000
4.80316300

0.21719900
-0.70379000
-0.56111200
-0.21035000
-0.33292800
-0.82731300
-1.05595000
0.42457500
-0.87091200
-1.16490500
-0.64849700
-1.41515500
-0.85101100
0.10936600
-0.03301200
-0.18200300
-0.17168500
-0.73614900
-0.71094600
-0.56711400
-0.72227200
-0.36194400
-0.95564800
-0.22849200
-0.16987900
-0.86863700
-2.04034200
0.90636800
(0.85252000
1.93924900
2.67244300
235195900
3.96234400
215931000
-0.77551300
-0.11098900
-1.78874500
-0.43773000
0.54633400
0.81909100
1.41484900
0.36274300
-1.95059400
-1.76809300
-2.19886000
-2.83385900
-0.55846300
-0.89132700
-1.03104200
0.53415600
-2.27550400
-2.7TTI500
-2.62493600
-2.59054300
-1.06077400
-1.14708800
-0.61242400
-2.07970200
1.24730300
1.66306200
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0.52325600
1.34906400
4.26114000
4.59814900
5.14974600
3.87080700
4.91486400
5.16071700
5.74223400
491908100
5.41613000
6.066599900
5.81111800
5.50819200
3.93049200
2.90036100
4.52354000
4.36312500
3.50820000
4.51158800
2.78452500
3.50244600
-3.37948000
-3.81378400
-4.11920200
-2.48463300
-2.30906600
-3.18623600
-1.46981700
-2.56329400
-1.71901600
-0.98437500
-2.66062500
-1.34653800
0.85580700
-1.37974000
-2.25167900
-1.92026700
-3.60430000
-1.84727100
-3.26765600
-1.26362200
-4.12479100
-4.25016800
-3.65632900
-5.17930100

471684900
3.28760900
3.02133800
4.06935700
2.40471000
270935700
0.58813900
-0.16598100
059859700
1.56666800
-2.13770300
-1.689042600
-3.14949400
-1.54046100
-2.83916300
-3.07464700
-3.77240400
-2.13370200
-3.18984400
-3.62194300
-3.79031500
-2.16254700
-2.31181900
-3.22217400
-1.50174500
-2.02982100
-4.46606900
-5.10490600
-5.11801700
-3.81016300
-4.61083500
-5.38748900
-5.12976000
-4.10039600
-2. 12858600
-0.35069500
0.72936200
-1.65500300
0.52855700
1.74696100
-1.86605900
-2.51156000
-0.77320100
1.39225300
-2.88954100
-0.93825400

1.24076400
1.93608700
-1.15846400
-1.23678200
-0.94286000
-2.14147500
1.04355000
1.80829700
0.31121200
1.55164900
-0.25918700
0.50722100
-0.46413900
-1.18231300
1.65510800
1.97365600
1.68409900
238515600
-2.19856400
-2.35509800
-2.77792800
-2.60642500
-2.90185200
-3.34997200
-3.00784100
-3.48503000
0.09178800
-0.12284200
0.39441100
0.93875400
-2.34051000
-2.06350100
-2.59397900
-3.24462700
231865600
2.30543700
2.55920000
2.40043200
2.88162500
2.51241300
271816600
2.21486500
2.95649300
3.07709000
278727100
3.20617300

A

E (BP86-D3/6-31G(d) + SMD (acetone) ) = -36.553288

E (BP86-D3/6-311++G(2df,p)// BP86-D3/6-31G(d) + SMD (acetone) ) = -56.58880
E (WB97XD/6-311++G(2df,p)/ BPR6-D3/6-31G(d) + SMD (acetone) ) = -56.567956
E (M06-D3/6-311++G(2df,p)// BP86-D3/6-31G(d) + SMD (acetone) ) = -56.544989
E (M06/6-311++G(2dEp)/ BP86-D3/6-31G(d) + SMD (acetone) ) = -56.544988
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E (PBE0-D3/6-311++G(2df,p)// BP86-D3/6-31G(d) + SMD (acetone) ) = -56.516998
E (B3LYP-D3/6-311++G(2df,p)// BP86-D3/6-31G(d) + SMD (acetone) ) = -56.58989

Zero-point correction= 0.033453
Thermal correction to Energy= 0.036310
Thermal correction to Enthalpy= 0.037255
Thermal correction to Gibbs Free Energy= 0.015381

Charge = 0 Multiplicity = 1

N 0.00000000  0.00000000  0.12792900
H 0.00000000 0938238000 -0.29850200
H -0.81257500 -0.46914000 -0.29850200
H 0.81257500 -0.46914000 -0.29850200
NHy*

E (BP86-D3/6-31G(d) + SMD (acetone) ) = -57.021003

E (BP86-D3/6-31 1++G(2dE.p)// BPR6-D3/6-31G(d) + SMD (acetone) ) = -57.047387
E (WB97XD/6-311++G(2df p)// BPR6-D3/6-31G(d) + SMD (acetone) ) = -57.031286

E (M06-D3/6-311++G(2df,p)// BP86-D3/6-31G(d) + SMD (acetone) ) = -57.001833

E (M06/6-311++G(2dE,p)// BP86-D3/6-31G(d) + SMD (acetone) ) = -57.001831

E (PBE0-D3/6-311++G(2df,p)// BP86-D3/6-31G(d) + SMD (acetone) ) = -56.978602
E (B3LYP-D3/6-311++G(2df,p)// BP86-D3/6-31G(d) + SMD (acetone) ) = -57.049074

Zero-point correction— 0.048305
Thermal correction to Energy= 0.051165
Thermal correction to Enthalpy= 0.052109
Thermal correction to Gibbs Free Energy= 0.030973

Charge = 1 Multiplicity = 1

N 0.00000000  0.00000000  0.00000000
H 0.59708800 0.59708800 0.59708800
H -0.59708800 -0.59708800 0.59708800
H -0.59708800 0.59708800 -0.59708800
0.59708800 -0.59708800 -0.59708800

e

(CHsis(corrin)Co(I1T)-CH;-CH(OH)Ph - [1a

E (BP86-D3/6-31G(d) + SMD (acetone) ) = -3313.879274

E (BP86-D3/6-311++G(2df,p)// BP86-D3/6-31G(d) + SMD (acetone) ) = -3314.571074
E (WB97XD/6-311++G(2df p)// BP86-D3/6-31G(d) + SMD (acetone) ) = -3313.619455
E (M06-D3/6-311++G(2df,p)// BP86-D3/6-31G(d) + SMD (acetone) ) = -3312.67077
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E (M06/6-311++G(2df,p)// BP86-D3/6-31G(d) + SMD (acetone) ) = -3312.6303
E (PBE0-D3/6-311++G(2df,p)// BP86-D3/6-31G(d) + SMD (acetone) ) = -3311.712196
E (B3LYP-D3/6-311++G(2df,p)// BP86-D3/6-31G(d) + SMD (acetone) ) = -3314.352068

0.927117
0.975645
0.976589
0.853187

Zero-point correction=

Thermal correction to Energy=

Thermal correction to Enthalpy=

Thermal correction to Gibbs Free Energy=

Charge = 1 Multiplicity = 1

EEOEEEEEOEOEOOOOOEOOEEEEQOOZOOOOOZOOOOZOOOEOEZOOOO

2.62964900
2.84535500
1.74738500
0.74818100
1.31613700
1.29945300
-0.56737500
-0.86229400
3.53595800
-1.51065100
-2.83832500
-1.31825200
-3.60769700
-2.52100200
3.19856900
4.19365300
1.96983500
3.26173400
1.90966500
-2.772685700
-1.61531200
-1.65885000
-0.37520000
-0.16053500
0.58633800
0.36036300
-4.30280200
-0.07138700
4.83305500
0.73305400
0.35727900
-0.59948400
-0.48518000
-0.17401800
-2.07123700
-3.04501700
-2.49840200
-4.41376500
-2.71912300
-3.86600200
-1.76128500
-4.82912700
-5.15557900
-4.17969300
-5.89629900
0.14056800
1.38542500
-4.14165600
-4.22912500
-4.47466000

-1.94135100
-3.43469000
-4.08554800
-2.96290700
-1.74729400
-4.96181900
-3.15852%00
-4.18519800
-0.91081700
-2.15620000
-2.41427400
-0.83634100
-1.08327100
-0.14493400
(0.43298000
1.57182900
0.80758200
2.84018200
2.25097400
1.19413200
2.05940300
3.58904500
1.59975900
3.95827000
2.70582600
-0.09060300
-1.26981400
4.01953400
1.62897000
2.74596400
-0.13023600
-1.15777100
-2.11864000
-1.46133400
-0.77248900
-1.74347400
0.51676600
-1.43702000
-2.74711400
0.82704600
1.29270700
-0.14765500
-2.20408700
1.83621700
0.09723600
(0.8R6BETO0
-0.40205500
1.73778500
2.48963400
221355900

0.21759200
0.53143600
-0.36807000
-0.49070200
-0.25039900
0.13465200
-0.90222100
-1.13738200
0.41815300
-1.10635100
-1.79960300
-0.79806000
-1.51757900
-0.99559300
0.02793200
-0.11928300
-0.28301600
-0.13849700
-0.69843000
-0.68997600
-0.41397900
-0.21950100
-0.30663100
-0.51514700
-0.04217800

-0.26761100
-0.67417000
-1.61658900
0.78061300
1.05255800
1.69730900
2.28865100
1.75950800
3.65076200
228651700
1.98555300
2.66467900
2.04490900
1.68717200
2.73472000
2.89990000
2.42121100
1.79424300
3.02481700
2.46623000
2.06925900
1.99361500
-0.62381300
0.17491100
-1.56344400
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-4.85502300
-2.04132800
-3.03573100
-1.31659200
-2.07561000
-2.57564900
-3.63580900
-2.27305600
-2.48708800
0.31746200
1.32868500
-0.35107200
0.35224400
1.79588500
1.77141700
2.64497400
0.86915500
3.83625200
3.14903500
4.79236000
4.02998800
311717500
4.10844600
244843100
273213700
5.13725600
5.85524700
571752500
4.58969700
4.90426000
4.84791000
5.63203600
532697000
4.23696700
496559500
415250600
4.64543700
2.46856500
1.44404300
252850900
315951700
220903100
293373800
1.34059500
267776100
-4.43349400
-5.05791000
-5.11495000
-3.78769300
-3.60802400
-4.59504700
-3.07618100
-3.77301700
-2.50897100
-1.86360300
-3.42781500
-1.97423100
-0.27008600

0.93775900
3.89436800
3.48568400
3.45898400
4.98577300
4.35833500
4.32900600
542141900
3.96736200
527795700
5.53142100
6.10948100
5.23446400
2.29722400
3.33487100
1.77995400
1.78868800
3.99700000
4.86076100
4.33525500
3.71799100
3.30591300
3.60320100
417733800
2.49947400
1.34608700
2.17908000
0.41810700
1.25404100
-1.15008400
-1.85152100
-1.55810300
-0.21313600
-4.03398100
-3.77824900
-5.13576900
-3.71246800
-3.65059800
-3.30021900
-4.72649300
-3.10460200
-4.50375600
-5.33425500
-4.84005500
-3.65516300
-0.57554200
-1.39806800
0.24015600
-0.21277500
-3.63479100
-3.69070200
-4.57983500
-3.56134400
-2.63544500
-3.52469600
-2.80808600
-1.77048200
-0.61977900

-0.37191400
1.25089700
1.49543400
1.96156500
1.41645%00

-1.19098300

-0.89572000

-1.20514600

-2.22028500

0.09265600

-0.26661400

-0.19488700
1.19500500

-2.23539800

-2.60578200

-2.70809400

-2.55456500

-0.97021400

-0.97208600

-0.53100200

-2.01834400
1.32912000
1.71672800
1.42384800
1.98076500

-1.32049200

-1.41043200

-1.17618500

-2.27316700
1.03052100
1.87721300
0.30638700
1.42498800
0.25463300
1.03800800
0.24325700

-0.71803700
2.02283900
2.23989900
227032300
2.68865600

-1.78328500

-1.74120400

-2.37665600

-2.31361800

-2.71397300

-3.10564600

-2.43369400

-3.53163000

-1.26355100

-1.75848600

-1.47393400

-0.17522500

-3.30157000

-3.41165900

-3.88820300

-3.73249100
4.15279800

Ha)is(corrin)Co(IIT)-CHPh-CH,OH - TIb
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E (BP86-D3/6-31G(d) + SMD (acetone) ) = -3313.877792

E (BP86-D3/6-311++G(2df,p)/ BP86-D3/6-31G(d) + SMD (acetone) ) = -3314.570354
E (wB97XD/6-311++G(2df,p)/ BP86-D3/6-31G(d) + SMD (acetone) ) = -3313.616803
E (M06-D3/6-311++G(2df.p)// BP86-D3/6-31G(d) + SMD (acetone) ) = -3312.668526
E (M06/6-311++G(2d£p)// BP86-D3/6-31G(d) + SMD (acetone) ) = -3312.627742

E (PBE0-D3/6-311++G(2df,p)// BP86-D3/6-31G(d) + SMD (acetone) ) = -3311.710079
E (B3LYP-D3/6-311++G(2df,p)// BP86-D3/6-31G(d) + SMD (acetone) ) = -3314.35043

Zero-point correction= 0.928394

Thermal correction to Energy=
Thermal correction to Enthalpy=

Thermal correction to Gibbs Free Energy=

Charge = 1 Multiplicity = 1

II{OOEEEIQOOZOOOOOZOOOOZOOOEOEZOOOO

3.11167700
3.96513100
3.13266800
1.75060500
1.79326700
3.16205200
0.59161700
0.71587500
3.53696600
-0.69653300
-1.91793400
-0.99930000
-3.01534600
-2.37341100
2.69880700
3.19393500
1.42310900
1.85511700
0.87153700
-3.06829400
-2.36205800
-2.96724000
-1.04829500
-1.66746000
-0.58536600
0.26145900
-3.92151700
-1.47115300
3.68320700
-0.60111500
0.01752600
0.99177700
2.02769200

-0.94832000
-2.23129800
-3.17303500
-2.58496000
-1.26358400
-4.21357900
-3.30853300
-4.37225800
0.33526000
-2.78402800
-3.64647700
-1.46632500
-2.55827600
-1.28781900
1.45331900
2.88390400
1.32815500
3.70093200
2.61234700
-0.09459900
1.15012400
2.56533800
1.19226700
3.40729000
2.60083800
-0.11011400
-2.82239400
3.33255400
3.19199200
2.83130800
-0.07458400
-1.01834000
-0.72474500

0.975817
0.976761
0.857064

0.14500900
0.20900400
-0.71747900
-0.58320400
-0.23895100
-0.34733200
-0.83932900
-1.06044200
0.45161000
-0.88953700
-1.18928200
-0.67464600
-1.40702000
-0.85678300
0.11500200
-0.02610600
-0.20794800
-0.18147000
-0.75960400
-0.69975900
-0.57551900
-0.72454900
-0.39200600
-0.98747900
-0.25745200
-0.18572400
-0.83310200
-2.07310200
0.91739000
0.82372400
1.81979700
2.52797800
2.31781800
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0.85460300
0.28739100
-4.58495300
-5.00427400
-5.00705900
-4.96742800
-3.68686200
-4.47512000
-2.99011700
-4.16406100
-3.91919300
-4.93163300
-4.01800900
-3.52540800
-1.75673800
-0.86758600
-2.64000600
-1.82891600
0.91500800
0.55985500
1.93998500
0.27608600
2.01730800
1.06308200
274919100
236982100
1.42811000
2.20555400
0.48191200
1.30675000
4.25038600
4.58069900
5.14063200
386912100
4.88482200
5.13793900
5.71409200
4.86694500
5.42738200
6.06764600
5.83203500
5.51950500
3.92996600
2.90107400
4.53533000
4.34470800
3.53335200
4.53960700
281656400
352532800
-3.42089600
-3.85310200
-4.17769400
-2.54933300
-2.25979700
-3.12348800
-1.40677800
-2.52886500
-1.68358600
-0.92980400

-0.90893700
0.96679100
-0.11806200
0.64326600
0.06597900
-1.09238700
3.03261400
2.32752900
3.14647900
4.01201600
2.770653600
2.32769800
3.77834800
2.18113600
4.88701200
543361200
5.35799500
5.03429600
2.49246800
3.41314300
2.28898300
1.65121300
4.94445200
5.48990200
563635200
4.70541900
4.15505800
4.81680900
4.72291200
3.29799400
3.03124800
4.08064300
242213600
271015300
0.61384100
-0.15313800
0.65350400
1.58144000
-2.09780100
-1.64480100
-3.105%6900
-1.49937500
-2.81136800
-3.06477300
-3.73562700
-2.10038600
-3.16378900
-3.59117700
-3.76860400
-2.13637400
-2.33150800
-3.24855700
-1.53476700
-2.03319000
-4.51165400
-5.16206800
-5.15442400
-3.88559800
-4.58711100
-5.35312800

3.95923600
2.07012800
-0.72872900
-0.05388900
-1.73296600
-0.38466500
0.56319400
0.86898100
1.40866300
0.38136600
-1.93168200
-1.72069700
-2.18530900
-2.82024500
-0.61095200
-0.96535200
-1.07929900
0.48043700
-2.29830100
-2.778873500
-2.64520100
-2.62129600
-1.06946300
-1.16199800
-0.61442900
-2.08537800
1.23283900
1.65583600
1.21495400
1.92169700
-1.14336800
-1.22488500
-0.91493700
-2.12676200
1.08999400
1.83820800
0.36153300
1.61767200
-0.25654800
0.51522900
-0.45857800
-1.17863000
1.64855100
1.95660500
1.68379800
238341200
-2.21081400
-2.35830700
-2.779379600
-2.61763300
-2.88153200
-3.31673400
-2.96175800
-3.49069100
0.04970800
-0.18133400
0.33201100
0.91477000
-2.38989000
-2.13713700
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-2.61684400
-1.33196400

0.85510100
-1.39903600
-2.23892900
-1.93213700
-3.56659600
-1.83213600
-3.25745900
-1.30004600
-4.08588600
-4.19562800
-3.64763400
-5.12319900
-0.07045700

(CH3)15(corrin)Co(II)

-5.11919200
-4.04703500
-2.06520800
-0.32862500
0.74573300
-1.63682400

0.53421400

1.76200200
-1.85671700
-2.48789800
-0.77034000

1.39009700
-2.87986900
-0.94052800
-1.17644200

-2.64489000
-3.28480100
2.18944700
2.22047500
2.58383100
2.30448300
2.98334900
2.54900600
2.70584600
2.03015400
3.04015100
3.25180600
2.75579500
3.34928300
4.16026300

E (BP86-D3/6-31G(d) + SMD (acetone) ) = -2928.348782

E (BP86-D3/6-311++G(2df,pY/ BP86-D3/6-31G(d) + SMD (acetone) ) = -2928.920801
E (WB97XD/6-311++G(2df,p)/ BP86-D3/6-31G(d) + SMD (acetone) ) = -2928.135257

E (M06-D3/6-31 1++G(2df,p)// BP86-D3/6-31G(d) + SMD (acetone) ) = -2927.342949

E (M06/6-311++G(2dfp)/ BP86-D3/6-31G(d) + SMD (acetone) ) = -2927.316126

E (PBE0-D3/6-311++G(2df,p)// BP86-D3/6-31G(d) + SMD (acetone) ) = -2926.56083

E (B3LYP-D3/6-311++G(2df.p)// BP86-D3/6-31G(d) + SMD (acetone) ) = -2928.726932

Zero-point correction= 0.365872
Thermal correction to Energy= 0.385009
Thermal correction to Enthalpy= 0.385953
Thermal correction to Gibbs Free Energy= 0.318753
Charge = 0 Multiplicity = 1

C -1.04576000 2.77500100 -0.08371400

C -2.31403100 3.58787200 -0.24874800

6 -3.43292300 2.55671800 -0.01268900

6 -2.69138400 1.23811300 -0.01699200

N -1.33315300 1.40921800 -0.01248900

H -2.35333100 4.00502300 -1.27222600

H -4.22628700 2.57687900 -0.77884500

C -3.33201600 0.00011700 0.00016900

o -4.42623800 0.00015300 0.00027900

C 0.21724400 3.32453300 -0.03381900

H 0.31604700 4.41141000 -0.10211700

C -2.69146800 -1.23792900 0.01720600

C -3.43314800 -2.55645600 0.01310800

N -1.33325400 -1.40914000 0.01245400
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-2.31425200
-4.22596700
-1.04594500
-2.35335400
1.39269200
2.81064700
1.35051800
3.65766400
2.96384200
2.71229400
4.61302700
0.21703400
031576200
1.39254100
2.81048200
1.35045600
3.65754000
296378300
271229700
461297900
-0.03616400
-2.34146400
-3.92719900
-3.92622700
-2.34105000
3.01544400
3.87130100
3.87156900
3.01574600
2.80958900
2.80943900

-3.58781700
-2.57663600
-2.77494600
-4.00574600
2.54047100
3.05983100
1.21856300
1.79254200
3.43676000
0.65575600
1.77719600
-3.32454300
-4.41143600
-2.54054900
-3.05999400
-1.21863600
-1.79276400
-3.43690300
-0.65591500
-1.77746600
0.00000100
-4.43918400
-2.69661200
2.69712100
4.43975400
-3.89714400
-1.71107200
1.71081600
3.89695000
-0.43021000
0.43004700

0.24826600
0.77983500
0.08347400
1.27142600
0.10500500
0.24160300
0.16189900
-0.03678300
1.27244000
0.38739100
0.51064900
0.03358700
0.10176400
-0.10508000
-0.24151900
-0.16195200
0.03700700
-1.27234800
-0.38727500
-0.51029400
-0.00004600
-0.45187000
-0.96700900
0.96777600
0.45076000
0.44706000
1.11865400
-1.11839900
-0.44697300
-1.46913500
1.46926300

2-hydroxy-2-phenyl-ethyl radical - I1la

E (BP86-D3/6-31G(d) + SMD (acetone) ) = -385.430636

E (BP86-D3/6-311++G(2df,p)// BPR6-D3/6-31G(d) + SMD (acetone) ) = -385.564351
E (WB97XD/6-311++G(2df p)// BP86-D3/6-31G(d) + SMD (acetone) ) — -385.420779

E (M06-D3/6-311++G(2df,p)// BP86-D3/6-31G(d) + SMD (acetone) ) — -385.266213

E (M06/6-311++G(2df,p)// BP86-D3/6-31G(d) + SMD (acetone) ) = -385.264301

E (PBE0-D3/6-311++G(2df,p)// BP86-D3/6-31G(d) + SMD (acetone) ) = -385.105271
E (B3LYP-D3/6-311++G(2df,p)// BP86-D3/6-31G(d) + SMD (acetone) ) = -385.573588

Zero-point correction— 0.142268
Thermal correction to Energy= 0.151030
Thermal correction to Enthalpy= 0.151974
Thermal correction to Gibbs Free Energy= 0.108138
Charge = 0 Multiplicity =2

C -2.23005100 -0.60482000 1.16092700

C -1.72567800 -0.36823400 -0.22392600
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-1.91888800
-2.40456200
-0.20369900
0.67707700
0.32461900
2.06402500
0.27086200
1.71093500
-0.36329100
2.58550600
2.74010200
211121700
3.66814300
-2.39645400
-2.14508400
-1.94651400

-1.26567700
0.78681900
-0.16363700
-1.24905800
1.10746900
-1.06747800
-2.23876000
1.28960300
1.95021600
0.20239300
-1.91733000
2.28329500
0.34526500
0.25840800
-1.60008300
1.01268800

-0.85363600
-0.75075400
-0.14353100
-0.32525600
0.16587300
-0.20081900
-0.56959100
0.28487400
0.29728100
0.10467600
-0.35093800
0.51816200
0.19759200
1.81462800
1.60701500
-1.59138600

2-hydroxy-1-phenyl-ethyl radical - I1Ib

/

E (BP86-D3/6-31G(d) + SMD (acetone) ) = -385.450209

E (BP86-D3/6-311++G(2dL,p)// BP86-D3/6-31G(d) + SMD (acetone) ) = -385.584219
E (WB97XD/6-31 1++G(2df,p)// BP86-D3/6-31G(d) + SMD (acetone) ) = -385.439457

E (M06-D3/6-31 1++G(2df,p)// BP86-D3/6-31G(d) + SMD (acetone) ) = -385.286187

E (M06/6-311++G(2dEp)/ BP86-D3/6-31G(d) + SMD (acetone) ) = -385.284479

E (PBE0-D3/6-311++G(2df.p)// BP86-D3/6-31G(d) + SMD (acetone) ) = -385.1239

E (B3LYP-D3/6-311++G(2dEp)/ BP86-D3/6-31G(d) + SMD (acetone) ) = -385.593337

Zero-point correction= 0.143843

Thermal correction to Energy=
Thermal correction to Enthalpy=

Thermal correction to (Gibbs Free Energy—=

Charge = 0 Multiplicity =2

axflasfiasfacfi@Ru RO R=RO RO RO RO =R N ORONS!

-1.32076300
-2.57326800
-2.76024300
-1.40877900
-2.50585700
-0.01828600
1.12451500
0.22126100
2.41640500
0.96736700
1.51903300
-0.63525600
2.62697900
327153600
1.67697000
3.64209900
-3.44048000

1.04368600
0.26091200
-0.73707800
213286700
-0.23731400
0.47738900
1.32510200
-0.93234600
0.79966500
2.40594500
-1.44502400
-1.60510200
-0.58908600
1.47116600
-2.52551100
-0.99975800
0.95230400

0.152401
0.153345
0.109788

0.13564300
0.38926200
-0.64816600
0.04157300
1.38451000
0.06493500
-0.12133200
0.19225000
-0.16615800
-0.22429900
0.14891400
0.29730000
-0.02857100
-0.30689600
0.24886000
-0.06397900
0.43295300
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-3.46092300

Propylene oxide

-1.33976500

-0.31434900

E (BP86-D3/6-31G(d) + SMD (acetone) ) = -193.116591

E (BP86-D3/6-311++G(2df,p)/ BP86-D3/6-31G(d) + SMD (acctone) ) = -193.186628

Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=

Thermal correction to Gibbs Free Energy=

Charge = 0 Multiplicity = 1

Do mmIEmozZana

-1.04194000
0.15610700
1.51540900
0.16153700

-0.84014200
2.09476300
2.09058600

-1.87544500

-0.94595700
1.41819500

Cyclohexene oxide (50)

0.62571000
-0.03405300
0.09572200
-0.24285800
-0.80137600
0.90418400
-0.84271300
0.90924500
1.23152200
0.32735800

0.083131
0.087595
0.088539
0.056727

-0.06391300
0.49377000
-0.15239600
1.57660700
-0.23956200
0.33121200
-0.04722800
0.59769200
-0.97878000
-1.22777400

E (BP86-D3/6-31G(d) + SMD (acetone) ) = -309.867094

E (BP86-D3/6-311++G(2df,p)// BP86-D3/6-31G(d) + SMD (acetone) ) = -309.968367

Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=

Thermal correction to Gibbs Free Energy=

Charge = 0 Multiplicity = 1

oEEoo@moOan

0.98720600
1.09675000
-0.35046800
-0.13082900
1.92233100
1.53195800
-1.55708600
-0.46002900
-0.31378400
-1.28127000

0.84213000
-0.63335600
1.52228900
-1.51657600
-1.04800600
0.03967700
0.57047200
2.38496800
1.93646200
-0.80788200

0.147541
0.153648
0.154592
0.117916

-0.30180800
-0.42211500
-0.02911000
-0.29172400
-1.02479000
0.79048300
-0.17687400
-0.71272100

0.99770400

0.44934800
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-0.45628400
0.14931300
-1.78004300
-2.45393500
-2.18839500
-1.01084100

1.75019000

-1.79308800
-2.45882300
0.43006200
1.03393100
-1.43902200
-0.68485000
1.45848900

-1.31519300
0.21863200
-1.25403100
0.27491100
0.41403600
1.51563800
-0.80435500
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cis-1-phenylpropylene oxide

E (BP86-D3/6-31G(d) + SMD (acetone) ) = -424.187226

E (BP86-D3/6-311++G(2df,p)// BP86-D3/6-31G(d) + SMD (acetone) ) = -424.322652

Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=

Thermal correction to Gibbs Free Energy=

Charge = 0 Multiplicity = 1

TN ONIEQNOC@maaoaoman

2.40649000
1.23298000
1.32445000
2.15040700
-0.17545500
-1.12375500
-0.58054400
-2.44764200
-0.81933900
-1.906354300
0.15308000
-2.84325300
-3.17363300
-2.20971300
-3.87821800
2.31128700
1.38642900
3.17540600
2.33042700
3.26647200

0.29792400
0.83124600
1.86349400
-0.10866300
0.38453500
1.31641000
-0.94390300
0.92110700
2.35560900
-1.33758000
-1.65613500
-0.40832200
1.65376000
-2.37282800
-0.71566300
-0.75660100
-1.35052200
-1.44309700
-0.27608300
0.98187700

frans-1-phenylpropylene oxide

0.162298
0.171145
0.172089
0.128320

0.23858800
-0.51606500
-0.89299200
-1.13430800
-0.28213900
0.19037400
-0.52419300
0.43681800
0.36671200
-0.28139200
-0.91581200
0.20316100
0.80780600
-0.47632700
0.39147000
1.31314900
1.22872400
1.25234900
2.30869800
0.33402700

E (BP86-D3/6-31G(d) + SMD (acetone) ) = -424.188449

E (BP86-D3/6-311++G(2df,p)// BP86-D3/6-31G(d) + SMD (acetone) ) = -424.324107

Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=

Thermal correction to Gibbs Free Energy=

0.162156
0.171092
0.172036
0.127970
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Charge = 0 Multiplicity = 1
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2.18947200
1.15634400
1.42933500
1.92408800
-0.30620700
-1.16838700
-0.84011900
-2.53893500
-0.76122000
-2.20999600
-0.17151900
-3.06389800
-3.19875000
-2.61439800
-4.13413900
3.54280100
3.81605500
3.53660700
4.32054500
1.81834400

-0.23741400
0.39687200
1.35009700
-0.74852400
0.19571500
1.31026500
-1.09587500
1.13826900
2.31645000
-1.26715600
-1.96140900
-0.15070700
2.01278100
-2.27596400
-0.28567900
0.39023700
1.05576400
0.98067700
-0.38965300
-0.89611300

0.40991800
-0.45341800
-0.93414100
-0.92402400
-0.22276500
-0.17300500
-0.03151500
0.08110200
-0.33262900
0.21815700
-0.09827200
0.27861200
0.11830500
0.36136700
0.47222300
0.63967000
-0.19761400
1.57425100
0.73558100
1.21257900

(CHs)is(corrin)Co(]) - Propylene oxide — TS2a

E (BP86-D3/6-31G(d) + SMD (acetone) ) = -3121.599058

E (BP86-D3/6-311++G(2df,p)// BP86-D3/6-31G(d) + SMD (acetone) ) = -3122.245755

Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=

Thermal correction to Gibbs Free Energy=

Charge = 0 Multiplicity =1

Qzooo@amzaaan

-3.01576600
-4.33582400
-4.05912600
-2.55448600
-1.98649500
-4.53224600
-1.85096300
-2.44208500
-2.81888800
-0.46623600
0.26505200
0.39541200
1.66905600

-0.48713100
0.25550100
1.62640400
1.69600700
0.45259600
2.44837700
2.89511300
3.81496400

-1.86220700
3.01030300

4.34617800
1.93969200
3.91102100

0.860764
0.905782
0.906727
0.790568

-0.03235100
0.26985500
-0.41519500
-0.33624400
-0.24791300

0.15395600
-0.38755700
-0.43050700

0.02063500
-0.39212200
-0.35667600
-0.35411600
-0.85986100
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1.702%96100
-1.52781500
-1.24511500
-0.43364300

0.31565700

0.75809600

2.87146100

2.81419500

4.00309700

1.64626500

3.35010300

1.87158600

-0.11439400

2.44752200

3.44401400
-1.70377400

1.69692200
-0.43240700
-0.14746300
-0.77263000
-0.66628200

0.29523800
-1.46485800

421591800

489627700

4.72942500

4.11559000

4.39541000

4.68974700

355425600

525105100
5.24687100

5.89716600

585578200

496285300
3.99950400

3.58741900

5.08971800

3.83828300

1.03187900

1.88149200

0.14606100

1.25623200
0.96757900

206488200

0.60056300

075121700
0.58184700

0.15057100

1.65865800

0.11124700
-1.85101700
-1.64105000
-2.94797500
-1.46546700
-3.94694900
-4.52904000
-4.65576500
-3.55372100
-5.65569000

2.43164300
-2.42058200
-3.90137500
-1.67233000
-3.97259200
-2.52186300
1.68928700
0.27114900
-0.67516200
-0.37540500
-2.06281700
-1.83183300
0.11779700
4.48895200
-2.19657800
-4.48907500
-2.02878600
-0.20621700
1.07338800
1.92907200
0.32157600
-1.01297400
-0.49074300
2.38838600
2.08017200
2.17065200
3.48152100
-0.55081400
0.48565300
-0.82265000
-1.20849200
-0.49404300
0.33337900
-1.41660000
-0.32499700
-3.26222700
-4.21214300
-3.28252300
-3.23975200
-2.37810400
-3.00005900
-2.66788900
-1.32226300
-5.09710200
-5.09080500
-6.08034000
-5.02285900
-4.23598600
-5.21389600
-4.26907700
-3.46632100
-4.43645000
-5.51384700
-4.30990800
-3.90739500
-2.81605700
-2.44798200
-2.98071400
-3.80308200
-0.36721000

