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3. PRZEWODNIK PO ROZPRA WIE DOKTORSKIEJ 

3.1 Cel i zalozenia pracy 

Kataliza metalami przejsciowymi jest potytnym narzydziem w chemii organicznej. Na 

przestrzeni ostatniej dekady umozliwila ona syntezy wielu watnych produkt6w w spos6b wydajny 

i selektywny. Duza liczba reakcji tworzenia wiqzan C-C i C-heteroatom wymaga wykorzystania katalizy 

metalami przejsciowymi bloku 4d i 5d ukladu okresowego. Niestety, sq to rozwiqzania bardzo 

kosztowne i nieprzyjazne srodowisku. W zwiqzku z tym, stale poszukuje siy nowych rozwiqzan. 

Altematywq mogq bye katalizatory oparte na naturalnych, a eo za tym idzie tanszych, kompleksach 

metali przejsciowych bloku 3d. W rezultacie zastosowanie ich w procesach tworzenia nowych wiqzan 

C-C jest coraz bardziej pozqdane. Wsr6d nich mozna wyr6zni6, m .in. te, zawierajqce w swojej budowie 

jon kobaltu. 

Za poczqtek ery katalizy kobaltem uwaza siy pionierskie odkrycie Kharasha i Fieldsa, kt6rzy w 1941 

roku w obecnosci 2 mol% chlorku kobaltu(II) przeprowadzili pierwszq reakcjy dimeryzacji bromku 

fenylomagnezowego. Kolejne siedemdziesiqt lat badan sprawilo, ze katalizatory kobaltowe staly siy 

jednymi z czysciej wykorzystywanych w reakcjach homo- a p6Zniej r6wniez heterosprzygania. 

Katalizatorem kobaltowym, kt6ry zasluguje na wyr6tnienie, ze wzglydu na jego znaczenie 

biologiczne jak i chemiczne, jest witamina B12. Jest to wysoce sfunkcjonalizowany zwiqzek organiczny, 

zawierajqcy wewnqtrz pierscienia korynowego jon kobaltu na +3 stopniu utlenienia. W wyniku redukcji 

przyjmuje formy Co(II) oraz Co(I), majqce charakter odpowiednio rodnikowy i nukleofilowy. 

Kompleks kobaltu na + 1 stopniu utlenienia reaguje z elektrofilami tworzqc alkilokobalaminy. Zwiqzki 

te, na drodze termo- bqdz fotolizy ulegajq homolitycznemu rozpadowi tworzqc rodniki alkilowe. Jeszcze 

do niedawna, najczysciej stosowanymi w tym celu elektrofilami byly halogenki alkilowe. 

Celem mojej pracy bylo rozszerzenie grupy prekursorow rodnik6w uzytecznych w katalizie 

witantin~ B12, kt6re stanowilyby dopelnienie aktualnie istniej~cej grupy substrat6w. 

W 2020 roku nasz zesp6l wykazal, ze w reakcjach katalizowanych witaminq B12 motna 

generowac rodniki z napry.Zonych bicyklobutan6w. Rodniki te wstypowaly w reakcje z SOMOfilami 

lub halogenkami arylowymi w obecnosci katalizatora niklowego. 

Zalozylam, ze mozliwe bcrdzie wykorzystanie r6wniez innych naprcrzonych pierscieni, kt6re 

z udzialem witaminy B12 prowadzilyby do powstania rodnik6w nukleofilowych. 

Swoje badania rozpoczylam od przetestowania epoksyd6w, jako najmniejszych cyklicznych eter6w. 

W ostatnich latach pojawilo siy wiele metod pozwalajqcych na generowanie rodnik6w alkilowych 

z epoksyd6w, przy czym regioselektywnosc reakcji zaletna jest od podstawnika wystypujqcego przy 

pierscieniu heterocyklicznym. Znane sq selektywne metody otwierania epoksyd6w zawierajqcych 

podstawnik alkilowy od strony mniej lub bardziej zatloczonej sterycznie prowadzqc tym samym do 

utworzenia odpowiednich alkoholi pierwszo- lub drugorzydowych (Schemat 1). Niestety problem 
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rodnik6w benzylowych, preferowane podejscie, bez wzglydu na typ katalizatora, (fotokatalizator b~d:Z 

kompleksy tytanu) nastypuje od strony bardziej zatloczonej sterycznie, eo prowadzi jedynie do 

utworzenia pierwszorzydowych alkoholi. W oparciu o aktualne doniesienia literaturowe, nie bylo 

metody pozwalaj~cej na otwarcie tego typu epoksyd6w od strony mniej zatloczonej sterycznie, 

narzucaj~cej tym samym generowanie rodnika alkilowego. 

!~~¥~-~~~---------- ------ ------------, ~~y~~ ~!~~~-- -----------------------i Doyle (2020) Ar- l : 
, Ar • 
: ~ [NifT-.JPC) : 
: R OH ::Jjv : 
' ' i alkohol1° i 0 

Ar 
Ar- Br .-J. _ 
[NifTi) \_!9 "/OH 

alkohol1° 
: :.o;.:.:::: ::.:.::::.:-:.:::.:: :o:.o:.;: :.: ::.":.:::: ::.:: • 

:srak doniesiefl _j : if Wlllx (2014) 
: /iteraturowyc:/1 OH : 
i L ~ : 
' ' ' i alkohol JG , 
~-. ---- ...... - --.. - .. -- .. --- .. - ---- --- .. ........ ---- - --.... i 

Ar- Br 
[Ni),Nal 

OH 

~Ar 
alkohol2° 

Schemat 1 Rodnikowe reakcje otwarcia pierscienia epoksydu 

Zalozylam, ze zastosowanie porfirynoidowych kompleks6w kobaltu (gl6wnie witaminy Bn i jej 

pochodnych) jako katalizator6w, kt6re w warunkach redukuj~cych ulegaj~ reakcji 

z elektrofilami, pozwoli na rozwi¥anie powyzszego problemu. Witamina Bn jako sterycznie 

zatloczona molekula powinna miec wplyw na regioselektywnosc powyzszego procesu. Ponadto, 

przypuszczalam, ze powstaly rodnik na drodze homolitycznego rozpadu wi~zania Co-C bydzie ulegal 

dalszym przemianom, np. wstypowal w cykl niklowy i uczestniczyl w reakcji tworzenia wi~zania 

Csp3-Csp2· W dalszej czysci swoich badan postanowilam sprawdzic, czy mozliwe bcrdzie 

przeprowadzenie analogicznych transformacji r6wniez dla czteroczlonowych pierscieni 

heterocyklicznych, oksetan6w (Schemat 2). 
·----------·. ·---------- -. 
: OH : · GYi • hv 
' ·-: R . : 
' . 

~ 0 ~ ,--.J_ _ Co(l) ~) Co(l) ,--.J_ ---. 
\!!1 """"'Co(lll) n = 1 \!Y · • n = 2 \BI "-"' ~co(lll) 

: OH : 

·~· ' ' : R • : 
' ' ' . 

: rodnik : : rodnik : 
: a//d/owy : ·-----------· : a/k//owy : ·-----------· 

Schemat 2 Regioselektywne otwarcie epoksyd6w i oksetan6w katalizowane witarnin~ B12 

Druga czcrsc moich bad an dotyczylajednoczesnego generowania rodnik6w alkilowych i acylowych 

w reakcjach katalizowanych witamin~ Bn. Warto podkreslic, ze tworzenie rodnik6w acylowych 

z udzialem witaminy Bn bylo do niedawna oparte tylko na reakcjach elektrochemicznych przy 

zastosowaniu symetrycznych bezwodnik6w. Duzym postypem w tej tematyce byla opracowana przez 

nasz zesp6l fotokatalityczna metoda oparta na zastosowaniu tioestr6w jako prekursor6w w tworzeniu 

rodnik6w acylowych, katalizowana pochodn~ hydrofobow~ witaminy Bn. Tak zaproponowane 

rozwi~zanie nie tylko znacz~co poprawilo wydajnosc i efektywnosc procesu ale takZe zwiykszylo 

tolerancjy grup funkcyjnych (Schemat 3). 

------------- -·~1!·~1~-------------. 
N__, S. (R\ ~ ,. {R) ~ 

I('"'Y If""' hv ~$'""' • 
V 0 Gryko (2017) 0 i --- .. -........ -- ........ ------ .... -.---.--- ---' 

Idea 

r·r- ~--'Y~--~-~---~-----~ 

i V 0 hv 0 
' 

Schemat 3 Generowanie rodnik6w alkilowych i acylowych z jednego reagenta 
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W oparcm o te informacje, postanowilam WlyC zaprojektowac taki zwiqzek, kt6ry umozliwilby 

wytworzenie obu typ6w rodnik6w: alkilowego i acylowego. Nawiqzujqc do danych literaturowych 

zalozylam, ze powinien on miec ugrupowanie tioestru oraz halogenek. 

15 
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3.2 Wst~p literaturowy 

Natura jest niewyczerpanym ir6dlem inspiracji dla naukowc6w wszystkich dyscyplin. To ona, 

wykorzystujqc polirnery (bialka), stworzyla ogromnq liczby katalizator6w (enzym6w), kt6re 

determinujq procesy metaboliczne i biochemiczne zwiqzane z funkcjonowaniem organizm6w rywych. 

Obecnie potrzebne sq r6wniez reakcje chemiczne, kt6re nie zawsze mogq bye prowadzone 

z wykorzystaniem katalizy enzymatycznej. W zwiqzku z tym, na przestrzeni !at, opracowano 

i przebadano wiele nowych, syntetycznych katalizator6w, tak aby mogly promowac transformacje 

chemiczne w spos6b wydajny i selektywny. Podejmowane przez uczonych wysilki majq na celu 

opracowanie metod, kt6re choc w nieznacznym stopniu moglyby dor6wnac naturalnie zachodzqcym 

przemianom enzymatycznym. Niestety, wiele z nich wymaga zastosowania metali ciyzkich (Pd, Ru, 

Ir), kt6re charakteryzuje niska stabilnosc i selektywnosc, a takZe toksycznosc. 

W 1948 roku, grupy Folkersa i Smitha po raz pierwszy wyizolowaly krystalicznq formy 

witaminy B12, zwanq r6wniez kobalaminq1 Jest ona skladnikiem niezbydnym do prawidlowego 

funkcjonowania organizm6w zywych, m.in bierze udzial w tworzeniu czerwonych krwinek, kt6rych 

niedob6r moze prowadzic do anemii. Ponadto, odpowiedzialna jest za prawidlowe funkcjonowanie 

ukladu nerwowego pokarmowego. W kom6rkach eukariotycznych przeksztalcana jest 

w metaloorganiczne kofaktory, kt6rych rolq jest katalizowanie szeregu reakcji biochemicznych, do 

kt6rych nalezq miydzy innymi izomeryzacja, transfer grupy metylowej czy dehalogenowanie2
-

7 

Zdolnosc witaminy B12 do przeprowadzania tych wymagajqcych pod wzglydem termodynamicznym 

reakcji zwr6cila uwagy chemik6w syntetyk6w, eo w efekcie doprowadzilo do odkrycia wielu nowych, 

urytecznych reakcji z jej udzialem. 

Aktualnie chemia witaminy En przezywa sw6j renesans. Wykorzystywana jest ana jako 

bezpieczny i ,zielony" katalizator kobaltowy, transporter lek6w czy sensor mRNA i cyjank6w. 

Ponizszy przeglqd literaturowy nie jest wyczerpujqcy, z zalozenia ma tylko zademonstrowac potencjal 

mozliwosci wykorzystania witaminy B12 jako katalizatora reakcji chemicznych. 