-0.48677800
-0.25425300
-0.45734700
-0.37485800
-0.28457600
-0.71024900
-0.36717800
-0.16407100
0.09680200
-0.10975000
-0.22612800
0.10734600
-0.21318100
-0.33231300
-1.32052600
0.36012200
1.18009000
218216800
2.86830200
251638500
3.92150600
230262700
1.98249000
-0.47338000
(0.33844100
-1.42767900
-0.40242000
1.59101600
1.83188200
2.25343400
1.82974100
-0.79847300
-0.47476900
-0.75729900
-1.85265700
0.46917000
0.08926400
0.28719700
1.56137300
-2.22225300
-2.54887800
-2.80878500
-2.45304300
-1.10448700
-0.98126000
-0.75670100
-2.18246200
1.21651200
1.49918800
1.45133600
1.85604200
-1.77305300
-1.89375600
-1.76205100
-2.66047600
0.38030200
1.24068400
-0.45146900
0.66916300
-0.22427600
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-6.00188000
-6.44442600
-5.57729400
-4.40076400
-3.50178700
-5.28910100
-4.47051400
-4.49960500
-5.59794400
-4.14944600
-4.06389400
1.89014300
1.85550800
2.87654500
1.11933500
0.36795900
0.92882500
-0.63754100
0.89085700
-0.40432000
-1.36064600
0.24389600
-0.61432900
1.31628300
1.91436400
1.72751700
1.42316200

-1.18860600
0.40761000
-0.74502400
0.46958000
0.99629300
1.07376400
-0.49559700
1.72882900
1.69193400
2.68511000
0.90871100
4.05788000
5.11648500
3.65145200
3.50276500
4.79971300
5.75078800
4.95492700
4.04377600
5.45834100
5.76495700
6.35304700
5.14187200
1.48312100
0.61181300
1.85349200
2.27600000

0.42071900
-0.20702600
-1.25638700
1.80712500
2.17671800
2.07128500
2.33916500
-1.89346200
-1.99876600
-2.32149400
-2.49323300
-2.38125500
-2.69360300
-2.66560900
-2.94660100

1.12455500

1.19697300

1.55553600
1.73715900
-1.18005800
-0.71932400
-1.21345500
-2.21598900
3.00757100
3.33277600
2.05312700
3.77148500

(CHa)is(corrin)Co(I) - Propylene oxide — TS2b

E (BP86-D3/6-31G(d) + SMD (acetone) ) = -3121.590068
E (BP86-D3/6-311++G(2df,p)// BP86-D3/6-31G(d) + SMD (acetone) ) = -3122.237732

Zero-point correction= 0.860720
Thermal correction to Energy= 0.90589%
Thermal correction to Enthalpy= 0.906841
Thermal correction to Gibbs Free Energy= 0.790292
Charge = 0 Multiplicity = 1

G -3.00724000 -0.39843900 -0.08430200

(e -4.35624600 0.34798900 0.03397600

6 -3.97374400 1.73401000 -0.56695200

@ -2.49071500 1.78123500 -0.29491700

N -1.94752100 0.52743400 -0.17967400

H -4.50882500 2.54782000 -0.04281800
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-1.77288900
-2.35010400
-2.83490400
-0.38762900
0.36763800
0.45808600
1.74267500
1.76765700
-1.53848300
-1.27439800
-0.42889200
0.28793100
0.73839000
2.92849500
2.85850000
4.04176600
1.68458900
3.35725000
1.89686200
-0.07294500
255154700
340970200
-1.73512600
1.76909000
0.09606000
-1.31729500
-2.01355800
-0.80199500
0.48191400
427827100
498868200
4.74442500
420104100
4.48562700
4.82005000
3.65792900
5.32829700
5.25499900
5.92757900
5.85247200
4.93552900
4.01229700
3.57443700
5.09551100
388700600
0.95182600
1.77783200
0.03907200
1.18333900
0.91845300
2.01713000
0.54976700
0.68768200
0.57429100
0.13152700
1.65476200
0.12828200
-1.89232100
-1.68805600
-2.98797100

2.97170700
3.90045200
-1.77609200
3.06724900
4.38669800
1.98267900
3.95728300
2.46164000
-2.34879100
-3.83483300
-1.61651400
-3.92576700
-2.47859500
1.69794100
0.27273500
-0.69500700
-0.35800700
-2.06829300
-1.82028000
0.16995100
4.49984000
-2.18819700
-4.40773700
-2.03004200
-0.03485900
0.05189800
-0.65599400
-0.33410500
-1.05017900
2.37842300
2.04110600
217216400
3.47109300
-0.59895500
0.42538700
-0.85167400
-1.28417800
-0.51540300
0.29809800
-1.44628500
-0.32533900
-3.285%0200
-4.22531900
-3.31900500
-3.27521900
-2.31703200
-2.94669400
-2.58395800
-1.26150300
-5.05107300
-5.05309700
-6.03363400
-4.96933500
-4.19874200
-5.17007400
-4.25073200
-3.42300200
-4.38296000
-5.46300600
-4.25326100

-0.24063600
-0.28081000
-0.02787200
-0.19373300
-0.10048700
-0.21955000
-0.68227300
-0.37783300
-0.23411100
-0.43736300
-0.31058400
-0.28035800
-0.70169400
-0.34750300
-0.19989900
-0.00243600
-0.11648200
-0.32277200
0.07092800
-0.12241100
-0.16304400
-1.42148500
0.39036600
1.14799900
237141800
2.81468600
2.31218500
4.03702500
2.25229500
-0.49644600
0.27726300
-1.47715400
-0.39845600
1.47982400
172017200
2.16689200
1.68405200
-0.93848500
-0.62527900
-0.93424900
-1.97884600
0.33508900
-0.04179300
0.11699600
1.43215600
-2.22253000
-2.59214100
-2.777725400
-2.44782700
-1.11581900
-1.00877400
-0.76799600
-2.19015800
1.21493400
1.50238600
1.43066600
1.86480000
-1.74257000
-1.84754200
-1.73144500
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-1.50791800
-3.99232500
-4.66248400
-4.61083800
-3.62427100
-5.56697100
-6.00514900
-6.35860100
-5.31004200
-4.69644300
-3.90511700
-5.64532900
-4.81366400
-4.20895900
-5.28300400
-3.79976000
-3.69919700
1.89739100
1.86944800
2.86107200
1.09015200
0.54094700
1.10459400
-0.44190600
1.09563400
-0.30821400
-1.23624400
0.36044100
-0.56980300
-1.74317300
1.07848200
1.64960000
1.80691300
0.54713500

-3.87102100
-2.71725200
-2.30742100
-2.93991800
-3.68120600
-0.27556500
-1.11342000
0.48951100
-0.63661300
0.54752800
1.12097300
1.10794000
-0.41738800
1.88857200
1.86461000
2.85530500
1.08498800
4.17107900
5.24382300
3.76103000
3.65730000
4.74817900
5.69467200
4.87332700
3.95833500
5.55936900
5.85933300
6.43937100
5.30924100
1.08522600
1.03991900
0.75102900
1.23642800
1.98338700

-2.64018900
0.26522000
1.03722200

-0.62344200
0.65183000

-0.68879500

-0.12607700

-0.79003600

-1.69933500
1.53508700
2.04879400
1.63213200
2.05800400

-2.08752400

-2.34170100

-2.43128300

-2.65009600

-2.20384700

-2.46447500

-2.55317900

-2.75727800
1.39901300
1.50190700
1.88803700
1.93623500

-0.82810600

-0.30874700

-0.83800400

-1.87044300
2.74038500

2.76679900
3.66743900
1.96539300
2.98244300

(CHa)is(corrin)Co(lI) — cycloxexane oxide — TS3

E (BP86-D3/6-31G(d) + SMD (acetone) ) = -3238.344929

E (BP86-D3/6-311++G(2df,p)// BP86-D3/6-31G(d) + SMD (acetone) ) = -3239.020761

Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=

Thermal correction to Gibbs Free Energy=

Charge = 0 Multiplicity =1

G

3.03053400

-0.60714300

0.925281
0.9718%94
0.972838
0.854170
-0.01642000
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3.97700300
3.24906300
1.82494400
1.74705500
3.33070900
0.73249200
0.94287500
3.34612700
-0.59945300
-1.73668200
-1.02740800
-2.97226900
-2.43085100
2.38313200
2.770947400
1.10002400
1.28576300
0.36162600
-3.21546400
-2.63577300
-3.394413800
-1.31214100
-2.27238500
-1.00386700
0.12072200
-3.17489900
-2.27277300
326872200
-0.88620300
0.46458400
0.22957400
0.64756100
1.04359500
1.48213100
-4.68929600
-5.04190900
-5.34893000
-4.85576300
-3.79635200
-4.45844800
-2.91475100
-4.34126400
-4.62106700
-5.50939200
-4.89212100
-4.40272500
-2.44999500
-1.70544400
-3.45008700
-2.33447500
0.20738300
-0.31633600
1.19054800
-0.36932400
1.21705400
0.20552200
1.91708700
1.47914700
0.98195600
1.72680500

-1.80752700
-2.90340700
-2.40421600
-1.06730300
-3.88902200
-3.21436700
-4.25801700
0.73302300
-2.81114000
-3.72949300
-1.54845100
-2.96507600
-1.54731100
1.74302700
3.20962300
1.46620300
3.88046300
2.67986200
-0.43257400
0.87764600
222134700
1.05681700
3.18575900
2.51645200
-0.07123600
-3.38522600
3.08966200
3.61244500
277511600
-0.34400800
-1.79640000
-2.47724100
-1.57141700
-0.05193000
-0.61247300
0.17998800
-0.60110200
-1.56545700
2.57702100
1.81005600
2.66593800
3.53819000
2.30230000
1.80158800
3.36275500
1.85566000
4.66044100
5.28557500
5.02507800
4.83377600
2.55177000
3.42054300
2.45901900
1.63869500
5.11008300
555141200
5.88751800
4.88094900
4.33459600
5.08970600

0.19110300
-0.65266500
-0.64281700
-0.36987600
-0.15732800
-0.93733100
-1.19139100
0.17133400
-0.91855400
-1.33293000
-0.59464600
-0.75930500
-0.54808400
-0.16088100
-0.39192100
-0.36758100
-0.41195900
-0.85580800
-0.26900200
-0.22517100
-0.17931600
-0.22592100
-0.70241600
-0.16306200
-0.28987000
0.25059500
-1.80553700
0.47407300
0.90415800
2.19043000
2.45676400
1.68216800
3.56225000
1.92406700
0.05587900
0.73218600
-0.83084700
0.58533300
1.27483400
1.70958300
1.93314800
1.29734600
-1.11016300
-0.69310000
-1.26935000
-2.09706400
-0.33657400
-0.85707200
-0.63467100
0.74751400
-2.38540700
-2.81773100
-2.87332800
-2.61642300
-1.33206800
-1.32725400
-0.97438100
-2.37747900
1.03476400
1.34640800
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-0.015%0200
1.03974900
3.61167500
3.84059600
4.57075700
3.14952400
4.70033700
5.05045700
5.48883500
4.63903900
5.44449600
6.03134800
5.92060600
5.53226500
3.93593800
290635300
4.46996700
4.43805800
3.727659000
476375600
3.07689600
3.67599800

-4.24237600

-4.34451700

-5.15907300

-4.20270600

-1.63793300

-2.56575400

-0.779782900

-1.50012400

-1.73002700

-0.76470600

-2.53297800

-1.85353100

-0.37659900

-0.37046800
0.11250400

-1.21592300

-1.80453500

-1.19519100

-1.86822700

-1.31433100

-2.913%90600

-1.82204900

-2.36653800

-2.34085500

4.79698900
3.49323700
3.41233200
4.48192500
2.88388400
3.02453800
1.18458900
0.54114200
1.18877300
2.20796500
-1.63816400
-1.04569900
-2.63442900
-1.16230200
-2.19468300
-2.29048100
-3.15107000
-1.42277700
-3.04772800
-3.42396200
-3.76193500
-2.07942400
-3.14785300
-4.21161900
-2.87429600
-2.55081000
-5.15048100
-5.71195300
-5.71746900
-5.12294800
-3.779739100
-4.20776100
-4.45160700
-2.79448500
0.68256200
1.62201400
0.91973500
-2.20171900
-2.25452000
-3.22036700
-1.20390600
-1.22523900
-1.49838000
0.21370300
0.20579400
0.93847000

1.12450900
1.75006400
-1.62933700
-1.77929800
-1.49026800
-2.55271500
0.69282700
1.51596200
-0.08190600
1.09754800
-0.25026400
0.46738800
-0.30686300
-1.24184500
1.69474900
2.08399000
1.85286200
2.30536800
-2.11572600
-2.17571200
-2.65129400
-2.64641200
-1.61018700
-1.89216700
-1.06879000
-2.53767600
-0.75109400
-0.96959400
-1.19118200
0.34491000
-2.88336000
-3.23001500
-3.26720100
-3.33064400
291790700
2.33808700
3.88337700
2.79284000
1.85740900
3.22873500
3.76407300
4.72221200
3.97687000
3.16842200
2.20654600
3.82474500

https://rcin.org.pl

75



(CHa)is(corrin)Co(]) - cis-1-phenylpropylene oxide - TS4a

E (BP86-D3/6-31G(d) + SMD (acetone) ) = -3352.66206

E (BP86-D3/6-311++G(2df,p)// BP86-D3/6-31G(d) + SMD (acetone) ) = -3353.373699

Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=

Thermal correction to Gibbs Free Energy=

Charge = 0 Multiplicity = 1

OOOOEOOEEEEQOOZOOOOOZOOOOZOOOEODJZOOOO

2.01640900
1.80227400
0.63198400
-0.01669200
0.83705300
-0.06521200
-1.31846700
-1.87571900
3.15647900
-1.96562300
-3.35802000
-1.42048800
-3.74884300
-2.40126200
3.22571400
4.50681500
2.15491400
3.97000900
2.54178800
-2.20850700
-0.90321500
-0.51503600
0.14774700
1.03192200
1.37000600
0.38354700
-4.31688500
1.16748000
5.07541300
1.48083300
0.13378500
-1.11465800
-1.12295700
-0.61019400
-2.50668800
-3.58585800
-2.79526500

-2.52315600
-4.04121900
-4.28794000
-2.92702600
-1.93103700
-5.04865700
-2.72342100
-3.60751400
-1.80661400
-1.49504700
-1.34298700
-0.30035300
0.08523800
0.69889600
-0.40117800
0.41664200
0.31763500
1.89511400
1.72536700
2.03854400
2.54128800
4.01810600
172861300
3.94141700
2.52688800
-0.07811600
-0.03691100
3.97491500
0.26028500
2.53083900
-0.54160100
-1.35257400
-2.12299000
-1.80216400
-0.73909900
-1.64199600
0.63867700

0.940140
0.989665
0.990609
0.864500

0.04273500
0.21771700
-0.78623600
-0.83841400
-0.45179800
-0.387799300
-1.28303100
-1.60836600
0.38554400
-1.34117100
-1.93788400
-0.94952700
-1.44499500
-1.05378100
0.10870800
0.08338600
-0.21456600
0.08015800
-0.56906000
-0.73284600
-0.42491400
-0.20271000
-0.28389500
-0.45212300
0.03022100
-0.39371100
-0.49636100
-1.55039700
1.01968300
1.12840800
2.07898000
2.10620300
1.30441500
3.33014500
2.16614100
2.29505000
2.13150400
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-4.90984600
-3.37577000
-4.11921000
-1.99040800
-5.18189000
-5.72972600
-4.31790200
-6.21307500
1.03249000
-3.41057700
-3.22930300
-3.68816700
-4.29002100
-0.83241600
-1.90887200
-0.28446300
-0.55572700
-1.13812000
-2.17667800
-0.55084500
-1.12172700
1.85182900
290152000
1.45438400
1.84883700
2.54582900
2.84006500
3.23906600
1.53382900
4.89609800
4.48400000
588256500
5.06410200
3.88017000
489059300
348183800
3.24358000
5.43812500
6.36467500
5.72805500
4.95586400
4.36203100
4.05800800
5.00143700
499862800
299659500
3.72600400
262483300
352875400
1.30121400
0.45143900
0.99241100
2.10863500
1.05505900
1.52286000
0.16752800
1.76875600
-4.64661000
-5.42889800
-5.16709900

-1.18875700
-2.71927200
1.10063500
1.36211200
0.19194200
-1.91090400
2.17814800
0.55432000
-1.12680400
2.96078200
3.76407000
3.44322000
2.40959100
4.43155200
4.33023400
3.80927000
548725000
5.02058400
5.28905700
595778800
4.62226600
5.06895000
5.02649600
6.05836100
5.01427900
1.84254300
2.85196900
1.11307900
1.62421500
2.86836500
3.89238500
2.90610100
2.58247300
2.34103500
2.33121000
3.36451300
1.66030000
-0.01017300
0.59032700
-1.06872500
0.09328100
-2.46602300
-3.18374700
-3.00982700
-1.71580500
-4.97229800
-4.98557600
-6.00725900
-4.69766200
-4.28277900
-3.63068600
-5.33848500
-4.08031600
-4.70543300
-5.70515000
-4.73656400
-3.97868200
0.83658500
0.15151800
1.69257000

2.40025300
2.30983700
2.24563700
1.98537400
2.38010400
2.49348900
2.21903600
2.46357500
1.88162700
-0.62490300
0.10329800
-1.57998500
-0.25647600
1.25710600
1.47663500
1.98691900
1.43114800
-1.19627300
-0.94631100
-1.18569600
-2.22683200
0.17806800
-0.15734100
-0.11397400
1.28076100
-2.10726400
-2.43966500
-2.55513000
-2.49123200
-0.66678500
-0.65806500
-0.16889300
-1.71756900
1.55814600
2.00658000
1.66064200
215275600
-1.07246600
-1.07463200
-0.95334000
-2.05902900
1.03493800
1.81353800
0.31567300
1.53080100
-0.07062200
0.75294200
-0.18493900
-0.99724300
1.66829100
1.94070500
1.79022900
2.39489300
-2.21345600
-2.22913700
-2.87052300
-2.64291000
-2.44597500
-2.82050000
-1.99416000
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-4.07300500
-4.36609800
-5.38034700
-4.12215800
-4.39287200
-3.20596900
-2.78370800
-4.17825200
-2.52396100
0.31421900

1.34076300
0.13362800
-0.39084800

1.20586800
-2.39797700
-2.14446400
-3.40699200
-2.43632100
-1.43867300
-2.42360400
-1.33706900
-0.65986900
0.712003500
0.77606100

1.62596600

0.71684800

-3.31370700
-1.44937200
-1.81154500
-1.82823000
-0.34573900
-3.47957400
-3.74787100
-3.99360000
-3.86633600
2.90325000

3.30458700

231347000

3.75048400

https://rcin.org.pl

78



(CHa)is(corrin)Co(]) - frans-1-phenylpropylene oxide — TS4b

E (BP86-D3/6-31G(d) + SMD (acetone) ) = -3352.662226

E (BP86-D3/6-311++G(2df,p)// BP86-D3/6-31G(d) + SMD (acetone) ) = -3353.373598

Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=

Thermal correction to Gibbs Free Energy=

Charge = 0 Multiplicity = 1

OOOEOOEmEEQOOZOOOOOZOOOOZOOOEOEZOOOO

1.94354400
1.69349000
0.40659000
-0.19606700
0.71524400
-0.26379900
-1.47496100
-2.05613000
3.15089500
-2.04188400
-3.30270100
-1.47939400
-3.73176900
-2.43649400
3.19926200
4.46324000
2.09417200
3.93272800
2.42729900
-2.26507700
-0.96532400
-0.56919700
0.09298300
0.96292000
1.33987100
0.32191200
-4.44605400
1.03044500
5.17123700
1.57145900
0.17307500
-0.97297900
-0.73445800
-0.69992800
-2.36220500
-3.06396400

-2.53425200
-3.98988400
-4.33425400
-2.96529300
-1.96085800
-4.98015400
-2.76668400
-3.65911500
-1.83987400
-1.52554100
-1.31701700
-0.33246800
0.11043600
0.68024600
-0.45710100
0.36479900
0.26433300
1.84092400
1.69185500
1.99700200
2.48238200
3.92564100
1.66626400
3.89191900
2.43409900
-0.12671800
-0.02108400
4.05440700
0.18763700
2.31261400
0.09673200
-0.64535300
-1.71217100
0.25075300
-0.53184600
-1.67377200

0.938001
0.988071
0.985015
0.861067

0.05994100
0.50951300
-0.30526100
-0.52531600
-0.33475700
0.29328500
-1.04244400
-1.29616100
0.08740500
-1.31304400
-2.13319700
-0.92677300
-1.66287000
-1.07679400
-0.29130100
-0.48944900
-0.47811100
-0.36010900
-0.80457600
-0.65702700
-0.30399100
0.06372900
-0.26839700
-0.28206200
0.01008200
-0.45059300
-0.82343200
-1.37524200
0.34173300
1.08424300
2.57527400
3.19166400
3.40638500
4.25076800
2.60010300
2.17037300
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-3.00710900
-4.39713100
-2.56880900
-4.33374000
-2.46178800
-5.03654100
-4.94528300
-4.82645300
-6.07935600
-0.06130900
-3.47659600
-3.37321700
-3.65038900
-4.39005000
-0.81560100
-1.88546300
-0.24975500
-0.51659000
-1.24452900
-2.26689900
-0.65731900
-1.28536900
1.81542800
2.84384600
1.39671200
1.87849100
2.21069600
2.43973200
2.84602900
1.15904900
4.73404700
430676000
5777882300
476080200
4.06451000
5.13235300
3.67052600
3.54133700
5.20136000
6.11915200
5.49947200
4.56981600
4.43517200
4.28206600
484226700
522245300
279980100
3.61033100
236232000
324337100
1.33871300
0.48414100
1.06855200
2.19743100
0.65564900
1.08507600
-0.29686100
1.34289500
-4.42683700
-5.19587700

0.72084100
-1.57061200
-2.65251200

0.82911300

1.59925200
-0.31902200
-2.47013100

1.80775200
-0.23956900

1.04615800

2.90401500

3.57112200

3.54524100

2.31356200

4.14201700

4.02045600

341715700

5.16120400

5.04345500

5.27069700

5.97542600

4.78292600
4.94933500
4.95819500
5.96128300
476771800
1.90836800
2.94326900

1.22644100

1.68823400
2.85477500
3.86865400
2.89815500
2.60593900
2.22615600
2.22092200
3.23396400

1.50751600
-0.02735800
0.57257500
-1.09030800

0.10129800
-2.49404100
-3.01470500
-3.23115100
-1.74434200
-5.03822500
-4.95469700
-6.04693900
-4.97649100
-3.93909100
-3.26325900
-4.94834900
-3.57588100
-5.01496400
-6.02550000
-5.11475500
-4.41178200
0.93499900

0.31645700

2.57067800
1.73951800
2.19642600
2.12800100
2.93308000
1.71833000
1.43742900
2.11445800
1.3%9022100
2.09090100
-0.52945500
0.34108400
-1.41334800
-0.35688300
1.57859400
1.82216200
2.19184100
1.88494600
-0.75624400
-0.41554900
-0.65629900
-1.82922200
0.42270200
0.02262600
0.27171900
1.51019500
-2.31665100
-2.62074900
-2.90391400
-2.56866800
-1.19292400
-1.09282100
-0.83367300
-2.26605400
1.13167100
1.41822000
1.34118800
1.78634600
-1.78718600
-1.91979800
-1.74055400
-2.68242300
0.57174700
1.53245800
-0.14299200
0.74333100
0.28662100
1.02621100
0.40409900
-0.72134300
2.02037200
2.20557700
2.38476300
2.61269700
-1.67079900
-1.55554700
-2.22073700
-2.29214700
-2.776165400
-3.25993000
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-4.93977700
-3.71177400
-4.40723100
-5.33304900
-4.11999600
-4.63249700
-2.86704500
-2.42901900
-3.72439000
-2.10399700

1.58184500

1.61275600

2.06713200

217675600

1.82234600

1.27675200
-2.36061100
-2.04954700
-3.34920600
-2.47815200
-1.34706400
-2.33366600
-1.18483800
-0.57640100
-0.29747700
-1.09702600
-0.67885900
0.56109200

-2.36181500
-3.53000900
-1.90739200
-2.42624200
-2.31000200
-0.83418800
-3.62488900
-3.86028400
-4.30278300
-3.83745200
2.86948100
3.62801700

1.95506700
3.22869200
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0.6 Kinetic studies for model reaction

0 B,./NIC1,(DME) OH
SN+ o ——a el
Ph Zn, NH4C| Ph)\, Ar
5a 6a blug LED Taa

Reaction conditions: styrene oxide (Sa) (0.2 mmol), 4-iodotoluene (6a) (1.5 equiv.}, Zn (1.5 equiv.), NH4Cl (3 equiv.), Bz (1) (Smol%),
NiCl;(DME) (20mol%), dtbbpy (40mol%), H20 (1.1 equiv.), dry NMP (c= 0.1 M), Blue LED (single diode 3 W).

The reaction was setup according to the procedure A on 0.4 mmol scale with the addition of dodecane as an internal

standard (58 mg). The reaction was monitored by GC/FID for 16 h.

Kinetic for model reaction

30 40 50 60
Time [min.]

Conclusion: This experiment suggests that optimal time for this reaction is only 30 minutes.
6.7 Reactions with deuterated solvents

Side-products by reaction with aryl epoxide

0 3MNICI,(DME) oH
+ Ar— _ &
o T T Za,NHI N
5a 8a blus LED Taa

Reaction conditions: styrene oxide (5a) (0.2 mmol), 4-iodotoluene (6a) (1.5 equiv.), Zn (1.5 equiv.), NH.Cl (3 equiv.), HME (3) (5mol%),
NiCl,(DME) (20mol%), dtbbpy (40 mol%), acetone-d6, Blue LED (single diode, 3 W), 16 h.

The reaction was setup according to the procedure D (acetone was replacement on acetone-d;). After 16 h a small
portion was taken from the reaction mixture and 'H NMR spectrum was recorded. This experiment enabled

identification of side-products formed.
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'H NMR of the crude reaction mixture:
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We compared the obtained 1H NMR spectrum with spectra measured for the samples of the original styrene and

product in the same deuterated solvent.

1H NMR spectrum of styrene (solvent: acetone-ds):

] -

T T T T T T T T T T
40 3.5 3.0 L5 0 15 1.0 05 0.0 -0.5 -1.0
1 {ppm)
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1H NMR spectrum of product {7aa) (solvent: acetone-d;):

EARRRRANALY LI

414
2.94
240
29

—as

|

Conclusion: Based on 'H NMR spectrum, the major side-product is stvrene. The ratio between product and styrene
is1:0.6.
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6. NMR Spectra

1-phenyl-2-(4-tolyl)ethan-1-ol (7aa)
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1-(4-(tert-butyl)phenyl)-2-(4-tolyl)ethan-1-ol (7ba)

a
Fei
!
wn
rea
7
Q
re
]
e
iz —
o
=]
se2ub 69°8F V.
=958 sgsz -,
n WIE
re 5
Feso | o
il S5'5F —
=49z
n
e
zif0 | O
Iiso ™
tn
I
PISL—
-
28
Fe B
o
L &
]
<
0T | o
[
n
rs
]
[
weT
orsn
Lt A%14]
v [>414] >
[
o orver
ad
=g orw —
oz |
THET | 1
e
YEET —
]
r®
n
I
]
[T

1 (ppm)
89
https://rcin.org.pl

STH R i




1-(4-fluorophenyl)-2-(4-tolyl)ethan-1-ol (7ca)
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4-(1-hydroxy-2-(4-tolyl)ethyl)benzonitrile (7da)
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2-phenyl-1-(4-tolyl)propan-2-ol (7fa)
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1-phenyl-2-(3-tolyl)ethan-1-ol (7ab)
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1-phenyl-2-(2-tolyl)ethan-1-ol (7ac)
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2-(4-chlorophenyl)-1-phenylethan-1-ol (7ad)
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2-(benzo|d][1,3]dioxol-5-yl)-1-phenylethan-1-ol (7ae)
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1-phenyl-2-(4-(trifluoromethyl)phenyl)ethan-1-ol (7af)
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1-(4-(2-hydroxy-2-phenylethyl)phenyl)ethan-1-one (7ag)
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2-(4-methoxyphenyl)-1-phenylethan-1-ol (7ah)

Kb FREEL CLEL £ 353h%3%% 5% §
et ettt e | g e |1 |
OH O CMe
|
I
I
|
| | |
| ‘ Li.
£%d & g 4 £3 ES
9.0 85 8.0 75 7.0 65 50 55 5.0 45 40 35 30 25 20 15 10 05 0o 05 1.0
f1 {ppm)
5 EELLR 3 R ¢ %
g g LR 1 4 4 4
| | 4 e | | | |
]
150 10 170 160 150 1“0 130 120 110 100 50 80 7 60 50 0 20 20 10 o 10

101

https://rcin.org.pl



4-(2-hydroxy-2-phenylethyl)benzonitrile (7ai)
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1,2-diphenylethan-1-ol (7aj)
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2-(naphthalen-1-yl)-1-phenylethan-1-ol (7ak)
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1-phenyl-2-(1-tosyl-1H-indol-5-yl)ethan-1-ol (7al)
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4-(2-hydroxy-2-phenylethyl)benzamide (7am)
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tert-butyl (4-(2-hydroxy-2-phenylethyl)phenyl)carbamate (7an)
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2-(4-(hydroxym ethyl)phenyl)-1-phenylethan-1-ol (7a0)
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1-(p-tolyl)hexan-2-ol (7ha)
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1-(p-tolyl)dodecan-2-ol (7ia)
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1-(benzyloxy)-3-(4-tolyl)propan-2-ol (7ja)
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4-(phenylsulfonyl)-1-(4-tolyl)butan-2-ol (7ka)
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3,3-dimethyl-1-(4-tolyl)butan-2-ol (71a)
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1-(4-methylbenzyl)cyclohexan-1-ol (7ma)
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(15,2R)-2-(4-tolyl)cyclopentan-1-ol (7na)
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(15,2R)-2-(4-tolyl)cyclohexan-1-ol (7o0a)
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1-(4-chlorophenyl)hexan-2-ol (7hd)
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1-(benzo|d][1,3]dioxol-5-yl)hexan-2-ol (7he)
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1-(4-(2-hydroxyhexyl)phenyl)ethan-1-one (7hg)
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tert-butyl (4-(2-hydroxyhexyl)phenyl)carbamate (7hn)
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OH

1-(1-tosyl-1H-indol-5-yl)hexan-2-ol (7hl)

0T —
1L
W

e —

UL —

PFETT —

nu.N«.n
TR ./
LT

TOORT
Ll
&CENT
54 4 W
£ EET

RreeT —

11 {ppm)
121
https://rcin.org.pl




4-methyl-N-(1-phenyl-2-(p-
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(S23)

4-methyl-N-(2-phenyl-(p-tolyl)ethyl)benzenosulphonamide
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4-methyl-N-(2-(p-tolyl)cyclopentyl)benzenosulfonamide (S25)
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4-methyl-N-(1-(p-tolyl)hexan-2-yl)benzenosulfonamide (526)
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ABSTRACT: Oxetanes are valuable building blocks due to their
well-explored propensity to undergo ring-opening reactions with
nucleophiles. However, their application as precursors of radical
species is still elusive. Herein, we present a bioinspired cobalt-
catalysis-based strategy to access unprecedented modes of radical
reactivity via oxetane ring-opening. This powerful approach gives
access to nucleophilic radicals that engage in reactions with
SOMOpbhiles and low-valent transition metals. Importantly, the
regioselectivity of these processes complements known method-
ologies.

he oxetane moiety is present in many natural compounds

and drug molecules. Due to their position as both
carbonyl and gem-dimethyl group surrogates, oxetanes are
important scaffolds in drug discovery (bioisosteres). They are
also valuable as C-3 building blocks for the synthesis of highly
functionalized organic frameworks.!

The high ring-strain governs the reactivity of oxetanes
facilitating a plethora of transformations; among these,
strategies based on breaking the C—O or C—C bonds
predominate.”®” Indeed, the most explored reaction is
nucleophilic ring-opening with heteroatom nucleophiles, but
there are also a few reports describing their reactions with C-
nucleophiles.' ™ In addition, oxetanes are a convenient source
of a-oxy radicals. The MacMillan group developed an efficient
methodology for the deoxygenative arylation of alcohols” and
for the a-arylation of ethers, including oxetanes,® while Ravelli
et al. demonstrated their photochemical reaction with electron-
deficient olefins.” These examples represent radical function-
alizations, where the 4-membered ring is preserved.

On the other hand, despite the significant strain energy of
the oxetanes (c.a. 106 kJ/mol), their application in radical
transformations initiated by opening of strained-ring systems is
limited to only few examples. Grimme and Gansiuer
developed a Cp,TiCl-catalyzed system for the generation of
y-titanoxy radicals.'® The authors however concluded that “y-
titanoxy radicals are not suitable for efficient formation of C—C
bonds”. Similar reactivity was achieved by the Okamoto group
in the presence of low-valent titanium alkoxides."" They also
used iron-catalysis to access 3-oxidoFropylmagnesium com-
pounds from 2-substituted oxetanes.'> Although the above
transformation likely proceeds via an y-oxidoradical inter-
mediate, it is immediately intercepted by an iron catalyst,
which thus precludes free-radical reactivity. Despite the immense
importance of these seminal contributions, the possibility to access

© XXXX The Authors. Published by
American Chemical Society
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various modes of radical reactivity via ring-opening of oxetanes
remains challenging.