17 
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3.2.1 Witamina Bu: budowa i wlasciwosci katalityczne 

Witamina B12 (1) jest to wysoce sfunkcjonalizowany tetrapirolowy zwi~zek tworz~cy 

pierscien makrocykliczny, wewn~trz kt6rego ulokowany jest jon kobaltu byd~cy na +3 stopniu 

utlenienia (Rysunek 1).8
-

11 Kation ten jest skoordynowany z czterema pirolowymi atomami azotu oraz 

dwoma ligandami usytuowanymi po obu stronach pierscienia korynowego. Ligandern a (aksjalnym) 

jest 5,6-dimetylobenzimidazol, natomiast ligand fJ zalezny jest od formy kobalaminy, i tak 

cyjanokobalamina (Lp = CN), metylokobalamina (Lp = CH3), akwakobalamina (Lp 

adenozylokobalamina (Lp = adenozyna). Wszystkie je okre§la siy mianem witaminy B12. Niestety, 

duz~ niedogodnosci~ w powszechnym stosowaniu ich jako katalizator6w jest hydrofilowosc, kt6ra 

znacz~co ogranicza wykorzystanie popularnych w chernii organicznej rozpuszczalnik6w (acetonitryl, 

aceton, czy chlorek metylenu). Problem ten pojawia siy r6wniez przy zastosowaniu pochodnej 

witaminy Bn, kobinamidu (5), kt6ry pozbawiony jest pytli nukleotydowej. Rozwi~zaniern tego 

problemu jest heptametylowy ester kwasu kobyrynowego ( 4) powstaly na drodze kwasowej 

metanolizy. Ze wzglydu na jego hydrofobowy charakter z powodzeniem moze bye stosowany 

w reakcjach prowadzonych w rozpuszczalnikach, kt6re byly ograniczeniem w przypadku katalizy 

witamin~ B12. 

R1• ~CN 

~CHa 

~H20 

Sc:hllrnatyczna ,..., .. untac:Ja 
witlmln1 Bt:a 

R1 

I ./!:,0 .. I 
0~ N~ 

NH ~ .~ c HO N 
,, .. 0 )j 

I 0 
-o-~-o ' 

0 
~OH 

Haptamstylowy eater kwasu kobyrynowago, HME; • 
Kobinamid, Cbi; 5 

Cyjanokobalamina, (CN)Cbl; 1 ~ ~OH Adanozylokobalamina, AdoCbl; 8 

o'~OH Metylokobalamina, MaCbl; 2 

Akwakobalamlna, (H20)Cbl; 3 ( N\(N/; 

N~N 
NH2 

Rysunek 1 Witarnina B12 i jej pochodne 

Procesy katalizowane witamin~ B12 scisle zalez~ od wlasciwosci redukuj ~co-utleniaj ~cych 

jonu Co(III), kt6ry pod wplywern dzialania czynnika redukuj ~cego moze przyj~c formy Co(II) lub 

Co(I) o charakterze odpowiednio: rodnikowym i nukleofilowym (Schemat 4)Y-14 Formy te maj~ r6:Zne 

18 
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barwy, a ich zm1ana pomocna jest przy wizualnym okresleniu stopnia utlenienia jonu kobaltu. 

Witamina Bn, kt6rej centralny jon kobaltu jest na +3 stopniu utlenienia jest czerwona, w wyniku 

redukcji do Co(II) przybiera barwcr br~zowobrunatn~, natomiast forma zjonem Co(I) jest zielona . 

+a" 
...Jil .. 

/SO\ 
,. \ 

0~ N~ 
NH ((,~ 

C HO N 
, •... 0 )j 
-o-~-0 '0 

0 = 
'OH 

+a" 

Schemat 4 Procesy redukcji witarniny B1 z 

Wicrkszosc syntetycznie urytecznych reakcji chemicznych katalizowanych witamin~ B12 

przebiega z udzialem jonu Co(I)Y Zredukowana forma witaminy B12 na + 1 stopniu utlenienia jest 

diamagnetycznym kompleksem przejawiaj~cym silne wlasciwosci nukleofilowe. Czcrsto tez nazywana 

jest supernukleofilem i jako taka bierze udzial w wielu reakcjach substytucji nukleofilowej SN2. 

Kobalamina na + 1 stopniu utlenienia reaguje z elektrofilami tworz~c odpowiednio alkilo- lub 

acylokobalaminy(III). Do elektrofili, kt6re do tej pory byly wykorzystane w reakcjach katalizowanych 

witamin~ Bn nalez~, m.in. halogenki alkilowe, winylowe i alkinylowe, bicyklobutany, epoksydy, 

akceptory Michaela, chlorki i bezwodniki kwasowe (Schemat 5).2•
15

-
33 

,-----'-'R,_-X<>---- Co-R ha/ogenkl atkl/owe 

H,C=CHX r--....:...:.'-=--'="--- Co- CH=CH2 bromld wlnyfowe 

~ _ J I r------'"H,c:::=,..cx,__ __ co- CECH he/og1mki atkinylowe 

0
\ N~ ~EWG co-<)--EWG bic;yklobutany 

NH (( .~ ----1r---~---.,.. 

C HO N S,_ 
,,. 0 ~~ f-----==---- Co- CH2CH20H epokBydy 

··-o-~-o~ 
0 : f-__:_H~,~C~=....::C::..:H_-:.;EW:..:.;G:.._- Co- CH2CH2EWG akc;eptory Mlchaela 

'oH 
L..,_ _ ___,!;R~-~co~x~-- eo- coR ch/orki kwasowe 

Schemat 5 Przyklady elektrofili wchodz::tcych w reakcje z Co(I) 

Typowy mechanizm reakcji chemicznych katalizowanych witamin~ B12 zaklada, w pierwszym etapie 

redukcjcr katalizatora Co(III) do Co(I) (Schemat 6) . Najczcrsciej stosowanym ukladem redukuj~cym, 

j est Z~Cl, ale mozna stosowac r6wniez zwi~zki tytanu, NaBIL, Mn lub uklady 

fotokatalityczne.13
•
31

•
34 Powstala kobalamina na + 1 stopniu utlenienia, jako nukleofil, reaguje 

z elektrofilowym substratem tworz~c alkilokobalamincr (lub acylokobalamincr). Na skutek dzialania 

temperatury lub promieniowania swietlnego nastypuje homoliza wi~zania Co(III)-elektrofil, w wyniku 

kt6rej generowany jest rodnik alkilowy (lub acylowy) oraz Co(II). Wysoka efektywnosc tego procesu 
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przypisywana jest stosunkowo slabemu wi~zaniu Co-C, kt6rego energia dysocjacji wynosi zaledwie 

~ 126 kJ/moP5
-

38 Cykl katalityczny zamyka siy w wyniku ponownej redukcji Co(II) do Co(l). 

R" 

rodnik alkilowy 
(lub acylowy) 

E 

(.0 ~ elektroftl 

y-~~m,_l \ 
Cykl katalltyczny ~E 

wltamlny B12 

hvlub T 

Schemat 6 Og61ny cykl katalitycmy reakcji przebiegaj'lcych w obecnosci witarniny B1z 

3.2.2 Katalizowane witamin1! Bn reakcje z udzialem rodnika alkilowego 

W reakcjach katalizowanych witamin~ B12, rodniki alkilowe generowane s~ z alkilokobalamin 

na drodze foto-lub termolizy. Stabilnosc otrzymanych indywidu6w w duzej mierze zalezy od rodzaju 

podstawnika alkilowego (efekty steryczne i indukcyjne), konformacji pierscienia i obecnosci pytli 

nukleotydowej. Energie (BDE) dysocjacji wi~zania Co-C w tych pochodnych zmniejszaj~ siy 

w kolejnosci Me > Et > iPr > tBu. Zatem najstabilniejsze s~ alkilokobalaminy, kt6rych atom kobaltu 

pol~czony jest z pierwszorzydowym atom em wygla. 

3.2.2.1 Dehalogenowanie 

W reakcjach dehalogenowania katalizowanych witamin~ B12 i jej pochodnymi najczysciej 

stosowanymi prekursorami s~ halogenki alkilowe. W 1979 roku Souffiet, jako jeden z pionier6w 

opracowal elektrochemiczn~ metody dehalogenowania bromku butylu (7) katalizowan~ pochodn~ 

witaminy B12 (Schemat 7).39 

Br ... Cbl (2) (c = 10~ M), Bu4NBF4 (c = 10"\ , ......_ _H 
~ DMF:f.PrOH (!50:50) '""' ""' 

1 a 
Schemat 7 Elektrochemicma metoda dehalogenowania bromku butylu 

Wykazal on, ze przy kontrolowanym potencjale mozliwa jest redukcja kobalaminy utworzenie 

rodnika alkilowego. Proces katalityczny tak zaproponowanej przemiany rozpoczyna siy od utworzenia 

formy Co(I) powstalej na drodze dwuelektronowej redukcji metylokobalaminy (2) przy potencjale -1.0 

V, kt6ra nastypnie reaguj~c z bromkiem butylu (7) daje odpowiedni~ butylokobalaminy. Zwi~zek ten 

ulega elektrolizie przy -1.0 V do -1.5 V prowadz~cej do powstania kobalaminy zjonem kobaltu na +2 

stopniu utlenienia i rodnika butylowego, kt6rego redukcja prowadzi do alkanu 8. 
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Elektrochemicznq metody generowama rodnik6w wykorzystal r6wniez Foote 

w wewnqtrzczqsteczkowej cyklizacji odpowiednio zaprojektowanych bromk6w alkilowych (Schemat 

8).40 

0 811 (1, 0.05 mmot), LiCI04 (c = 0.1 M), 0 ~a (1, 0.05 m mol), LiCI04 (c = 0.1 M), 0 

~H NH4Br (c = 0.05 M), ~Br NH4Br (c = 0.05 M), 

CG~>. DMF, E = -1.9 vs. SCE DMF, E= -1.9 vs. SCE 
n=3 n=4,5 

w = 10-90% W= 70-95% 

0 8 11 (1, 0.05 m mol), UCI04 (c = 0.1 M), 0 B11 (1, 0.05 m mol), LiCI04 (c = 0.1 M), 0 

~H 
NH4Br (c = 0.05 M), 

~·· 
NH~Br (c = 0.05 M), • ~-. DMF, E = -1.9 vs. SCE DMF, E- -1.9 vs. SCE 

n=3 n = 4,5 

W=40-90% w =45-95% 

Schemat 8 Elektrocherniczna rnetoda wewn~trzcz~steczkowej cyklizacji opisana przez Foote 

W toku badan, wykazal on zaleznosc struktury powstajqcego produktu od dlugosci lancucha 

alifatycznego halogenku. Bromki alkilowe zawierajqce cztero- i piyciowyglowy lancuch alifatyczny 

selektywnie ulegajq wewnqtrzczqsteczkowej cyklizacji. Natomiast, zwiqzki z trzema atomami wygla, 

dla kt6rych cyklizacje 5-endo-trig nie sq uprzywilejowane; dajq, podobnie jak u Souflleta, produkty 

dehalogenowania. 

Halogenki alkilowe ze wzglydu na swojq wysokq reaktywnosc oraz podatnosc na tworzenie 

rodnik6w bardzo czysto ulegajq r6znym przeksztalceniom, kt6re czasami mogq bye przydatne. Jednq 

z najczysciej obserwowanych jest reakcja dehalogenowania, kt6ra na przestrzeni ostatniej dekady jest 

bardzo intensywnie badana przez zespoly van der Donka i Hisaedy. Hisaeda, przeprowadzil, zakrojone 

na szerokq skaly, badania nad dehalogenowaniem di(chlorofenylo)trichloroetanu (DDT, 11), kt6ry 

nalezy do grupy silnych insektycyd6wY·31 Wykazal on, ze w obecnosci pochodnej witaminy B12 

i odpowiedniego reduktora tworzy siy di(chlorofenylo)dichloroetan (DDD, 12) z wydajnosciq 71% 

(Schemat 9). W reakcji tej mozna stosowac r6zne czynniki redukujqce, w tym NaBH4 oraz metody 

elektrochemiczne. Ostatnio opisano zastosowanie [Ru(bpy)3]Ch, w roli fotokatalizatora i aminy jako 

,,sacrificial reductanf'. 41 

-"'-CifCI~ 

CIJ;rUCI 

11 

(Cob(ll)zC1Niar')CI01 (9, 5 mol%),• 
[Ru(bpyh)CI2 (10, 5 mol%), 

Nlablnkla LED 

Schemat 9 Dehalogenowanie DDT katalizowane pocho<lrJ4 witarniny B1z 

Ponadto, w oparciu o wczesniejsze dane literaturowe, Hisaeda ze wsp6lpracownikami zaproponowal 

mechanizm tej reakcji (Schemat 10). W pierwszym etapie [Ru(bpy)3]2+w staniewzbudzonym utlenia 

trietanoloaminy (TEOA) do kationorodnika, sam redukujqc siy do [Ru(bpy))t. Tak powstaly 

kompleks redukuje katalizator kobaltowy do formy Co(I), jednoczesnie zamykajqc I cykl katalityczny. 

Zredukowana forma katalizatora, reaguje z DDT (11) tworzqc wiqzanie Co-C. Dehydrokobaltowanie 

daje pozqdany produkt DDD (12). Nalezy nadmienic, ze katalizator rutenowy j est w stanie 
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zredukowac wylqcznie kompleks kobaltu na + 2 stopniu utlenienia, a zatem wymaga on 

wczesniejszego przygotowania. 

+• 
TEOA V [Ru(bpybt 

TEOA1 

[Ru(bpy).f'". 

~ '""''"""' 

Co(l) 

Cl 
Co(ll) 

eoro le' , 
i \Cl 

....... c•fc•~ 
CIJJ'Uc. 

11 

Schemat 10 Mechanizm reakcji dehalogenowania DDT 

Cl 

Cl 

Innym, r6wnie niebezpiecznym i toksycznym zwiqzkiemjak DDT zawierajqcym atomy chloru 

jest tetrachloroetylen (PCE). Alken ten nalezy do grupy zwiqzk6w zagrazajqcych zdrowiu i zyciu 

organizm6w zywych. Jak wynika z przeprowadzonych badan, jest odpowiedzialny, m.in za 

wystypowanie nowotwor6w wqtroby i nerek wsr6d zwierzqt, a takZe zostal sklasyftkowany jako 

prawdopodobny czynnik rakotw6rczy u ludzi. Zatem sposoby jego utylizacji sq niezmiernie istotne. 

W 2002 roku, van der Donk przedstawil fotokatalitycznq metody dehalogenowania 

polichloroetylen6w (Schemat 11).42 

Cl>=<l 

R Cl 

a, (1, 10 mol%), 
cybynian tytanu(lll~ 

Niabiaskia LED 

Cl Cl 
)=( 

R H 

W=62-88% 

Schemat 11 Fotokatalityczna metoda dehalogenowania van der Donka 

Na podstawie przeprowadzonych badan eksperymentalnych, van der Donk zaproponowal mechanizm 

powyzszej transformacji (Schemat 12). Analogicznie, jak w poprzednio opisanych pracach, reakcja 

rozpoczyna siy od redukcji kobaltu do jonu Co(I), kt6ry jako nukleoftl reagujqc z trichloroetylenem 

tworzy wiqzanie Co-C. Ze wzglydu na niskq energiy tego wiqzania, pod wplywem swiatla widzialnego 

nastypuje jego rozerwanie generujqc rodnik winylowy, a nastypcza jego redukcja prowadzi do 

powstania ftnalnego produktu. 
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:-----------, 
Cl ~-r Cl 

Co{ll} + CI~CI ~ ·~Cl e-. H+ 

R ) R 
Cl 

: Cl : 

' Jy ' :H ~Cl : 
' ' : R : 
~----------~ 

Schemat 12 Mechanizm reakcji dehalogenowania opisana przez van der Donka 

W 1980 roku Scheffold wykorzystal reakcjy dehalogenowania katalizowan~ witamin~ Bn 

w przemianie fJ-haloestr6w do kwas6w karboksylowych (Schemat 13).43 

11,1 (1, 1 .4-4.4 mol%), 
Zn, NH~CI, 

rt 

R = Ph, 4-M&-C6H4-NH; X = Cl, Br W = 98-98% 

Schemat 13 Metoda tworzenia kwas6w karboksylowych z P~haloestr6w 

Opracowana metoda bardzo dobrze sprawdza siy dla estr6w kwasu benzoesowego, poz~dane produkty 

otrzymuje siy z bardzo wysokimi wydajnosciami (90-98%) niezaleznie od uzytego halogenku (Cl, Br). 

Niestety, w pracy zabraklo informacji na temat reaktywnosci alifatycznych kwas6w karboksylowych. 

Mechanizm opracowanej metody zaklada reakcjy Co(I) z /]-haloestrem, kt6ra prowadzi do 

odpowiedniej alkilokobalaminy. Koncowym etapem jest dwuelektronowa redukcja kompleksu, 

w wyniku kt6rej powstaje odpowiedni kwas karboksylowy oraz etylenjako produkt uboczny. 

Nawi~zuj~c do badan opisanych powyzej, w 1999 roku Franck zaprezentowal fotochemiczn~ 

metody tworzenia podstawionych glikali z bromoheksoz (Schemat 14).44 Udowodnil on, ze stosuj~c 

witaminy Bn oraz Zn i NILCl, w spos6b selektywny, mozna utworzyc wi~zanie C=C. Kluczowe etapy 

mechanizmu s~ analogiczne do tych, opisanych przez Scheffolda. 

AceOAc 

AcO~ 
Br 

15 

13 

-

B11 (1, 10 mol%}, 
cytrynian tytanu(lll), 

385nm AcOLo 
ACO~ 

w = 94%,14 

~c<fq 
Ac£o~ -

Br 

W=93%,111 17 

Schemat 14 Fotochemiczna metoda tworzenia glikali 

OAc 

Ar;O~Q 
AcO~ 

w =95%,18 

Analogicma reakcja prostych bromk6w alkilowych daje terminalne alkeny z dobrymi wydajnosciami 

(Schemat 15).45 Opisane przez Westa podejscie selektywnie prowadzi do utworzenia terminalnych 

alken6w. Warto podkreslic, ze reakcje eliminacji bardzo czysto charakteryzuje brak chemo­

i regioselektywnosci, a dodatkowo stosowanie mocneJ zasady skutkuje ogramczemem 

wprowadzanych grup funkcyjnych. Co waZ:ne, metody eliminacji sprzyjaj~ powstawaniu 

termodynamicznie stabilnych olefin, w kt6rych wi~zanie podw6jne wystypuje wewn~trz lancucha 

cz~steczki, zgodnie z regul~ Zajcewa. West wykazal natomiast, ze przy zastosowaniu zatloczonej 
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sterycznie witaminy Bu oraz NaBIL, w obecnosci slabej zasady (NaHCCh) mozliwe jest selektywne 

utworzenie terminalnego wi~zania C=C z bardzo dobr~ wydajnosci~. 

1111 (1, 5 mol'!!.}, NaBH4 (4 akw.}, 
NaHC03 (1.5ekw.}, MeCN (c= 0.1 M), 

rt, Niebieskie LED 

R = aldl, Bn W = 25-82'!1. 

Schemat 15 Fotochemiczna metoda generowania wi!!Zania C=C katalizowana witamirut B 12 

Opracowane warunki sprawdzaj~ si er dobrze nie tylko dla bromk6w, ale r6wniez i pseudohalogenk6w, 

daj~c produkiy 26-32 z wydajnosciami 54-87% (Tabela 1). W reakcji tej, bromek adamantylu okazal 

sicr calkowicie niereaktywny, przede wszystkim, ze wzglcrdu na niezdolnosc do wstcrpowania w reakcje 

SN2 oraz hipotetyczn~ niestabilnosc produktu koncowego. Co ciekawe, przetestowane w badaniach 

mesylany (24-25), r6wniez dawaly terminalne olefiny (31-32) z wydajnosci<t 88% i 53% (wiersze 6 

i 7). 

T a be la 1 Zakres stosowalnosci metody tworzenia alkenow z pseudohalogenkow alkilowych 

L.p. Substrat Pradukt Wydajnoic f/0] 

1 ~· CO 87 
19 28 

2 
Ph~OTe Ph........._..... 

54 20 27 

3 
(H,tC)eH3~0Ts (H2C)aHaC~ 56 

21 28 

4 (H,tC)eH,C~OTs (H2ClaHsC~ 
56 

22 29 

5 
~OTe 

MeO 
~ M eO 75 

23 30 

6 P~Me Ph~ 88 24 31 

7 
(ti.tC)eH3C~IIe (H2C)eH3C~ 53 

25 32 

3.2.2.2 Dimeryzacja 

Zdolnosc witaminy Bu do generowania rodnik6w alkilowych z halogenk6w wykorzystal van 

der Donk w fotokatalitycznej metodzie dimeryzacji halogenk6w benzylowych, zar6wno bromk6w jak 

i chlork6w (Schemat 16). 

~~ (1, 10 mol%), 
cytrynlan tytanu(lll)loo 

311nm 

w = 84·98% 

Schemat 16 Fotokatalityczna metoda tworzenia dimerow 
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Pozwala ona na otrzymanie poz~danego produktu 37 z wydajnosci~ odpowiednio 98% i 68% (Tabela 

2, wiersze 1 i 2). Niewiele nizsz~ wydajnosc obserwuje siy dla drugorzydowych halogenk6w (35 i 36). 

Produkty te powstaly z wydajnosci~ 64% i 75% (wiersze 3 i 4). 

Tabela 2 Zakres stosowalnosci i ograniczenia fotokatalitycmej reakcji dimeryzacji opracowanej przez van der Donka 

L.p Substrat Produkt Wydajnosc [%} 

~ 98 

37 

2 ~ 68 

37 

3 ~ 64 

38 

4 ~ 75 

38 

W tym wypadku j ako reduktor zostal zastosowany cytrynian tytanu(III). Wytworzona 

benzylokobalamina, w wyniku homolizy wi~zania Co-C, doprowadzila do powstania rodnika 

benzylowego, kt6ry na drodze homosprzygania daje fmalny produkt (dimer) (Schemat 17). 

R-X ~ .. X""- R" .. - R • R 

Schemat 17 Mechanizm dimeryzacji halogenk6w benzylu opisany przez van der Donka 

Niew~tpliw~ wad~ przedstawionej metody jest zastosowanie az 10 mol% katalizatora. W 2014 roku, 

nasz zesp6l wykazal, ze reakcjy ty motna prowadzic w obecnosci kobalestru (39) i NaBIL jako 

reduktora (Schemat 18).46 Kobalester to pochodna witaminy B12, w kt6rej grupy amidowe zostaly 

zas4pione estrowymi, dziyki temu zwi~zek przejawia charakter amftfilowy i rozpuszcza siy r6wniez 

w rozpuszczalnikach organicznych. W tym przypadku, zastosowanie jedynie 0.5 mol% katalizatora 

kobaltowego oraz ogrzewania mikrofalowego efektywnie wplynylo na selektywnosc reakcji, poz~dane 

dimery powstawaly z wysokimi wydajnosciami (74-91%, Tabela 3). 
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~Br RV 
Cble (38, 0.5-2.5 mol%), 

NaBH4 (0.5 mmol), /-PrOH, • 
IIW,15min. 