Recently, we have reported a polarity reversal strategy
enabling functionalization of strained cycloalkanes' and
regioselective ring-opening of epoxides (oxiranes).'* The
crucial step of these processes involves the formation of alkyl
cobalamins from vitamin B,, and electrophilic substrates
followed by the homolytic cleavage of the Co—C leading to
alkyl radicals. Although the strain energies of oxirane (112 kJ/
mol) and oxetane (106 kJ/mol) rings are on a similar level,
ring-opening of the latter is kinetically unfavorable due to the
high activation energy of this process (Scheme 1A).

We envisioned that the merger of cobalt-catalysis with a
suitable oxetane’s activation mode should enable the
generation of alkyl radicals from oxetanes, by overcoming the
challenging kinetics of the ring-opening step (Scheme 1B).
Herein, we report a general method that give access to
nucleophilic C-centered radicals from oxetanes in the
bioinspired vitamin B,,-catalyzed ring-opening reaction and
its application in both Ni-catalyzed cross-electrophile coupling
and the Giese-type addition.

Nucleophilic radicals engage in cross-electrophile coupling
with aryl halides via cooperative Co/Ni-catalysis."*™"" We
hypothesize that radicals generated from oxetanes should react
in a similar manner. To this end, our experimental
investigations began with the conditions developed for
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Scheme 1. Radical Ring-Opening of Strained Ethers
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epoxides."* The model reaction of oxetane (1) with aryl iodide
(2) did not however lead to desired product 4a (Scheme 2).

Scheme 2. Influence of Acids on the Co/Ni Cross-
Electrophile Coupling of Oxetane 1 with Aryl Iodide 2
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):I 'dmhpymcl,(nuﬁ HO
/U acid, Zn, NH,CI j\ﬂ J\’
bius LEDs Ph

________________________________________________________ 5aX=Cl
acld ylold% ; 5b X =Br

COMe 1. none 0 '

s \_-COzMe 2. AlCly 27 i

cioF 3.MgCl, o0

4.A(0THy 0 !

5. TMsCl 7 :

6. TMSBr 48/81° |

b 7. TMSI 2

1 3 Hspiamathyl cobyrinate, HME 8. TMSOTF 2 :

"Raverud stolchlometry 142 1:1.5

DFT calculations revealed that the free Gibbs energy for the
ring-opening of oxetanes with the model corrin is substantially
higher than the one calculated for the generation of radicals
from epoxides (Scheme 3).'%"

Due to the Lewis basicity of the oxygen atom, oxetanes are
activated by acids making them susceptible toward nucleo-
philes. '3 However, the use of these reagents, from the
standpoint of our catalytic approach, poses several challenges.
Hydrophilic vitamin B,, bearing Lewis basic amide groups may
undergo side-reactions with acids, hindering its catalytic

Scheme 3. Gibbs Free Energy Barriers for the Opening of
Epoxides and Oxetanes with the Co(1)-Corrin complex

n=1,R=Ph
AG¥ = 41.1 kl/mol <<

n=2,R=H
AG? = 90.9 kJimol
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activity. Moreover, the activated oxonium cation may be
prone to reductive cleavage of the C—O bond. Thus,
hydrophobic heptamethyl cobyrinate (3), a vitamin B,
derivative, in combination with various acid additives, was
tested in the model reaction (see Scheme 2 and SI). In the
presence of Bronsted acids (TFA, pTSA), only the reductive
ring-opening occurred. In contrast, some Lewis acids promoted
the formation of the desired product 4a, but a notable
difference in the reactivity was observed depending on the
anion of the salt. DFT calculations suggested that the ring-
opening of oxetanes that are activated via coordination of AICI;
is practically barrietless (see SI). Indeed, in the experiment
with AICL;, product 4a formed in 27% yield, and halohydrin Sa
was observed as a side product, while the use of AI{OTf), led
exclusively to the products resulting from the reductive ring-
opening, We hypothesized that halohydrin might act as an
intermediate. On the basis of further screening of halide-
containing Lewis acids, TMSBr proved the most effective
activator in promoting the model reaction.

The Zultanski group has recently showed that the use of a
Ni/Co dual catalytic system facilitates reaction optimizations
as a Ni-catalyst activates aryl halides while Co- catalysm induces
the formation of radicals from alkyl halides.”® Consequently,
generation of reactive intermediates can be tuned separately.
Our in-depth optimization studies revealed that various Ni-
complexes catalyze the cross-electrophile ring-opening of
oxetane 1 with aryl iodide 2; with NiCL,(DME) and dtbbpy
the yield increased to an appreciable 84% (see SI). To check
how the optimization process leveraged the effect of the cobalt
catalyst, the model reaction was performed under the
optimized conditions but without HME (3). The reaction
stopped at the bromohydrin formation step corroborating
exclusive generation of alkyl radicals only in the Co-catalytic
cycle.

Having identified the optimal reaction conditions, we
examined the generality of the developed method (Scheme
4A). Initially, we focused our effort on 3-phenyl-substituted
oxetanes of type 1. Oxetanes with an electron-deficient phenyl
ring yielded the product while those with an electron-donating
substituent did not. In general, various substituents at the C3
position are well-tolerated. Not only aryl and heteroaryl
substituents but also protected hydroxy and amino groups can
be present at this position. Alkyl groups, on the other hand,
can occupy both the C3 and C2 positions giving the
corresponding products (8, 10) in 65% and 76% vyields,
respectively.

Regarding the aryl halide, a wide range of phenyl iodides
with both electron-withdrawing and electron-donating sub-
stituents at the C-4 position are suitable starting materials
(alcohols 12). For more hindered halides, the yield slightly
decreased (products 17 and 18). It is worth mentioning that
although vitamin B, is a known catalyst for dehalogenation
reactions,”*” for aryl halides bearing Cl and Br this side-
reaction was not observed. Electron-rich aryl halides are less
reactive in this transformation. It is gratifying that even
sensitive 1-iodo-4-(trimethylsilylethynyl)-benzene furnished
desired product 16, which can be further used in the sila-
Sonogashira—Hagihara coupling.”®

Like the described cross-coupling reaction, alkyl radicals
generated from oxetanes should also engage in reactions with
SOMOphiles. The model reaction of 3-phenyloxetane (1) with
methyl acrylate {20) without any activator did not lead to
desired product 21 (Scheme 4B). Not surprisingly, the

httpsy//doi.org/10.1021/acs.orglett 200355
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Scheme 4. Scope of the Co/Ni-Catalyzed Cross Electrophile of Oxetanes and Aryl Iodides and the Giese Addition of Oxetanes

to Electrophilic Alkenes
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activation with TMSBr proved also crucial in this case and led
to product 21 in 57% vyield. Other acids tested were less
effective in catalyzing the Giese-type addition (see SI). Further
systematic studies on this model reaction identified the optimal
conditions under which desired product 21 formed in 80%
yield. Irradiation with blue or green light yielded the desired
product, though in a diminished 57% and 69% vyield,
respectively. Other tested cobalt complexes were less effective
in catalyzing the model reaction.

The reactivity of oxetanes in the Giese-type addition follows
a similar pattern as in the cross-coupling reaction (Scheme
4B). Both EDG and EWG at the 3-phenyl substituent are well-
tolerated {for 22b and 22¢, 53% and 43%, respectively), and

https://rcc:in.org.pl

the substitution pattern did not significantly affect the reaction
yield. Both N-oxetanyl indole and carbazole underwent the
reaction effectively giving 23 and 24 in 56% and 68% yields.
Furthermore, oxetanes bearing a protected hydroxy group are
well-tolerated though the protecting group must be chosen
carefully, as silyloxy oxetane furnished product 29 in low yield.
C2-alkyl-substituted substrates behaved similarly to oxiranes,
and the ring-opening occurred at the less hindered site due to
the steric hindrance, a feature characteristic for vitamin Bi,-
catalyzed reactions.'* These results are however in contrast to
reports from Grimme.'® Both Cp,TiCl,-catalyzed reactions
predominantly lead to primary alcohols. Thus, our Co-based
methodology complements the existing approaches.

httpsy//doi.org/10.1021/acs.orglett 2c00355
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A large array of electron-deficient olefins are well-tolerated
for the reaction {Scheme 4B). Acrylates provide products in
good to excellent yields {21, 30—32, 36). Esters 32 and 36,
containing a terminal double and triple bond, respectively, are
worth mentioning as no reduction was observed at these ends.
1,2-Disubstituted olefins furnish products, though in very low
yield. However, the presence of a substituent at the a-position
to the ester group does not have a negative impact on the
reaction (34, 35). The utility of the developed method was
realized when applying it to complex molecules such as an
estrone derivative. Due to an issue with solubility, this reaction
was performed at a lower concentration, and as a result, the
yield of product 38 significantly increased from 28% to 58%.

To gain a better understanding of the developed trans-
formations, mechanistic experiments were performed (see SI).
First, control experiments revealed that the cobalt complex, Zn,
and Iight are all crucial for the developed reaction to occur.
Second, the radical nature of this process was supported by the
complete shutdown of the reaction in the presence of a radical
trap {Figure 1A). Third, TMSBr reacts swiftly with oxetanes,

'A. Radlcal trap exparimen
1

i
£ :

e i :

: I — H
: ::E - Bromohydrin 56 !
] 11508 -@-- Preduct 22a !
1 HO ' lg @ Oxetane 1 i
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1 0 I H
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Ph N :::g: i

4 ual2 ]
1 1 1
H H '
'

a

Zn, NH‘CI

OTMS TME

Figure 1. Proposed a mechanism: I path, Giese-type addition; II path,
Co/Ni cross coupling.

delivering bromohydrin within 10 min. It has been already
reported that the addition of TMSBr to oxetanes gives silylated
bromohydrins.** Thus, although direct reaction of Co{I} with
oxetane activated by Lewis acid seems rational and cannot be
unambiguously ruled out, the dominant pathway involves
TMSBr-mediated formation of bromohydrin, followed by its
reaction with low-valent cobalt species. To examine the
intermediacy of the bromohydrin, compound 5b was subjected
to the reaction conditions. Product 22a formed in 77% yield,
suggesting that bromohydrin is indeed involved in the catalytic
cycle. The kinetic experiments clearly show that the oxetane is
fully converted into bromohydrin within the first few minutes,
while the product gradually forms over 10 h (Figure 1B). In

https://rc[:)in.org.pl

addition, the MS analysis also shows the peak corresponding to
the alkyl-cobalt complex. Furthermore, the model reaction
performed with deuterated reagents (ND,Cl)} showed
deuterium-incorporation only at the a-position to the
electron-withdrawing group originating from the olefin. This
indicates the formation of an anion at this position.

On the basis of our mechanistic considerations and DFT
calculations {see SI), we proposed the key steps in the
developed transformations {Figure 1). First, oxetane undergoes
exergonic ring-opening with TMSBr (AG = —51.4 kJ/mol).
The resulting silyl ether of y-bromohydrin enters a facile
reaction with the nucleophilic Co{I) complex through a S2
manifold®? (AG* = 29.4 kJ/mol), giving rise to a Co(III)-
alkyl intermediate II, featuring a relatively weak Co—C(sp®).
This species is photoactive in the visible region, which can
trigger a homolytic cleavage of the Co—C bond providing alkyl
radical IIT and the Co{II) complex. As proposed by Kozlowski,
photodissociation proceeds presumably from the first
electronically excited state (S1) through the generation of a
singlet radical pair. The generated radical III either is trapped
by an electron-deficient olefin or enters the Ni-catalytic cycle.

Herein, we described the vitamin B,, assisted generation of
C-centered alkyl radicals from oxetanes via an alkylated cobalt
complex. Subsequent, light-induced homolysis of the Co—C
bond yields radical species that engage in reactions with
SOMOphiles and low-valent transition metal complexes. Thus,
this useful C3 synthon can now be employed in various radical
reactions such as Giese addition and cross-electrophile
coupling. Both reactions tolerate a broad range of starting
materials with different functional groups. The unique
regioselectivity of the developed reaction complements the
existing strategies; here, the less substituted C2 carbon atom is
functionalized. These examples suggest that bioinspired Co-
catalysis will enable other radical transformations of oxetanes
to be developed.

Ultimately, we believe that the reported bioinspired
activation mode for the generation of C-centered radicals
opens new opportunities in radical chemistry of oxetanes and
will enable broader application of this valuable C3 synthon in
the construction of complex molecules.
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1. General Information

General Procedures. Unless otherwise noted, reactions were performed without the exclusion of air or moisture.
All the photochemical reactions were performed in 10 mL glass vials sealed with a rubber septum. Reactions were
monitored by gas chromatography (GC, specification below) or thin-layer chromatography (TLC) on Merck silica
gel (GF254, 0.20 mm thickness), visualizing with UV-light, potassium permanganate (KMnOy), or ceric
ammonium molybdate (CAM)/Hanessian’s stain. Colum chromatography was performed using Merck silica gel
60 (230-400 mesh). GC yields were using dodecane as an internal standard.

Materials. Commercial reagents and solvents were purchased from Sigma-Aldrich, Acros Organics, Alfa Aesar,
Fluorochem, and TCI, and used as received unless otherwise noted. Dry solvents: dimethyl sulfoxide (DMSO),
dichloromethane (CH2Cly), tetrahydrofuran (THF), acetonitrile {CH3CN) were taken {rom the Solvent Purification
System (SPS). Deuterated solvents (CDCl3 and CDsCN) were purchased from Eurisotop. Substrates: 3-
phenyloxetane (1), 3-(4-methoxyphenyloxetane?, 4-(oxetan-3-yl)benzonitrile!, 3-(2-methylphenyljoxetane?, 1-
{oxetan-3-yI)- 1H-indole?, 9-(oxetan-3-y1)-9H-carbazole?, 3-(4-methoxyphenoxy)oxetane®, 3-
{(benzyloxy)methyl)oxetane!, 2-(2-(benzyloxy)ethyl)oxetane?, 2-(oxetan-3-yl)isoindoline-1,3-dione!, 3-methyl-
3-(3-phenyl-2-oxapropyloxetane!, 3-methyl-3-(3-phenyl-2-oxapropylloxetane! and catalysts: NiCla(dtbbpy)?,
(CN)(ILO)Cby(OMe); (3)5, were synthesized according to literature procedures.

Before the use, zinc was activated by the following method: &) washing with 10% HCI, b) grinding, ¢) washing
with 20, EtOH, and Et,O, d) drying in a vacuum .’

Instrumentation.

s  NMR Spectroscopy: ' and PC NMR spectra were recorded at 25 °C on a Bruker 400 MHz, 500 Mz
or Varian 600 MHz instrument with TMS as an internal standard. NMR chemical shifts are reported in
ppm and referenced to the residual solvent peak of CDCl; (7.26 ppm - 'H NMR and 77.16 ppm - *C
NMR). Multiplicities are indicated by singlet (s), doublet (d), triplet (t), quartet (q), multiplet (m) and
broad (br). Coupling constants (J) are reported in Hertz. All data analysis was performed using
MestReNova software package.

s GC/MS Chromatography: GC-MS analyses were performed using Shimadzu GCMS-QP2010 SE gas
chromatograph with FID detector and Zebron ZB 3MS3i column.

s High Resolution Mass Spectrometry: High-resolution mass spectra (HRMS) were recorded on a Waters
AutoSpec Premier instrument using electron ionization (El) or a Waters SYNAPT G2-S HDMS
nstrument using electrospray ionization (ESI) with time-of-flight detector (TOF).

+ Low Resolution Mass Spectrometry: Low-resolution mass spectra (LRMS) were recorded on an Applied
Biosystems APl 365 mass spectrometer using electrospray ionization (EST) technique.

s Melting points: Melting points were recorded on a Marienfeld MPM-H2 melting point apparatus and are
uncorrected.

s  Preparative HPL.C: Preparative HPLC separations were performed using Knauer HPLC chromatograph
with PDA detector and Preparative column chromatography Knauer EIT 100-10 Si column (250 x 20
mm).




2. Setup for photoreactions

Reactions were performed in a homemade photoreactor comprised of a 400 mL beaker with the inside covered
with LED tape (Figure S1). A cooling fan with adjustable spin rate was used to maintain ambient temperature
inside the photoreactor.

Figure S1 (1) The photoreactor; (2) Assembled photoreaction setup: A — cooling fan, B — photoreactor, C — 12 V power supply module for
photoreactor and fan.

LED tapes characteristics:
Blue LED tape: 8 mm SMD3528 LED strip, 60 LED diodes/m
Power consumption: 4.8 W/m
Blue light: Amac = 460 nm, 4.5 Im
Green LED tape: 10 mm SMD35050 LED strip, 60 LED diodes/m
Power consumption: 14.4 W/m
Green light: Anax = 525 nm, 20 Im
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. Full Optimization of the Co/Ni — catalyzed cross-electrophile coupling Parameters:

Model reaction:
|
|

)LO . H/ \\] Co-catalysi/NICI(DME) /Ci@/c""‘
PH Yy Zn, NH,Cl B

blus LED
CHs
1 2 4a

=

Reaction conditions: oxetane (1) (0.2 mmol, 1 equiv), 4-iodotoluene (2 (1.5 equiv), Zn (3 equiv), NHLCI (3 equiv), HME (3} (6 mol%),
NiCl(DME) (15 mol%), dtbby (20 mol%), TMSBr (2 equiv}, MeCNan (¢ =0.1 M), blue LEDs, 16 h; each reaction was quenched by treatment
with 2 equiv of citric acid.

Table S1 Background experiments®

Entry Deviation from the Initial Conditions Yield of 4a [%]
1 none 29/26"
2 no Co-catalyst 5
3 no Ni-catalyst Product not observed
4 no reducing agent Product not observed
5 no Lewis acid Product not observed
6 no light 3
7 MeCN (,wet™) Product not observed
8 Air atmosphere 17

“Reaction conditions: oxetane (1) (0.1 mmol, 1 equiv), 4-iodotoluene (2) (1.5 equiv), Zn (3 equiv), NH4Cl (3 equiv), HME (3) (5 mol%),
NiCl3(DME) (20 mol%), dibby (40 mol%), TMSBr {2 equiv), MeCNaum {¢ = 0.1 M), blue LEDs, yields determined by GC, 16 h, "Isolated yield.

Table S2 Optimization of the substrates ratio®

Entry Oxetane 1 (equiv) Aryliodide 2 (equiv) Yield of d4a [%0]
1 1 1.5 29/26b
2 1 3 17
3 1.5 1 27
4 3 1 21

*Reaction conditions: oxetane (1), 4-iodotoluene (2), Zn (3 equiv), NH4Cl (3 equiv), HME (3) (5 mol%), NiCl:(DME) (20 mol%), dtbby (40
mol%), TMSBr (2 equiv), MeCNaw (¢ = 0.1 M), blue LEDs, 16 h, yields determined by GC, "Isolated yield.
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Table 83 Optimization of a solvent for HME (3) — catalyzed reaction®

Entry Solvent Yield of 4a [%o]
1 MeCN 27
2 MeOH 0
3 DMF 0
4 DMA 3
5 NMP 0
6 THF 7
7 Ethyl acetate 0
8 Acetone 4
9 DME 16

“Reaction conditions: oxetane (1) (1.5 equiv), 4-iodotoluene (2) (0.1 mmol, 1.0 equiv), Zn (3 equiv), NH4Cl (3 equiv), HME (3) (5 mol%),
NiClL(DME) (20 mol%), dtbby (40 mol%), TMSBr (2 equiv), solvent (¢ = 0.1 M), blue LEDs, 16 h, yields determined by GC.

Table S4 Concentration of oxetane (1)*

Entry [mol/dm?] Yield of 4a [%]
1 0.05 8
2 0.1 27
3 0.2 23

“Reaction conditions: oxetane (1) (1.5 equiv), 4-iodotoluene (2) (0.1 mmol, 1.0 equiv), Zn (3 equiv), NH4Cl (3 equiv), HME (3} (5 mol%),
NiCl:(DME) (20 mol%s), dtbby (40 mol%s), TMSBr (2 equiv), MeCNaw, blue LEDs, 16 h, yields determined by GC.
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Table S5 Screening of Lewis acid®

Entry Lewis acid Yield of 4a [%o]

1 AlCl, 27

2 LiBF4 0

3 MgCl 0

4 In{OTf)s 0

5 Al(OTf) 0

6 Fe(OTf), 0

7 Ga(OTf); 0

3 SnCly 0

9 Inl; 0

10 TMSCI 7

11 (ETO}S1C] 0
12 TMSBr 49
13 TMSI 32
14 TMSOTT 2
1s° TMSBr 81/78°

“Reaction conditions: oxetane (1) (1.5 equiv), 4-iodotoluene (2) (0.1 mmol, 1 equiv), Zn (3 equiv), NH4Cl (3 equiv), HME (3) (5 mol%),
NiCl3(DME) (20 mol%), dtbby (40 mol%), Lewis acid (2 equiv), MeCNan (¢ = 0.1 M), blue LEDs, 16 h.; "Reversed stoichiometry: 1/2 1:1.5,
vields determined by GC, “Tsolated yield.
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Table S6 Screening of the cobalt catalysts®

Entry Co-catalyst Yield of 4a [%0]
1 3 81
2 S1 50
3 52 29
4 S3 0

*Reaction conditions: oxetane (1) (0.1 mmol, 1 equiv), 4-iodotoluene (2) (1.5 equiv), Zn (3 equiv), NH4Cl (3 equiv), Co-catalyst (5 mol%),
NiCl;(DME) (20 mol%s), dtbby (40 mol%s), TMSBr (2 equiv), MeCNyy, (¢ = 0.1 M), blue LEDs, 16 h, yields determined by GC.

N’§ ;‘“N
;o N
. e 1)
MaQ.C o |
2) Clog MeO OMe N NN
o oY < ¢

MeO,C "N -COMe
Cobalt(IT) phthalocyanine (52)
MeQ,C .- A
SH, \.—COMe O O =
MeOZC) OH; z oto
- MeQ OMa R
N N
Agqua{cyano)heptamethyl 5,10,15,20-Tetrakis(4-methoxyphenyl)- = \c
cobyrinate (3) 21H,23H-porphine cobalt (IT) (51) W |°\N/
T Cl
o\H,o
Chloro(pyridine)bis

(dimethylglyaximato)cobalt(III) (S3)

Table S7 HME (3) — catalyst loading®

Entry Catalyst loading [%] Yield of 4a [%]

1 2.5 32
2 5 81
3 15 25

*Reaction conditions: oxetane (1) (0.1 mmol, 1 equiv), 4-iodotoluene (2) (1.5 equiv), Zn (3 equiv), NH.CI (3 equiv), HME (3), NiCl;(DME)
{20 mol%y, dtbby (40 mol%s), TMSBr (2 equiv), MeCNuy, (¢ = 0.1 M), blue LEDs, 16 h, vields determined by GC.

10
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Table S8 Screening of Ni — catalysts®

Entry Catalyst Catalyst loading [mol%] Yield of 4a [%]
1 NiCl({DME) 20 81/78%
2 NiBr(DME) 20 66
3 NiBr, 20 77
4 Nil, 20 56
5 Ni(OTE), 20 76
6 NiCly(dtbbpy) 20 43
7 NiClz(DME) 15 82/80
8 NiCL{DME) 10 78
9 NiCL(DME) 5 66

*Reaction conditions: oxetane (1) (0.1 mmol, 1 equiv), 4-iodotoluene (2) (1.5 equiv), Zn (3 equiv), NH4Cl (3 equiv), HME (3) (5 mol%,), Ni-
catalyst, dtbby (40 mol%), TMSBr (2 equiv), MeCNan (= 0.1 M), blue LEDs, 16h, yvield was determined by GC; "Tzolated vield.

Screening of ligands®

Table S9 The amount of the ligand added:

Entry Ligand [mol%a] Yield of 4a [%0]

1 40 78
2 30 90
3 20 90/87"
4 15 70

*Reaction conditions: oxetane (1) (0.1 mmol, 1 equiv), 4-iodotoluene (2) (1.5 equiv), Zn (3 equiv), NH4Cl (3 equiv), HME (3) (5 mol%),
NiCl;{DME) (15 mol%), ligand, TMSBr (2 equiv), MeCN,y (€ = 0.1 M), blue LEDs, 16h, yield was determined by GC; "Isolated vield.

11
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Table S10 The influence of Zn and NH4Cl amounts®

Entry Zn (equiv) NH4CI (equiv) Yield of 4a [%]

1 3 3 90/87"
2 4 3 65
3 2 3 33
4 3 15 49
5 3 0 23

*Reaction conditions: oxetane (1) (0.1 mmol, 1 equiv), 4-iodotoluene (2) (1.5 equiv), Zn, NH,Cl, HME (3) (5 mol%), NiCl(DME) (15 mol%),
dtbby (20 mol%), TMSBr (2 equiv), MeCNy, (¢ = 0.1 M), blue LEDs, 16h, yield was determined by GC; "Isolated yield.

12
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4. Full Optimization of Giese-type addition Parameters
Initial studies:

According to our previous experience with epoxides we decided to conduct the initial experiment with
oxetane under the developed conditions.

OH

Do + /\COQMe __Co-catalyst /[/\/ a
Ph Zn, NHCI Ph CO;Me
biue LED
1 20 21

Reaction conditions: oxetane 1 (0.2 mmol. 1 equiv), methyl acrylate (20) (1.5 equiv). Zn (1.5 equiv), NH4Cl (3 equiv), HME (3) (5 mol%),
MeCN.p (¢ = 0.1 M), blue LEDs (single diode. 10 W), 30 min. dodecane as an intemal standard.

1 (100,000)
80 Rromatogram

59 dodecane

40 (o]
3.0

Ph

10 20 EX) 40 50 6.0 70 80 a0 10.0 1m0 120 i

The reaction performed utilizing the conditions reported for epoxides conditions does not proceed. The GC
chromalogram indicates two peaks which corresponds to dodecane (internal standard) and the unreacted
substrate. Thus, the model reaction with the addition of a Lewis acid (TMSBr) was carried out.

OH

EOI + 77 CO,Me _Co-catalyst, TMSBr /K/\/
- Zn, NH,CI - CO,Me
1

blue LED
20 21
Reaction conditions: oxetane (1) (0.2 mmol, 1 equiv), methyl acrylate (20) (1.5 equiv), Zn (1.5 equiv), NH4Cl (3 equiv), HME (3) (5 mol%),
MeCN,p, (€ = 0.1 M), blue LEDs (single diode, 10 W), 30 min. TMSBr (2 equiv), dodecane as an intemal standard.

=

Ly
OH

dodecane S\JBr

Ph

OH

PhLNCOQMa
L “L .;.L i ity W

T T -
70 a0 a0 0ne ne 1zn el “o ao

B 5 58 8 8 58

The reaction with the addition of a Lewis acid affords the desived product The GC chromatogram shows three
peaks which corresponds to dodecane (internal standard), bromohydrin 5b and product 21.

Conclusion: The reaction requires the use of a Lewis acid

13
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Model reaction:

CH

o]
):1 + 7 COMe _Co-catalyst Lf\/
B Zn NHCI o CO;Me

white LEDs
1 20

21

Reaction conditions: oxetane (1) (0.2 mmol, 1 equiv), methyl acrylate (20) (1.5 equiv), Zn (3 equiv), NH,Cl (1.5 equiv), HME (3) (5 mol%),
MeCN,q, (€= 0.1 M), white LEDs, 16 h; each reaction was quenched by treatment with 2 equiv of citric acid.

Table S11 Background experiments®

Entry Deviation from the Initial Conditions Yield of 21 [%]
1 none 59/57°
2 no Co-catalyst Product not observed
3 no reducing agent Product not observed
4 no light 44
5 no light, 30 °C 38
6 MeCN (,wet”) 24

*Reaction conditions: oxetane (1) (0.1 mmol, 1 equiv), methyl acrylate (20} (2 equiv), Zn (3 equiv), NH.CI (3 equiv), HME (3} (5 mol%),
MeCN {¢ = 0.1 M), blue LEDs, 16 h, yields determined by GC; *Isolated yield.

Table S12 Screening of Lewis acid®

Entry Lewis acid Yield of 21 [%]
1 TMSBr 57
2 TMSI 0
3 TMSCI 0
4 AlCl, 0
5 ZnOTf 0
6 MgCly 0
7 (EtOxS1Cl 6

“Reaction conditions: oxetane (1a) (0.1 mmol, 1 equiv), methyl acrylate (2a) (2 equiv), Zn (3 equiv), NH.Cl (3 equiv), HME (3) (5 mol%),
Lewis acid (2 equiv), MeCNyy, (¢ = 0.1 M), blue LEDs, 16 h, yields determined by GC; "Isolated yield.

Table S13 The influence of

light on the model reaction®

Entry Light Yield of 21 [%%]
1 Blue LEDs (tape) 57
2 Green LEDs (tape) 65
3 White LEDs (tape) 69

“Reaction conditions: oxetane (1) (0.1 mmol, 1 equiv), methyl acrylate (20) (2 equiv), Zn (3 equiv), NH,Cl (3 equiv), HME (3) (5 mol%),

TMSBr (2 equiv), MeCNyy, (¢ =0.1

M), 16 h, vields determined by GC.
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Table S14 Optimization of the substrates ratio®

Entry Oxetane 1 (equiv) Olefin 20 (equiv) Yield of 21 [%0]

1 1 2 69
2 2 1 24
3 3 1 32
4 1 3 18
5 1 1.5 77

“Reaction conditions: oxetane (1), methyl acrylate (20) (2 equiv), Zn (3 equiv), NH4Cl (3 equiv), HME (3) (5 mol%), TMSBr (2 equiv),
MeCN,, (¢ = 0.1 M), white LEDs, 16 h, yields determined by GC.

Table S15 Screening of the cobalt catalyst®

Entry Co-catalyst Yield of 21 [%o]
1 3 77
2 S1 16
3 52 31
4 33 0

“Reaction conditions: oxetane (1) (0.1 mmol, 1 equiv), methyl acrylate (20) (1.5 equiv), Zn (3 equiv), NH4Cl (3 equiv), Co-catalyst (5 mol%),
TMSBr (2 equiv), MeCNyy, (¢ = 0.1 M), white LEDs, 16 h, vields determined by GC.

N “ N
;o N
_ N—Co—N
Me0,C P Lo
) clo, N NN

MeO. OMe

COMe O Q -
Me0,C "N COzMa
Cobali(IT) phthalocyanine (82)
MeO,C >
Meozc) OH, —COzMe O O o =
- MeO OMe I T N &
N N.-
Aqua(cyano)heptamethyl $,10,15,20-Tetrakis(+methoxyphenyl)- = \c P
cobyrinate (3} 21H,23H-purphine eshalt (I1) (31) ' |’{N/
(o]l
0.0
Chloro(pyridine)bis
{dimethylglyoximato)cobalt(IIT) (83)
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Table S16 HME (3) — catalyst loading®

Entry Catalyst loading [%] Yield of 21 [%o]

1 2.5 67
2 5 77
3 15 61

*Reaction conditions: oxetane (1) (0.1 mmol, 1 equiv), methyl acrylate (203 (1.5 equiv), Zn (3 equiv), NH4Cl (3 equiv), HME (3), TMSBr (2
equiv), MeCNy,, (¢ =0.1 M), white LEDs, 16 h, yields determined by GC.

Table S17 Optimization of the solvent for HME (3) catalyzed reaction®

Entry Solvent Yield of 21 [%0]
1 MeCN 77
2 DMA 23
3 DME 53
4 THF 44

“Reaction conditions: oxetane (1) (0.1 mmol, 1 equiv), methyl acrylate (20) (1.5 equiv), Zn (3 equiv), NH4Cl (3 equiv), HME (3) (5 mol%),
TMSBr (2 equiv), solvent (¢ = 0.1 M), white LEDs, 16 h, yields determined by GC.

Table S18 Concentration of oxetane (1)*

Entry [mol/dm?] Yield of 21 [%]
1 0.05 54
2 0.1 77
3 0.2 55

“Reaction conditions: oxetane (1) (0.1 mmol, 1 equiv), methyl acrylate (203 (1.5 equiv), Zn (3 equiv), NH4Cl1 (3 equiv), HME (3) (5 mol%),
TMSBr (2 equiv), MeCN,y, white LEDs, 16 h, yields determined by GC.

Table S19 The influence of Zn and NH4Cl amounts®

Entry Zn (equiv) NH4Cl {equiv) Yield of 21 [%]

1 3 3 77
2 1 1 14
3 3 1 74
4 1 3 18
5 3 1.5 82
6 4 3 65

*Reaction conditions: oxetane (1) (0.1 mmol, 1 equiv), methyl acrylate (20) (1.5 equiv), Zn, NH.Cl, HME (3} (5 mol%0), TMSBr (2 equiv),
MeCNyy, (e = 0.1 M), white LEDs, 16 h, yields determined by GC.
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Table S20 The influence of an amount of Lewis acid®

Entry TMSBr (equiv) Yield of 21 [%%]

1 1 39
2 2 82/80°
3 3 60

*Reaction conditions: oxetane (1) (0.1 mmol, 1 equiv), methyl acrylate (20) (1.5 equiv), Zn (3 equiv}), NH,CI (1.5 equiv), HME (3) (5 mol%),
TMSBr, MeCN,p (e = 0.1 M), white LEDs, 16 h, yields determined by GC, *Tsolated yield.

17
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5. General Procedures

A. General procedure for the Co/Ni-catalyzed cross-electrophile coupling

A glass reaction tube (10 mL) equipped with a magnetic stirring bar was charged with activated Zn® dust (39 mg,
0.6 mmol, 3.0 equiv), NH4Cl (32 mg, 0.6 mmol, 3.0 equiv), catalyst 3 (6.0 mol%, 14.4 mg), dttbpy (20.0 mol%,
12.3 mg), aryl iodide (0.35 mmol, 1.75 equiv), NiCL{DME) (15.0 mol%, 7 mg) and was sealed with a rubber
septum. Then dry MeCN (1 mL) was added, and the resulting mixture was degassed by three freeze-thaw cycles
and backfilled with argon. An oxetane (0.2 mmol, 1.0 equiv) followed by TMSBr (52 ul., 2.0 equiv) were added
dropwise via a syringe. The resulting mixture was irradiated with blue LED light for 16h at room temperature. The
resulting mixture was diluted with MeOH (2 mL.) and citric acid was added (77 mg, 2.0 equiv). After 30 min, the
reaction mixture was filtered through cotton wool and concentrated in vacuo. The crude product was purified by
column chromatography.