R = H, CH3, 4-1, 3-1, 4-N02, 2.CN, 4-F, 3.0Me W=52-91% 
~ f (.,.co2Me 

ocNH ~:xx 
.. HO)jo 

"'' 0 
I 

·o•;f'o . 
0 .: 

'oH 

---.----.- -~~~~~~~·-~-~~~ ~~-.----.- --~ 
Schemat 18 Reakcja dimeryzacji katalizowana kobalestrem w obecnosci NaBH4 

Niestety, w reakcji tej bromki benzylowe posiadajqce grupy elektronoakceptorowe sq mniej reaktywne 

i ulegajq jedynie dehalogenowaniu (wiersz 4). Zwiykszenie ilosci katalizatora do 2.5 mol% oraz 

podwy2:szenie temperatury (120 °C) znaczqco poprawily selektywnosc, a tym samym wydajnosc 

pozqdanych produkt6w (56-90%). 

Tabela 3 Zakres stosowalnosci i ograniczenia metody 

L.p. R !lose katalizatora [mol%} T{°C} Produkt Wydajnosc dimer6w [%] 

H 0.5 90 40 84 
2 4-I 0.5 90 41 74 
3 3-I 0.5 90 42 70 
4 4-N02 0.5 90 43 Sladowe ilosci 
5 4-N02 2.5 120 44 56 
6 2-CN 2.5 120 45 52 
7 4-F 0.5 90 46 90 
8 3-0Me 0.5 90 47 91 

Zdolnosc witaminy Bn do generowama rodnik6w alkilowych me ogramcza Sly tylko do 

stosowania halogenk6w alkilowych. W 2002 roku van der Donk wykazal, ze do tego celu motna 

wykorzystac r6wniez alkeny (Schemat 19).47 

Bu (1, 10 mol%), 
cytrynian tvtanu(llll.., 

385 nm 

R1 = Ph, 4-MeC6H4, 2,5-(Me)2C.,H3, 
4-CIC6H4 , 4-FCeH4; 

R2 = H, Me, Ph 

R2 

R~2 
R1 

w = 50-90% 

Schemat 19 Dimeryzacja alken6w opisana przez van der Donka 

Opracowana metoda jest utyteczna jedynie dla mono- i 1, 1-dipodstawionych styren6w i prowadzi do 

utworzenia dimer6w (Rysunek 2) . Natomiast brak konwersji obserwuje siy w przypadku 

1,2-dipodstawionych alken6w, najprawdopodobniej ze wzglyd6w sterycznych. 
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48 50% 4880% 50 80% 5185% 

53 54 55 58 

5290% Nieprzereagowane substraty ·----------------------------------------------------------------------J 
Rysunek 2 Zakres stosowalnosci i ograniczenia metody dimeryzacji alken6w 

Postulowany przez van der Donka mechanizm dimeryzacji jest analogiczny do opisanych powyzej 

(Schemat 20). Powstaly rodnik ulega reakcji z drugq czqsteczkq olefiny, a wytworzony produkt 

posredni w wyniku redukcji daje dimer. 

-
Schemat 20 Mechanizm dimeryzacji alken6w opracowany przez van der Donka 

3.2.2.3 Reakcje addycji do wiqzan wielokrotnych 

Opr6cz reakcji homosprzcrgania, na znaczeniu zyskujq reakcje sprzcrgan krzyzowych. 

Powstajqce w tych przemianach niesymetryczne produkty sq o wiele bardziej przydatne dla chemik6w 

organik6w, m.in. z uwagi na ich uzytecznosc w syntezach zwiqzk6w, np. biologicznie czynnych. 

Jednym z pierwszych takich przyklad6w jest opisana przez Giesego fotoelektrokatalityczna 

funkcjonalizacja monopodstawionego maleinianu dietylu 53 (Schemat 21).48 

R-Br .. 

(H20)Cbl (3, 0.25 mmol), 
LICI04 (c = 0.25 M), DMF, • 

E = -0.8 V 1/8. AgCI 

CO~Et go~Et 

R~ .. Ry'-
C02Et C02Et 

'-y-------' 
R = t-Bu, cyklohekayl, hekByl W = 35-80% 

Schemat 21 Fotoelektrochemicma metoda tworzenia wi~a C-C z bromk6w alkilowych i akceptor6w Michaela 

Wykazal on, ze rodnik wygenerowany z bromku alkilowego w obecnosci akwakobalaminy (3) 

w spos6b selektywny tworzy wiqzanie C-C z tripodstawionym alkenem. Przetestowane bromki 

alifatyczne: 1-, 11- oraz III-rzcrdowe prowadzily do pozqdanych produkt6w z wydajnosciami 35-80% 

(Rysunek 3). Niestety, autorzy pracy ograniczyli sicr tylko do przetestowania jednego, bardzo 

reaktywnego akceptora Michaela, i nie pokusili sicr o zbadanie jaki wplyw na reakcje mogq miec inne 

podstawniki elektrono-akceptorowe obecne w strukturze tego substratu. 
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54 80%; dr96.5:3.5 55 60%; dr93:7 58 35%; dr60:40 

Rysunek 3 Zakres uZytecmosci reakcji Giesego 

Zaproponowany przez autor6w mechanizm zaklada generowanie rodnika alkilowego na drodze 

homolizy wi~zania Co-C, kt6ry nastc;:pnie reaguje z olefin~ tworz~c produkt posredni I (Schemat 22). 

Finalnym etapem jest protonowanie karboanionu do produktu koiicowego V. Zaproponowany 

mechanizm poparty jest eksperymentami mechanistycznymi, do kt6rych nalezy, m.in. reakcja 

z deuterowanym odczynnikiem (DzO), kt6ra potwierdza obecnosc karboanionu, powstalego w wyniku 

redukcji rodnika. 

CD(III) 

l R-X 

~-~.-
CO( I) Co(U~-R 

I 

a· --
C02Et 

- ...l. w RT ...... --
C02Et 

IV 

·-----------· ' 
C02EI : Rr 1 

C02Et y : ____________ .. 

Schemat 22 Mechanizm addycji bromk6w alkilowych do akceptor6w Michaela 

Ponadto, Giese wraz ze wsp6lpracownikami zaproponowali alternatywn~ metodc;: prowadzenia tej 

reakcji i zamiast elektrochemicznej redukcji katalizatora kobaltowego zastosowano Zn!Et3N 

(trietyloamina). Wyniki jakie uzyskali byly analogiczne do tych, kt6re otrzymano w reakcji 

prowadzonej na drodze elektrochemicznej (Schemat 23). 

R-Br + '2Et 

C02 El 
53 

(H20)Cbl (3, 0.1!5 mmol), 
Zn (34 mmol), TEA (43 mmol), • 

DMF (c = 0.1 M), 

R = t-Bu, cyklohaksyl, haksyl 

C02Et go2Et 

R~ + R~ 
C02El C02El 

'--------y-----
W= 83-90% 

Schemat 23 Ftmkcjonalizacja olefin za pomocq bromk6w alkilowych 

Analogi~ do generowania rodnik6w alkilowych z halogenk6w alkilowych, jest zastosowanie 

pseudohalogenk6w. Przykladowo, grupa Komeyamy przedstawila metodc;: tworzenia wi~zania C-C na 

drodze fotokatalitycznej reakcji tosylanu alkilu z akceptorem Michaela (Schemat 24) .49 
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8 12 (1, 5 mol%), Mn (3 ekw.), 
EtaN·HCI (1.5 ekw.), DMF (c = 0.8 M), • 

rt, Bgodz., Nleblnkle L.ED 

R = elkil, EWG = S02Ph, emidy, estry, Bpin W=4G-SO% 

Schemat 24 Fotokatalitycma metoda tworzenia wi¥MJia C-C z tosylanu alkilu i akceptora Michaela 

Eksperymenty optymalizacyjne, wykazaly ze zastosowanie witaminy B12 w obecnosci manganu jako 

reduktora oraz swiatla niebieskiego pozwala na syntezy poz~danego produktu w spos6b selektywny 

i wydajny. w przypadku braku kt6regokolwiek z komponent6w, obserwowane byly jedynie sladowe 

ilosci produkt6w, b~dz ich calkowity brak (Tabela 4). 

Tabela 4 Optymalizacja wanrnk6w reakcji tworzenia wi¥ania C-C z tosylanu alkilu i akceptora Michaela 

Lp. Zmiany wanmk6w reakcji w stosunku do zoptymalizowanych Wydajnosc [%} 

brak 61 
2 bez udzialu TEA HCl 10 
3 CoCl(dmgH)2Py zamiast witaminy B12 sladowe ilosci 

4 Zn zam iast :tvfn 51 
5 bez udzialu swiatla 5 

W zoptymalizowanych warunkach sprawdzono zakres stosowalnosci i ograniczenia metody (Rysunek 

4). Alkilowe pseudohalogenki w reakcjach z akrylanem fenylu prowadzily do odpowiednich 

produkt6w z dobrymi wydajnosciami. Przetestowane akceptory Michaela z podstawnikiem amidowym 

w reakcji z pierwszorzydowymi tosylanami dawaly produkty (57-58) z wydajnosciami odpowiednio 

60% i 75%. Zastosowanie drugorzydowych pseudohalogenk6w spowodowalo obniZenie wydajnosci 

do 40%. Podobne wydajnosci byly obserwowane r6wniez w przypadku zastosowania winyloboranu 

pinakolu oraz akrylanu metylu. 

~NHPh ~0 
tau 

0 
0 

5780% 

TBSO~o 
0 

11282% 

0 

51175% 

~OPh 
0 

11372% 

0 ~NHPh ~OPh 
Boc~0 0 0 

0 

5865% 11025% 
11140% 

~0~Bpin 
M eO~ 
~OMe 

tBu 0 

114 75% 11546% 

Rysunek 4 Zakres stosowalnosci fotokatalitycmej metody tworzenia wi¥ania C-C z pseudohalogenk6w i akceptor6w 
Michaela 

Osaka ze wsp6lpracownikami, zaproponowali r6wniez mechanizm tej reakcji, jest on 

analogiczny do tych, prezentowanych przez Scheffolda i van der Donka w odniesieniu do halogenk6w 

alkilowych (Schemat 25). Zaklada on tworzenie rodnika alkilowego powstalego na drodze homolizy 

wi~zania Co-alkil, kt6ry nastypnie reaguj~c z akceptorem Michaela daje produkt koncowy. W celu 

potwierdzenia mechanizmu zostaly przeprowadzone niezbydne badania mechanistyczne. Charakter 

rodnikowy reakcji udowodniono stosuj~c zegar rodnikowy (Schemat 25A) oraz y-terpinen, 

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

(Schemat 25C). 

Co(lll} 

Mn I ,....... 

1/2 -~ c!,, ~ "" o,. 

A. Zepr rvdnlkowy 

Btt (1, 5 mol%), Mn (3 ekw.), 

("o-n. .?"'- EtaN·HCI (1.5 ekw.), DMF (c; = 0.8 M)lo 
~ + CO:zPh rt, 18 godz., Nlebi .. kie LED 

a80Ph 

18, 19'11. 

1r.lMn-( \-

18 17 WO Ph 

Co(ll) (III)Co' 
R 

812 {1, 5 mol%), Mn (3 ekw.), 

"'H:':'oTe y-terpinen (3 ekw.), DMF (c; = 0.8 M),., ~H 
10 rt, 18 godz., Nlebl•kle LED 

89,34% 

70 71, 80'11. 
c. Tworzenie dimer6w z akc:eptor6w Mic:haela 

Ita (1, 5 mol%), Mn (3 ekw.), 

.?'co
2
Ph EtsN·HCI (1.6 ekw.), DMF (c:::: 0.8 M)._ --L--co

2
Ph' 

rt, 18 godz., Nlebleakie LED \ ~ 

17 72,30% 

Schemat 25 Postulowany mechanizm Osaki wraz z badaniami mechanistycznymi 

Kolejnym przykladem jest fotokatalityczna metoda tworzenia pochodnych pirolidyny na drodze 

wewn<JtrZCZCJSteczkowej cyklizacji odpowiednio zaprojektowanego bromku alkilowego (Schemat 

26).50 

w =40-a2% 

8 111 (1, 8 mol%), MeOH, 
• Zn (8 ekw.), NH4Ci (3.5 ekw.), 

BW. LED, 18 godz. 

~ 

Br') j 
n(~N 

Ts 
n = 1, 2; R = H, CH3, CH;zPh w = 11-95% 

Schemat 26 Fotokatalityczna metoda wewnlltrzCZllsteczkowej cyklizacji katalizowana witaminll B12 

W obecnosci witaminy B12 j ako katalizatora oraz ukl:adu reduk'llj<Jcego Zn/NH4Cl generowany jest 

rodnik alkilowy, kt6ry w nastypnym etapie reaguje z terminalnym wi<Jzaniem wielokrotnym 

prowadz<Jc do powstania okreslonego produktu. Struktura produktu zale:Zy od warunk6w reakcji, 

w tym zastosowanego swiatla. 3-Metylopirolidyna tworzy sic:; w reakcji naswietlan~ swiatlem bialym, 

podczas gdy pirolidyna Z egzocyklicznym Wi<Jzaniem podw6jnym powstaje pod wplywem swiatla 

niebieskiego. Ograniczeniem metody j est koniecznosc zastosowania bromk6w alkilowych; jodki, 

chlorki b<Jdz pseudohalogenki prowadzily do powstania jedynie sladowych ilosci produk."tu. Ponadto 

grupa aminowa obecna w substracie wymaga zabezpieczenia. Wykazano, i:e tylko grupa tosylowa 

byla odpowiednia w powyi:sz~ transformacji. Co wic:;cej, opracowana metodologia bardzo dobrze 

sprawdza sic:; w reakcji tandemowej, k.1:6ra zachodzi w obecnosci akceptora Michaela (Schemat 27). 

B,1 (1, 8 mol%), MeOH, 
Zn (8 ekw.), NH4CI (3.5 ekw.), 

11 
Nlebl•kle LED, 15 min. 

~EWG 

l0 
Ts 

w = 11-95% 

Schemat 27 Fotokatalityczna metoda otrzymywania podstawionych pirolidyn 
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Wiykszosc z przetestowanych ubogich w elektrony alken6w (zawierajqce ugrupowama estrowe, 

amidowe, karbonylowe czy sulfonowe) prowadzi do powstania oczekiwanych produkt6w 

z satysfakcjonujqcymi wydajnosciami. Postulowany mechanizm, zaklada tworzenie alkilokobalaminy 

I, kt6ra pod wplywem swiatla widzialnego wiqzanie Co-C ulega homolizie generujqc rodnik alkilowy 

11. W wyniku wewnqtrzczqsteczkowej cyklizacji powstaje produkt posredni Ill, kt6ry moze, a) zostac 

zredukowany do produktu 73, b) reagowac z kobalaminq na +2 stopniu utlenienia lub c) reagowac 

z akceptorem I'vfichaela tworzqc wysoce sfunkcjonalizowane pochodne pirolidynowe IV (Schemat 28). 

Co(ID) 

! BrlNf 
r-------! Zn, NH~Co(l) ---..._ ( 

Ta 

l d i Co(IQ)H \ 

' N !"{ : Ts : Co(IU)l ) 
·74 . " 

--~~~~al ~ 1 ~s 
Co(ll) --------· . . 

~ d~d- L) 
• N • N N 
: Ts : TB 11 Ts ll : ______ r~: 

-----_!_ ---------- --:d EWG: . . 
' . ' . 
' ' ' . ' . ' . 
: N : 
: Ts IV : 
I • • • • • • • • • • • • • • • • • • .I 

Schemat 28 Mechanizm reakcji cyklizacji oraz nastypczej addycji akceptora Michaela 

Od czasu jej okrycia przez Kharasha w 1937 roku, addycja rodnikowa z przeniesieniem atomu 

(Atom Transfer Radical Addition - ATRA) jest przedmiotem wielu badaii, majqcych na celu 

opracowanie wydajnych i selektywnych metod jednoczesnego tworzenia wiqzaii C-C i C-halogen. 

Wiykszosc z opracowanych metod opiera siy na wykorzystaniu toksycznych katalizator6w oraz 

dodatk6w w postaci nadtlenk6w, odczynnik6w cynoorganicznych lub boran6w, a takZe czysto reakcje 

te prowadzi siy w wysokich temperaturach. Wychodzqc naprzeciw tym problemom, nasz zesp6l 

opracowal metody, kt6ra w spos6b selektywny pozwolila otrzymac szereg a-bromopochodnych 

z prostych bromk6w alkilowych i akceptor6w I'vfichaela (Schemat 29).51 

HME (4, 8 mol%}, 

NaBH4, 90°C 
MW, 300 W, 40 min. 

R1 = Bn, alkil; R2 = H, CH3; X= Br, Cl W = 15-82% 

Schemat 29 Addycja rodnikowa z przeniesieniem atomu (ATRA) 

Zastosowanie katalizatora kobaltowego w obecnosci NaBIL i ogrzewania mikrofalowego moze bye 

doskonalq alternatywq do wczesniej opisanych metod, a j ednoczesnie stanowic ich dopelnienie. 

Badania zakresu stosowalnosci i ograniczeii metody wykazaly, ze w reakcji z sulfonem 
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fenylowo-winylowym, bromki i chlorki benzylowe zaw1eraHce podstawniki elektronodonorowe 

lub elektronoakceptorowe w pierscieniu aromatycznym, a takZe I- i II-rzydowe bromki alkilowe dajq 

pozqdane produkty z dobrymi wydajnosciami (Rysunek 5). W przypadku akceptor6w :Michaela, 

opr6cz sulfonu, dobrymi substratami sq r6wniez estry i amidy. Co ciekawe, w reakcji 

2-bromomalonianu metylu z sulfonem fenylowo-winylowym tworzy siy cyklopropan 83 

z wydajnosciq 57%. Tak powstaly produkt najprawdopodobniej jest wynikiem deprotonowania 

produktu A1RA w obecnosci zasady (CszC03), kt6ry w konsekwencji indukuje cyklizacjy. 

Br 

~SO~ Ph 

7!163% 

Br 

~ u - SO:!Ph 

71144% 

Br 

~SO:! Ph 

NC 

~SO~ Ph 

NC 
7131% 8031% 

Br 

7731% 7857% 

Br B Br 

Br~S02Ph 
CI

01
Br 

CI~S02Ph 
8115% 82 52% 

Br 

CO~ Me ~OMo ~N(CH"' 
Me02C~o2Ph 0 0 

OM a OM a 

83 57% 8442% 8560% 

Rysunek 5 Zakres uZytecmosci reakcji ATRA 

Metody tworzenia rodnik6w alkilowych z halogenk6w organicznych w obecnosci witaminy 

B12 wykorzystala grupa Hisaedy w syntezie podstawionych olefin ze styren6w (Schemat 30).52 

Przedstawili oni, alternatywnq do reakcji Hecka, metody funkcjonalizacji wiqzania C=C. Wykazali, ze 

zastosowanie fotokatalizatora [Ru(bpy)3]Ch jako reduktora oraz hydrofobowej, stabilnej pochodnej 

witaminy B12 z jonem kobaltu na + 2 stopniu utlenienia jest efektywnym ukladem katalitycznym 

w syntezie alkilowanych olefin. 

[Cob{II).,C1Ntet]CI04 (88, 1 mol%), 
(Ru(bpy)3)CI~ (87, 1 mol%), 
DIPEA (c = 0.1 M), N2, rt, a 
MeOH, Nlebleakle LED, 

R1 = H, 4-t-Bu, 4-CH3, 4-CI, 4-0Me, 4-CF3, Ph, 4-N02; 
R2 = 2-CH3, 3-CH3, 4-CH3, 4-CF3, 4-0Me 

4 godz. 

Schemat 30 Metoda tworzenia wi4Zania C=C ze styrenow i bromkow alkilowych 

W reakcji tej fotokatalizator w stanie wzbudzonym utlenia trzeciorzydowq ammy 

N ,N-diizopropyloetyloaminy (DIPEA) do kationorodnika, a sam redukuje siy do [Ru(bpy)zt (Schemat 

31). Tak powstaly kompleks [Ru(bpy)3t redukuje jon Co(II) do jonu Co(I). Nukleofllowa forma 

katalizatora kobaltowego reaguje z bromkiem alkilowym tworzqc alkilokobalaminy, kt6ra w wyniku 

homolitycznego rozerwania wiqzania Co-C prowadzi do utworzenia rodnika II. W kolejnym etapie 

rodnik II reagujqc z olefmq 89 tworzy produkt posredni Ill Powstaly rodnik benzylowy z Co(II) 

tworzy kompleks IV. Finalnym etapemjest P-eliminacja prowadzqca do produktu 90. 
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.... 
i-Pr2NEl V [RU(bPJht 

i-Pr2NEt1 

[Ru(bPY)a]2+' 

~-

---------.---------.---
..., 

~~-" :I ___, 
~ 811 

c~~~~ 
(III)Co ~ 

-------.--'-~ ---- ------

~-~~ 
UBr 

88 

Schemat 31 Mechanizm reakcji sprzygania styrenu z bromkiem alkilu 

W reakcji tej mozliwe jest r6wniez zastosowanie terminalnych alkin6w jako substrat6w, kt6re dajq 

dipodstawione alkiny (Schemat 32).53 Tym razem jako fotokatalizator wykorzystano 

Ir[(dtbbpy)(ppy)z]PF6. Postulowany, na podstawie badan eksperymentalnych mechanizm jest 

analogiczny do zaproponowanego powyzej. 

[Cob(IJhC.tu .. r]CI04 (88, 1 mol%), 
[lr(dtbbpy)(ppy)iiPFe (91, 0.1 mol%), 

i-PrNEtz (c = 0.1 M), MeOH (c = 0.1 M),
0 

Nlableskla LED 
6godz. 

R1 = H, 4-CH3, 4-CI, 4-Br, 4-F, 4-0Me, 4-CF3, 4-C02CH3 

R2 = H, 4-CH3, 4-0CH3, 4-CI, 4-Br, 4-F 
X=CI, Br 

W= 18-90% 

Schemat 32 Fotokatalityczna reakcja sprz((gania alkin6w z bromkami alkilowymi 

Wsr6d grupy zwiqzk6w, zdolnych generowac rodniki alkilowe w obecnosci witaminy Bn sq 

diazozwiqzki. Przykladowo, Gryko wraz ze wsp6lpracownikami opracowala fotokatalitycznq metody 

C-H funkcjonalizacji olefm katalizowanq pochodnq witaminy B12, kobalestrem 39 (Schemat 33).54 

1. Kob&lleatar (311, 2 mol%), Zn (6 ekw.), 
Q'-CO R NH4CI (3.4 ekw.), MeCN, 

0 
N:r 2 3 Biale LED, 

2. H2, Pd/C, EtCH 
R1 = Ph; Rz = H, Ph; Rs =Et, tau, Bn W= 18-91% 

Schemat 33 C-H funkcjonalizacja olefin katalizowana witaminq pochodn& witaminy B 12 

Zoptymalizowane lagodne warunki reakcji (zaledwie 2 mol% katalizatora kobaltowego, uklad 

Zn!NlLCl jako czynnik redukujqcy oraz swiatlo widzialne) prowadzily do otrzymania produkt6w 

z dobrymi wydajnosciami (16-91%). Niestety utrudnieniem, wynikajqcym z cyklu katalitycznego bylo 
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powstawanie mieszaniny dw6ch produkt6w: olefmy oraz jej zredukowanej formy. Rozwi<Jzaniem tego 

problemu byla nastypcza reakcja wodorowania w obecnosci palladu na wyglu aktywnym (Pd/C), 

w celu otrzymania tylko zwi<Jzk6w nasyconych. Opracowana metoda zostala przetestowana pod qtem 

jej uZytecznosci. 1,1-Dipodstawione olefmy dawaly poz<Jdane produkty z dobrymi wydajnosciami 

(Tabela 5). Obecnosc podstawnik6w elektrono-donorowych w pierscieniu fenylowym jest dobrze 

tolerowana. Natomiast ubogie w elektrony olefmy S<J niereaktywne w tej reakcji. 