B. General procedure for the Giese-type reaction

A glass reaction tube {10 mL) equipped with a magnetic stirring bar was charged with activated Zn® dust (39 mg,
0.6 mmol, 3.0 equiv), NH4Cl (16 mg, 0.3 mmol, 1.5 equiv), catalyst 3 (5.0 mol%, 12.4 mg) and was sealed witha
rubber septum. Then dry MeCN (2 ml.) was added, and the resulting mixture was degassed by three freeze-thaw
cycles and backfilled with argon. An oxetane (0.2 mmol, 1.0 equiv) followed by a Michael acceptor (0.3 mmol,
1.5 equiv) and TMSBr (52 pl., 2.0 equiv) were added dropwise via a syringe. The resulting mixture was irradiated
with white LEDs light for 16 h at room temperature. The resulting mixture was diluted with MeOH (2 mL) and
citric acid was added (77 mg, 2.0 equiv). After 30 min, the reaction mixture was filtered through cotton wool and
concentrated in vacuo. The crude product was purified by column chromatography.

5.1 Note:
= Both reactions can be easily monitored by TLC chromatography (AcOEt/Hexane) using UV

visualization, KMnOs or the Hanessian’s stain;

= Reactions require using activated zinc (unactivated zinc gives low yields);

= A mixture containing Zn, NH4Cl, HME and MeCN should tumn from red to dark green and finally brown.
The color indicates the reduction of the cobalt cation from Co(IlT) to Co(l) oxidation state;

= If the color of the reaction does not change (from red to dark brown/green), we highly recommend

repeating the zinc activation step;

18



5.2 Graphical procedure for the Co/Ni cross-electrophile coupling
1

0 . | Cocatalyst/NICH{DME) LT@/
Php ‘ Zn, NHLCI ¥

blue LED

1 2 4a

1. Weighted samples of reagents: A — activated zinc, B — NH4Cl, C — dtbbpy, D — HME (3), E — NiCL(DME),

2. Glass reaction tube charged with all reagents,
3. Reagents dissolved in MeCN (red color of the reaction mixture),

4. Reaction mixture degassed by three freeze-thaw cycles and backfilled with argon (note color change to brown);

L1

5. Oxetane, aryl halide and TMSBr were added (if the reagents are solids, they are added on the beginning),
6. The reaction vessel placed in a photoreactor and irradiated with blue LEDs;

7. The reaction mixture after 16 h (color change to dark green usually indicates completion of the reaction),
8. The reaction after 16 h is diluted with MeOH and citric acid was then added;

9. After 30 min of stirring, the reaction mixture is filtered via a cotton pad,

10. The filtrate is concentrated in vacuo and purified by column chromatography.
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5.3 Graphical procedure for the Giese-type addition
OH

I:o o 2 COMe Co-c;talyNT:, (T::ussr /E/\/co v
n, 4! 2vie
i biue LED P
1 20 21

1. Weighted samples of reagents: A — activated zinc, B — NH4Cl, C - HME (3);
2. Glass reaction tube charged with reagents;

3. Reagents dissolved in MeCN (red color of the reaction mixture),

4. Reaction mixture degassed by three freeze-thaw cycles and backfilled with argon (note color change to brown),
5. Oxetane, Michael acceptors and TMSBr were added (if the reagents are solids, they are added on the beginning),
6. The reaction vessel placed in a photoreactor and irradiated with white LEDs,

7. The reaction mixture after 16 h (color change to dark green usually indicates completion of the reaction);,

8. The reaction after 16 h is diluted with MeOH and citric acid was then added;

9. After 30 min of stirring, the reaction mixture is filtered via a cotton pad;

10. The filtrate is concentrated i» vacuo and purified by column chromatography.
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6. Scope and characterization of new compounds

6.1 Substrates

triisopropyl(2-(oxetan-2-yl)ethoxy)silane ($14)

B, el e TIBED: s gf TIPSO\/\<CI) 9 TiPSOwTﬂ

1 812 813 S14

Products 812 and S13 (steps a and b) were synthesized according to literature procedures.”®
General procedure for step ¢

A mixture of KOBu-£ (1.1 g, 10.0 mmol, 2.0 equiv) and trimethyloxosulfonium iodide (2.2 g, 10 mmol, 2.0 equiv)
in dry -BuCOH (13 mL) was stirred magnetically at 50 °C for 1 h. A solution of epoxide S13 (1.2 g, 5 mmol, 1.0
equiv) in dry +BuOH (10 mL) was then added dropwise and stirred for 24 h. The reaction was concentrated under
reduced pressure, and water was added to the residual suspension. The resulting mixture was extracted with DCM,
dried over Na;SO,, and concentrated in vacuo to give the crude product $14, which was purified by column
chromatography (5:95 EtOAc:Hexane) to afford the title compound as colorless oil, (vield = 56%).

1 NMR (400 MHz, CDCL3) & 5.04 — 4.97 (m, 1IT), 467 (dt,J = 8.0, 5.9 Hz, 110), 452 (dt,J =9.1, 5.8 Hz, 11),
381 371 (m, 2H), 2.73 — 2.65 (m, 1H), 2.45 - 2.37 (m, 1H), 2.08 - 2.00 (m, 1H), 1.96 — 1.88 (m, 1H), 1.12 -
0.99 (m, 3H), 1.04 (d, /=43 Hz, 18H).

BC NMR (100 MHz, CDCl3) 6 80.5, 68.6, 59.2, 41.3,28.0, 18.1, 12.1.

HRMS (ESI) [M+Na]" calculated for Ci4H300;SiNa: 281.1913, found: 281.1911.

3-bromo-2-phenyl-propan-1-ol (5b)
OH
Br

Product b was synthesized according to literature procedure.

NMR data matched those reported in the literature ®

1 NMR (500 Mz, CDCl): & 7.39 — 7.23 (m, 5I0), 3.96 (d, J = 6.0 Hz, 2I0), 3.75 (dd, J = 10.1, 7.6 Hz, 11),
364(dd,J=102,65Hz, 1H),3.21 (p, /=62 Hz 1H), 1.51 (s, 1H).

BC NMR (125 MHz, CDCl): 8 139.7, 128.8, 127.9, 127.6, 64.9,49.9, 34.1.
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6.2 Cross-electrophile coupling: oxetanes

2,3-diphenylpropan-1-ol (4b)

W\'Ph
5

o

Following the general procedure SA compound 4b was obtained from 3-phenyloxetane (1) (27 mg, 0.20 mmol)
and iodobenzene (40 ul, 0.35 mmol). The crude product was purified by column chromatography (10:90
AcOEt/Hexane) to afford 36 mg of compound 2,3-diphenylpropan-1-ol (4b) as colorless oil, (yield = 84%).

NMR data matched those reported in the literature.'°

11 NMR (400 MHz, CDCL): 8 7.34 — 7.30 (m, 2H), 7.26 — 7.20 (m, 5H), 7.19 — 7.14 (m, 1H), 7.12 - 7.08 (m,
2IT), 3.80 (d, J = 6.3 Hz, 2IT), 3.12 - 3.02 (m, 2I1), 2.92 (dd, J = 13.3, 7.3 Hz, 11D), 1.34 (br s, 11I).
13C NMR (100 MIlz, CDCL): 5 142.1, 140.1, 129.2, 128.8, 1284, 128.2, 127.0, 126.2, 66.5, 50.3, 38.9.

4-(1-hydroxy-3-phenylpropan-2-yl)benzonitrile (4d)
_OH
®
Following the general procedure SA compound 4d was obtained from 4-(oxetan-3-yl)benzonitrile (32 mg, 0.20
mmol) and iodobenzene (40 pl., 0.35 mmol). The crude product was purified by column chromatography

(10:40:50 AcOEt/Hexane/DCM) to afford 26 mg of 4-(1-hydroxy-3-phenylpropan-2-yl)benzonitrile (4d) as pale
yellow oil, (yield =71%).

NC™

H NMR (400 MHz, CDCh): § 7.57 (d, ./ = 8.3 Hz, 2H), 7.30 (d, J = 8.3 Hz, 2H), 7.24 — 7.15 (m, 3H), 7.05 -
7.03 (m, 2H), 3.87 - 3.79 (m, 2H), 3.20 - 3.13 (m, 1H), 3.09 (dd, J=13.5, 7.0 Hz, 1H), 2.87 (dd, /= 13.5, 7.9 Hz,
1H), 1.46 (br s, 1H).

BC NMR (100 MHz, CDCls): 8 148.1,139.1,132.4,129.10, 129.08, 128.5, 126.5, 119.0, 110.7, 65.9, 50.5, 38.5.
HRMS (EI) [M]' calculated for CigHisNO: 237.1154, found: 237.1156.

3-phenyl-2-(2-methylphenyl)propan-1-ol (4¢)

_OH

z’i-qv-”L\fPh

b
Following the general procedure SA compound 4e was obtained from 3-(2-methylphenyljoxetane (30 mg, 0.20
mmol) and iodobenzene (40 pL., 0.35 mmol). The crude product was purified by column chromatography (2:48:50

AcOEt/Hexane/DCM) to afford 32 mg of 3-phenyl-2-(2-methylphenylpropan-1-ol (4e) as colorless oil, (yield =
71%).

NMR data matched those reported in the literature 1!
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1T NMR (400 MHz, CDCL): § 7.32 — 7.28 (m, 1II), 7.25 — 7.19 (m, 3II), 7.18 — 7.11 (m, 3II), 7.09 — 7.06 (m,
211), 3.82 (t,J = 5.8 Hz, 2IT), 3.49 — 3.39 (m, 11I), 3.03 (dd.J = 13.5, 7.2 Hz, 1IT), 2.86 (dd, J = 13.5, 7.5 Hz, 1II),
2.18 (s, 310), 1.30 (t,J = 5.8 Iz, 1ID).

15C NMR (100 MHz, CDCL): 8 140.2, 137.2, 130.7, 129.1, 128.4, 126.5, 126.4, 126.2, 126.1, 66.0, 45.0, 39.1,

19.8. (In the aromatic region signals overlap).

2-(1H-indol-1-y0)-3-phenylpropan-1-ol (5)

OH
P [

Following the general procedure SA compound 5 was obtained from 1-(oxetan-3-y1)-1H-indole (35 mg, 0.20
mmol) and 1odobenzene (40 pl., 0.35 mmol). The crude product was purified by column chromatography (5:45:50
AcOEt/Hexane/DCM) to afford 26 mg of 2-(1H-indol-1-y1)-3-phenylpropan-1-ol (5) as colorless oil, (yield =
51%).

1 NMR (400 MHz, CDCL): 8 7.63 (d, J =7.8 Hz, 110), 7.33 (d, J = 8.2 Hz, 110), 7.26 — 7.16 (m, 5I), 7.13 -
7.08 (m, 3H), 6.56 (d, J=3.2Hz, 1H), 473 — 4.66 (m, 1H), 4.00 —3.90 (m, 2H), 3.25 (dd, J = 13.8, 7.3 Hz, 1H),
3.19(dd,J=13.8, 7.3 Hz, 1H), 1.49 (br s, 1H).

BCNMR (100 MHz, CDCL): §137.7,136.5,129.1, 128.8, 128.7, 1269, 125.0, 121.8,121.2, 119.8, 109.6, 102.4,
64.2,59.7,37.7.

HRMS (ESI) [M+Na]" calculated for Ci7H;7;NONa: 274.1208, found: 274.1204.

2-(1-hydroxy-3-phenylpropan-2-yl)iscindoline-1,3-dione (6)

OH

- Ph

Following the general procedure SA compound 6 was obtained from 2-(oxetan-3-yl)isoindoline-1,3-dione (41 mg,
0.20 mmol) and iodobenzene (40 pl., 0.35 mmol). The crude product was purified by column chromatography
{15:35:50 AcOEt/Hexane/DCM) to afford 31 mg of 2-(1-hydroxy-3-phenylpropan-2-yisoindoline-1,3-dicne (6)
as white solid, (yield = 55%).

NMR data matched those reported in the literature.!?

1 NMR (400 MHz, CDCL) & 7.80 — 7.75 (m, 2H), 7.70 — 7.65 (m, 2H), 7.22 — 7.19 (m, 4H), 7.18 — 7.12 (m,
1H), 4.67 — 4.60 (m, 1H), 4.12 — 4.04 (m, 1H), 3.96 — 3.91 (m, 1H), 3.20(d,J = 8.2 Hz, 2H), 2.82 (dd, J = 8.2, 3.2
Hz, 1H).

13C NMR (100 MHz, CDCls) 8 169.1, 137.6, 134.2, 131.8,129.2, 128.7, 126.8, 123.4, 63.0, 55.4, 34.9.
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2-(4-methoxyphenoxy)-3-phenylpropan-lol (7)

OH

GLPh

OCHs

Following the general procedure SA compound 7 was obtained from 3-(4-methoxyphenoxy)oxetane (36 mg, 0.20
mmol) and 1odobenzene (40 pl., 0.35 mmol). The crude product was purified by column chromatography (5:45:50
AcOEt/Hexane/DCM) to afford 26 mg of 2-(4-methoxyphenoxy)-3-phenvlpropan-1ol (7) as colorless oil, (yield =
50%).

1] NMR (400 Mz, CDCL): 8 7.32 — 7.27 (m, 2IT), 7.25 — 7.20 (m, 31D), 6.88 (d, J = 9.3 Iz, 2I1), 6.83 (d, J =
9.3 Hz, 2H), 4.43 — 4.37 (m, 1H), 3.80 - 3.76 (m, 1H), 3.77 (s, 3H), 3.67 (dd, J = 11.7, 5.6 Hz, 1H), 3.05 (dd, J =
13.8, 5.6 Hz, 1H), 2.92 (dd, J=13.8, 7.6 Hz, 1H), 2.03 (br s, 1H).

BC NMR (100 MHz, CDCh): 6 154.6, 151.9, 137.6, 129.6, 128.6, 126.7, 118.1, 114.9, 81.3, 63.7, 55.8, 37.0.
HRMS (ESI) [M+Na]* calculated for CysHisO3Na: 281.1154, found: 281.1145.

2-benzyl-3-(benzyloxy)propan-1-ol (8)
OH

BnD\/LPh

Following the general procedure SA compound 8 was obtained from 3-((benzyloxy)methyloxetane (36 mg, 0.20
mmol) and 1odobenzene (40 pl., 0.35 mmol). The crude product was purified by column chromatography (5:45:50
AcOEt/Hexane/DCM) to afford 33 mg of 2-benzyl-3-(benzyloxy)propan-1-ol (8) as colorless oil, (vield = 65%).

NMR. data matched those reported in the literature.1

11T NMR (400 MHz, CDCl): § 7.36 — 7.24 (m, 7H), 7.21 — 7.14 (m, 3ID), 4.51 (d,J=11.9Hz, 1), 4.46 (d, J =
11.9 Hz, 110, 3.76 — 3.70 (m, 11I), 3.66 — 3.60 (m, 1II), 3.58 (dd, J = 9.1, 4.2 Hz, 111), 3.48 (dd, J=9.1, 6.7 Hz,
110, 2.70 - 2.61 (m, 2IT), 2.41 (br s, 11D), 2.18 — 2.09 (m, 11D).

13C NMR (100 MHz, CDCL): 5§ 140.1, 138.2, 129.2, 128.6, 128.5, 127.9, 127.8, 126.2, 73.6, 72.9, 65.4, 42.8,
347,

2-benzyl-3-(benzyloxy)-2-methylpropan-1-ol (9)
CH

¥

BnD.v/{\ ,Ph

Following the general procedure SA compound 9 was obtained from 3-methvl-3-(3-phenyl-2-oxapropyl)oxetane
(38 mg, 0.20 mmol) and iodobenzene (40 pl., 0.35 mmol). The crude product was purified by column
chromatography (2:48:50 AcOEVHexane/DCM) to afford 22 mg of 2-benzyl-3-(benzyloxy)-2-methylpropan-1-ol
{(9) as colorless oil, (yield = 40%).
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1 NMR (400 Mz, CDCLs): 8 7.39 — 7.28 (m, 5H), 7.27 — 7.22 (m, 2H), 7.21 —7.14 (m, 3H), 4.52 (s, 2H), 3.55
(d,J=108Hz, 1H), 3.47(dd, J=10.8, 5.3 Hz, 1H), 3.32 (s, 2H), 2.77(d,J= 132 Hz, 1H), 2.72(d, J= 13.2 Hz,
1H), 2.68 (br s, 1H), 0.75 (s, 3H).

BC NMR (100 MHz, CDCls): & 138.1, 130.8, 128.7, 128.0, 127.9, 127.8, 126.2, 77.6, 73.7, 70.4, 40.2, 40.1,19.1.
{(In the aromatic region signals overlap).

HRMS (ESI) [M+Na]" calculated for CigH2OpNa: 293.1517, found: 293.1521.

1-(benzyloxy)-5-phenylpentan-3-ol (10)
BnO. .~ _.OH

~._-Ph

Following the general procedure SA compound 10 was obtained from 2-(2-(benzyloxy)ethyljoxetane (38 mg, 0.20
mmol) and 1odobenzene (40 pl., 0.35 mmol). The crude product was purified by column chromatography (5:45:50
AcOEt/Hexane/DCM) to afford 41 mg of 1-(benzyloxy)-5-phenylpentan-3-ol (10) as colorless o1l, (yield = 76%).

NMR data matched those reported in the literature.!

11 NMR (400 MHz, CDCly): § 7.36 — 7.24 (m, 7H), 7.20 — 7.15 (m, 3H), 4.51 (s, 2H), 3.87 — 3.81 (m, 1H), 3.75
~3.70 (m, 11I), 3.67 — 3.62 (m, 11I), 2.91 (d,/ = 3.2 Hz, 111), 2.80 (ddd, J = 13.9,9.9, 5.7 Hz, 11I), 2.67 (ddd, J =
13.9,9.7, 6.7z, 111), 1.86 — 1.69 (m, 4I1).

13C NMR (100 MIIz, CDClL): 5 142.4, 138.0, 128.60, 128.58, 128.5, 127.9, 127.8, 125.9, 73.5, 70.9, 69.3, 39.3,
36.6,32.1.

1-phenyl-5-((triisopropylsilyl)oxy)pentan-3-ol (11)
TIPSO OH
~Ph

Following the general procedure SA compound 11 was obtained from triisopropyl(2-(oxetan-2-yDethoxy)silane
(51 mg, 0.20 mmol) and iodobenzene (40 pl, 0.35 mmol). The crude product was purified by column
chromatography (5:95 AcOEt/Hexane) to afford 34 mg of 1-phenyl-5-({triisopropylsily oxy)pentan-3-ol (11) as
colorless oil, (yield =51%).

H NMR (400 MHz, CDCl3) 8 7.29 — 7.25 (m, 2H), 7.23 — 7.15 (m, 3H), 4.03 — 3.98 (m, 1H), 3.94 — 3.86 (m,
2H), 3.62(d,J=2.1 Hz, 1H), 2.82 (ddd, J =139, 10.2, 5.5 Hz, 1H), 2.69 (ddd, J = 13.9, 10.0, 6.5 Hz, 1H), 1.85
(dddd, J=13.6,10.0,8.0, 55 Hz, 1H), 1.76 — 1.63 (m, 3H), 1.16 — 1.05 {m, 3H), 1.08 (d, J= 5.2 Hz, 18H).

BC NMR (100 MHz, CDCL3) 6 1426, 128.6, 128.5, 1258, 71.9, 63.6,39.4,38.5,32.1, 18.1, 11.9.

HRMS (ESI) [M+Na]" calculated for Caollss0pS5iNa: 359.2382, found: 359.2388.
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6.3 Cross-electrophile coupling: aryl halides

2-phenyl-3-(4-methylphenyl)propan-1-ol (4a)

OH/

=

Following the general procedure SA compound 4a was obtained from 3-phenyloxetane (1) (27 mg, 0.20 mmol)
and 4-iodotoluene (2) (76 mg, 0.35 mmol). The crude product was purified by column chromatography (15:85
AcOEt/Hexane) to afford 36 mg of 2-phenyl-3-(4-methylphenyl)propan-1-ol (4a) as colorless o1l, (yield =80%).

NMR data matched those reported in the literature '’

1 NMR (400 MHz, CDCL): § 7.35 — 7.30 (m, 2H), 7.26 — 7.20 (m, 3H), 7.04 (d, J = 8.0 Hz, 2H), 6.99 (d, J =
8.0 Hz, 2H), 3.79 (dd, J= 6.1, 2.6 Hz, 2H), 3.11 —3.05 (m, 1H), 2.99 (dd,J = 13.6, 7.4 Hz, 1H), 2.89 (dd, ./ = 13.6,
7.5 Hz, 1H), 2.30 (s, 3H), 1.31 (brs, 1H).

13C NMR (100 MHz, CDCls): 8 142.2, 136.9, 135.2, 129.00, 128.96, 128.7, 128.2, 126.9, 66.5, 50.3, 38.4, 21.0.

3-(4-methoxyphenyl)-2-phenylpropan-1-ol (12a)

Following the general procedure SA compound 12a was obtained from 3-phenyloxetane (1) (27 mg, 0.20 mmol)
and 4-iodoanisole (82 mg, 0.35 mmol). The crude product was purified by column chromatography (5:45:50
AcOEt/Hexane/DCM) to afford 23 mg of 3-{4-methoxyphenyl}-2-phenylpropan-1-ol (12a) as colorless oil, (yield
=48%).

NMR. data matched those reported in the literature.l?

1T NMR (400 Mz, CDCL): § 7.34 — 7.29 (m, 2IT), 7.25 — 7.18 (m, 3IT), 7.00 (d, J = 8.7 Hz, 2I1), 6.77 (d, J =
8.7 Hz, 2IT), 3.81 — 3.76 (m, 2IT), 3.76 (s, 31T, 3.09 — 3.02 (m, 1I1), 2.97 (dd, J = 13.6, 7.3 Hz, 11I), 2.86 (dd, J =
13.6,7.5 Hz, 1H), 1.29 (br's, 1H).

13C NMR (100 MHz, CDCly): § 158.1, 142.2, 132.1, 130.1, 128.8, 128.3, 127.0, 113.8, 66.5, 55.4, 50.5, 38.0.

4-(3-hydroxy-2-phenylpropyl)benzonitrile (12b)

Following the general procedure SA compound 12b was obtained from 3-phenyloxetane (1) (27 mg, 0.20 mmol)
and 4-iodobenzonitrile (80 mg, 0.35 mmol). The crude product was purified by column chromatography (10:40:50
AcOEt/Hexane/DCM) to afford 24 mg 4-(3-hydroxy-2-phenylpropyl)benzonitrile (12b) as white solid, (yield =
51%).

m.p. 62.0 - 629 °C
TH NMR (400 MHz, CDCLs) 8 7.48 (d, J = 8.4 Hz, 2H), 7.32 — 7.21 (m, 3H), 7.15 ~ 7.11 (m, 4H), 3.82 ~ 3.79 (m,
2H), 3.17 (dd, J = 13.1, 6.1 Hz, 1H), 3.10 — 3.04 (m, 1H), 2.94 (dd, J = 13.1, 8.4 Hz, 1H), 1.43 (br s, 1H).
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BC NMR (100 MIlz, CDClL) 8 145.8, 140.9, 132.1,130.0, 128.9, 128.1, 127.3, 119.1, 110.1, 66.4, 50.1, 38.3.
HRMS (ESI) [M+Na|* calculated for CisHisNONa: 260.1051, found: 260.1046.

2-phenyl-3-(4-(trifluoromethyl)phenyl)propan-1-ol (12¢)

Following the general procedure SA compound 12¢ was obtained from 3-phenyloxetane (1) (27 mg, 0.20 mmol)
and 4-iodobenzotrifluoride (51 pl., 0.35 mmol). The crude product was purified by column chromatography
(5:45:50 AcOEt/Hexane/DCM) to afford 44 mg of 2-phenyl-3-(4-(trifluoromethyl)phenyl)propan-1-ol (12¢) as
white solid, (yield =79%).

m.p. 60.6 - 61.6 °C

H NMR (400 MHz, CDChL): 8 7.47 (d. J = 8.0 Hz, 2H), 7.35 — 7.28 (m, 2H), 7.25 — 7.22 {m, 1H), 7.20 - 7.15
(m, 4H), 3.80 (d, J = 6.0 Hz, 2H), 3.17 — 3.07 (m, 2H), 2.96 (dd, J = 12.4, 7.2 Hz 1H), 1.46 (br s, 1H).

BC NMR (100 MHz, CDCls): 8§ 144.2 (q, J = 1.1 Hz), 141.3, 129.5, 128.9, 128.7, 128.5(g,J = 32.1 Hz), 128.2,
127.2,125.3(q,J=3.8 Hz), 124.4(q, J = 270.2 Hz), 66.4, 50.1, 38.5.

UF NMR (376 MHz, CDCls): & -62.36.

HRMS (ESI) [M-H] calculated for CigHi4F30: 279.0997, found: 279.0995.

1-(4-(3-hydroxy-2-phenylpropyl)phenyl)ethanone (12d)

O
OH -~ /"K
|

e

2

Following the general procedure SA compound 12d was obtained from 3-phenyloxetane (1) (27 mg, 0.20 mmol)
and 4’-iodoacetophenone (86 mg, 0.35 mmol). The crude product was purified by column chromatography
(10:40:50 AcOEt/Hexane/DCM) to afford 40 mg of 1-(4-(3-hydroxy-2-phenylpropyliphenyljethanone (12d) as
colorless semi-solid, (yield = 79% ).

1 NMR (400 Mz, CDCL): & 7.80 (d, J = 8.4 Hz, 2ID), 7.32 — 7.27 (m, 21, 7.25 — 7.20 (m, 1), 7.18 - 7.13
(m, 4H), 3.80 (d, J=5.5Hz, 2H), 3.17 - 3.08 (m, 2H), 2.99 - 2.91 (m, 1H), 2.54 (s, 3H), 1.45 (br s, 1H).

1BC NMR (100 MHz, CDClL): 8§ 198.0, 145.9, 141.4, 1354, 129.4, 128.8, 128.5, 128.2, 127.2, 66.5, 50.1, 38.7,
26.6.

HRMS (ESI) [M+Na]" calculated for C17H150,Na: 277.1204, found: 277.1198.

methyl 4-(3-hydroxy-2-phenylpropyl)benzoate (12¢)

OH = CO;Me

.

Following the general procedure SA compound 12e was obtained from 3-phenyloxetane (1) (27 mg, 0.20 mmol)
and methyl 4-iodobenzoate (92 mg, 0.35 mmol). The crude product was purified by column chromatography
{gradually from AcOEt{/Hexane/DCM 5:45:50 to 8:42:50) to afford 45 mg of methyl 4-(3-hydroxy-2-
phenvlpropyDbenzoate (12e) as colorless oil, (yield =84%).
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1 NMR (400 MIlz, CDCL): & 7.88 (d, J = 8.3 Hz, 2ID), 7.32 — 7.27 (m, 21, 7.24 — 7.19 (m, 1I), 7.17 - 7.15
(m, 2H), 7.13(d, J = 8.3 Hz, 2H), 3.88 (s, 3H), 3.80 (d, J = 5.2 Hz, 2H), 3.16 —3.07 (m, 2H), 2.97 — 2.90 (m, 1H),
1.43 (br s, 1H).

BC NMR (100 MHz, CDCl): & 167.2, 1456, 141.4, 1297, 1292, 1288, 1282, 128.1, 127.1, 66.4, 52.1, 50.1,
38.8.

HRMS (ESI) [M+Na]" calculated for Ci-I11e03Na: 293.1154, found: 293.1150.

3-(4-chlorophenyl)-2-phenylpropan-1-ol (12f)

OH_~.__.Cl

W

Following the general procedure 5A compound 12f was obtained from 3-phenyloxetane (1) (27 mg, 0.20 mmol)
and 4-chloroiodobenzene (83 mg, 0.35 mmol). The crude product was purified by column chromatography
{2:48:50 AcOEt/Hexane/DCM) to afford 28 mg 3-(4-chlorophenyl)-2-phenylpropan-1-ol (12f) as colorless oil,
(yield =57%).

NMR data matched those reported in the literature.'®

171 NMR (400 MHz, CDCL): § 7.33 — 7.28 (m, 2IT), 7.25 — 7.21 (m, 11I), 7.18 — 7.15 (m, 4I1), 6.99 (d, J = 8.4
Tz, 2M0), 3.79 (d. J = 5.9 Hz, 21T), 3.09 — 3.01 (m, 2II), 2.90 — 2.82 (m, 11I), 1.36 (br s, 11I).
13C NMR (100 MIz, CDCL): § 141.5, 138.5, 131.9, 130.5, 128.8, 128.5, 128.2, 127.1, 66.4, 50.3, 38.1.

3-(4-bromophenyl)-2-phenylpropan-1-ol (12g)

OH = Br

S

Following the general procedure SA compound 12g was obtained from 3-phenyloxetane (1) (27 mg, 0.20 mmol)
and 4-bromoiodobenzene (99 mg, 0.35 mmol). The crude product was purified by column chromatography
(2:48:50 AcOEt/Hexane/DCM) to afford 29 mg of 3-(4-bromopheny])-2-phenylpropan-1-ol (12g) as colorless oil,
(yield =50%).

H NMR (400 MHz, CDCL) 8 7.34 - 7.28 (m, 411), 7.26 - 7.21 (m, 1H), 7.18 = 7.16 (m, 2[), 6.93 (d,J=8.3 Hz,
2H),3.78 (d,J=6.0 Hz, 2H), 3.08 — 2.99 (m, 2H), 2.88 — 2.82 (m, 1H), 1.39 (br s, 1H).

BC NMR (100 MHz, CDClL) § 141.5, 139.0, 131.4, 130.9, 128.8, 128.2, 127.1, 120.0, 66.4, 50.2, 38.1.

HRMS (EI) [M]" calculated for CysHasBrO: 290.0306, found: 290.0313.

3-(4-fluorophenyl)-2-phenylpropan-1-ol (12h)
OH!F

Following the general procedure SA compound 12h was obtained from 3-phenyloxetane (1) (27 mg, 0.20 mmol)
and 4-flucroiodobenzene (41 pl., 0.35 mmol). The crude product was purified by column chromatography (2:48:50
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AcOEt/Hexanes/DCM) to afford 28 mg of 3-(4-fluorophenyl)-2-phenylpropan-1-ol (12h) as colorless oil, (vield =
60%).

1 NMR (400 MHz, CDCL): & 7.34 — 7.28 (m, 2I), 7.26 — 7.21 (m, 110), 7.20 — 7.15 {m, 2}, 7.03 — 6.99 (m,
2H), 6.92 - 6.86 (m, 2H), 3.79 (d, J = 5.9 Hz, 2H), 3.08 — 3.01 (m, 2H), 2.90 — 2.84 (m, 1H), 1.36 (br s, 1H).

BC NMR (100 MHz, CDCls): 8 161.5 (d, J=243.7Hz), 141.7,135.6 (d,/=3.3Hz), 130.5(d,/=7.8 Hz), 128 8,
128.2,127.1,115.1 (d,J = 21.1 Hz), 66.4, 50.5 (d, J = 0.6 Hz), 38.0.

BF NMR (376 MHz, CDClL): 8 -117.35.

HRMS (EI) [M]' calculated for CisHisFO: 230.1107, found: 230.1106.

3-(4-(hydroxym ethyl)phenyl)-2-phenylpropan-1-ol (13)

Following modified general procedure SA compound 13 was obtained from 3-phenyloxetane (1) (27 mg, 0.20
mmol) and 4-iodobenzyl alcohol (82 mg, 0.35 mmol) using 4.0 equiv of TMSBr. The crude product was purified
by column chromatography (15:85 AcOEVYDCM) to afford 16 mg of 3-(4-thydroxymethyl)phenyl)-2-
phenylpropan-1-o0l (13) as colorless oil, (vield =33%).

H NMR (400 MHz, CDCls): & 7.34-7.29 (m, 2H), 7.25-7.18 (m, 5H), 7.08 (d, J = 8.0 Hz, 2H), 4.62 (s, 2H), 3.79
(d,J=5.8Hz 2H), 3.12-3.01 (m, 2H), 2.91 (dd, /= 13.0, 7.2 Hz, 1H), 1.65 (br s, 1H), 1.36 (br s, 1H).

BC NMR (100 MHz, CDCl): § 141.9,139.6, 138.7, 129.4, 128.8, 128.2, 127.2, 127.0, 66.5, 66.3, 50.3, 38.5.
HRMS (ESI) [M+Na]* calculated for CysH150;Na: 265.1204, found: 265.1196.

2-phenyl-3-(N-tosyl-1H-indol-5-yl)propan-1-ol (14)
OH N
Y

Following the general procedure SA compound 14 was obtained from 3-phenyloxetane (1) (27 mg, 0.20 mmol)
and 5-10do-1-{4-methylphenylsulfonylyindole {138 mg, 0.35 mmol). The crude product was purified by column
chromatography (gradually from AcOEt/Hexanes/DCM 2:48:50 to 5:45:50) to afford 41 mg of 2-phenyl-3-(N-
tosyl-1H-indol-53-y)propan-1-ol (14) as white solid, (yield = 50%).

m.p. 121.9-1223°C

1 NMR (400 MIlz, CDCls) § 7.84 (d, J = 8.5 Hz, 1H), 7.74 (d, J = 8.4 Hz, 2I), 7.50 (d, J = 3.6 Hz, 1), 7.31 -
7.16 (m, 8H), 7.05 (dd, J = 8.5, 1.5 Hz, 1H), 6.55(d, J=3.6Hz 1H), 3.76(d, J =53 Hz 2H), 3.11 - 3.05 (m,
2H), 3.00 —2.94 (m, 1H), 2.33 (s, 3H), 1.35 (br s, 1H).

BC NMR (100 MIz, CDCL) 8 144.9, 142.1, 1355, 135.2, 133.6, 131.0, 130.0, 128.8, 128.2, 127.0, 126.9, 126.6,
126.0,121.6,113.4, 109.0, 66.4, 50.5, 38.6,21.7.

HRMS (ESI) [M+Na]" calculated for CaullxsNO3SNa: 428.1296, found: 428.1299,
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3-(naphthalen-1-yl)-2-phenylpropan-1-ol (15)
OH

Following the general procedure SA compound 14 was obtained from 3-phenyloxetane (1) (27 mg, 0.20 mmol)
and 1-iodonaphthalene (51 ul., 0.35 mmol). The crude product was purified by column chromatography (2:48:50
AcOEt/Hexane/DCM) to afford 25 mg of 3-(naphthalen-1-y1)-2-phenylpropan-1-ol (15) as colorless oil, (yield =
47%).

1 NMR (400 MIz, CDCly): 8 8.05 (d, J =8.2 Iz 1), 7.86 — 7.83 (m, 1II), 7.69 (d, J = 8.2 Hz, 11}, 7.52 -
7.45 (m, 2H), 7.33 - 7.20 (m, 6H), 7.15 (d, J = 6.9 Hz, 1H), 3.86 — 3.80 (m, 2H), 3.52 (dd, J = 13.5, 7.5 Hz, 1H),
3.35-3.24(m, 2H), 1.33 (br s, 1H).

BC NMR (100 MHz, CDClz): 6 142.5, 136.1, 134.1, 132.1, 129.0, 128.8, 128.2, 127.4, 127.10, 127.05, 126.1,
125.6,125.4,124.0, 66.6, 49.2, 36.0.

HRMS (ESI) [M+Na]* calculated {or CyeH50Na: 285.1255, found: 249.1248.

2-phenyl-3-(4-((trimethylsilyl) ethynyl)phenyl)propan-1-ol (16)

5 TMS
i a3 il
]

Following the general procedure SA compound 16 was obtained from 3-phenyloxetane (1) (27 mg, 0.20 mmol)
and (4-iodophenylethynyl)trimethylsilane (105 mg, 0.35 mmol). The crude product was purified by column
chromatography  (2:48:50  AcOEt/Hexane/DCM) to  afford 17 mg of  2-phenyl-3-(4-
{(trimethylsilyDethynyD)phenyl)propan-1-ol (16) as yellow oil, (yvield =28%).

1 NMR (400 Mz, CDCh) § 7.31 — 7.25 (m, 411}, 7.23 — 7.18 (m, 110), 7.15 - 7.13 (m, 2[), 6.98 (d, /= 8.1 Iz,
2H),3.77 (d,J = 5.7 Hz, 2H), 3.08 — 3.01 (m, 2H), 2.87 — 2.82 (m, 1H), 1.32 (br s, 1H), 0.23 (s, SH).

BC NMR (100 MHz, CDCL) & 141.6, 140.7, 132.0, 129.1, 128.8, 128.2, 127.1, 120.9, 105.3, 93.8, 66.5, 50.3,
38.8,0.1.

HRMS (ESI) [M+Na]" calculated for CagH240S1Na: 331.1494, found: 331.1495.

2-phenyl-3-(2-methylphenyl)propan-1-ol (17)

OH

T

Following the general procedure SA compound 17 was obtained from 3-phenyloxetane (1) (27 mg, 0.20 mmol)
and 2-iodotoluene (45 pL, 0.35 mmol). The crude product was purified by column chromatography (2:48:50
AcOEtVHexane/DCM) to afford 27 mg of 2-phenyl-3-(2-methyIphenyl)propan-1-ol (17) as colorless oil, {yield =
60%).

NMR. data matched those reported in the literature.1®
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1T NMR (400 MHz, CDCL): § 7.35 — 7.30 (m, 2IT), 7.27 — 7.21 (m, 31D), 7.14 — 7.03 (m, 3II), 7.02 — 6.99 (m,
11T, 3.83 (d.J = 5.9 Hz, 211), 3.11 — 3.03 (m, 2IT), 2.92 — 2.84 (m, 1II), 2.28 (s, 3I1), 1.34 (br s, 1ID).

13C NMR (100 MITz, CDCL): & 142.4, 138.3, 136.4, 130.4, 130.0, 128.8, 128.1, 127.0, 126.3, 125.9, 66.4, 49.1,
36.3,19.6.

2-phenyl-3-(3-methylphenyl)propan-1-ol (18)
OH_

Following the general procedure SA compound 18 was obtained from 3-phenyloxetane (1) (27 mg, 0.20 mmol)
and 3-iodotoluene (45 pL, 0.35 mmol). The crude product was purified by column chromatography (2:48:30
AcOEt/Hexane/DCM) to afford 28 mg of 2-phenyl-3-(3-methylphenyl)propan-1-ol (18) as colorless oil, {yield =
63%).

H NMR (400 MHz, CDClL): 8 7.33 — 7.27 (m, 2H), 7.25 — 7.18 (m, 3H), 7.12 — 7.08 (m, 1H), 6.99 — 6.94 (m,
1H), 6.93 — 6.88 (m, 2H), 3.76 {d, J = 6.9 Hz, 2H), 3.11 — 3.04 (m, 1H), 2.96 (dd, J = 13.5, 7.7 Hz, 1H), 2.87 (dd,
J=13.5,73Hz 1H), 2.28 (s, 3H), 1.32 (br s, 1H).

3C NMR (100 MHz, CDCls): 8 1423, 140.0, 137.9, 130.0, 128.7, 1283, 128.2, 126.93, 12691, 126.2, 66.5,
502,388,215

HRMS (ESI) [M+Na] calculated for CisI1sONa: 249.1255, found: 249.1244,

3-(benzo[d][1,3]dioxol-5-y1)-2-phenylpropan-1-ol (19)

Following the general procedure SA compound 19 was obtained from 3-phenyloxetane (1) (27 mg, 0.20 mmol)
and 5-10do-1,3-benzodioxole (45 pul., 0.35 mmol). The crude product was purified by column chromatography
{gradually from AcOEt/Hexanes/DCM 2:48:50 to 8:42:50) to afford 15 mg of 3-(benzo[d][ 1,3]dioxol-5-y1)-2-
phenylpropan-1-ol {(19) as colorless oil, (yield =30%).

H NMR (400 MHz, CDCls): 6 7.34 — 7.29 (m, 2H), 7.25 - 7.17 (m, 3H), 6.66 (d, J = 7.9 Hz, 1H), 6.59 (4, J =
1.6Hz, 1H), 6.54 (dd,J=7.9, 1.6 Hz, 1H), 5.89 (s, 2H),3.78 (d,J = 6.7 Hz, 2H), 3.08 — 3.00 (m, 1H), 2.96 (dd. J
=13.6,73Hz 1H), 2.83 (dd, J= 13.6, 7.5 Hz, 1H), 1.34 (br s, 1H).

BC NMR (100 MHz, CDCl): 8 147.6, 1459, 142.0, 133.8, 128.8,128.2, 127.0, 122.1, 109.5, 108.2, 100.9, 66.5,
50.5,38.5.

HRMS (ESI) [M+Na]" calculated for Ci6H1s03Na: 279.0997, found: 279.0994.
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6.4 Giese-type addition: oxetanes

6-hydroxy-5-phenylhexanenitrile (22a)
OH
CN

i

Following the general procedure SB compound 22a was obtained from 3-phenyloxetane (1) (27 mg, 0.20 mmol)
and acrylonitrile (39) (16 mg, 0.30 mmol). The crude product was purified by column chromatography (gradually
from AcOEt/Hexane 20:80 to 30:70) to afford 30 mg of 6-hydroxy-5-phenylhexanenitrile (22a) as colorless oil,
(yield =80%).

NMR data matched those reported in the literature 17

11T NMR (500 MHz, CDCh): § 7.35 — 7.31 (m, 2IT), 7.29 — 7.23 (m, 1I1), 7.21 - 7.17 (m, 210), 3.74 (d, J = 6.7
Tz, 2M), 2.80 — 2.77 (m, 1I1), 2.28 (t, J = 7.1 Hz, 2IT), 1.94 — 1.87 (m, 1II), 1.77 - 1.69 (m, 11I), 1.62 — 1.50 (m,
310,

13C NMR (125 MEHz, CDCL): § 141.2, 128.9, 127.9, 127.2, 119.5, 67.3, 48.1, 30.9, 23.3, 17.2.

6-hydroxy-5-(4-methoxyphenyl)hexanenitrile (22b)

OH
/r \r\ ~~_-CN

HeCO

Following the general procedure 5B compound 22b was obtained from 3-(4-methoxyphenyl)oxetane (33 mg, 0.20
mmol) and acrylonitrile (39) (16 mg, 0.30 mmol). The crude product was purified by column chromatography
{20:80 AcOEt/Hexane) to afford 23 mg of 6-hydroxy-5-(4-methoxyphenyhexanenitrile (22b) as colorless oil,
(yield =53%).

1 NMR (400 MHz, CDCL): 8 7.14 — 7.09 (m, 2H), 6.91 —6.86 (m, 2I0), 3.80 (s, 3M), 3.71 (dd, J= 6.7, 4.2 Iz,
2H), 2.77 - 270 (m, 1H), 2.27(t, J=7.0Hz, 2H), 1.93 — 1.83 (m, 1H), 1.74 — 1.65 (m, 1H), 1.61 — 1.51 (m, 2H),
1.38 (brs, 1H).

BC NMR (100 MHz, CDCL): § 158.7, 132.9, 128.8, 119.5, 114.4, 67.4,553,47.2,31.1,23.3, 17.2.
HRMS (EI) [M]" calculated for Ci3H;7NG,: 219.1259, found: 219.1261.

4-(5-cyano-1-hydroxypentan-2-yl)benzonitrile (22c)

_OH
L /J\/\/CN
J
NC~

Following the general procedure 5B compound 22¢ was obtained from 4-(oxetan-3-y|)benzonitrile (32 mg, 0.20
mmol) and acrylonitrile (39) (16 mg, 0.30 mmol). The crude product was purified by column chromatography
{50:50 AcOEt/Hexane) to afford 19 mg of 4-(5-cyano-1-hydroxypentan-2-yl)benzonitrile (22¢) as colorless oil,
(yield =45%).
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1 NMR (400 MHz, CDClL): 8 7.63 (d, J = 7.9 Hz, 2H), 7.34 (d, J = 7.8 Hz, 2I0), 3.78 (d,J = 6.3 Hz, 2I0), 2.80
—2.83 (m, 1H), 232 (t,J=6.9Hz 2H),2.01 - 1.91 (m, 1H), 1.81 — 1.70 (m, 1H), 1.64 — 1.44 (m_ 3H).

BC NMR (100 MIz, CDCL): 8 147.6, 132.7, 128.9, 119.3, 118.8, 111.0, 66.6, 48.2, 30.8, 23.4, 17.3.

HRMS (ET) [M]" calculated for CisHiaNz0: 214.1106, found: 214.1100.

6-hydroxy-5-(2-methylphenyl)hexanenitrile (22d)
_OH

(\:H\/‘\/CN
\

N

Following the general procedure SB compound 22d was obtained from 3-(2-methylphenyljoxetane (15 mg, 0.10
mmeol) and acrylonitrile (39) (8 mg, 0.15 mmol). The crude product was purified by column chromatography
(20:830 AcOEt/Hexane) to afford 11 mg of 6-hydroxy-5-(2-methylphenylhexanenitrile (22d) as colorless oil,
(yield =53%).

H NMR (400 MHz, CDCL): 8 7.23 - 7.12 (m, 4H), 3.73 (d, J = 6.6 Hz, 2H), 3.22 — 3.12 (m, 1H), 2.35 (s, 3H),
228 (t,J=71Hz 2H), 1.99-1.89(m, 1H), 1.81 — 1.70 (m, 1H), 1.66 — 1.49 (m, 2H), 1.39 (br s, 1H).

BC NMR (100 MIlz, CDCls): 8 139.3, 136.9,130.8,126.7, 126.6, 125.7,119.4, 67.0, 42.4, 31.1,23.3,20.0, 1 7.4.
HRMS (ESI) [M+Na]" calculated for Ci3I11;NONa: 226.1208, found: 226.1199.

6-hydroxy-5-(1H-indol-1-yl)hexanenitrile (23)

.OH

Following the general procedure 5B compound 23 was obtained from 1-{oxetan-3-yl)-1H-indole (35 mg, 0.20
mmol) and acrylonitrile (39) (16 mg, 0.30 mmol). The crude product was purified by column chromatography
(30:70 AcOEt/Hexane) to afford 25 mg of 6-hydroxy-5-(1H-indol-1-yDhexanenitrile (23) as colorless oil, (yield
=56%).

TH NMR (400 MHz, CDCl): § 7.64 (d,J=8.0Hz 1H), 7.36 (d, J = 8.1 Hz, 1H), 7.25 - 7.10 (m, 3H), 6.59 (d. J
=38Hz 1H), 449 — 4.43 (m, 1H), 3.95 - 3.86 (m, 2H), 2.32 - 2.16 {m, 2H), 2.07 - 2.04 (m, 2H), 1.68 - 1.52 (m,
2H), 1.47 - 1.36 (m, 1H).

BC NMR (100 MHz, CDCL): 8 136.6, 128.6, 124.1, 122.0, 121.3, 119.9, 119.0, 109.2, 103.0, 65.3, 57.4, 30.2,
22.1,16.9.

HRMS (ESI) [M+H]" calculated for Ci4H7IN2O: 229.1341, found: 229.1337.

5-(9H-carbazol-9-yl)-6-hydroxyhexanenitrile (24)

_OH
&
\\_‘_‘I/\ N My f\/CN

Following the general procedure 5B compound 24 was obtained from 9-(oxetan-3-y1)-9H-carbazole (45 mg, 0.20
mmol) and acrylonitrile (39) (16 mg, 0.30 mmol). The crude product was purified by column chromatography
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(20:30 AcOEt/Hexane) to afford 38 mg of 5-(9H-carbazol-9-y1)-6-hydroxyhexanenitrile (24) as colorless oil,
(yield = 68%).

1 NMR (500 MIz, CDCls): 8 8.11 (d, J = 7.8 Hz, 2I), 7.46 — 7.42 (m, 410), 7.30 — 7.22 (m, 2), 4.80-4.72
(m, 1H), 431 {dd,J=11.4, 8.5Hz 1H),4.02 (dd, J=11.3, 5.0 Hz 1H), 2.51 - 2.39 (m, 1H), 2.27 — 2.06 (m, 3H),
1.63 (s, 1H), 1.59 — 1.46 (m, 1H), 1.37 - 1.25 (m, 1H).

BC NMR (125 MHz, CDCL): § 126.0, 120.5, 119.5, 119.0, 63.5, 57.6, 28.1, 22.2, 16.9.

HRMS (ESI) [M+Na]" calculated for CisHieN2ONa: 301.1317, found: 301.1330.

6-hydroxy-5-(4-methoxyphenoxy)hexanenitrile (25)

fCJH
' i \/\/CN

e
J

e
OCHj

Following the general procedure 5B compound 25 was obtained from 3-{(4-methoxyphenoxy Joxetane (36 mg, 0.20
mmol) and acrylonitrile (39) (16 mg, 0.30 mmol). The crude product was purified by column chromatography
(10:90 AcOEt/Hexane) to afford 37 mg of 6-hydroxy-5-(4-methoxyphenoxy)hexanenitrile (25) as colorless oil,
(yield =79%).

H NMR (500 MHz, CDCL): 3 6.90 — 6.86 (m, 2H), 6.85 — 6.80 (m, 2H), 4.27 —4.20 (m, 11), 3.77 (s, 31, 3.70
(dd,J=11.7,5.5Hz, 1H), 2.36 (t,J = 6.6 Hz, 2H), 1.93 — 1.73 (m, 5H), 1.60 (br s, 1H).

BC NMR (125 MIz, CDCL): § 154.6, 151.9, 119.3, 117.7, 114.9, 79.1, 64.0, 55.7,30.1, 21.6, 17.3.

HRMS (ESI) [M+Na]" calculated for Ci3IT17NOsNa: 258.1106, found: 258.1104.

6-(benzyloxy)-5-(hydroxymethyl)hexanenitrile (26)

OH

BnD\/K\/\/CN

Following the general procedure SB compound 26 was obtained from 3-((benzyloxy)methyloxetane (36 mg, 0.20
mmol) and acrylonitrile (39) (16 mg, 0.30 mmol). The crude product was purified by column chromatography
(20:80 AcOEt/Hexane) to afford 26 mg of 6-(benzyloxy)-5-(hydroxymethylhexanenitrile (26) as colorless oil,
(yield =56%).

H NMR (400 MHz, CDCL): 8 7.39 — 7.27 (m, 5H), 4.56 — 4.46 (m, 2I), 3.73 —3.70 (m, 1), 3.67 - 3.61 (m,
1H), 3.60 - 3.55 (m, 1H), 3.51 - 3.45 (m, 1H), 2.33 (t, /=80 Hz, 3H), 1.89 - 1.78 (m, 1H), 1.76 - 1.61 (m, 2H),
1.57-1.42 (m, 2H).

BC NMR (125 MHz, CDCh): 6§ 137.8, 128.5, 127.9,127.7,119.5, 73.5,73.0, 65.2, 40.2, 274, 23.3, 17.4.
HRMS (ESI) [M+Na]* calculated for Ci4HeNO;Na: 256.1313, found: 256.1308.
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8-(benzyloxy)-6-hydroxyoctanenitrile (28)