Tabela 5 Zakres stosowalnosci i ograniczenia metody 

L.p. R1 R2 R3 Czas [h) Produkt Wydajnosc [%} 

1 Ph Ph Et 18 92 91 
2 Ph Ph t-Bu 18 93 67 
3 Ph Ph (CH2)3Ph 18 94 60 
4 4-FC.H4 H Et 6 95 16 
5 4-BrC.H4 H Et 6 96 28 
6 4-Me0CH4 H Et 6 97 38 
7 4-C~Mec.H4 H Et 6 98 0 

Badania mechanistyczne wykazaly, ze reakcja ta ma charakter rodnikowy (Schemat 34). Zredukowana 

postac Co(I) dzialaj<Jc jako supernukleofil reaguje z elektrofilowym diazozwi<JZkiem 99 tworZ<Jc 

wi<Jzanie Co-alkil. Na drodze homolizy wygenerowany rodnik 11 ulega reakcji addycji do wi<JZania 

podw6jnego a dalsza redukcja prowadzi do produktu koncowego (92). 

N2~COzEt ( COzEl I Ph 

Y Co(lll) " ~ _ _....C02Et \Ph~ 
~ 11 100 

Z /NH Cl Co{u) 

coo~ ' • • T ~ ..L-co,a ~-];:=~: 
H ~ I ~ : u . 
bo(lll) Phr-C02Et 01 ······· ············• 

··················; / .. ?.=:::::::..r::(IIQ IY 
Ph :......Lf"" ~ ! 

Ph~C02.Et ~ ! ~~C02Et ~ 
.•••...• !¥ ..•..•.. : : . . ... .. ~~~- - -·-···; 

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

Warto podkreslic, ze jest to pierwsze doniesienie literaturowe, w kt6rym z diazozwi<Jzku generowany 

jest rodnik. Dotychczasowe reakcje oparte byly bowiem na tworzeniu z nich karben6w, kt6re 

prowadzily do cyklopropan6w (Schemat 35).55 Taq reaktywnosc w reakcji katalizowanej witamin<J 

B12 opisal Zhang. 

Matoda Gl)lfco Matoda Zhanga 

Scbemat 35 Porownanie reaktywnosci diazozwiqzkow w reakcjach katalizowanych witarninJl B1z 
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3.2.2.4 Jnne reakcje 

Witamina B12, opr6cz powszechnie stosowanego cynku jako reduktora, ulega r6wniez redukcji 

chlorkiem chromu(II), eo wykazano w termicznej reakcji aldehyd6w z 1,3-dienami katalizowanej 

witamin~ B12 (Schemat 36).56 W procesie tym chlorek chromu(II) jest nie tylko reduktorem, ale 

wstc;:puje w reakcje z rodnikiem daj~c zwi~zek chromoorganiczny. 

B,z (1, 0.10 m mol), 

CrCI2 (4 mol), H20 (1 mol), DMF (c = 0.1 M), 

40 "C, 30 min.-3.5 godz. 

R1 = alkil, Ph; R2 = H, CH3, OBn; Rs = H, CH3, alkil 

Schemat 36 Termiczna rnetoda fimkcjonalizacji 1,3-dien6w 

w =81-94% 

W opracowanej przez zesp6l Takai metodzie, zostaly przetestowane r6Zne aldehydy alifatyczne oraz 

aromatyczne, wszystkie prowadzily do powstania poz~danych produkt6w z bardzo dobrymi 

wydajnosciami. Podobne rezultaty otrzymano w przypadku r6znie podstawionych 1,3-dien6w. W tym 

przypadku, Co(III) zostaje zredukowany za pomoq za pomoq CrClz do formy Co(I), kt6ra w reakcji 

z wod~ tworzy wodorek kobalaminy I (Schemat 37). Tak powstaly kompleks ulega reakcji 

hydrokobaltowania z dienem tworz~c allilokobalaminc;: 11. Na drodze homolizy wi~zania Co-C 

generuje sic;: rodnik allilowy Ill, kt6ry reaguj~c z Cr(II) tworzy zwi~zek chromoorganiczny IV. 

Finalnym etapem jest jego reakcja z aldehydem daj~ca produkt koncowy. 

I ~ 
H20YCo(III)-H ~ 102 

2Cf111) \ ~ 
Co(lll) ~ Co(l) Co(ll)) 11 

2Cf1111) \ ) H 

Cf11~ Co(ll)~ [ ~·] C111) r-----;------
Cf1111) . ll ~ ~Cr(lll) ....B&.!:!.9.j R~ 

~ IV : OH 
' --.----.-----

Schemat 37 Mechanizrn funkcjonalizacji 1 ,3-dien6w 

W podrozdziale 3.2.2.1 zostaly opisane reakcje dehalogenowania DDT. Zesp6l Hisaedy, 

opracowal r6wniez inne metody wykorzystania trichloropodstawionych zwi~zk6w. W 2016 roku 

zaproponowal syntezc;: estr6w benzylowych, katalizowan~ pochodn~ witaminy B12 immobilizowan~ na 

TiOz (Schemat 38).57 

B11·TI02 (5 mol%), R-OH 
Swiatto uv • 

R = Me, Et, Pr, i-Pr 
W = 10-99% 

Schemat 38 Metoda tworzenia estr6w z trichlorotoluenu 
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Wykazal on, ze pod wplywem dzialania swiatla UV mozliwe jest utworzenie odpowiedniego chlorku 

benzoilu, kt6ry w reakcji z alkoholem (pelni on r6wniez roly rozpuszczalnika) daje produkt koiicowy­

ester. Opracowane warunki reakcji z powodzeniem zostaly wykorzystane do syntezy szeregu r6znie 

podstawionych estr6w (104-113) z dobrymi wydajnosciami (10-99%, Rysunek 6). 

a~ 
C02Et 0" co2

1Pr 

o-~ '<:::: 6 6 A' A' 

10499% 105 92% 10890% 107 10% 108 75% 

Q~ Q~ Q~' ~ /C~Et Cl Cl 
F Cl C02Me 

109 87% 110 93% 111 99% 112 56% 113 48% 

Rysunek 6 Zakres stosowalnosci i ograniczenia tworzenia estr6w z trichlopodstawionych aren6w 

Wyjqtkiem byla reakcja z i-propanolem, kt6ra prowadzila jedynie do sladowych ilosci benzoesanu 

i-propylu (107), najprawdopodobniej ze wzglydu na zatloczone steryczne czqsteczki. Ponadto 

przetestowane halogenki, zar6wno alifatyczne jak i aromatyczne r6wniez prowadzily do 

odpowiednich produkt6w z dobrymi wydajnosciami (Rysunek 6). Mechanizm powyzszego procesu, ze 

wzglydu na obecnosc tlenu, jest inny od tych prezentowanych powyzej (Schemat 39). W pierwszym 

etapie zaklada on generowanie rodnika benzylowego I, kt6ry reagujqc z tlenem czqsteczkowym 

tworzy rodnik nadtlenkowy 11. Nastypcza reakcja eliminacji oraz dysproporcjonowania prowadzi do 

powstania chlorku benzoilu (114), kt6ry ulega reakcji z alkoholem finalnie dajqc ester 104. 

Cl~~ ~1 ~ 1Q( o+o-o} \ cl6~ \ ?:c1 ~~ [~XOCH; i 
ff..) o 111 o2 o cl ff..) c1· : __ Q_ .:'I$1.~ 

103 11 IV t 114 

er 

Schemat 39 Mechanizm reakcji tworzenia estr6w w wartmkach tlenowych 

Hisaeda i wsp6lpracownicy, w swoich badaniach wykazali, ze opracowana metoda moze poslutyc do 

syntezy amid6w (Schemat 40). Postulowany mechanizm jest analogiczny do opisanego powyzej; 

z tym ze powstaly chlorek benzoilu (114) reagujqc z odpowiedniq aminq prowadzi do powstania 

amid6w. 

ClfCI l!lu-n02 (5 mol%}, MeOH 0 amina, Swlatlo UV • 

103 
amina = dietyloamina, trietyloamina, piperydyna W = 79-94% 

Schemat 40 Metoda tworzenia arnid6w z trichlotoluenu z udzialem B1 z-TiOz 
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Zwiqzki fluoroalkilowe odgrywajq znaczqcq roly w wielu dziedzinach tycia, m.m. 

w przemysle farmaceutycznym, rolnictwie oraz w materialach organicznych. Ze wzglydu na ich 

stabilnosc, lipofilowosc, a tak:Ze ze wzglydu na wystypowanie podstawnika elektrono-akceptorowego, 

najwiykszq popularnosciq cieszq siy te, zawierajqce podstawniki -CF3 lub perfluoroalkilowe. Do tej 

pory, znane metody syntezy tej klasy zwiqzk6w w duzej mierze opieraly siy na stosowaniu 

katalizator6w palladowych oraz miedziowych, eo pozwalalo na wprowadzenie tych grup do 

pierscienia aromatycznego. Niestety, ich duzym ograniczeniem byla przede wszystkim, koniecznosc 

zastosowania grupy kierujqcej (elektrofilowej lub nukleofilowej), halogenku lub podstawnika 

boranowego. Rozwiqzaniem jest przeprowadzenie tych reakcji na drodze rodnikowej. Opracowane 

przez Barana,58 MacMillana,59 Rittera60 czy Blackmond61 metody wymagajq jednak zastosowania 

niekiedy kosztownych, trujqcych lub potencjalnie wybuchowych odczynnik6w. Dlatego, wyzwaniem 

bylo opracowanie nietoksycznej, taniej, ekologicznej a przede wszystkim bezpiecznej metody, kt6ra 

w spos6b selektywny prowadzilaby do powstania jluorowanych pochodnych. Hisaeda wraz ze 

wsp6lpracownikami w 2017 roku opisal fotoelektrochemiczne perfluoroalkilowanie aren6w 

katalizowanq hydrofobowq pochodnq witaminy Bn (Schemat 41).59 

W toku optymalizacji reakcji 1,3,5-trimetoksybenzenu (115) z jodkiem perfluoropropylu 

przetestowano r6Z:ne rozpuszczalniki oraz potencjaly elektrolizy. Nastypnie w optymalnych 

warunkach sprawdzono zakres i ograniczenia opracowanej metody. Metoksybenzeny w reakcjach 

z r6znymi perfluoroalkilowymi jodkami dawaly pozqdane produkty z dobrymi wydajnosciami 

( 48-84%). Analogiczne rezultaty, otrzymano dla zwiqzk6w heterocyklicznych; produkty powstawaly 

z wydajnosciami w zakresie 35-61%. 

Ponadto, autorzy wykazali, ze te same warunki reakcji mogq prowadzic do wewnqtrzczqsteczkowej 

cyklizacji, pod warunkiem uzycia 1,4-dijodopochodnych jako substrat6w (Schemat 42). Niewqtpliwq 

wadq bylo otrzymywanie mieszanin dw6ch produkt6w: powstalego w wyniki wewnqtrzczqsteczkowej 

cyklizacji oraz perfluoroalkilowania aren6w. 
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[Cob{I)7C1eat.r')CIO• (86, 5 mol%), MeOH, 
E = -0.8 vs. AgCI, Nlebleskle LED, 12 godz. 

(CF2)!CF2H 
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Schemat 42 Wewn~trzcz~steczkowa cyklizacja aren6w zwi~ami perfluoroalkiluj~cymi katalizowana pochodn~ witaminy 
B12 

W zaprezentowanych w powyzszym rozdziale reakcjach katalizowanych witaminq B12 oraz jej 

pochodnymi w dutej mierze jako substraty wykorzystywane sq halogenki alkilowe. Zwiqzki te ze 

wzglcrdu na wysokq reaktywnosc stosowane sq na dutq skalcr, nie tylko w rekcjach homosprzcrgan ale 

staly si(( r6wniez p op ularne w reakcjach heterosprzcrgania.lstotnym ich zastosowaniem sq intensywnie 

prowadzone przez Hisaedcr badania nad reakcjami dehalogenowania, kt6re przede wszystkim majq na 

celu przeksztalcenie szkodliwych dla organizm6w zywych, zwiqzk6w (pestycydy) do ich 

bezpieczniejszych odpowiednik6w. 

3.2.3 Generowanie rodnik6w acylowych katalizowane witamin~ Bu 

Rodniki acylowe ze wzglc;:du na ich nukleofilowy charakter sq reaktywnymi indywiduami 

czc;:sto stosowanymi w chemii syntetycznej i organicznej.62 Biorq udzial m.in. w rodnikowych 

reakcjach addycji typu Giesego do aktywowanych alken6w,63.-o5 acylowaniu heteroaren6w typu 

Minisci,66 czy tez w procesach otrzymywania szerokiej gamy naturalnych i biologicznie aktywnych 

czqsteczek.67
•
68 Standardowe metody ich generowania, w duzej mierze wymagajq zastosowania 

drastycznych warunk6w reakcji, do kt6rych niewqtpliwie nalezy promieniowane UV czy wysoka 

temperatura (Schemat 43).69 Innym sposobem ich otrzymywania jest wstc;:pne wygenerowanie 

rodnik6w alkilowych z og6lnodostc;:pnych jodk6w alkilowych na drodze fotochemicznej bqd:Z 

termicznej i ich nastc;:pcza reakcja z tlenkiem wc;:gla (CO). W altematywnych metodach stosowane sq 

inicjatory rodnikowe (azobis(izobutyronitryl) - AIBN) lub nadtlenek wodoru, kt6ry w wyniku 

homolitycznej abstrakcji atomu wodoru z aldehyd6w lub a-oksokwas6w prowadzi do utworzenia 

pozqdanych rodnik6w acylowych.62 
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R ----~c~o~---. 
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Jl lnlclator rodnlka 
R SeR
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R y ---:-Y~=;::,H::..~C':'O':'O:-:-H----' 

Schemat 43 Metody generowania rodnik6w acylowych 

JednakZe, z syntetycznego punktu widzenia uzytecznosc tych metod jest nieco ograniczona z uwagi na 

wym6g stosowania wysok:ich temperatur podczas prowadzenia reakcji lub stechiometrycznych ilosci 

toksycznych reagent6w czy utleniaczy. Scheffold wykorzystal symetryczne bezwodnik:i kwasowe 

w fotoelektrochemicznej metodzie acylowania elektrofilowych olefin w obecnosci witaminy B12 

(Schemat 44)?0 Wykazal on, ze zastosowanie elektrolizy przy kontrolowanym potencjale pozwala na 

otrzymanie szeregu poz~danych produkt6w, r6wniez tych z grupami podatnymi na redukcjy (np. grupa 

karbonylowa). 

0 0 
11 )l + -?"EWG 

R........._O R 

Bu (1, 5 mol%}, 
LICI04 (c = 0.3 M), ?! 

DMF, E = -0.95 V va. SCE, hv ., R~EWG 

R = 1°alkil, aryl; EWG = -CHO, -C(O}R, C02R, .CN W= 30-80% 

Schemat 44 Acylowanie olefin katalizowane witamin& B12 

Wykorzystanie bezwodnik6w kwasowych w syntezie niesie ze sob~ wiele trudnosci. Z uwagi na ich 

niestabilnosc i podatnosc na hydrolizy najczysciej wytwarzane s~ in situ, w reakcji kwas6w 

karboksylowych z DMDC (diwyglan dimetylu) lub BoczO (diwyglan di-tert-butylu). Na podstawie 

mechanizmu fragmentacji, polowa cz~steczk:i bezwodnika rozpada siy do karboksylanu, co z punktu 

widzenia wieloetapowych syntez totalnych b~dz syntezy lek6w jest malo ekonomiczne. Alternatyw~ 

mote bye zastosowanie bezwodnik6w niesymetrycznych, ale w ich przypadku duzym problemem jest 

nieselektywna fragmentacja cz~steczki, kt6ra prowadzi do powstania jednego z dw6ch mozliwych 

rodnik6w acylowych. Lepszym rozwi~zaniem jest zastosowanie stabilniejszej pochodnej kwasu 

karboksylowego, kt6ra znacz~co ograniczylaby powstawanie produkt6w ubocznych. Tak:im 

przykladem s~ tioestry, z kt6rych w spos6b wydajny motna generowac rodniki acylowe. Tioestry 

charakteryzuj~ siy mniejsz~ energi~ wi~zania C-S, w por6wnaniu do wi~zania C-0 wystypuj~cego 

w estrach, dziyk:i czemu s~ one o wiele bardziej podatne na homolityczn~ dysocjacjy prowadz~c~ do 

utworzenia rodnika acylowego, co pozwala na zastosowanie lagodniejszych warunk6w reakcji. 

Zwi~zki te najczysciej stosowane byly w fotokatalitycznych reakcjach wewn~trzcz~steczkowych. Na 

przyklad, w obecnosci kompleks6w irydu, McErlean ze wsp6lpracownikami wykorzystal te 

prekursory jako zr6dlo rodnik6w acylowych w wewn~trzcz~steczkowej reakcji cyklizacji typu 

6-exo.-trig daj~cej pochodne chromanonu i indanonu z dobrymi wydajnosciami (18-71%) (Schemat 
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45).71 Warto podkreslic, ze pr6by zastosowania opracowanych warunk6w w miydzyczqsteczkowej 

reakcji prowadzily do uzyskania tylko sladowych ilosci produkt6w. 

lltc:.fr(ppyh (126, 2.5 mol%), 
Bu3N (10 ekw.), HC02H (10 ekw.), 
MeCN (0.05 M), Nlebleskle LED 

R1 = H, MeO, t-Bu, Br; R2 = eatar, cyldoheksyl; X= CH2, NH, 0 w = 18-71% 
lr(ppy)3 (126) 

Schemat 45 Wewn~trzcz~steczk:owa reakcja cyklizacji pomit(dzy tioestrami i olefinami katalizowanafae-Ir(ppy)3 

Po raz pierwszy miydzyczqsteczkowq reakcjy tioestr6w z akceptorami Michaela katalizowanq 

pochodnq witaminy Bn opisal nasz zesp6l w 2017 roku (Schemat 46).72 Mechanizm tego procesu 

zaklada w pierwszym etapie redukcjy Co(III) do Co(I), kt6ry jako nukleofil na drodze substytucji 

nukleofilowej typu SN2 reaguje z tioesterem tworzqc acylokobalaminy(III) I. W wyniku dzialania 

swiatla widzialnego nastypuje homolityczne rozerwanie wiqzania Co-C. Utworzony rodnik acylowy 

II, reaguje z olefinq dajqc produkt HI, kt6rego redukcja prowadzi do ketonu. Cykl katalityczny zostaje 

zamkniyty w wyniku redukcji Co(II) do Co(I). Opracowana metoda bardzo dobrze sprawdza siy 

w przypadku zastosowania szeregu r6:Znych akceptor6w Michaela. Najwyzsze wydajnosci 

obserwowane sq w przypadku estr6w i akrylonitrylu, produkty tworzq siy z wydajnosciq 83-99%. 

Reakcja zachodzi efektywnie r6wniez dla keton6w i 1,1-dipodstawionych olefin, natomiast 

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

11 

HIIE ("', 5 mol%), 
Zn (3 ekw.), NH~CI (1.5 ekw.), 

MeCN (0.1 M), Niebieskie LED 
16 godz. 

0 

R~EWG ,v ~2 

Ill 

Zn, NH4CI 

w = 27-99% 

0 

R~EWG ,v ~2 

Schemat 46 Fotokatalitycma reakcja tioestr6w z akceptorami Michaela 
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Autorzy pracy przetestowali i por6wnali aktywnosc r6Znych tioestr6w arylowych i alkilowych 

z podstawnikami elektrono-donorowymi jak i elektrono-akceptorowymi. Reakcje prowadzily do 

pozqdanych produkt6w z bardzo dobrymi wydajnosciami. 

Metod tworzeniajak r6wniez wykorzystania rodnik6w acylowych z udzialem witaminy En jest 

naprawd? niewiele. Tematyka ta nie jest az tak dokladnie przebadana jak w przypadku opisanych 

wczesniej rodnik6w alkilowych. Z tego powodu. aktualnie poszukiwane sq alternatywne metody ich 

tworzenia oraz poszerzanie zastosowania juz istniejqcych. 
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3.3 Podsumowanie 

Od momentu wyizolowania krystalicznej formy witaminy Bn przez Folkersa i Smitha w 1948 

roku, az do chwili obecnej opracowano szereg reakcji katalizowanych zar6wno kobalaminq jak i jej 

hydrofobowymi pochodnymi. Wiykszosc z nich oparta jest na wykorzystaniu formy Co(I) powstalej 

na drodze redukcji chemicznej bqdz elektrochemicznej przejawlaJqcej wlaSciwoSci 

supernukleofilowe. Z uwagi na jej charakter, moze wstypowac w reakcje ze zwiqzkami 

elektrofilowymi, kt6re prowadzq do alkilokobalamin (lub acylokobalamin). Nastypnie, na drodze 

termo- bqdz fotolizy, wiqzanie Co-C ulega homolitycznemu rozpadowi, w wyniku czego generowany 

jest rodnik alkilowy (lub acylowy), kt6ry moze ulegac dalszym przemianom. Warto jednak pamiytac, 

ze atom kobaltu w witaminie Bn, moze przyjmowac trzy stopnie utlenienia, z czego dwa mogq 

uczestniczyc w reakcjach katalitycznych: Co(I) oraz Co(II). Obie formy przejawiajq odmienne 

wlasciwosci fizykochemiczne, a rezultatem mogq bye inne produkty powstale z tych samych 

substrat6w. Za przyklad mogq posluzyc prace Zhanga i Gryko. Zastosowany w obu rozwazaniach 

diazozwiqzek w reakcji z Co(II) prowadzil do utworzenia cyklopropan6w przez karbeny, natomiast 

po redukcji pochodnej witaminy Bn do formy Co(I) dawal on selektywnie produkty liniowe, 

a zaproponowany mechanizm mial charakter typowo rodnikowy. 

Aktualne doniesienia literaturowe obszernie opisujq metody tworzenia rodnik6w alkilowych 

poczynajqc od prostych halogenk6w i pseudohalogenk6w alkilowych do bardziej zlozonych struktur. 