BnO\/\fOH
~~~CN

Following the general procedure SB compound 28 was obtained from 2-(2-(benzyloxy)ethyljoxetane (38 mg, 0.20
mmol) and acrylonitrile (39) (16 mg, 0.30 mmol). The crude product was purified by column chromatography
{20:30 AcOEt/Hexane) to afford 35 mg of 8-(benzyloxy)-6-hydroxyoctanenitrile (28) as colorless oil, (yield =
71%).

H NMR (400 MHz, CDDClz): 8 7.38 — 7.27 (m, SH), 4.52 (s, 2H), 3.85 — 3.80 (m, 1H), 3.76 — 3.69 {m, 1H), 3.68
—3.62 (m, 1H), 2.98 (br s, 1H), 2.33 (t, J= 7.0 Hz, 2H), 1.82 — 1.41 (m, §H).

BC NMR (100 MHz, CDCL): § 137.8, 128.5,127.8, 127.7,119.7, 73.4,71.1, 69.3,36.4, 36.4,25.4, 24.8, 17.1.
HRMS (ESI) [M+Na]" calculated for CisIHnNO;Na: 270.1470, found: 270.1465.

6-hydroxy-8-((triisopropylsilyl)oxy)octanenitrile (29)

TIPSO OH
\/t/\/CN

Following the general procedure SB compound 29 was obtained from triisopropyl(2-(oxetan-2-v]D)ethoxy)silane
(52 mg, 0.20 mmol) and acrylonitrile (39) (16 mg, 0.30 mmol). The crude product was purified by column
chromatography (15:85 AcOEt/Hexane) to afford 12 mg of 6-hydroxy-8-((triisopropylsilyJoxyjoctanenitrile (29)
as colorless oil, (vield =19%).

H NMR (500 MHz, CDCls): 8 4.03 — 3.98 (m, 1H), 3.94 - 3.83 (m, 2H), 3.70 (br s, 1H), 2.35 (,./ = 7.1 Hz, 2H),
1.75-1.42 (m, 9H), 1.11 — 1.09 {m, 20H).

BC NMR (125 MHz, CDCL): § 119.7, 72.1, 63.6, 38 2, 36.6,25.5,24.8,17.9,17.1,11.7.

HRMS (ESI) [M+Na]" calculated for C17H3sNO,;S1Na: 336.2335, found: 336.2330.

6.5 Giese-type addition: Michael acceptors

methyl 6-hydroxy-5-phenylhexanoate (21)

OH
CO,Me

Following the general procedure 5B compound 21 was cobtained from 3-phenyloxetane (1) (27 mg, 0.20 mmol)
and methyl acrylate (20) (26 mg, 0.30 mmol). The crude product was purified by column chromatography (20:30
AcOEt/Hexane) to afford 36 mg of methyl 6-hydroxy-5-phenylhexanoate (21) as colorless oil, (yield = 80%).

'H NMR (400 MHz, CDCl): 8 7.34 — 7.30 (m, 2H), 7.25 - 7.19 (m, 3H), 3.73 (dd, J=6.7, 4.2 Hz, 2I), 3.63 (s,
3H), 2.80 -2.76 (m, 1H), 2.29 - 2.25 (m, 2H), 1.76 - 1.72 (m, 1H), 1.65 — 1.51 (m, 3H), 1.42 (br 5, 1H).

BC NMR (100 MHz, CDCL): § 173.9, 141.9, 128.7, 128.0, 126.9, 67.4, 51.5, 48.4,34.0, 31.4, 22.7.

HRMS (ESI) [M+Na]* calculated for Ci3HysO0sNa: 245.1154, found: 245.1143.
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benzyl 6-hydroxy-5-phenylhexanoate (30)

OH
CO,Bn

Following the general procedure 5B compound 30 was obtained from 3-phenyloxetane (1) (27 mg, 0.20 mmol)
and benzyl acrylate (49 mg, 0.30 mmol). The crude product was purified by column chromatography (10:90
AcOEt/Hexane) to afford 38 mg of benzyl 6-hydroxy-5-phenylhexanoate (30) as colorless oil, (vield = 64%).

1TH NMR (400 MHz, CDCl): § 7.39 — 7.29 (m, 7H), 7.25 — 7.21 (m, 1H), 7.20 — 7.16 (m, 2H), 5.09 (s, 2H), 3.75
—3.67 (m, 2H), 2.81 — 2.73 (m, 1H), 2.37 — 2.30 (m, 2H), 1.80 — 1.69 (m, 1H), 1.67 — 1.53 (m, 3H). 1.42 (br s,
1H).

BC NMR (125 MHz, CDCls): 8 173.2, 141.8, 136.0, 128.7, 128.5, 128.17, 128.16, 128.0, 126.8, 67.4, 66.1, 48 4,
342,313,227

HRMS (ESI) [M+Na]" calculated for Ciol1220sNa: 321.1467, found: 321.1445.

4-methoxyphenyl 6-hydroxy-5-phenylhexanoate (31a)

OH o /Q/OGH;;
O

Following the general procedure SB compound 31a was obtained from 3-phenyloxetane (1) (27 mg, 0.20 mmol)
and 4-methoxyphenyl acrylate {53 mg, 0.30 mmol). The crude product was purified by column chromatography
{15:85 AcOEt/Hexane) to afford 38 mg of 4-methoxyphenyl 6-hydroxy-5-phenylhexanoate (31a) as colorless oil,
(yield =01%).

1 NMR (500 MHz, CDCL): & 7.36 — 7.33 (m, 2I), 7.27 — 7.21 (m, 3M), 6.97 — 6.95 (m, 2IT), 6.88 — 6.86 (m,
2H), 3.79 (s, 3H), 3.75 (dd, J = 6.7, 43 Hz, 2H), 2.85 - 2.80 (m, 1H), 2.51 (td, J= 7.2, 2.7 Hz, 2H), 1.89 - 1.81
(m, 1H), 1.75 - 1.63 (m, 3H), 1.56 (br s, 1H).

BC NMR (125 MHz, CDCl): & 1723, 1572, 1441, 141.8, 1287, 128.0, 126.9, 122.2, 114.4, 67.4, 55.5, 48 4,
341,313,227

HRMS (ESIT) [M+Na]* calculated for CioH2O4Na: 337.1416, found: 337.1399.

4-cyanophenyl 6-hydroxy-5-phenylhexanoate (31b)

@/Loi\)?\oj :j/c”

Following the general procedure SB compound 31b was obtained from 3-phenyloxetane (1) (27 mg, 0.20 mmol)
and 4-cyvanophenyl acrylate (52 mg, 0.30 mmol). The crude product was purified by column chromatography
{30:70 AcOEt/Hexane) to afford 55 mg of 4-cyanophenyl 6-hydroxy-5-phenylhexanocate (31b) as colorless oil,
(yield =89%).

1 NMR (500 MHz, CDCh): 8 7.67 (d, J = 5.0 Hz, 2H), 7.36 — 7.33 (m, 2H), 7.28 — 7.18 (m, 5H), 3.77(d, J =
6.9z, 2IT), 2.84 — 2.80 (m, 11I), 2.61 —2.50 (m, 2II), 1.90 — 1.83 (m, 1IT), 1.77 - 1.61 (m, 3IT), 1.31 (brs, 1II).
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BC NMR (125 MHz, CDCls): 8 171.0, 153.9, 141.6, 133.6, 128.8, 128.0, 127.0, 122.7, 118.2, 109.7, 67 4, 48.4,
342,312,226
HRMS (ESI) [M+Na]" calculated for CiellisNOsNa: 332.1263, found: 332.1271.

pent-4-en-1-yl 6-hydroxy-5-phenylhexanoate (32)

OH
@/L‘\)J\OW

Following the general procedure 5B compound 32 was obtained from 3-phenyloxetane (1) (27 mg, 0.20 mmol)
and acrylic ester pent-4-enyl ester (42 mg, 0.30 mmol). The crude product was purified by column chromatography
(10:90 AcOEt/Hexane) to afford 40 mg of pent-4-en-1-y1 6-hydroxy-5-phenylhexanoate (32) as colorless oil,
(yield =72%).

1 NMR (400 MHz, CDCl): 8 7.34 — 7.30 (m, 2H), 7.25 — 7.17 (m, 3H), 5.78 (ddt, /= 16.9, 10.2, 6.6 Hz, 11I),
5.05 495 (m, 2H), 4.04 (t,J=67Hz, 2H), 3.73(dd, J= 6.6, 3.9 Hz, 2H), 2.81 —2.74 (m, 1H), 2.31 - 2.21 (m,
2H),2.13 -2.05 (m, 2H), 1.76 — 1.51 (m, 7H).

BC NMR (125 Mz, CDCl): 8 173.5, 141.9,137.5,128.7,128.0, 126.8, 115.3,67.4, 63.7, 48.4, 34.2,31.4, 30.0,
27.8,22.8.

HRMS (ESI) [M+Na]" calculated for Ci7H2403Na: 299.1623, found: 299.1617.

2-phenyl-5-(phenylsulfonyl)pentan-1-ol (33)

OH
S0,Ph

Following the general procedure 5B compound 33 was obtained from 3-phenyloxetane (1) (27 mg, 0.20 mmol)
and phenyl vinyl sulfone (51 mg, 0.30 mmol). The crude product was purified by column chromatography (30:70
AcOEt/Hexane) to afford 32 mg of 2-phenyl-5-(phenylsulfonylipentan-1-o0l (33) as colorless oil, (yield = 53%).

H NMR (500 MHz, CDCL): 8 7.85 — 7.79 (m, 2H), 7.64 — 7.61 (m, 1H), 7.54 — 7.51 (m, 2H), 7.32 — 7.29 (m,
2H), 7.25-7.22(m, 1H), 7.14 - 7.12 (m, 2H), 3.70(d, J = 6.7 Hz, 2H), 3.09 - 2.97 (m, 2H), 2.75 — 2.68 (m, 1H),
1.87-1.82 (m, 1H), 1.71 — 1.61 (m, 3H), 1.35 (brs, 1H).

BC NMR (125 MHz, CDCl): 6 141.1, 139.1, 133.6, 129.2, 128.9, 128.0, 127.9, 127.1, 67.1, 56.1, 48.2, 30.5,
20.7.

HRMS (ESI) [M+Na]* calculated for Ci7Hz00:SNa: 327.1031, found: 327.1034.

methyl 6-hydroxy-2-methyl-5-phenylhexanoate (34)

OH
CO,Me

Following the general procedure 5B compound 34 was obtained from 3-phenyloxetane (1) (27 mg, 0.20 mmol)
and methacrylic acid methyl ester (30 mg, 0.30 mmol). The crude product was purified by column chromatography
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(20:30 AcOEt/Hexane) to afford 19 mg of methyl 6-hydroxy-2-methyl-5-phenylhexanoate (34) as colorless oil (a
mixture of diasterecisomers), (yield = 41%).

1 NMR (500 MHz, CDCL): § 7.34 —7.31 (m, 2H), 7.25 — 7.18 (m, 3H), 3.74 —3.70 (m, 210), 3.64 (s, 31, 2.79
—2.70 (m, 1H), 2.46 — 2.35 (m, 1H), 1.77 — 1.66 (m, 1H), 1.64 — 1.51 (m, 2H), 1.39 — 1.28 {m, 2H), 1.10{dd, J =
8.0, 4.0 Hz, 3H).

BCNMR (125 MHz, CDCls): 8§ 141.8,128.7,127.98,127.98,126.8, 67.5,67.4,51.5, 51.5,48.7, 48.5,39.5,39.4,
31.5,31.4,296,293,17.1, 17.0. {In the aromatic region signals overlap)

HRMS (ESI) [M+Na]" calculated for Ci4H2003Na: 259.1310, found: 259.1280.

methyl 6-hydroxy-2,5-diphenylhexanoate (35)

OH
CO,Me
Ph

Following the general procedure 5B compound 35 was obtained from 3-phenyloxetane (1) (27 mg, 0.20 mmol)
and 2-phenyl-acrylic acid methyl ester (49 mg, 030 mmol). The crude product was punfied by column
chromatography (15:85 AcOEt/Hexane) to afford 33 mg of methyl 6-hydroxy-2,5-diphenylhexanoate (35) as
colorless o1l {a mixture of diastereoisomers), (yield =56%).

H NMR (500 MHz, CDCls): 8 7.36 — 7.08 (m, 10H), 3.68 — 3.65 (m, 2H), 3.61 {d, J=1.4 Hz, 3H), 3.52 - 3.46
(m, 1H), 2.80 - 2.71 (m, 1H), 2.03 - 1.91 (m, 1H), 1.74 — 1.55 (m, 3H), 1.41 (br s, 1H).

BC NMR (125 MHz, CDCl:): 8 141.7, 128.70, 128.67, 128.60, 128.57, 128.00, 127.97, 127.89, 127.80, 127.2,
126.85,126.82, 67.5, 67.4,51.93, 51.89, 51.61, 51.56, 48.5, 48.4,31.2,31.1, 29.74, 29.66. (In the aromatic region
signals overlap)

HRMS (ESI) [M+Na]* calculated for CioH2OsNa: 321.1467, found: 321.1465.

pent-4-yn-1-yl 6-hydroxy-5-phenylhexanoate (36)

H
o O

OW\\\.\\

Following the general procedure 5B compound 36 was obtained from 3-phenyloxetane (1) (27 mg, 0.20 mmol)
and pent-4-yn-1-yl acrylate (41 mg, 0.30 mmol). The crude product was purified by column chromatography
{10:90 AcOEt/Hexane) to afford 40 mg of pent-4-yn-1-yl 6-hydroxy-5-phenylhexanoate (36) as colorless oil,
(yield =73%).

H NMR (500 MHz, CDCL): 8 7.34 — 7.31 (m, 2ID), 7.25 — 7.22 (m, 3H), 4.14 (t, J =59 Hz, 2H), 3.77 - 3.69
{(m, 2H), 2.81 —2.75 (m, 1H), 2.29-2.24 (m, 4H), 1.96 - 1.95 (m, 1H), 1.85-1.80 (m, 2H), 1.76 — 1.73 (m, 1H),
1.66—1.49 (m, 4H).

BC NMR (125 MHz, CDCE): 8 173.4, 141.9, 128.7, 128.0, 126.9, 83.0, 69.0, 67.4, 62.8, 48.4, 34.1, 31.4, 27.5,
22.7,15.2.

HRMS (ESI) [M+Na]* calculated for Ci7HzOsNa: 297.1467, found: 297.1480.
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(1R,25,5R)-2-isopropyl-5-methylcyclohexyl 6-hydroxy-5-phenylhexanocate (37)

OH ji % 9

e

Following the general procedure 5B compound 37 was obtained from 3-phenyloxetane (1) (27 mg, 0.20 mmol)
and (-)-methol acrylate (63 mg, 0.30 mmol). The crude product was purified by column chromatography {10:90
AcOEt/Hexane) to afford 18 mg of (1R,25,5R)-2-isopropyl-5-methylcyclohexyl 6-hydroxy-5-phenylhexanoate
(37) as colorless oil (a mixture of diasterecisomers), (yield =26%).

1 NMR (500 MHz, CDClL): 8 7.34 — 7.31 (m, 2H), 7.26 — 7.20 (m, 3H), 4.65 (td, J =109, 44 Tz, 1), 3.76 -
3.73 (m, 2H), 2.80 — 2.77 (m, 1H), 2.25 (t,J = 7.2 Hz, 2H), 1.96 — 1.94 {m, 1H), 1.81 (m, 1H}, 1.76 — 1.71 {m,
1H), 1.68 — 1.45 {m, 6H). 1.41 — 1.30 (m, 2H), 1.08 — 1.00 (m, 1H), 0.96 - 0.83 (m, 8H), 0.73 (d, J = 7.0 Hz, 3H).
BC NMR (125 MHz, CDCls): & 1287, 128.00, 127.99, 126.8, 74.1, 74.04, 67.39, 67.35, 48.5, 48.4, 47.00, 41.0,
34.6,34.5,34.3,31.44, 31.36, 26.3, 23.4, 22.92, 22.90, 22.0, 20.7, 16.3.

HRMS (EST) [M+Na]* calculated for CaHz4OsNa: 369.2406, found: 369.2392.

(8R,95,135,145)-13-methyl-17-0x0-7,8,9,11,12,13,14,15,16,17-decahydro-6H-cyclopenta[a] phenanthren-3-
yl 6-hydroxy-5-phenylhexanoate (38)

Following the general procedure 5B compound 38 was obtained from 3-phenyloxetane (1) (27 mg, 0.20 mmol)
and (BR,9S,135,145)-13-methyl-17-0x0-7,8,9,11,12,13,14,15,16,17-decahydro-6 H-cyclopenta[aphenanthren-3-
yl acrylate (97 mg, 0.30 mmol). The crude product was purified by column chromatography (25:75
AcOEt/Hexane) to afford 26 mg of (8R,98,135,145)-13-methyl-17-0x0-7,8,9,11,12,13,14,15,16,17-decahydro-
6H-cyclopenta| a]phenanthren-3-yl 6-hydroxy-5-phenylhexanoate (38) as colorless oil, (yield = 58%).

H NMR (500 MHz, CDCl): 8 7.35 - 7.32 (m, 2H), 7.29 — 7.20 (m, 4H), 6.81 {dd, /= 8.5, 2.6 Hz, 1H), 6.77 {d,
J=25Hz, 1H),3.76 - 3.74 (m, 2H), 2.94 — 2.86 (m, 2H), 2.86 — 2.80 (m, 1H), 2.55 — 2.44 (m, 3H), 2.41 — 2.38
(m, 1H), 2.29 - 2.27 (m, 1H), 2.19 - 1.93 (m, 4H), 1.91 — 1.82 (m, 1H), 1.77 — 1.42 (m, 10H), 0.91 (s, 3H).
BCNMR (125 MHz, CDCL): §220.7, 172.1, 148.5, 141.8,137.9, 137.3,128.7, 128.0,126.9, 126.3,121.5, 118.7,
674,504,484, 479, 44.1,38.0,35.8,34.2,31.5,31.3,293,26.3,257,22.8 21.6, 13.8.

HRMS (ESI) [M+Na]" calculated for CsollssO4Na: 483.2511, found: 483.2510.
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7. Mechanistic consideration

7.1 Proposed mechanism
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7.2 Mass spectrometry studies

Ph
):‘ HME (3), TMSBr, I)\/OTIIS
Zn, NH,CI,
MeCN [Ca(i)]

Reaction conditions: oxetane (1) (0.2 mmol), Zn (3 equiv), NH4Cl (1.5 equiv), HME (3) (5 mol%), TMSBr (2 equiv), MeCN.p. (¢ = 0.1 M),
white LEDs, 16 h.

The reaction was setup according to general procedure 5B (without the addition of methyl acrylate). After 15
minutes of light irradiation an aliquot was taken from the reaction mixture and was studied by HRMS.

z15_api5xx_2c 12 (0.243) Cm H0:47-(1:7+24:26)) 1: TOF MS ES+
100 1002 4467 a54e5
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481.7079 : —_— [10654474 112455654  Found: 1243.5671
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The HRMS spectrum of the reaction mixture indicates the presence of the catalyst and alkyl-cobalamin derivative:
A and B. The first signal (A) corresponds to a catalyst without its axial ligands (H20 and CN). The second signal
(B) corresponds to the mass of the Co-alkyl complex.

Conclusion: Co-alkyl complex B is an intermediate in the reaction via the nucleophilic attack of the Co(I) form of
the catalyst on the bromohydrin.
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7.3 Kinetic studies for the model reaction

ol HME (3) OTMS
P lalil=
Php TGN Tzn NHCT /J/\,\/cn
white LEDs Ph
1 ) 813

Reaction conditions: oxetane (1) (0.4 mmol), acrylonitrile (39) (1.5 equiv), Zn (3 equiv), NH4C1(1.5 equiv), HME (3) (5 mol%), MeCN,, (c
=0.1M), white LEDs, 16h.

The reaction was setup according to general procedure 5B on a 0.4 mmol scale with the addition of dodecane as
an internal standard (65.6 mg). The reaction was monitored by GC/FID for 16h.

- 12 1 The kinetic profile for the model reaction
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To prove the formation of bromohydrin during the reaction, another kinetics experiment was performed.

OH OH
B+ Fen HME 3)
r c Zn, NHCIT CN
PR white LEDa Ph
5b 39 22a

Reaction conditions: bromohydrin (Sb) (0.2 mmol), acrylonitrile (39) (1.5 equiv), Zn (3 equiv), NH4Cl (1.5 equiv), HME (3) (5 mol%),
MeCNamn {c = 0.1M), white LEDs, 16h.

The reaction was setup according to general procedure 5B on 0.2 mmol scale with the addition of dodecane as an
internal standard (31.0 mg). The reaction was monitored by GC/FID for 16h.
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) == Product
T . - 2 pr—— . — =
0 200 400 600 800 ¢ [fmin.]

Conclusion: The kinetic experiments show that oxetane 1 is fully converted into bromohydrin within 15 min,
while the product gradually forms over 10h.
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7.4 Reactions with deuterated reagents

T+ ron tMEm T
K i
1 39 s1-0 (D)

Reaction conditions: oxetane (1) (0.2 mmol), acrylonitrile (39) (1.5 equiv), Zn (3 equiv), ND4Cl (1.5 equiv), HME (3) (5 mol%). TMSBr (2
equiv), MeCN (c = 0.1M), white LEDs, 16h.

Reaction was setup according to general procedure 5B on a 0.2 mmol scale using ND4Cl (ND4Cl contained 98
atom% of deuterium). After 16 h of light irradiation a small portion was taken from reaction mixture and 'H NMR
spectrum was recorded.

&5 T 5 i el = —5—

ahu)na\-hmuuhﬁuh’mhﬁ.:hhuﬁumﬂiwmmam 1A A A Oy A A AN A A i A e te e U 1 1 e Da T im e e o

Figure S2 Left) ‘H NMR fragment of the spectra of product 41: Right) ‘H NMR spectra of a mixture of products formed in the deuterium
incorporation experiment.

215_ap1679 11(0 226) Cm (8:27-1:7) 1: TOF MS ES+
285 15 29684
t00R
QTMS
CN
PHL\(
D

Chemical formula’ CjsHyDNOSINa
Calculated: 285.1509
Found: 285.1501

282,14

27441276

27473

26906 27273

270 272 274 276 278 280 282 284 286 288 290 292 294 256 298 300 302 304 306 308

Conclusion: The integration 1.15 ppm for signal A (Scheme 7.4.1) in 'H NMR indicates 85%-D incorporation at
the a position to the electron-withdrawing group.
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7.5 Experiment with a radical trap

0 HME (3), Ij OH
B TEMPO
+ e S T v +
- 7 BN 20 NHC Ph ;5 Lar
Ph
white LEDs
1 38 517 5b - fraces

Reaction conditions: oxetane (1) (0.2 mmol), acrylonitrile (39) (1.5 equiv), Zn (3 equiv), NH.CI (1.5 equiv), HME (3) (5 mol%), TMSBr (2
equiv), TEMPO (3 equiv), MeCNyy, (c = 0.1M), white LEDs, 16h, reaction was quenched by treatment with 2 equiv of citric acid.

2121936 10 (02091 S (3. 2241.8-32.350 1.70° US Es=
o =1 7t

18215

Chemical formula: [M+H]* CigHxNOz
Calculated: 292.2277
Found: 292.2276

Figure $3 HRMS ESI analysis of the product obtained in the radical trap experiment.

Conclusion: Product 40 formed in the reaction of an alkyl radical with radical trap (TEMPO). This result proves
the hypothesis that reaction involves the formation of radicals as intermediates.

7.6 DFT calculations

Computational methods

All the calculations were performed with Gaussian 16 package.'® Geometry optimizations were computed at
BP86/6-31G(d) level of theory with the D3 version of Grimme’s empirical dispersion correction!® and SMD model
of solvation (acetonitrile)2® Frequency analysis was performed at the same level to provide correction to
thermodynamic functions and confirm the nature of optimized structures (minima and transition states featured
zero or one imaginary frequency, respectively). Single point energies were computed at BP86/6-311++G(2df,p)
level of theory with the D3 version of Grimme’s empirical dispersion correction and SMD model of solvation
{acetonitrile). We performed calculations approximating the structure of vitamin By with Co-corrin complex
bearing 15 methyl groups, reflecting substitution pattern at a rim. Molecular structures were visualized in
CYLview 2
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Optimized geometries, energies and corrections to thermodynamic functions.

(CH3)is(corrin)Co(I)

E (BP86-D3/6-31G(d)/SMD (MeCN)) = -2928.476207

E (BP86-D3/6-311++G(2df,p)/SMD (MeCN)// BP86-D3/6-31G(d) )/SMD (MeCN)) = -2929.055031

Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=

Thermal correction to Gibbs Free Energy=

Charge = 0 Multiplicity =1

NAOZOOONAaZOOONZOOATATZO00n0

@)
c

@Raviariari@RasijarBasiar

2.89754400
4.32154900
4.26251700
2.78793000
2.02450300
4.86289700
2.28356300
3.01207600
2.49413600
0.93415800
0.41910600
-0.08337700
-1.04165600
-1.30149000
1.13851500
0.63021800
0.17694600
-0.92264700
-1.13152600
-2.57044200
-2.73277500
-4.05137400
-1.67218200
-3.61787500
-2.11969200
0.13362200
-1.71270500
-3.73311700
0.98688200
-1.96696200
-3.78893700
-4.51260000
-4.32787800
-3.51816800
-4.43499000

-0.89013600
-0.37444100
1.03989500
1.34632300
0.20488000
1.76141400
2.64114000
3.45778500
-2.21994600
2.97238200
4.40302100
2.04358600
4.21004000
2.74240200
-2.55535300
-3.96442100
-1.63450800
-3.79969000
-2.28213300
2.18974200
0.77390300
0.00952000
-0.04465900
-1.44601100
-1.45814400
0.17300800
4.88677700
-1.51520500
-4.65267600
-1.71458900
3.09594100
2.84733200
3.02279100
4.15315800
0.12620800

0.777035
0.816636
0.817580
0.712422

-0.29398400
-0.60113500
0.04830800
-0.03760400
-0.10706500
-0.53748600
0.00498000
0.03219800
-0.27583900
0.00248900
-0.09404600
-0.00741500
0.39588100
0.06751400
0.03153500
0.29474500
0.13908300
0.12573100
0.49434700
-0.05150700
-0.18785700
-0.41850700
-0.18297900
-0.03094100
-0.35745400
-0.04798000
-0.16144700
1.06756000
-0.49472900
-1.42140600
-0.00058800
-0.79522100
0.96207300
-0.13967700
-1.91517300
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-4, 30473700
-3.64244400
2537165400
-5.24706200
-5.76132200
-5.99325200
-4,93279400
-4,44330000
-4. 18319200
-5.52393500
-4. 27887200
-1.3%418300
-2.32782100
-(1.56217400
-1.42559700
~1.73741 900
-2.52074500
-1.52077000
<1 50718700
-1.23666100
-(.96593000
-2 30651700
«(1.65542400
1.15320000
0.77695500
2.23635100
086198700
3.45455500
4,08338500
4. 13307100
290590000
55155100
573634900
6542273200
537169800
4445938200
3.66182100
543122100
435025400
471232300
A.79099700
451624400
415164300
-1.25R03500
-1.06176100
<2.30011600
(). 59196200
040517600
-0 00858400
1.42836500
(0. 21664700
1.24219600
2.24270500
0.74306100
138283500

1.182813400
~0.27917700
~0. 42128600

0.41866900

1.32426400
-D.35795700

(0.58478000
-2.56270800
-3.54524200
2240586200
-2.61726600
-2.04237000
-2.49966400
«2.45562900
095557300
-4 TT514800
-4 GOTRGOG0
-5, 81697500
-4 65174400
-3 08315800
-5.12829500
-3 95686200
-3.42624000
~4. 52890400
-5.55303100
-4.57717000
-3.90447800
-3.35380800
-3.11345400
-3.60137200
-4.27487300
-1.18744500
-2 06987RG0
-0.54938400
~1.5325397600
-0.21164200
(46143200
(321921000
-1 18585500
1.10833700
090176600
2.11854500
0.38263600
4 44049000

5.49049400

420314400

379098200
481255300

5.83200200
4.80205200

411822900
42 42830300
3.501 1000
6.41455300
5.12309600

-2.19319500
-2, 5600730
-2.12662800
0.46843200
0.1 1089700
0.465859200
1.51453100
-0.6T546700
-0, 24688700
«0.50239000
=1 76603600
1.99797800
233861300
2.60334000
2.18614400
0.99036600
0.86479600
0.68372700C
2.06480600
-1.36272200
-1.6G087600
-1.59660100
-2.03584700)
1.63383800
1.8030060G0
1.61692000
2.49493500
-0.60036900
-1 47370800
023627300
-0.835245400
-).07342800
«0.69411300
0. 09866600
(3 96623300
-2 14020700
-2.53305900
2240072500
-2.65155200
1.52603003)
1.63937400
192823500
214333100
1.90767300
2.18832300
2.18492700
250476700
-1.59166060
-1. 70989560
-2.00873400
-2 18660100
(370249600
2290700
06857000
1.75350600
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Styrene oxide

E (BP86-D3/6-31G(d)/SMD (MeCN)) = -384.864461

E (BP86-D3/6-311++G(2df,p)/SMD (MeCN)// BP86-D3/6-31G(d) )/SMD (MeCN)) = -384.988582

Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=

Thermal correction to Gibbs Free Energy=

Charge = 0 Multiplicity =1

ToEDTDTEZQEDQENQOQQO0OTZ Q0

2.59533100
1.60678600
1.84491700
2.50307600
0.15006900
-0.80234000
-0.28915200
-2.17236100
-0.46668500
-1.65774100
0.45248500
-2.60404800
-2.90347300
-1.98839300
-3.67300400
2.23992900
3.51035600

-0.05141700
0.61063100
1.62749300
-0.41835300
0.27965900
1.31743200

-1.06059200
1.02058000
236132300

-1.35614500

-1.86447300

-0.31668400
1.83613700

-2.40108900

-0.54875600

-0.81139600
0.48680400

E (BP86-D3/6-31G(d)/SMD (MeCN)) =

E (BP86-D3/6-311++G(2df,p)/SMD (MeCN)// BP86-D3/6-31G(d) )/SMD (MeCN)) =

Zero-point correction=

0.134929
0.142323
0.143268
0.102709

0.73801600
-0.15115500
-0.49995400
-0.65813500
-0.09177900
-0.04058400
-0.06860100

0.05100700
-0.07096800

0.01805800
-0.13561600

0.08179000

0.09201200

0.03171400

0.14830600

1.45028%00

1.02878200

0.912264
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0.960310
0.961254
0.838326

Thermal correction to Energy=
Thermal correction to Enthalpy=
Thermal correction to Gibbs Free Energy=

Charge = 0 Multiplicity = 1

o]

T CTQONTCIQONEODTSSZQIONOQIQOGaoTTaaEnmEQOQzaO0aazZzaoaoatazaononrncEzzZacgan

2.66648100
2.93247300
1.82334700
0.79523700
1.33159100
1.41448500
-0.50758900
-0.77585500
3.55881000
-1.47303300
-2.80136200
-1.30412100
-3.58924500
-2.52940000
3.16863300
4.11489300
1.90932100
3.13179800
1.79469000
-2.78525%00
-1.70930300
-1.80639700
-0.443824900
-0.32853%00
0.46971400
0.35016600
-4.32496700
-0.26163900
477716800
0.64370900
0.50315200
-0.46255700
-0.25795200
0.19022500
-1.94287100
-2.84265300
-2.44686400
-4.22094500
-2.45362000
-3.82009000
-1.75015400
-4.71348200
-4.90965100
-4.19754700
-5.778707000
0.25270600
1.55327200
-4.22031800
-4.34722600
-4.55728400
-4.91554100
-2.18224100
-3.16449300
-1.44274700
-2.24233700

-1.87273800
-3.33591400
-4.07955%00
-2.98895800
-1.73859200
-4.92054200
-3.24335800
-4.29013600
-0.81049800
-2.27721300
-2.60621900
-0.93721000
-1.26721800
-0.29009400
0.50699100
1.68416600
0.82428500
2.91062900
2.26524400
1.04573200
1.94829600
3.47471300
1.52027100
3.89655000
2.66947900
-0.12122500
-1.41977100
3.96621500
1.77524900
2.72699400
-0.02962000
-1.00142800
-2.05745800
-0.52529700
-0.70624400
-1.67841100
0.54013100
-1.41068200
-2.64912900
0.81719900
1.28445500
-0.15923000
-2.18017100
1.79413500
0.05470300
1.03073900
-0.31499200
1.54228700
2.27953400
2.02348400
0.71782800
3.77408200
3.33912200
3.35139200
4.86397000

0.21649600
0.63178100
-0.17568100
-0.36595800
-0.21300800
0.41546700
-0.78474000
-0.96091100
0.31899300
-1.05262800
-1.71921300
-0.81335300
-1.53166400
-1.02157800
-0.09387100
-0.26696300
-0.38327400
-0.26049600
-0.79289600
-0.72721100
-0.44694400
-0.24320800
-0.34810400
-0.56238700
-0.10900900
-0.37107000
-0.71609200
-1.66531200
0.61418900
0.98084500
2.05863300
2.62253300
2.33699600
3.76603000
2.52123200
2.04986300
2.94371700
1.98631500
1.71905700
2.87305700
3.34529200
2.39302800
1.61848000
3.19665900
2.34059600
211130700
1.98922700
-0.67853600
0.12990200
-1.61500800
-0.45349700
1.22920800
1.47907100
1.93240300
1.40216700
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-2.75932000
-3.81528600
-2.49431600
-2.66989200
0.11330000
1.10854300
-0.58975200
0.16993400
1.64829700
1.57413700
2.50684700
0.73694500
3.63955300
2.91502500
4.58860200
3.82538400
3.00319200
3.99037100
230137400
266626800
5.03621800
572024400
565530500
4.46747600
4.96403200
4.96449400
5.65396500
5.40561600
4.32852000
5.07778100
4.27136900
4.69802300
2.62071200
1.58791400
273490100
330759200
2.25724500
3.00178600
1.38009700
2.69069100
-4.36594800
-5.01080800
-5.02204800
-3.68584900
-3.55028000
-4.54032100
-3.00156900
-3.70963000
-2.49348400
-1.84711500
-3.41593500
-1.96214500

4.22058200
4.15367000
5.29429600
3.83830100
5.23124500
5.52338000
6.04053300
5.18434700
232022300
3.35749300
1.83873400
1.77296600
4.09610600
4.92908900
4.47560200
3.83004500
3.36364600
3.69924200
4.20582300
2.53758700
1.50347000
2.36320900
0.59748000
1.39029200
-0.99408500
-1.61762300
-1.46412800
-0.02630400
-3.92753200
-3.59624000
-5.02887700
-3.67493300
-3.45454600
-3.13381800
-4.50411100
-2.82840900
-4.61633800
-5.42651400
-5.01986800
-3.80900900
-0.81182300
-1.63270100
0.04562600
-0.52107200
-3.78941200
-3.90885400
-4.73998600
-3.62622100
-2.95176600
-3.84666300
-3.17381300
-2.12731500

-1.19993400
-0.89452100
-1.21209700
-2.23272600
0.04149400
-0.33340100
-0.22838000
1.14311800
-2.32707900
-2.69350800
-2.82123600
-2.62505000
-1.09632300
-1.08297400
-0.67473200
-2.14943700
1.21316800
1.58053700
1.33106600
1.86684100
-1.49283100
-1.60293600
-1.36735500
-2.43102100
0.87006400
1.77873400
0.14598200
1.15403300
0.35317700
1.08746100
0.42960700
-0.65507800
2.14807600
237162500
247857900
2.74447300
-1.55934700
-1.47160800
-2.09564600
-2.17770600
-2.778192200
-3.14427800
-2.57099200
-3.60097800
-1.07613400
-1.55506600
-1.20502700
0.00361400
-3.20065600
-3.24278200
-3.76628700
-3.70859400
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Oxetane

A\

E (BP86-D3/6-31G(d)/SMD (MeCN)) = -193.111200
E (BP86-D3/6-311++G(2df,p)/SMD (MeCN)// BP86-D3/6-31G(d) )/SMD (MeCN)) = -193.180285

Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=

Thermal correction to Gibbs Free Energy=

Charge = 0 Multiplicity =1

cxEmpEmZEZEmOQQO

TS2

-0.00008000
-1.04163700
1.04163900
-0.00010100
-0.00013500
-1.68501800
-1.68406300
1.68500800
1.68407500
0.00008800

1.08145900
-0.05973800
-0.05959400

1.71644700

1.71731200
-0.12539100
-0.12530500
-0.12514600
-0.12508100
-1.08819900

0.
0.
0.
0.

-0.00020500
0.00020000
0.00020600

-0.90022000
0.89919900
-0.90018700
0.90129100

-0.90020000
0.90128800

-0.00029700

E (BP86-D3/6-31G(d)/SMD (MeCN)) = -3121.572096
E (BP86-D3/6-311++G(2df,p)/SMD (MeCN)// BP86-D3/6-31G(d) )/SMD (MeCN)) = -3122.22262

Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=

Thermal correction to Gibbs Free Energy=

Charge = 0 Multiplicity =1

Q@mzZaoaaao

-2.72425500
-4.20670400
-4.26477900
-2.83997500
-1.97121500
-4.97000800
-2.47436100

-1.21924800
-0.84451900
0.51660200
0.99132500
-0.04824600
1.20899200
2.33206100

0.

084291
088597
089542
056243

860382

0.905161
0.906106

-0.09687800

0.10768200
-0.65130600
-0.51214000
-0.31777800
-0.15531700
-0.58911000

0.790597
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-3.28206500
-2.17469300
-1.17428800
-0.83933200
-0.06498000
0.68031900
1.06801500
-0.78168800
-0.13145500
0.07852300
1.39716500
1.44982000
2.37819800
2.69490400
4.08991900
1.74521400
3.82843900
2.34395500
-0.08689500
1.20514800
3.94507300
-0.41765100
223184500
-0.270685900
-0.79869500
-1.58585100
3.48404700
4.20634700
405560100
3.08543900
4.429727700
4.46606200
3.67700800
541794600
5.24068200
564358600
6.07461200
4.92166600
4.77742300
4.62968700
5.83243200
4.62263100
1.67793400
2.66306800
0.90277400
1.61927900
230361600
3.36543800
219190300
2.07018100
1.73649900
1.56892100
278924900
1.09385600
-0.59728400
-0.11415400
-1.68870000
-0.37688000
-3.00779600
-3.69920700

3.05969700
-2.49076200
2.81452800
4.29763400
2.01668100
4.26863700
2.84181000
-2.69285100
-4.04600600
-1.68928800
-3.71659200
-2.19035200
2.43001900
1.03536400
0.41755500
0.10056000
-1.06200200
-1.25449500
0.12441600
5.01775500
-1.07124500
-4.74888600
-1.52775500
-0.21480600
1.14681300
1.56415300
3.46998300
3.24490200
3.53393500
4.47458000
0.51274700
1.56625000
-0.00712900
0.06348400
0.99878300
1.93983400
0.27273400
1.17476900
-2.10080000
-3.08843300
-1.81479800
-2.21644300
-1.94625500
-2.31553400
-2.44738700
-0.86355600
-4.62161900
-4.34768800
-5.67353700
-4.57439100
-3.93346100
-4.99407500
-3.69780900
-3.32011700
-4.68383100
-5.66424900
-4.84958200
-4.04611700
-3.770247700
-3.47044600

-0.71239900
-0.00625100
-0.48433100
-0.39080300
-0.33927700
-0.70950600
-0.33074000
-0.28778400
-0.52317400
-0.40601000
-0.36011100
-0.75531800
-0.12027500
-0.01672100
0.20828800
-0.07351500
-0.24142700
0.08591100
-0.20017700
-0.09182200
-1.34200700
0.28128500
1.15110500
2.07799200
2.54276600
1.88980200
-0.06243300
0.73905900
-1.00668300
0.14504900
171719900
2.04478200
233713300
1.92343200
-0.63955300
-0.23426000
-0.65959000
-1.68249900
0.36042900
-0.10746300
0.19583100
1.44742100
-2.26122100
-2.59064200
-2.86178500
-2.46960500
-1.20854600
-1.08172400
-0.88735500
-2.28445700
1.13358900
1.3%9609200
1.36091500
1.79237800
-1.85007600
-2.00543600
-1.82538200
-2.72245000
0.37696400
1.20262400
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TMSBr

-3.61136000
-2.36409600
-5.27913400
-5.42580600
-6.24660100
-5.04193700
-4.41572000
-3.72410400
-5.45165700
-4.23970000
-4.63026700
-5.67143300
-4.52338000
-3.95918100

1.03923300

0.75498500

2.12596100

0.52410300
-1.04378300
-0.77215600
-2.09812300
-0.41366600
-1.68185800
-2.73403400
-1.30303500
-1.66881400

0.03746000
-0.97059100

0.78481300
-1.22978500
-1.13186500
-2.33622900
-0.39644100

-4.09683500
-4.52457400
-1.82510300
-2.67764100
-1.29368500
-2.21943600
-0.57995500
0.20020800
-0.24062900
-1.49625800
0.42296000
0.08693400
1.41558800
-0.27959900
4.51448600
5.53301100
4.40066000
3.78887700
4.73634400
5.80167300
4.60752500
4.13864100
5.19718000
5.22264400
6.23489400
4.85177800
1.86947100
-1.04396300
-0.45911800
0.70004100
1.49431000
0.45017900
-0.41026900

-0.46059000
0.72751200
-0.40258900
0.27725700
-0.46493900
-1.40517000
1.62322700
1.99048600
1.81059500
2.21365900
-2.15016300
-2.29649400
-2.62281300
-2.67750800
-2.19171700
-2.50918500
-2.34746600
-2.84737300
1.08459600
1.20670600
1.38824300
1.76783000
-1.30925800
-0.97363900
-1.27928400
-2.35702200
2.56177900
1.95139400
2.17221200
3.94191000
4.73427600
3.92365200
4.12948600

E (BP86-D3/6-31G(d)/SMD (MeCN)) = -2981.298478
E (BP86-D3/6-311++G(2df,p)/SMD (MeCN)// BP86-D3/6-31G(d) }/SMD (MeCN)) = -2983.804338

Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=

Thermal correction to Gibbs Free Energy=

Charge = 0 Multiplicity = 1

Si

ZTammEo

0.83574600
1.39015300
249629700
1.02739200
1.02582400
1.39066200
1.02780900

-0.00003600
1.03230800
1.05747800
0.60311000
2.07194800
0.75834300
0.16953200

0.109642
0.118528
0.119472

-0.00008600
-1.47175900
-1.50605100
-2.42256300
-1.39274900

1.62973400

2.49085900

0.075902
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H 2.49683700
H 1.02703300
C 1.39013900
H 2.49628200
H 1.02641900
H 1.02693400
Br -1.43934300
Br(CIH;);0TMS

0.77664000
1.79598800
-1.79076500
-1.83318100
-2.39995400
-2.24185900
0.00004300

1.66772500
1.73420900
-0.15823300
-0.16151400
0.68816700
-1.09867400
0.00009500

E (BP86-D3/6-31G(d)/SMD (MeCN)) = -3174.442469

E (BP86-D3/6-311++G(2df,py/SMD (MeCN)// BP86-D3/6-31G(d) )/SMD (McCN)) = -3177.023972

Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=

Thermal correction to Gibbs Free Energy=

Charge = 0 Multiplicity = 1

RO IOROIOROTDEENIEZE OO0

0.93136100
-0.42712700

2.07259700

0.99508200

0.99530700
-0.51017400
-0.51008500

2.08082600

2.08058300
-1.45593200
-3.09280600
-3.48576700
-2.92745700
-4.56417900
-3.23556300
-4.03903100
-5.12909600
-3.79993200
-3.80120500
-3.48572800
-3.23495200
-4.56438100
-2.92832600

3.84578800

-0.24491100
0.47061300
0.76248800

-0.89357300

-0.89397500
1.12197300
1.12297300
1.39643100
1.39668600
-0.52961400

-0.07269700
0.93849900
1.89255600
1.18369400
0.37674600

-1.70086200

-1.51327100

-2.30576800

-2.30376700
0.93650200
0.37413800
1.18065100
1.89106500

-0.16416800

0.196034
0.210523
0.211467
0.151908

0.00027200
-0.00001700
0.00022500
0.89249100
-0.89164200
-0.89586100
0.89511500
0.89997700
-0.89935700
0.00058300
-0.00007800
1.54725000
1.56812800
1.58395500
2.46625000
0.00097200
-0.00001200
-0.89286400
0.89650100
-1.54868400
-2.46714400
-1.58569200
-1.57034400
-0.00009100
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E (BP86-D3/6-31G(d)/SMD (MeCN)) = -6102.942436

E (BP86-D3/6-311++G(2df,p)/SMD (MeCN)// BP86-D3/6-31G(d) )/SMD (MeCN)) = -6106.094499

Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=

Thermal correction to Gibbs Free Energy=

Charge = 0 Multiplicity =1

EGEEEOOEEEEQOOZOOOQOZOOQOZOOOEGEZOOOO

-0.03532700
-1.31606300
-2.16924600
-1.60628100
-0.34921800
-3.23970200
-2.30013600
-3.29588000
1.20716900
-1.84811700
-2.71680700
-0.64181900
-1.65445100
-0.54323600
2.28638500
3.72222000
2.12258900
4.31216400
3.42224400
0.45659400
1.58719800
2.75519700
1.70586400
3.82512700
2.96023200
0.66186200
-2.08654700
4.33131700
3.74521100
2.68570800
-0.01911700
-1.34385900
-1.87273200
0.87356600
0.11451700
0.36427700
0.62830500

-2.51440400
-3.34534800
-2.35258000
-1.02459500
-1.14153500
-2.43751100
0.17246200
0.11360400
-3.00617100
1.42086000
2.67243700
1.63159000
3.77298400
2.99546200
-2.10822800
-2.53338300
-0.79097800
-1.27993800
-0.11282000
3.59096900
2.82909700
3.32665600
1.53039700
2.21674400
0.98533000
0.29985500
4.55165500
2.51428000
-3.38252100
0.50580900
-0.73015300
0.00023100
-0.18408700
-0.21827900
-1.60907000
5.07272100
5.27308700

0.974500
1.029556
1.030500
0.891014

-1.50012100
-1.72107500
-2.56659300
-2.12463800
-1.59409200
-2.29900900
-2.27499800
-2.72495900
-1.12041200
-1.86129800
-1.89949400
-1.24012900
-1.62775400
-0.93051000
-0.83048900
-0.57228500
-0.74138100
0.16587400
-0.40918800
-0.17101900
0.26893400
1.14351700
-0.02240500
0.85802400
0.57056200
-0.88716800
-0.97571100
-0.08018100
0.13555900
1.52696500
1.39691600
1.42406600
0.47347900
1.74183800
0.77747600
0.15095200
1.20240700
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103827500
-(1.65564300
2.29061900

1.44047300

1.96540000
3. 10600300
3,35696000
2.77165500
4.36860900
345558900
4.88133500
567723400
536339500
4.44549600
3.97784300
4.54654800
411459400
325815400
5.82020400
6.19668100
£.36598200
£.08005000
4.06478700
4.62626500
443775200
2899733200
4.42281400
5.46109900
388783200
4.44506000
1.45302300
0.G5852400

150528900
239887600
-1.20559200
-(1.84404200
-2, 21223900
-(1,54426800
-1.97030600
-2.17190000
-2.92823100
-1.30938100
-2.02525400)
-2.440959000
~2.56T24T0)
-0.96378200
~1.07893500
-1.85932400
-00.28443000
-0.63 840600
~3.70515500
-4, 28392400
-4 41575100
-3, 17531700
-3.51263200
-4, 27699800
~4.04273200
-2.86503300
-1.150780G00
~2.32308300

5.68494600
5.45818900
3.32224100
4.01228200
231602200
3.65239100
4.69930700
554683700
477749600
4. 81427600
2.03842300
1.34912900
3.00274500
1.63128800
0.51795600
101611300
-0.24519900
1.26475900
-1.09986700
-),20184300
~1.97065700
100497800
-1.50454100
-2.30922800
-0.65551800
-1.68101300
-3.01568300
-3.32761500
-3.888G99800
-2.23891100
-4 45719700
-4, 57192500
-5.G329%8700
-4.68918400
471995100
+5.50337600
-5.02885300
-4,65702900
+3.50999000
-2.52398900
-4,056] 2400
-4 DESS0100
-2.49239000
-3.447 19200
~1.671482043
<2.43487 100
445570400
501355100
516886900
3.770080000
2.60027300
354011400
1.76738000
2.43723700
2.84431%00
205273700
381418500
Z.BOG48300
1.08G74%00
-0.34845000

-0.47607900
0.00273000
2.62203200
2.76363800
2.94343700
329078100
Q. 77549700
1.16443000
1.21352600

-0 318B000G
1.95870300
1.62248300
2.19347100
287972600

-1,70224400

-1.53210400
~2.48438300

+2.08108100

-0.06657700
0.45329700
0.33565300
~1.13334100
1.67843400
2.00596200
228761000
1.91522400
-1. 86101600
-LASTO000
-2.27471200
-2.64339400
-0.9543 4600
-0.35549900
-1.91872600
-0.42644800
-2.407722500
-1.72470000)
-2. 74440500
-3. 28080400
-0.32084800
013716560
-0 40TETI00
4.36703600
-4, (98 70300
-4, 46463600
-4,60119706
-4, 40218300

-2, 88836500
~3.43513500
~2.60763500
-3.57480800

-(.70514600

-0.62849300

-0.84418700
{(.25092700

-3 20420800
-3.30233200
-3.20541700
-4.09635800
147401400
2.56350300
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Br

-1.85084400
-2.57230400
-3.48892100
-4.97741200
-4.82911200
-4.21615200
-4.36798900
-5.83102700
-6.14000800
-7.15118700
-6.23257900
-5.78968000
-5.59577400
-4.87360300
-5.75594400
-6.55590000

0.18405500

-0.16245000
-1.42760400

0.48702000
-0.16157900
-1.05888500
-0.49304600
-2.05381400
-1.21223300

1.31813600

0.99203800

1.81507100

2.06906500
-1.38999600
-2.21450000
-0.89775800
-1.84195100
-2.21319500

3.54469800
2.52604400
2.45270300
1.96779300
0.30869300
-0.41464900
0.43767000
-0.13601700
1.86639600
1.55828600
2.84982800
1.13641700
3.26677300
3.41565500
4.24388700
2.95236900
3.26409200

E (BP86-D3/6-31G(dy/SMD (MeCN)) = -2572.098445

E (BP86-D3/6-311++G(2df,p)/SMD (MeCN)// BP86-D3/6-31G(d) )/SMD (MeCN)) = -2574.565447

Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=

Thermal correction to (Gibbs Free Energy=

Charge = -1 Multiplicity = 1
0.00000000 0.00000000  0.00000000

Br

0.000000
0.001416
0.002360
-0.016176

(CHs)is(corrin)Co(II)-(CHz)s-OTMS - 11

E (BP86-D3/6-31G(d)/SMD (MeCN)) = -3530.848806

E (BP86-D3/6-311++G(2dE,p)/SMD (MeCN)/ BP86-D3/6-31G(d) ¥/SMD (MeCN)) = -3531.554037

Zero-point correction—
Thermal correction to Energy=
Thermal correction to Enthalpy=

Thermal correction to Gibbs Free Energy=

Charge = 1 Multiplicity = 1
-0.02249300 2.94578400 0.56731500
-1.26055000  3.83448300 0.79396800

@
@
&

-1.99019900

3.03923100

0.975627
1.028655
1.029599
0.895520

1.91991900
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-1.49916200
-0.30972500
-3.08635900
-2.19102000
-3.14596300
1.16015500
-1.78157500
-2.65022200
-0.61752400
-1.60458100
-0.52570600
2.23928900
3.67138500
2.09447200
4.28951400
3.39537900
0.44897400
1.57553200
275241100
1.69954900
3.81611500
294333500
0.62688600
-2.06725900
431950800
3.67918000
2.65059700
-0.10987800
-1.50413400
-2.14990600
0.57962800
-0.10151000
0.35299800
0.61322600
1.02825200
-0.66741600
2.29087300
1.44390300
1.96903400
3.11396200
3.35453800
277525700
436884000
3.44659300
4.87529600
5.66173000
536792300
4.43976300
3.92549200
489914200
4.04352700
3.20640600
5.79129600
6.17762200
6.34861000
6.02593300
4.07745900
4.62863600
4.45277600
3.01076800

1.63849000
1.63282000
3.10245700
0.50613700
0.67352300
3.32000300
-0.80908300
-2.00915400
-1.17019800
-3.15689300
-2.56653700
2.37700300
273719100
1.08357500
1.34095100
(0.34483500
-3.32175100
-2.68512600
-3.38139100
-1.36398600
-2.22674000
-0.96783500
0.05387000
-4.05247300
-2.26888600
3.37333700
-0.74583300
0.23962100
-0.34953400
0.07387000
-0.27009800
1.32261300
-4.83619000
-5.27912400
-5.28117600
-5.17123400
-3.75064000
-4.45724000
-2.858%0200
-4.23586000
-4.61111800
-5.53226600
-4.79105500
-4.44256200
-2.32667400
-1.56671700
-3.31570700
-2.17985900
0.06795500
-0.44754100
1.00644900
-0.56735100
1.24140300
0.23879600
1.97631700
1.43705600
1.16371400
1.95561600
0.19244300
1.25009800

1.66095600
0.99226900
1.79515000
2.08333600
2.58902200
-0.05197900
1.89097400
2.24207300
1.26632900
2.16810600
1.26708200
-0.17685400
-0.53537800
0.05215500
-0.91556800
-0.08222000
0.62946200
0.00302700
-0.71175100
-0.04169900
-0.71891000
-0.75841200
0.47651300
1.72018600
0.26558500
-1.43944100
-1.80068600
-1.34562800
-1.42370900
-0.63518200
-2.04186100
-1.56994600
0.66410100
-0.31020700
1.41708200
0.90179200
-2.14447900
-2.11639300
-2.71181100
-2.69849300
-0.00189600
-0.16733400
-0.40291300
1.08574600
-1.81844900
-1.67771300
-1.80146400
-2.82200200
1.33993700
1.31464200
1.90367200
1.88619300
-0.60847700
-0.86033300
-1.21732500
0.45004000
-2.43730600
-2.97619800
-2.779924300
-2.71612800
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4.35294000

538644800

3.80504000

438414200

1.37067800

0.48537300

1.58628400

2.21409800
-1.04015600
-0.76652800
-1.98634200
-0.26219800
-2.10641300
-2.32231700
-3.06720500
-1.57465600
-1.62490000
-1.98089000
-2.09527100
-0.53147500
-0.97017700
-1.72823100
-0.19174400
-0.49879000
-3.68983900
-4.29968900
-4.36459600
-3.19618800
-3.38624100
-4.15560700
-3.90275700
-2.770119900
-1.46279900
-2.19901700
-1.55900700
-2.36503100
-3.42683200
-4.93994400
-4.84144000
-4.34345100
-4.29781200
-5.86378400
-6.02133900
-7.05849600
-6.05617500
-5.64283900
-5.62143500
-4.94735600
-5.73857800
-6.61132400

3.54980500
3.81039100
4.49251900
3.00013400
4.71947400
5.07070600
5.46063300
474171300
5.30632300
5.93339500
5.70959200
5.41988500
3.74911900
2.69751500
4.27798100
4.21043400
3.44699800
4.46494200
2.74947900
3.41313700
-3.55153100
-3.96567900
-4.31895300
-2.67780700
-2.18515000
-3.08808200
-1.31317600
-2.29685400
-1.87969900
-1.08916100
-2.82599600
-1.63477300
-1.44072000
-0.11390700
-0.47391100
0.97236600
-0.85897400
-0.18764900
1.05598000
0.64458000
1.96785600
1.36459200
-1.66086600
-1.33345500
-2.40439500
-2.16752800
0.69790700
1.51532700
0.00303000
1.14497200

0.58657000
0.30114200
0.75878200
1.54182900
-0.60251600
-1.15589000
0.18744300
-1.30932400
1.18693300
0.32570600
1.59131700
1.96038800
-0.50600800
-0.76592200
-0.36787900
-1.35608000
3.36530800
3.59737700
4.08059000
3.52201300
3.52053000
4.20717000
3.37022500
4.00572800
1.10078900
1.28805100
1.05026600
0.11931100
3.58536800
3.53361000
3.82612500
4.41445600
-1.25570700
-2.777647000
-3.60581800
-2.93763600
-2.82521500
-2.45862400
-1.03800700
-0.14216600
-1.34206700
-0.74639100
-1.99948300
-1.79777600
-2.81702900
-1.09302400
-3.98390700
-4.30234900
-4.83600300
-3.77175800
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(CHas)1s(corrin)Co(II)

E (BP86-D3/6-31G(d)/SMD (MeCN)) = -2928.348697

E (BP86-D3/6-311++G(2df,p)/SMD (MeCN)// BP86-D3/6-31G(d) )/SMD (MeCN)) = -2928.92078

Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=

Thermal correction to Gibbs Free Energy=

Charge = 1 Multiplicity =2

H

N
H
C
N
N
C
C
N

C
C
C
C
€
C
C
C
C
C
C
c
C
C
€
C
Co
C

H
H
H
H
H
H
H
¢
H
H

2.90498200
4.33074400
4.26947300
2.79671400
2.04706500
4.86572800
2.29062500
3.02054400
2.48974000
0.94221900
0.44122000
-0.08344700
-1.03607500
-1.30022400
1.12923900
0.62396100
0.16984700
-0.93442400
-1.14172000
-2.56676400
-2.73603700
-4.06283500
-1.69976200
-3.63172100
-2.13591700
0.13802700
-1.68965200
-3.73428700
0.97070400
-1.98750900
-3.78371400
-4.51296900
-4.31049500
-3.51184000
-4.45785200
-4.61600400
-3.67608400

-0.90195900
-0.38391700
1.02558600
1.33400800
0.19558500
1.75674000
2.63069000
3.44349700
-2.22584700
2.97223700
4.40810400
2.06585400
4.22043600
2.75671600
-2.56176500
-3.96906400
-1.65986700
-3.80651400
-2.28414600
2.20189600
0.77819600
0.01647400
-0.05101600
-1.44177500
-1.46734800
0.17678200
4.89938500
-1.50390900
-4.65652700
-1.73777600
3.10797400
2.84977100
3.04383200
4.16230400
0.12971400
1.18456200
-0.28674200

0.778592
0.818236
0.819181
0.713227

-0.30446300
-0.59130600
0.07486500
-0.00989800
-0.09529300
-0.50045800
0.03041200
0.07654000
-0.31325300
-0.00210200
-0.07837300
-0.04190800
0.36969000
0.03320100
0.01082000
0.28788100
0.13702400
0.14738100
0.50344300
-0.08441900
-0.20907000
-0.40895700
-0.21148100
-0.01861200
-0.35957600
-0.07992700
-0.20384900
1.08110400
-0.50509300
-1.42051800
-0.03237600
-0.81770300
0.93685100
-0.18678500
-1.90262600
-2.18636600
-2.56295600
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-5.39974800
-5.23870700
-5.75774300
-5.98363800
-4.90516500
-4.46922800
-4.20807800
-5.54618100
-4.31688300
-1.37903300
-2.32577500
-0.55804400
-1.41152100
-1.73310700
-2.81756100
-1.53149300
-1.48357600
-1.27497500
-1.00784400
-2.34909500
-0.70651700
1.17610900
0.79969000
227818800
0.89894100
3.43684800
4.07101000
4.10597000
287792000
5.51724400
573246900
6.42237400
535620000
4.46260900
3.68551900
5.45203200
436788000
4.70791000
578559800
4.51320500
4.14579800
-1.29103600
-1.09133000
-2.34196700
-0.64617800
0.47611400
0.07655000
1.51081300
-0.13671500
1.25567500
226529700
0.76088200
1.36958800

-0.41456800
0.44258500
1.34316800

-0.37414700
0.62044600

-2.55690100

-3.53705100

-2.39245300

-2.61785200

-2.01522200

-2.45612900

-2.43019200

-0.92535600

-4.76764100

-4.59258600

-5.81318300

-4.66785900

-4.10670500

-5.15453200

-3.98432700

-3.45963700

-4.51409200

-5.53465900

-4.56482200

-3.87907900

-3.36093000

-3.10421000

-3.63557600

-4.26728400

-1.21131600

-2.08537600

-0.57718700

-1.56127200

-0.20144200
0.48069300
022820600

-1.16811600
1.07920500
0.86975500
2.08541000
0.34613100
4.44175700
5.48869500
4.21469800
378378700
4.84116100
5.86680100
4.82888700
4.16707600
5.40423800
5.54166500
6.39192700
5.07162000

-2.09363500
0.49456000
0.13279600
0.51492200
1.53235500
-0.64863400
-0.21540900
-0.46315200
-1.74030100
2.00377500
2.35496000
2.60880200
2.18025600
1.04086800
0.92956400
0.74483700
2.10943700
-1.33166100
-1.55983800
-1.54604700
-2.02503500
1.62272700
1.830844200
1.58487200
2.48041300
-0.66486100
-1.52812200
0.17016700
-0.94426000
-0.06260000
-0.69475900
-0.07214800
0.97080300
-2.12826400
-2.51897700
-2.37047600
-2.65270800
1.55658200
1.66461000
1.96772900
216315000
1.87750100
2.16374600
2.12597000
248783700
-1.56919500
-1.67211200
-1.95529400
-2.19528600
0.76234300
0.33636200
0.76169300
1.80787100
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e

E (BP86-D3/6-31G(d)/SMD (MeCN)) = -602.403478

E (BP86-D3/6-311++G(2df,p)/SMD (MeCN)// BP86-D3/6-31G(d) )/SMD (MeCN)) = -602.549784

Zero-point correction=
Thermal correction to Energy=
Thermal correction to Enthalpy=

Thermal correction to Gibbs Free Energy=

Charge = 0 Multiplicity =2

CEEERROEEECON I dQ®ROI IO T a0

3.96232800
2.72313500
2.70404100
2.67767000
1.44093000
1.45521100
1.40476900
0.30612600
-1.26904200
-1.55187500
-0.89272200
-2.59714700
-1.36445800
-1.54961300
-1.36859000
-2.59321900
-0.88647900
-2.39330100
-2.21951700
-2.23059900
-3.45524900
4.02787700
4.86636300

-0.22748700
0.59571600
1.39475100
1.11908500

-0.24378400

-1.05167700

-0.72994700
0.61458500
0.00254500

-1.40173300

-2.26566900

-1.76049900

-1.06772400

-0.62229300
0.17729500

-0.96869600

-1.47203200
1.46597000
2.29952500
1.84531500
1.16842600

-1.20459000
0.16580600

0.189658
0.202598
0.203542
0.150106

0.02902600
-0.08527000
0.68063500
-1.07029400
0.03268000
-0.73025800
1.03046200
-0.16174100
0.00065300
-1.23244800
-1.02840300
-1.17642900
-2.26982300
1.76239500
2.50443300
1.88665400
2.00854900
-0.37709400
0.32800300
-1.40262700
-0.29203300
-0.46410100
0.50429800
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TD DFT calculations

Three lowest singlet exited states for intermediate IT were calculated at TD-BP86-D3/6-311++G(2dfp) level of
theory including solvation {acetonitrile) with SMD model.

(CHs)s(corrin)Co(1I)-(CHz)s-OTMS — 11 (vertical excitation)

Excitation energies and oscillator strengths:

Excited State 1:  Singlet-A 22335 eV 555.11 nm f=0.0225 <S**2==0.000
189 >193  -0.13359
190 >192 031747
191 >192 050814
191 >193  -0.32300
Total Energy, E(TD-HF/TD-DFT) = -3531.47195770

Excited State 2:  Singlet-A  2.2995 eV 539.18 nm {=0.0211 <S8*¥2>=0.000
189 > 193 -0.13850
190 > 192 -0.21775
191 =192 0.40684
191 =193 0.49373

Excited State 3:  Singlet-A 23412 eV 52957 nm {=0.0161 <S5**2>=0.000
189 > 192 0.18852
190 > 192 0.56898
191 =192  -0.11554
191 > 193 0.32439
191 =194  -0.12033
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Simulated UV spectrum of I calculated for 20 excited states at TD-BP86/6-311++G(2df,p)level of theory

UV-Vis Spectrum
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(CHa)s(corrin)Co(ITT)-(CHz)s-OTMS — 11 (Relaxed)

Geometry of the IT was optimized at TD-BP86-D3/6-31G(d) (root=1) including solvation (acetone) with SMD
model. Frequency analysis was performed at the same level to provide correction to thermodynamic functions
Then the energy of the lowest singlet exited state was calculated employing TD-BP86-D3/6-311++G(2df,p).

E (TD-BP86-D3/6-31G(d)/SMD (MeCN)) = -3530.776482
E (TD-BP86-D3/6-31 1+-+G(2df.p)/SMD (MeCN)// TD-BP86-D3/6-31G(d) )/SMD (MeCN)) = -3531.471958

0.972234
1.026142
1.027087
0.890414

Zero-point correction=

Thermal correction to Energy=

Thermal correction to Enthalpy=

Thermal correction to Gibbs Free Energy=

Charge = 0 Multiplicity =1

aoaaazaoaaazaooaomaEmZzZaoaan

-0.05597300
-1.25993200
-1.99762400
-1.55005400
-0.36947900
-3.09307800
-2.20301800
-3.16008300
1.16713300
-1.77739600
-2.64637500
-0.57321200
-1.58050100
-0.48976600
2.22604300
3.65744300
2.11913500
4.277985300
3.40347700
0.47318100
1.56450100
2.74212900

2.95315800
3.87600000
3.07513100
1.66692400
1.66558000
3.17258000
0.52747200
0.68409000
3.31830700
-0.79239700
-2.00120800
-1.17858900
-3.13648400
-2.56155600
2.37450400
2.72325500
1.07964200
1.33021700
0.32734900
-3.33208100
-2.70093200
-3.38597800

0.51546400
0.78692900
1.90783500
1.61765700
0.89620700
1.79710400
2.06337300
2.57039200
-0.08187300
1.90868300
2.23338800
1.35501900
2.23810900
1.34147900
-0.14438300
-0.51844500
0.18125100
-0.88594700
-0.03346700
0.67083200
0.01437600
-0.70763400
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1.68264000
3.80329900
2.93261700
0.54621400
-2.01988600
430699200
3.67207100
2.66746800
-0.06985200
-1.45791300
-2.09475000
0.61606800
-0.08474800
0.35610100
0.64473900
099176200
-0.67878000
227591500
1.43119100
1.94702300
3.09684600
3.34981200
2776733700
436102300
3.44894400
4.86374300
5.64993400
535710900
4.42969000
3.97404300
494238100
411635900
326313700
5.78530900
6.17799700
6.33082600
6.02715000
4.05964400
4.60514700
4.43758600
2.99162700
4.32515200
536495500
378276400
433483600
1.39001300
0.50315600
1.62251600
2.22640900
-0.98382400
-0.69911200
-1.91045200
-0.19281900
-2.12434500
-2.37963800
-3.06413100
-1.58913400
-1.60470200
-1.92173000
-2.09280400

-1.36888500
-2.22863500
-0.96386400
0.06131100
-4.05485500
-2.27769300
3.36061400
-0.71885500
0.26197000
-0.35823300
0.08192200
-0.26193400
1.34616800
-4.84532400
-5.29931600
-5.30085200
-5.16375700
-3.74673300
-4.45645500
-2.85136800
-4.22456600
-4.61818500
-5.53793400
-4.79983700
-4.45293900
-2.32429600
-1.56447600
-3.31304500
-2.17526800
0.01282700
-0.50980400
0.93691700
-0.63106400
1.24408100
0.24564200
1.98568200
1.43843900
1.15067000
1.94656000
0.18276100
1.23525600
3.53341800
3.78363600
4.48066500
2.98215800
471238000
5.07268100
5.45678900
472428100
5.33087000
5.96274400
5.75884900
5.40323200
3.84701800
2.80856600
4.40531900
4.30847300
3.45300600
4.47957800
276133600

-0.05812700
-0.71135400
-0.74307600
0.37220200
1.81377100
0.27211800
-1.42055500
-1.78778200
-1.45820900
-1.45747300
-0.67115100
-2.14333600
-1.67555700
0.70809600
-0.25278400
1.49026600
0.90717200
-2.14076100
-2.11111000
-2.69863700
-2.770482500
-0.00767800
-0.17047400
-0.41592800
1.07988200
-1.81009200
-1.66623800
-1.79555900
-2.81404300
1.36360000
1.30109900
1.94574300
1.91143900
-0.59157900
-0.85000900
-1.20302500
0.46550800
-2.40687100
-2.94582500
-2.77411100
-2.68139400
0.61546100
0.34451700
0.77766300
1.57016000
-0.63692900
-1.18271200
0.14631100
-1.35283700
1.20464100
0.35047200
1.62803500
1.96966500
-0.50422300
-0.78061300
-0.33987400
-1.35205300
3.35478700
3.60560500
4.06373000
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-0.51166800
-0.97720000
-1.74433500
-0.18060100
-0.53479200
-3.62324900
-4.21534200
-4.31926800
-3.08110800
-3.45006500
-4.22707800
-3.96429000
-2.80960000
-1.38928900
-2.18853400
-1.56157400
-2.35882300
-3.40710500
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-4.79215500
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-4.23730100
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-6.01434800
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-4.87317900
-5.69536300
-6.54781500
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-2.57494100
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-3.13974100
-1.36903700
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-1.59326800
-1.44290900
-0.16740600
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-0.21888200
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1.35106000
-1.67927200
-1.33731800
-2.41058100
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1.47329600
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3.50005700
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430122300
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1.21220600
0.95452700
0.08981400
3.53583200
3.43433800
3.76605300
4.39330000
-1.26413600
-2.80811600
-3.63368900
-2.99407600
-2.79325000
-2.43240000
-1.01614500
-0.12148400
-1.32726600
-0.71993400
-1.97826600
-1.76017100
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-1.08330000
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-3.76057000

Truncated structure

of vitarmin B¢y

higher
excitation
slates

—
¢ decay and
¢ relaxation
z

1181
| 8338

Gibbs frae energy (kJ/mol)

9

TMSBr

+

0.0

OTMS

hv e
vertical
excitation

\ [CeM]
e

OTMS Br\((J Aom
WA s . 184

cxsatane
opening

-118.3

8,2 Co-C cleavage

Figure S4 Calculated Gibbs free energy profile for the reaction of oxetanes with the Co(I)-corrin complex in the presence of TMSBr
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9. NMR spectra

1 NMR (400 MHz, CDCl) and *C NMR (100 MHz, CDCl); triisopropyl(2-(oxetan-2-yl)ethoxy)silane
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1H NMR (500 MHz, CDCls) and B®C NMR (125 MHz, CDCl); 3-bromo-2-phenyl-propan-1-ol (5b)
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1H NMR (400 MHz, CDCls) and 3C NMR (100 MHz, CDCL); 2,3-diphenylpropan-1-ol (4b)
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1H NMR (400 MHz, CDCls) and *C NMR (100 MHz, CDCL); 4-(1-hydroxy-3-phenylpropan-2-

vl)benzonitrile (4d)
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1H NMR (400 MHz, CDCls) and *C NMR (100 MHz, CDCL); 3-phenyl-2-{o-tolyl)propan-1-ol (4¢)
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1H NMR (400 MHz, CDCls) and 3C NMR (100 MHz, CDCL); 2-(1H-indol-1-y1)-3-phenylpropan-1-ol (5)
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1H NMR (400 MHz, CDCls) and *C NMR (100 MHz, CDCL); 2-(1-hydroxy-3-phenylpropan-2-
vl)isoindoline-1,3-dione (6)
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1H NMR (400 MHz, CDCls) and *C NMR (100 MHz, CDCL); 2-(4-methoxyphenoxy)-3-phenylpropan-1ol
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1H NMR (400 MHz, CDCls) and B®C NMR (100 MHz, CDClL); 2-benzyl-3-(benzyloxy)propan-1-ol (8)
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1H NMR (400 MHz, CDCls) and ®*C NMR (100 MHz, CDCL); 2-benzyl-3-(benzyloxy)-2-methylpropan-1-

0l (9)
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1H NMR (400 MHz, CDCls) and ®C NMR (100 MHz, CDCL); 1-(benzyloxy)-5-phenylpentan-3-ol (10)
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1H NMR (400 MHz, CDCls) and B®C NMR (100 MHz, CDClL); 1-phenyl-5-((triisopropylsilyl)oxy)pentan-3-

ol (11)
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1H NMR (400 MHz, CDCls) and *C NMR (100 MHz, CDCL); 2-phenyl-3-(4-methylphenyl)propan-1-ol

(4a)
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1H NMR (400 MHz, CDCls) and B®C NMR (100 MHz, CDClL); 3-(4-methoxyphenyl)-2-phenylpropan-1-ol

(12a)

EFETT—

BET —

1 {ppm)
80
https://rcin.org.pl

110

180 170 160 150 140 130 120

190




1H NMR (400 MHz, CDCls) and *C NMR (100 MHz, CDCL); 4-(3-hydroxy-2-phenylpropyl)benzonitrile
(12b)
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H NMR (400 MHz, CDCL), *C NMR (100 MHz, CDCL) and ®F NMR (376 MHz, CDCls); 2-phenyl-3-(4-
(trifluoromethyl)phenyl)propan-1-ol (12¢)
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1T NMR (400 Mz, CDCls) and *C NMR (100 MI1Iz, CDCly); 1-(4-(3-hydroxy-2-

phenylpropyl)phenyl)ethanone (12d)
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H NMR (400 MHz, CDDCL) and ®*C NMR (100 MHz, CDCl:); methyl 4-(3-hydroxy-2-
phenylpropyl)benzoate (12¢)
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1H NMR (400 MHz, CDCls) and ®*C NMR (100 MHz, CDClL); 3-{4-chlorophenyl)-2-phenylpropan-1-ol

(12)
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1H NMR (400 MHz, CDCls) and *C NMR (100 MHz, CDCL); 3-(4-bromophenyl)-2-phenylpropan-1-ol
(12g)
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H NMR (400 MHz, CDCL), *C NMR (100 MHz, CDCL) and PF NMR (376 MHz, CDCls); 3-(4-

fluorophenyl)-2-phenylpropan-1-ol (12h)
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1H NMR (400 MHz, CDCls) and 3C NMR (100 MHz, CDCL); 3-(4-(hydroxymethyl)phenyl)-2-

phenylpropan-1-ol (13)
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1H NMR (400 MHz, CDCls) and *C NMR (100 MHz, CDCL); 2-phenyl-3-(1-tosyl- LH-indol-5-yl)propan-

1-ol (14)
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1H NMR (400 MHz, CDCls) and *C NMR (100 MHz, CDCL); 3-(naphthalen-1-yl)-2-phenylpropan-1-ol

(13)
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H NMR (400 MHz, CDCL) and B*C NMR (100 MHz, CDCls); 2-phenyl-3-(4-
((trimethylsilyl)ethynyl)phenyl)propan-1-ol (16)
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1H NMR (400 MHz, CDCls) and *C NMR (100 MHz, CDCL); 2-phenyl-3-(2-methylphenyl}propan-1-ol
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1H NMR (400 MHz, CDCls) and *C NMR (100 MHz, CDCL); 2-phenyl-3-(3-methylphenyl)propan-1-ol

(18)
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H NMR (400 MHz, CDCl) and ®C NMR (100 MHz, CDCl); 3-(benzo[d][1,3]dioxol-5-y1)-2-
phenylpropan-1-ol (19)
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1H NMR (500 MHz, CDCls) and ®*C NMR (125 MHz, CDClL)6-hydroxy-5-phenylhexanenitrile (22a)
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'H NMR (400 MHz, CDXCL) and B*C NMR (100 MHz, CDCl); 6-hydroxy-5-(4-
methoxyphenyl)hexanenitrile (22b)
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1H NMR (400 MHz, CDCls) and *C NMR (100 MHz, CDCL); 4-(5-cyano-1-hydroxypentan-2-
yl)benzonitrile (22¢)
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1H NMR (400 MHz, CDCls) and *C NMR (100 MHz, CDCL); 6-hydroxy-5-(2-m ethylphenyl)hexanenitrile
(22d)
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1H NMR (400 MHz, CDCls) and *C NMR (100 MHz, CDCL); 6-hydroxy-5-(1H-indol-1-yDhexanenitrile
(23)
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H NMR (500 MHz, CDCls) and BC NMR (125 MHz, CDCL); 5-(9H-carbazol-9-yl)-6-
hydroxyhexanenitrile (24)
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CN

OH

1H NMR (500 MHz, CDCls) and 3C NMR (125 MHz, CDCL); 6-hydroxy-5-(4-
OCH,

methoxyphenoxy)hexanenitrile (25)
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1H NMR (400 MHz, CDCls) and *C NMR (125 MHz, CDCL); 6-(benzyloxy)-5-
(hydroxymethyl}hexanenitrile (26)
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1H NMR (400 MHz, CDCls) and *C NMR (100 MHz, CDCL); 8-(benzyloxy)-6-hydroxyoctanenitrile (28)
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1H NMR (500 MHz, CDCk) and 3C NMR (125 MHz, CDCL); 6-hydroxy-8-

((triisopropylsilyl)oxy)octanenitrile (29)
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\

1H NMR (400 MHz, CDCls) and *C NMR (100 MHz, CDClL); methyl 6-hydroxy-5-phenylhexanoate (21)
CO,Me

0 —

BRAIS J9ET —
BET1E
AL

TPk —
15—

WL —

LT~ _
00'9ZT =
zazt
BT —
BBELT —

1 {ppm)
107
https://rcin.org.pl




1H NMR (400 MHz, CDCls) and *C NMR (125 MHz, CDCL); benzyl 6-hydroxy-5-phenylhexanoate (30)
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1H NMR (500 MHz, CDCh) and *C NMR (125 MHz, CDCL); 4-methoxyphenyl 6-hydroxy-5-

phenylhexanoate (31a)
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1H NMR (500 MHz, CDCls) and *C NMR (125 MHz, CDCL); 4-cyanophenyl 6-hydroxy-5-
phenylhexanoate (31b)
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1H NMR (400 MHz, CDCls) and ®C NMR (125 MHz, CDClL)pent-4-en-1-yl 6-hydroxy-5-phenylhexanoate

(32)
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1H NMR (500 MHz, CDCls) and *C NMR (125 MHz, CDCL); 2-phenyl-5-(phenylsulfonyl)pentan-1-ol (33)
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1H NMR (500 MHz, CDCL) and 3C NMR (125 MHz, CDCL); methyl 6-hydroxy-2-methyl-5-

phenylhexanoate (34)
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1H NMR (500 MHz, CDCls) and *C NMR (125 MHz, CDCL); methyl 6-hydroxy-2,5-diphenylhexanoate
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1H NMR (500 MHz, CDCls) and 3C NMR (125 MHz, CDCL); pent-4-yn-1-yl 6-hydroxy-5-

phenylhexanoate (36)
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1H NMR (500 MHz, CDCls) and BC NMR (125 MHz, CDCL); (1R,25,5R)-2-isopropyl-5-methylcyclohexyl

6-hydroxy-3-phenylhexancate (37)
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6-hydroxy-5-phenylhexanoate

- —n

H NMR (500 MHz, CDCL) and BC NMR (125 MHz, CDCL); (8R,95,135,145)-13-methyl-17-0x0-

7,8,9,11,12,13,14,15,16,17-decahydro-6H-cyclopentaa]phenanthren-3-yl
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1. General information

All solvents and chemicals used were of reagent grade and were used without further
purification. Colum chromatography was performed using Merck silica gel 60 (230-400
mesh). DCVC (dry column vacuum chromatography) was performed using Merck silica gel
(200-300 mesh). Thin layer chromatography (TLC) was performed using Merck silica gel
GF254, 0.20 mm thickness. High and low resolution ESI mass spectra were recorded on a
Mariner and SYNAPT spectrometer. 'H and *C NMR spectra were recorded at 25 °C on a
Bruker 400 MHz or Varian 500 MHz instrument with TMS as an internal standard. Elemental
analyses were performed on PERKIN-ELMER 240 Elemental Analyzer.

¢+ ND4Cl used in deuterium experiment contained 98 atom%o of deuterium.
% CD4CN used in deuterium experiment contained 99.8 atom% of deuterium.

% Photo-induced reactions were performed in a homemade photoreactor — made of 400 ml.

beaker covered on the inside with the LED tape and equipped with a cooling fan.

Characteristic of blue LEDs: 8 mm SMD3528 LED strip, 60 LED diodes/m; power
consumption: 4.8 W/m; Blue light - Amax = 460 nm; 4.5 Im.

¢+ Catalyst — heptamethyl cobyrinate ((CN)(H20)Cby(OMe);) was prepared according to the

reported procedure on 3 gram scale !~

%+ Thioesters was synthesized according to the reported procedure ]

+ Before the reaction, zinc was activated by the following method: a) washing with 10%

HCL, b) grinding, ¢) washing with H20, EtOH and Et20, d) drying in a vacuum.



2. General synthetic procedure

N S\I(ﬁ (CN)(H,0)Cby(OMe) 0
B nX P 2 7 EW
U G * 7 EWEG TTZ0'NH,CLMeCN | EWG ‘ -
blue LEDs
X = Br, Cl
n=3,5 6,8

A glass tube (inner diameter = 18 mm) equipped with a magnetic stirrer was charged
with heptamethyl cobyrinate (14 mg, 5.0 mol%), activated Zn (48 mg, 0.75 mmol, 3 equiv.)
and NH4Cl (60.0 mg, 1.1 mmol, 4.5 equiv.) and sealed with a septum. Then MeCN (2.5 mL)
was added and the reaction mixture was degassed by purging the solution with argon with
simultaneous sonication in an ultrasonic bath (solution tumed from red to dark green) for 15
min. Subsequently, an olefin (0.55 mmol, 1.0 equiv.) followed by a thioester (0.25 mmol,
0.45 equiv.) were added via syringe and the reaction mixture was irradiated with blue LED
light (& = 460 nm) for 16 h at room temperature. It was then diluted with Et;O, filtered
through the cotton wool and concentrated in vacuo. A crude product was purified using

column chromatography.

3. Optimization studies

oy i
> Br . (CN)(H,0)Cby(OMe);
U | ZCN 70 NH,CI, MeCN Nc/\)k()’\/CN
blue LEDs °
5 13 14
3.1 Background reactions
Entry Conditions Yield [%]
1 no light 22
2 no catalyst <5
3 no Zn 0
4 no NH4Cl 15
5 no Zn and NH4Cl 0
4
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3.2 Catalyst loading

Entry Catalystimol%] Yield [%]

1 2.5 41
2 5.0 46
3 7.5 36

Reaction conditions: olefin (0.55 mmol, 1.0 equiv.). thioester (0.45 equiv.), catalyst:
(CN)Y(H20)Cby(OMe)7, Zn (3.0 eqiuv.), NH4Cl1 (4.5 equiv.), MeCN (2.5 mL), 16 h, blue
LEDs

3.3 Optimization of the substrates ratio

Entry Thioester : Olefm (14:11) Yield [%]
1 187122 46
2 1.0:3.0 44
2 1.0:4.0 50
4 2 7 1.0 <10
5 3.0:1.0 <10

Reaction conditions: (CN)(H20)Cby(OMe)7 (5 mol%o), Zn (3.0 equiv.), NH4Cl (1.5 equiv.),
MeCN (2.5 mL), 16 h, blue LEDs

3.4 The influence of Zn and NHCl amount

Entry Zn [equiv. NH4C1 [equiv.] Yield [%]

1 3 1.5 46
2 6 1.5 29
3 1.5 1.5 traces
4 3 1 traces
5 3 3.4 31
6 3 4.5 64
7 3 6 55
3 4.5 4.5 58
9 4 6 55

Reaction conditions: Thioester (0.45 equiv.), olefin (0.55 mmol, 1.0 equiv.), catalyst (5
mol%), MeCN (2.5 mL), 16 h, blue LEDs
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3.5 The influence of additives

Entry Additive Additive [equiv.] Yield [%0]
1 none - 64
2 LiCl 3 traces
3 LiBF4 3 51
5 HFIP 5 35
6 DIPEA 2 25
7 Cs2C0O4 2 0
8 H,O 5 52
a0 Thiopyridine 1 43

Reaction conditions: Thioester (0.45 equiv.), olefin (0.55 mmol, 1.0 equiv.), Zn (3.0 equiv.),
NH4Cl (4.5 equiv.), catalyst (5 mol%), MeCN (2.5 ml.), 16 h, blue LEDs

3.6 Optimization of a solvent

Entry Solvent Yield [%]
1 MeCN 64
2 THF 41
3 Aceton 45
4 AcOEt 43
: MeCN (dry) 36
6 i—PrOH 0
7 DMF 0

Reaction conditions: Thioester (0.45 equiv.), olefin (0.55 mmol, 1.0 equiv.), Zn (3.0 equiv.),
NH4Cl (4.5 equiv.), catalyst (5 mol%), solvent (2.5 mL), 16 h, blue LEDs

3.7 The influence of a light source

Entry Light Yield [%]
1 Blue LED 64
2 Green LED 34
3 White LED 61
4 Violet LED 65
5 Black LED 0

Reaction conditions: Thioester (0.45 equiv.), olefin (0.55 mmol, 1.0 equiv.), Zn (3.0 equiv.),
NH4Cl (4.5 equiv.), catalyst (5 mol%), MeCN (2.5 ml.), 16 h

https://rcin.org.pl



4. Mechanistic considerations

4.1 Proposed mechanism

cmunw,

Cofll)

0 SPy

Co(lll) ~Jiv

EwWe O EWG
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4.2 Experiments with deuterated reagents

H H
i i CN & i CN
Sl AR
H H
14a 14b

Zn, ND,CI, CD,CN

@/ST@S& + ~cn (CNXH.0)Cby(OMe),
= o
5

blue LEDs H H 0] H D o
13 P CN + Kk CN
NC 5 D NC 5 H
H H
14¢c 14d

Reaction conditions: Thioester (0.45 equiv.), olefin (0.55 mmol, 1 equiv.), Zn (3 equiv.),
ND4Cl (4.5 equiv.), catalyst (5 mol%), CD;CN (2.5 mL), 16 h, blue LEDs

To prove the hypothesis of external proton incorporation at the a-position to the nitryl group,
the experiment with the deuterated ND4Cl and CD3;CN was performed. The reaction was
carried out according to the general procedure described in Section 2.

5 wom ST 53 1 S 5005
2114

3
s
e

230.14]

229.13{232.18
20918,
T TTT § i i B a0 e 1N h"'a B 1 zml 22‘0 2D 20 !A; 3m w0 0

uuuuuuuuuuuuuuuuuuuuuuuuuuuuuu

Scheme 1. Left) 'H NMR fragment of a mixture of the products of deuterium incorporation
experiment. Right) ESI MS spectrum of the reaction in deuterated conditions.

To confirm that NH4Cl1 18 a source of deuterium an additional experiments were performed:

s reaction with NH4Cl and CDsCN: there is no trace of a deuterated product 14b, 14¢,
14d.

< reaction with ND4Cl and MeCN: deuterated product 14b, 14¢, 14d arc observed
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4.3 Radical trap experiment

The reaction was set up following the general procedure (see section 2). After 5

minutes 3.0 equiv. TEMPO was added. The product was confirmed by EST MS.

N ] +31: 1,251 min from Sample 1 (TunsSamplelD} of MT20170721 100752 wiff (Turbo Spray)
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4.4 Mass Spectrometry studies

s Syfher . gy (CNXHOCby(OMe), i -
o Zn, NH,CI, MeCN NG ’
blue LEDs
5 13 14

Reaction conditions: Thioester (0.45 equiv.), olefin (0.55 mmol, 1.0 equiv.), Zn (3.0 equiv.),
NH4Cl (4.5 equiv.), catalyst (5 mol%), MeCN (2.5 mL), 16 h, blue LEDs

4.4.1 Heptamethyl cobyrinaie in MeCN

"M QT 0.087 to 1.268 min from Sar Max. 1.7eB cps.
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The LRMS spectrum of the catalyst ((CN)(H20)Cby(OMe);) before the addition of the
starting materials shows two peak that can be assigned as [M-CN]", [M-CN, Hz0]. The first
group of signals corresponds to the mass of a catalyst lacking one axial ligand H,O (peaks at
m/z 1062.0). The second group of signals (peaks at m/z 1035.9) corresponds to a catalyst
lacking both axial ligands: HO and CN".

10

https://rcin.org.pl



4.4.2 The reaction before light irradiation
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The LLRMS spectrum of the reaction mixture recorded before light irradiation indicates the

presence a alkyl-cobalt complex A (peaks at m/z 1243.6). This result suggests that upon light

irradiation alkyl radical is generated prior to cobalt-acyl complex E.

11
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4.4.3 The LRMS spectrum recorded after 15 minutes of light irradiation
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After 15 minutes of light irradiation, adduct C is formed (peaks at m/z 263.3) confirming that
alkyl radical generates prior acyl radical.
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4.4.4 The LRMS spectrum recorded after 20 minutes of light irradiation
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After 20 minutes of light irradiation, adduct E is formed (peaks at m/z 1189.0 [M+H]").
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4.5 Kinetic studies

The MS analyses were performed using 1.C-20 HPLC pump (Shimadzu, Japan) used
as solvent delivery system and Rheodyne 77251 injection valve with 20ul sample loop. They
were coupled with tandem mass spectrometer 4000 Q TRAP (AB SCIEX, USA) equipped
with an electrospray ion source. At specified intervals accurately measured 100 pl of the
reaction mixture were transferred into vial filled with 5 ml of acetonitrile (ACN) using
syringe, mixed and diluted 250 times. Immediately the sample loop was filled with the
solution and sample was injected into the stream of MeCN pumped with the flow rate of 100

ul/min.

The mass spectrometer operated in positive ion mode with the capillary voltage set to 5.5 kV.
Declustering potential was set to 60 V. Desolvation temperature was 200 °C. Selected Ion
Monitoring (SIM) scan type was used with the experiments programmed for measuring of
signals intensities obtained for following ions: m/z 1062.5, m/z 1080.5, m/z 1036.5, m/z
1244.5 (compound A), n/z 1188.5 (compound E), m/z 263.0 (protonated ion of compound C),
m/z 288.0 (protonated ion of compound 5), m/z 229.0 (ion of compound 14+Na). For the
peaks that appeared on the counts per second (cps) vs. time graph the peak arcas were
quantified for individual ions (compounds). The peak area vs. time graphs (Figures 1 — 5)
represent the changes of the concentration of the compounds in the reaction mixture.
However, due to the inability of using standards the absolute concentration values could not

be determined.
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4.6. Electrochemical studies

4.6.1 Measurements conditions

A cylindrical three-electrode cell was equipped with a glassy carbon working electrode, a 25
mm platinum wire as the counter electrode and an Ag/AgCl (3.0 M NaCl) electrode as the
reference electrode. The scan rate for a typical experiment was 100 mV-s—1. The solution of
thioester (3.0-102 M) and #»-BusNCIO4 (0.1 M) in dry MeCN was deaerated by Ar gas
bubbling before the measurement, and the cyclic voltammetry was carried out under an Ar gas
atmosphere at room temperature. The Ei value of the ferrocene—ferrocenium (Fe/Fe+) in

MeCN was +0.45 V vs. Ag/AgCl with this setup.

4.6.2 Cyclic Voltammograms

S-pyridin-2-yl 6-bromohexanethioate

05
Ewed¥ v AgigCl } MaCl (satd)

S-pyridin-2-yl 6-bromohexanethioate + (CN)(H20)Cby(OMe)-
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5. Scope and characterization of new compounds

S-pyvridin-2-vl 4-bromobutanethioate (4)

T NMR (400 MHz, CDClL, 25 °C): & 8.65 — 8.60 (m, 1H, Ar-H), 7.75 (td, *Jur = 7.7, 2.0 Hz, 1H,
Ar-H), 7.61 (dt, Yaa = 7.8, 1.0 Hz, 1H, Ar-H), 7.30 (ddd, *Juz = 7.5, 49, 1.1 Hz, 1H, Ar-H), 3.47
(t, *in = 6.4 Hz, 2H, CH,), 2.91 (t, Yy = 7.1 Hz, 2H, CH,), 2.26 (p, *Jiw.n = 6.7 Hz, 2H, CH,) ppm.

BC NMR (100 MHz, CDCls, 25 °C): 6 195.4, 151.1, 150.5, 137.2, 130.2, 123.6, 42.2, 32.1, 27.9 ppm.
HRMS (ESI): m/z caled for [CoHoBrNOS+Na]t: 281.9564 [Af+Na]*; found: 281.9550.

Hygroscopic compound.

S-pyridin-2-vl 6-bromohexanethicate (35)

N S
I X Y\/\/\Br

= o]

IH NMR (400 MHz, CDCL, 25 °C): & 8.61 (ddd, /un = 4.8, 1.9, 0.8 Hz, 1H, Ar-H), 7.72 (td,
3an = 7.7, 1.9 Hz, 1H, Ar-H), 7.60 (dt, *Juwx = 7.9, 1.0 Hz, 1H, Ar-H), 7.29 — 7.26 (m, 1H, Ar-H),
3.39 (t, *Jur = 6.7 Hz, 2H, CH,), 2.71 (t, */wx = 7.4 Hz, 2H, CH,), 1.92 — 1.83 (m, 2H, CH,), 1.79 —
1.71 (m, 2H, CH,), 1.56 — 1.48 (m, 2H, CH,) ppm.

BC NMR (100 MHz, CDCls, 25 °C): 8 196.2, 151.5, 150.4, 137.1, 130.1, 123.5, 43.9, 33.2, 32.3, 27 4,
24.5 ppm.

HRMS (ESI): m/z caled for [CyH, BrNOS+Na]*: 309.9877 [Af+Na] ", found 309.9865.

Elemental analysis caled. (%) for C,iHi.BiNOS: C, 45.84, H, 4.90, N, 4.86; found: C, 46.07, H, 5.08,
N, 4.90.
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S-pyridin-2-vl 9-bromononanethioate (6)
N 5
[ Y e
Z~ 0 6

IH NMR (400 MHz, CDCL, 25 °C): & 8.61 (ddd, 3/mm = 4.9, 2.0, 0.9 Hz, 1H, Ar-H), 7.73 (td,
Ve = 7.7, 2.0 Hz, 1H, Ar-H), 7.61 (dt, *Jwx = 8.0, 1.1 Hz, 1H, Ar-H), 7.30 — 7.27 (m, 1, Ar-I),
3.39 (t, ¥Juar = 6.8 Hz, 2H, CIHL), 2.69 (t, %y = 7.4 Hz, 2H, CH,), 1.84 (p, 3Jun = 7.0 Hz, 2H, CIL),
1.72 (p, ¥un = 7.5 Hz, 211, CIL), 1.44 — 1.30 (m, 8H, CH;) ppm.

13C NMR (100 MHz, CDCl, 25 °C): 6 196.5, 151.7, 150.4, 137.1, 130.1, 123.4, 44.2, 33.9, 32.7, 29.0,
28.8, 28.5, 28.1, 25.3 ppm.

HRMS (ESI): m/z caled for [CraHzoBrNOS+Na]™: 352.0347 [Af+Na]"; found 352.0337.

Elemental analysis caled. (%) for C14HzeBrNOS: C, 50.91, H, 6.10, N, 4.24; found: C, 5091, H, 6.26,
N, 4.21.

S-pvridin-2-yl 11-bromoundecanethioate (7)
N S
(S \H/‘H’\Br
= o 8

'H NMR (400 MHz, CDCl,, 25 °C): & 8.61 (dd, °Ji.x = 5.3, 1.3 Hz, 1H, Ar-H), 7.73 (td, *Jun = 7.7,
1.9 Hz, 1H, Ar-H), 7.62 — 7.60 (m, 1H, Ar-H), 7.30 — 7.26 (m, 1H, Ar-H), 3.39 (t, */m.n = 6.9 Hz, 2H,
CH,), 2.69 (t, *Ju.x = 7.5 Hz, 2H, CH,), 1.84 (p, *Jur = 6.9 Hz, 2H, CH,), 1.72 (p, *Jur = 7.5 Hz, 2H,
CH,), 1.29 (m-s, 12H) ppm.

13C NMR (100 MHz, CDCls, 25 °C): 6 196.5, 151.7, 150.3, 137.0, 130.1, 123.4, 44.2, 34.0, 32.8, 29.3,
29.2,29.1, 28.9, 28.7, 28.1, 25.4 ppm.

HRMS (ESI): m/z caled for [C1sHz4BrNOS+Na]™: 380.0660 [Af+Na]"; found 380.0647.

Elemental analysis caled. (%) for C;sH,4BrNOS: C, 53.63, H, 6.75, N, 3.91; found: C, 53.89, H, 6.85,
N, 3.85.
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S-pvridin-2-vl 6-chlorohexanethioate (8)

N S
| N \"/\N\Cl

P ¢

"H NMR (400 MHz, CDClL, 25 °C): & 8.61 (ddd, *Jax = 4.8, 1.9, 0.9 Hz, 1H, Ar-H), 7.73 (td,
Vs = 7.7, 1.9 1z, 11, Ar-I), 7.60 (dt, s = 7.9, 1.0 Hz, 11, Ar-I), 7.28 (ddd, *Jur = 7.5, 4.8, 1.2
Hz, 1H, Ar-H), 3.53 (t, *Jax = 6.6 Hz, 2H, CH,), 2.72 (t, ¥ax = 7.4 Hz, 2H, CH,), 1.84 — 1.70 (m,
4H), 1.58 - 1.48 (m, 2H, CHL,) ppm.

BC NMR (100 MHz, CDCls, 25 °C): 6 196.2, 151.5, 150.4, 137.1, 130.1, 123.5, 44.6, 43.9, 32.2, 26.2,
24.6 ppm.

HRMS (ESI): m/z caled for [Cy,H;sCINOS+Na]*: 266.0382 [A/+Na]™; found 266.0378.

Elemental analysis caled. (%) for C:Hy,CINOS: C, 54.20, H, 5.79, N, 5.75; found: C, 53.95, H, 5.89,
N, 5.91.

S-pyvridin-2-vl 5-bromodecanethioate (9)

N, .S
I\\n/\/Y\/\/

'H NMR (400 MHz, CDCls, 25 °C): & 8.62 (ddd, *Jur = 4.8, 2.0, 0.9 Hz, 1H, Ar-H), 7.74 (td, *Jaz =
7.7, 1.9 Hz, 11, Ar-H), 7.61 (dt, s = 7.9, 1.1 Hz, 11, Ar-H), 7.28 (ddd, ¥z = 7.6, 4.8, 1.2 Hz, 111,
Ar-H), 4.04 — 3.96 (m, 1H), 2.78 - 2.68 (m, 2H), 2.06 - 1.96 (m, 1H), 1.92 — 175 (m, 5H), 1.52 — 1.55
(m. 1H), 1.44-1.40 (m, 1H), 1.34 — 1.25 (m, 4H), 0.89 (t, %/irz1 = 6.9 Hz, 3H) ppm.

13C NMR (100 MHz, CDCl, 25 °C): 8 196.1, 151.5, 150.4, 137.1, 130.1, 123.5, 57.5, 43.3, 39.1, 38.0,
31.2,27.2, 23.4, 22.5, 14.0 ppm.

HRMS (EST): m/z caled for [CrsHxBrINOS+H]': 344.0684 [A+H]; found 344.0677.
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S-pyvridin-2-vl 4-(bromomethylbenzothioate (10)

W(Q/\Br
Ny S
|\
J 7

H NMR (400 MHz, CDCls, 25 °C): & 8.68 (dd, ¥/ = 4.8, 1.0 Hz, 1H, Ar-H), 7.99 (d, Jrr J = 8.3
Hz, 2H, Ar-1), 7.79 (td, *Jwr = 7.6, 1.9 Hz, 11, Ar-H), 7.73 — 7.71 (m, 1H, Ar-I1), 7.51 (d, *Jrrzr = 8.3
Hz, 21, Ar-H), 7.34 (ddd, *Ju = 7.4, 4.8, 1.3 Hz, 11, Ar-H), 4.51 (s, 2H, CH,) ppm.

BC NMR (100 MHz, CDCls, 25 °C): 6 188.7, 151.2, 150.6, 143.7, 137.2, 136.4, 130.8, 129.5, 128.1,
123.7, 31.9 ppm.

HRMS (ESI): m/z caled for [Ci:H,(BrNOS+Na]*: 329.9564 [Af+Na]"™; found 329.9558.

Elemental analysis calcd. (%) for Ci3H;,BINOS: C, 50.66, H, 3.27, N, 4.54; found: C, 50.83, H, 3.41,
N, 4.60.

S-pyridin-2-yl 3-(chloromethyl)benzothioate (11)

| ~
Y

I NMR (400 MHz, CDCls, 25 °C): 6 8.67 (ddd, 3/ = 4.9, 1.9, 0.9 Hz, 1H, Ar-I), 8.03 — 8.01 (m,
1H, Ar-H), 7.99 — 7.96 (m, 1H, Ar-H), 7.79 (td, *Jux = 7.6, 1.9 Hz, 1H, Ar-H), 7.74 - 7.71 (m, 1H,
Ar-H), 7.76 — 7.74 (m, 1H, Ar-H), 7.50 (t, Juwr = 7.8 He, 1H, Ar-H), 7.34 (ddd, *Juys = 7.4, 4.9, 1.3
Hz, 1H, Ar-H), 4.64 (s, 2H, CH,) ppm.

13C NMR (100 MIHz, CDCl, 25 °C): 5 188.9, 151.1, 150.6, 138.4, 137.2, 137.09, 133.8, 130.8, 129.3,
127.5,127.5, 123.7, 45.3 ppm.

HRMS (ESI): m/z caled for [C13sHi1oCINOS+Na]*: 286.0069 [A/+Na]*; found 286.0063.

Elemental analysis caled. (%) for C13HiwCINOS: C, 59.20, H, 3.82, N, 5.31; found: C, 59.16, H, 3.90,
N, 5.36.
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S-pyridin-2-yl 2-(3-bromoadamantanyl)ethanethioate (12)

Br

IH NMR (500 MHz, CDCl, 25 °C): 6 8.63 (dd, YJus = 4.7, 1.1 Hz, 11, Ar-), 7.75 (td, *Jww = 7.7,
2.0 Hz, 10, Ar-H), 7.62 — 7.61 (m, 1H, Ar-H), 7.29 (ddd, *Jux = 7.6, 4.8, 1.1 Hz, 1H, CH), 2.52 (s, 2H
CH,), 2.25 — 2.32 (m=s, 61, CH,), 2.17 (m, 2H), 1.74 — 1.61 (m, 7H, CIL) ppm.

1BC NMR (125 MHz, CDCls, 25 °C): 6 193.8, 151.7, 150.4, 137.1, 130.0, 123.5, 64.6, 56.3, 53.4, 48.2,
40.3, 38.5, 34.5, 32.3 ppm.

HRMS (ESI): m/z caled for [C7Hz BrNOS+Na]™: 388.0347 [Af+Na]", found 388.0333.

Elemental analysis caled. (%) for C;;H,0BrNOS: C, 55.74, H, 5.50, N, 3.82; found: C, 55.68, H, 5.46,
N, 3.71.

4-oxododecanedinitrile (14)

NC
\/\"/\/\/\/\CN

o]

T NMR (400 MHz, CDCLs, 25 °C): 8 2.77 (t, *Jurr = 7.1 Hz, 2H, CH,), 2.56 (t, *Jar = 7.1 Hz, 2H,
CIHL), 2.44 (t, *Juwn = 7.4 Hz, 21, CIL), 2.32 (t, ¥un = 7.1 Oz, 21, CIL), 1.67 — 1.57 (m, 41, CIL),
1.48 — 1.39 (m, 2H, CH,), 1.35 — 1.23 (m, 41, CH,) ppm.

BC NMR (100 MHz, CDCls, 25 °C): § 206.0, 119.7, 119.0, 42.3, 37.7, 28.7, 28.5, 28.4, 25.2, 23.4,
17.1, 11.4. ppm.

HRMS (ESI): m/z caled for [CroH N, O+Nal™: 229.1317 [Af+Na]"; found 229.1314.

Elemental analysis caled. (%) for Ci.H;:N,O: C, 69.87, H, 8.80, N, 13.58; found: C, 69.62, H, 8.73,
N, 13.34.
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4-oxodecanedinitrile (18)
NC
\/\"/W\CN
o]

T NMR (400 MHz, CDClLs, 25 °C): 8 2.78 (t, *Juers = 7.1 Hz, 2, CH,), 2.57 (t, s = 7.1 Hz, 2H,
CIL), 2.48 (t, *Juwr = 7.2 Hz, 21, CIL), 2.34 (t, ¥ux = 7.1 Hz, 210, CIL), 1.71 — 1.58 (m, 411, CIL),
1.50 - 1.39 (m, 2H, CHz) ppm.

1BC NMR (100 Mz, CDCl, 25 °C): & 205.5, 119.5, 118.9, 41.9, 37.8, 28.0, 25.1, 22.6, 17.0, 11.4

HRMS (ESI): m/z caled for [C1oH1aN2O+Na]™: 201.1004 [Af+Na]*; found 201.1003.

Elemental analysis caled. (%) for CioHi4N;O: C, 67.39, H, 7.92, N, 15.72; found: C, 67.28, H, 8.14,
N, 15.65.

4-oxopentadecanedinitrile (19)

NC
\/\“/\ea/\/\CN
6

0

I NMR (400 MHz, CDCls, 25 °C): 8 2.78 (t, *Juw = 7.2 Hz, 210, CIL), 2.57 (t, *Juw = 7.2 Hz, 211,
CIHL), 2.44 (t, *Juwr = 7.4 Hz, 21, CIL), 2.32 (t, ¥ux = 7.1 Hz, 210, CIL), 1.69 — 1.56 (m, 411, CIL),
1.48 — 1.39 (m, 2H, CHz), 1.32 — 1.25 (m, 10H, CH.) ppm.

BC NMR (100 MIz, CDCls, 25 °C): & 206.2, 119.8, 119.0, 42.5, 37.7, 29.2, 29.2, 29.2, 29.0, 28.7,
28.6, 25.3,23.6, 17.1, 11.4 ppm.

HRMS (ESI): m/z caled for [CisHzaN,O+Nal™: 271.1786 [Af+Na]"; found 271.1778.

Elemental analysis caled. (%) for CisH.aN,O: C, 72.54, H, 9.74, N, 11.28; found: C, 72,40, H, 9.91,
N, 11.01.
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4-oxoheptadecanedinitrile (20)

Nc\/\n/\ea’\/\
CN
8

o)

T NMR (400 MHz, CDCls, 25 °C): 5 2.78 (t, %Jun = 7.2 Hz, 2H, CHL), 2.58 (t, *Juxn = 7.1 Hz, 2H,
CH,), 2.44 (t, Jur = 7.4 Hz, 2H, CHy), 2.33 (t, ¥nar = 7.1 Hz, 2H, CH,), 1.69 — 1.59 (m, 4H, CIHL),
1.48 — 1.39 (m, 211, CH,), 1.32 — 1.26 (m, 141, CI,) ppm.

BC NMR (100 MHz, CDCls, 25 °C): 8 206.3, 119.8, 119.0, 42.5, 37.6, 29.4, 29.4, 29.3, 29.3, 29.2,
29.1, 28.7,28.6,25.3,23.7,17.1, 11.4 ppm.

HRMS (ESI): m/z caled for [Cp, N, O+Nal™: 299.2099 [Af+Na]"; found 299.2093.

Elemental analysis calcd. (%) for Ci;H,sN:O: C, 73.87, H, 10.21, N, 10.13; found: C, 73.97, 10.35,
N, 9.98.

4-0x0-8-pentvlundecanedinitrile (21)

NC
\/\!)(\/\.(‘\/\/

CN

H NMR (500 MHz, CDCl, 25 °C): 8 2.79 (t, *Jaa = 7.1 Hz, 2H), 2.58 (t, *Jun = 7.2 Hz, 2H), 2.46 (t,
Ve J = 7.2 Hz, 2H), 2.36 — 2.28 (m, 2H), 1.64 — 1.58 (m, 4H), 1.51 — 1.44 (m, 1H), 1.31 — 1.23 (m,
10H), 0.91 — 0.86 (m, 3H) ppm.

1BC NMR (125 MHz, CDCls, 25 °C): § 205.8, 119.9, 118.91, 42.4, 37.8, 36.5, 32.6, 32.1, 32.06, 29.0,
26.0, 22.6, 20.2, 14.7, 14.0, 11.38 ppm.

HRMS (ESI): m/z caled for [CisllsN2O+Na]™: 285.19439564 [A£+Na]*; found 285.1937.
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4-(3-(3-cvanopropyvlphenvl)-4-oxobutanenitrile (22)

NC CN

0

I NMR (400 MHz, CDCLs, 25 °C): 8 7.84 — 7.77 (m, 2I, Ar-H), 7.46 — 7.44 (m, 21, Ar-H), 3.37 (t,
3am = 7.2 Hz, 2H, CH,), 2.86 (t, *Jux = 8.0 Hz, 2H, CH,), 2.77 (t, Yur = 7.2 Hz, 2H, CH,), 2.35 (¢,
3= 7.0 Hz, 21, CIL), 2.01 (p, */mx = 7.1 Hz, 2H, CH:) ppm.

1BC NMR (100 MHz, CDCls, 25 °C): 8 195.2, 140.8, 136.1, 134.0, 129.2, 127.8, 126.4, 119.1, 34.3,
26.7, 16.5, 11.8 ppm.

HRMS (ESI): m/z caled for [C1aH sN2O+Na]™: 249.1004 [Af+Na]*; found 249.1001.

Elemental analysis caled. (%) for C1,H4NO: C, 74.31, H, 6.24, N, 12.38; found: C, 74.18, H, 6.15,
N, 12.13.

4-0x0-4-(p-tolyl)butanenitrile (23)"!

NC

0

T NMR (400 MHz, CDCL, 25 °C): 6 7.84 (d, *Jiwxr = 8.3 Hz, 2H, Ar-H), 7.28 (d, *Jxxr = 8.0 Hz, 2H,
Ar-H), 3.34 (t, y.n = 8.5 Hz, 2H, CH,), 2.75 (t, */uu = 8.5 Hz, 21, CH,), 2.42 (s, 31, CHs) ppm.

5-(3-bromoadam antanvl)-4-oxopentanenitrile (24)

o]

NC

Br
H NMR (400 MHz, CDCls, 25 °C): 6 2.75 (t, *Ju = 7.1 Hz, 2H, CH>), 2.54 (t, °Ju.u = 7.1 Hz, 2H,
CH,), 2.32 - 2.13 (m, 10H, CH,), 1.69 — 1.56 (m, 6H, CH;) ppm.

BC NMR (100 MHz, CDCls, 25 °C): 8 204.6, 118.9, 64.6, 54.0, 53.5, 48.3, 40.2, 40.2, 38.0, 34.6,
32.2, 11.3 ppm.

HRMS (ESI): m/z caled for [CisHzBrNO+Na]*: 332.0626 [Af+Na]"; found 332.0612.

FElemental analysis caled. (%) for CisH;BrNO: C, 58.07, H, 6.50, N, 4.51; found: C, 58.30, H, 6.62,
N, 4.47.
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dimethyl 4-oxododecanedioate (25)[%

\OJ\/\n/\/\/\/\n/O\

0 0

I NMR (500 MHz, CDCls, 25 °C): 8 3.66 (d, *Jur = 4.1 Hz, 611, CHs), 2.70 (t, >/ = 6.5 Hz, 2H,
CH,), 2.57 (t, %/ = 6.5 Hz, 2H, CH,), 2.43 (t, ¥Yar = 7.4 Hz, 2H, CH,), 2.28 (t, *Ja = 7.5 Hz, 2H,
CH,), 1.61 — 1.52 (m, 4H, CHz), 1.31 — 1.25 (m, 6H, CH,) ppm.

1BC NMR (125 MHz, CDCls, 25 °C): & 208.9, 174.2, 173.3, 51.7, 51.4, 42.7, 37.0, 34.0, 28.98, 29.0,
28.9, 27.7,24.9, 23.7 ppm.

di-fert-butyl 4-oxododecanedioate (26)
0
)( Jj\/\“/\/\/\/\n/o\l/
(8]
(] o]
T NMR (400 MHz, CDCl,, 25 °C): § 2.64 (t, 3Jgm = 6.6 Hz, 2, CH,), 2.47 (t, >*Jgx = 6.8 Hz, 21,

CH.), 2.41 (t, *Jur = 7.5 Hz, 2H, CHL), 2.17 (t, ¥ax = 7.5 Hz, 2H, CH,), 1.61 — 1.48 (m, 4H, CIHL),
1.43 (s, OH, CHs), 1.42 (s, SH, CHs), 1.28 — 1.25 (m, 6H, CH;) ppm.

BC NMR (100 MIz, CDCls, 25 °C): § 209.2, 173.2, 172.0, 79.9, 42.7, 37.2, 35.5, 29.2, 29.0, 28.9,
28.1, 28.0, 25.0, 23.7 ppm.

HRMS (ESI): m/z caled for [CyoIzs0s+Na]*: 379.2460 [Af+Nal*, found 379.2454.

Flemental analysis calcd. (%0) for Cy;0HasOs: C, 67.38, H, 10.18; found: C, 67.24, H, 10.24.

1,10-bis(phenvylsulfonvl)decan-3-one (27)

PhO,5
\/\n/\/W\SOzPh

0
"H NMR (500 MHz, CDCls, 25 °C): 8 7.87 (d, ¥ = 8.0 Hz, 4H, Ar-H), 7.67 — 7.60 (m, 2H, Ar-H),
7.57 — 7.52 (m, 41, Ar-H), 3.35 (t, /s = 8.0 Hz, 2H, CH,), 3.04 (t, /s = 8.0 Hz, 211, CI), 2.84 (1,
s = 7.5 Hz, 2H, CHy), 2.37 (&, *Jur = 7.3 Hz, 2H, CIL), 1.70 — 1.63 (m, 2H, CH,), 1.51 — 1.43 (m,
2H, CIL), 1.33 — 1.27 (m, 2H, CH,), 1.23 — 1.18 (m, 41, CH,) ppm.

1BC NMR (125 MHz, CDCl, 25 °C): *C NMR (400 MHz, CDCL, 25 °C): & 205.9, 139.3, 139.1,
133.9, 129.3, 128.0, 56.2, 50.6, 42.7, 34.9, 28.7, 28.0, 23.4, 22.5 ppm.

HRMS (ESI): m/z caled for [C;,I:058;+Nal*: 459.1276 [A4+Na]™; found 459.1273.

Elemental analysis caled. (%) for Cy,HasOsS,: C, 60.53, H, 6.46; found: C, 60.72, H, 6.39.
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7. NMR Spectra
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S-pyridin-2-yl 4-bromobutanethioate (4)
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S-pyridin-2-yl 6-bromohexanethioate (3)
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S-pyridin-2-yl 9-bromononanethioate (6)

Br

N

44 4

vz

b T4

T
Iso1

oot

4.5

5.0

5.5

65

70

75

1 {ppm}

£E'ST
0'dT
et -l
[£4 4
s N
RZE \
e'EE

v —

V2T —
BOGET —

0sE1 —

LT
TS -7

L8] —

IIBD
1 (ppm)

T T T T T T T T T T
200 190 180 170 160 150 140 130 120 110

T
210

31

https://rcin.org.pl



S-pyridin-2-yl 11-bromoundecanethioate (7)
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S-pyridin-2-yl 6-chlorohexanethioate (8)
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S-pyridin-2-yl 4-(bromomethyl)benzothioate (10)
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S-pyridin-2-yl 3-(chloromethyl)benzothioate (11)
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S-pyridin-2-yl 2-(3-bromoadamantan-1-yl)ethanethioate (12)
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trile (14)
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4-oxodecanedinitrile (18)
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4-oxoheptadecanedinitrile (20)
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4-(3-(3-cyanopropyl)phenyl)-4-oxobutanenitrile (22)
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4-ox0-4-(p-tolyl)butanenitrile (23)
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5-(3-bromoadamantan-1-yl)-4-oxopentanenitrile (24)
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dimethyl 4-oxododecanedioate (25)
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di-tert-butyl 4-oxododecanedioate (26)
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1,10-bis(phenylsulfonyl)decan-3-one (27)
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