I choc wydawaloby siy, ze opracowane metodologie sq efektywne, to dalsze badania majq na celu 

poprawy ich selektywnosci, wydajnosci czy efektywnosci. Inaczej wyglqda sytuacja w przypadku 

rodnik6w acylowych. W literaturze odnotowano tylko dwie procedury ich tworzenia: z symetrycznych 

bezwodnik6w kwasowych oraz z tioestr6w. Obie katalizowane S') witaminq Bn. 

Rozwiqzanie niekt6rych problem6w oraz poszerzenie tematyki zwiqzanej z katalizq witaminy 

En znajduje si? w dalszej CZ?SCi dysertacji: kr6tkim opisie kazdego zrealizowanego przeze mnie 

projektu oraz zalqczonych publikacji. 
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4. BADANIA WLASNE 

Kataliza kompleksami kobaltu na przelomie ostatnich kilkudziesiyciu lat jest pryznie 

rozwijaj~cq siy tematyk~ w zakresie chemii organicznej. Ze wzglydu na mozliwose prowadzenia 

reakcji chemicznych w warunkach redukuj~cych lub utleniaj~cych stwarza chemikom organikom 

doskonaly warsztat do pracy. I choe kompleksy kobaltu do niedawna byly jedynie alternatyw~ wielu 

przemian chemicznych, aktualne koszty zwi~zane z pozyskiwaniem surowc6w naturalnych sprawilo, 

ze zwi~zki te stosowane s~ na szeroq skaly. 

Witamina B12 jako jeden z przedstawicieli katalizator6w kobaltowych uwazana jest za nietoksyczn~, 

bezpieczn~ i ekonomiczn~ alternatywy fotokatalizator6w. I choe jej zlozona budowa oraz ograniczenia 

w stosowaniu niekt6rych substrat6w, z uwagi na warunki redukuj~ce, niekiedy mog~ bye przeszkod~, 

to wci~z katalizator ten jest stale badany a mozliwoscijego wykorzystania nieustannie siy poszerzaj~. 

W ponizszym rozdziale opisalam nowe metody tworzenia rodnik6w alkilowych z napr?zonych 

pier!Jcieni heterocyklicznych, w kt6rych kluczowq rol? odegrala witamina B12. Ponadto 

zaprezentowane wyniki, uzupelniajq aktualne doniesienia w zakresie generowania rodnik6w 

acylowych i wykorzystania ich w reakcji Giesego. 

4.1 Regioselektywne otwieranie epoksyd6w katalizowane witamin1! B12 

W 2020 roku w naszym zespole wykazano, ze rodniki alkilowe mog~ bye generowane 

z napryzonych bicyklobutan6w. Powstale rodniki wstypowaly w reakcje z SOMOfilami i elektrofilami 

(Schemat 47).73 Na podstawie tego doniesienia zalozylam, ze analogicznej reakcji powinny ulegac 

r6wniez inne naprl(.Zone zwi¥ki. Na tej podstawie, w celu poszerzenia grupy substrat6w, kt6re 

mog1! bye aktywowane witamin1! B12 postanowilam wykorzystac do tego celu epoksydy. 

~EWG Co(J) • ·~EWG 

rodnik 
nuldeofflowy 

0'1 
Rs 

(;)-C>-EWG 

R, 

Schemat 4 7 Generowanie rodnik6w alkilowych z bicyklobutan6w katalizowane pochodn~ witarniny B 12 

Epoksydy, stanowi~ wazn~ grupy elektrofili w chemii organicznej. Z uwagi na ich dostypnose, 

powszechnie stosowane s~ w syntezie zlozonych cz~steczek organicznych.74
•
75 Ze wzglydu na 

napryZ:enie pierscienia tr6jczlonowego (112 kJ/mol) z latwosci~ ulegaj~ one otwarciu r6znymi 

czynnikami nukleofilowymi, a powstale alkohole odgrywaj~ znacz~c~ roly w chemii syntetycznej 

i medycznej (Schemat 48).76
•
77 
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Nu 
R....l.._oH 

stsk nuldeolfls od strony 
barrJziej Zfltloczonej sterycznie 

stsk nuklealfls od stmny 
mniej Zfltloczonej steryr:znie 

Schemat 48 MoZliwe podejscia nukleofila do pierscienia epoksydu 

W 2014 roku Weix wykazal, ze mozliwe jest selektywne generowanie rodnik6w alkilowych 

z epoksyd6w, kt6re w katalizowanej niklem reakcji zjodkami arylowymi daj~ drugorzydowe alkohole 

(Schemat 49).78 Metoda ta doskonale sprawdza siy jedynie dla epoksyd6w z podstawnikami 

alkilowymi zar6wno liniowymi jak i cyklicmymi. Natomiast reakcje epoksyd6w posiadaj~cych 

ugrupowania arylowe prowadz~ do mieszaniny dw6ch regioizomer6w, przy czym gl6wnym 

produktem jest alkohol pierwszorzydowy, powstaly w wyniku otwarcia epoksydu od strony bardziej 

zatloczonej sterycznie. 

, -----1 R - podstawnikal)lfowy ~ --- -- . 
' : 

' ' 

Doyle (2020): 

Ar 

~OH 
alkohol1° 

' ' 
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' 
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i I ~;; : .~OH i 
; alkohol1° ; 
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' ' ' alkohol 2° : 
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Schemat 49 Rodnikowe reakcje otwierania epoksyd6w 

Problem regioselektywnosci w tej transformacji czysciowo rozwi~zala Doyle wraz ze 

wsp6lpracownikami.79 Wykazali oni, ze mozliwe jest regioselektywne uzyskanie alkoholi niezaleznie 

od typu podstawnika R (alifatycmy, aromatyczny, cyklicmy). W fotokatalitycznej metodzie, 

kluczowe bylo zastosowanie kompleksu tytanu. Powodowal on otwieranie epoksyd6w 

z podstawnikiem aromatycmym tylko od strony bardziej zatloczonej sterycznie, tym samym generuj~c 

trwalsze rodniki benzylowe, finalnie prowadz~c do alkoholi pierwszorzydowych. Natomiast epoksydy 

zawieraj~ce podstawnik alkilowy b~dz cykliczny dawaly alkohole drugorzydowe, analogicmie jak 

u Weixa. Warto podkreslic, iZ wykorzystanie swiatla widzialnego zamiast wysokich temperatur b~dz 

silnych zasad macz~co poprawily efektywnosc reakcji (m.in. poprzez zwiykszenie tolerancji grup 

funkcyjnych), a tym samym zwiykszyly ich atrakcyjnosc. Niestety, opracowane metody wciqz 

uniemozliwialy tworzenie alkoholi drugorzf(dowych z epoksyd6w z podstawnikiem arylowym. 

W zwiqzku z tym postanowilam opracowac metod~, ktora pozwolilaby na regioselektywne 

otwieranie epoksydmv od strony mniej zatloczonej sterycznie. W oparciu o prace naszego zespolu, 

dotycz~ce zmiany reaktywnosci napryzonych cz~steczek dziyki zastosowaniu katalizy witamin~ B12, 

zalozylam ze mozliwe bydzie analogicme otwarcie pierscienia epoksydu i wytworzenie wi~zania 

Co-C (Schemat 50). Co wiycej, ze wzglydu na budowy witaminy B12, przypuszczalam, ze atak 

kompleksu kobaltu na epoksyd bydzie mozliwy jedynie od strony mniej zatloczonej sterycmie. 

Nastypcze homolityczne rozerwanie wi~zania Co-C powinno doprowadzic do wytworzenia 
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pierwszorzydowego rodnika alkilowego, kt6ry bydzie wstypowal w reakcje m.m.: Giesego, czy 

krzyzowego sprzygania z halogenkami arylowymi wobec katalizatora niklowego. 

Co(IIIJ 

Zn, NH4Cil RA 

£-~0-
.-·-·······A ( IIR I ' OH ' v Co() 

l ~R l (RA 
: rodnik : Co(ll) 11 
: al/ci/owy : ·---- .. --- .. 

Schemat 50 Proponowany mechanizm regioselektywnego otwarcia pierscienia epoksydu witarnin& B1 z 

W pierwszym etapie badan przeprowadzilam eksperymenty kontrolne, maj~ce na celu 

wykazanie roli katalizatora kobaltowego (Schemat 51). 

0 

Php + 

127 128 

Jart. Co/NICit(DME) 
Zn. NH.CI 

Niebieakie LED 
.. OH 

Ph~Ar + 

1211 

Ar 

Ph)...___,.oH 

130 

katallzator Co • b111k kat. Co 129 7%, 130 28% 
B12 (1, 5 mol%} 121141%,130 O% 
HME ("', 5 mol%) 129 18%, 130 8% 

Schemat 51 Eksperymenty kontrolne 

Reakcja, w obecnosci katalizatora niklowego p rowadzila do powstania dw6ch regioizomerycznych 

produkt6w 129 i 130. Wprowadzenie do mieszaniny reakcyjnej witaminy B12 skutkowalo otrzymaniem 

tylko j ednego regioizomeru (129). Zatem eksperyment ten jednoznacznie potwierdzil wplyw witaminy 

B12 na powyzsz~ przemiany i wykazal, ze to wlasnie ten katalizator determinuje jej regioselektywnosc. 

Nastypnie skupilam siy na przeprowadzeniu badan mechanistycznych opieraj~c siy na 

modelowej reakcji tlenku styrenu (127) z 4-jododotoluenem (128). Na pocz~tku, we wsp6lpracy z dr. 

Chaladajem zostaly wykonane obliczenia DFT (Density Functional Theory), na poziomie teorii 

BP86/6-31G(d) uwzglydniaj~ce wsp6lczynnik dyspersji wedlug modelu Grimme i solwatacji opartego 

na modelu S~ (Rysunek 7). W obliczeniach tych modelem katalizatora byla koryna posiadaj~ca 15 

grup metylowych na zewn~trz pierscienia. 
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Rysunek 7 Obliczone energie swobodne Gibbsa w reakcji witarniny B1z i epoksydu 

Uzyskane wyniki jasno wykazaly, iz podejscie witaminy Bn do czqsteczki epoksydu jest bardziej 

preferowane od strony mniej zatloczonej sterycznie. R6znica energetyczna stan6w przejsciowych 

prowadzqcych do regioizomerycznych produkt6w wynosi ~8 kJ/mol. 

Tworzenie wiqzania Co-C potwierdzilam metodq spektrometrii mas (MS), w widmie obserwowalam 

pik odpowiadajqcy alkilokobalaminie (Schemat 52A), a generowanie rodnika alkilowego poparlam 

eksperymentem z pulapq rodnikowq (2,2,6,6-tetrametylopiperydyno-1-oksyl, TEMPO) (Schemat 

52B). W eksperymentach tych wykorzystalam HME. 

A. 

HME, Zn/NH4CI [ J'Ph l aceton, .. r 
Biale LED Co{ll 

127 mlz •1157.5149 [M+Ht 

B. 

127 

H F TEMPO ., 
Zn/NH4CI, aceton, 

BialaLED 

131 

Schemat 52 A) Eksperyrnent potwierdzajl\CY tworzenie kompleksu Co-alkil B) Eksperyrnent z pulapkq rodnikowq TEMPO 

W dalszej czysci swojej pracy zoptymalizowalam warunki reakcji, w tym struktury 

katalizatora zar6wno korynowego jak i niklowego, ligandy, czas trwania reakcji, a takZe rodzaj 

i natyzenie swiatla (Schemat 53) . 

0 

Ph~ 

lu/NiCI2(DME) 
Zn, NH4 CI ., 

NlebiNkla LED 
C?H ~ 

Ph~ 
127 121 129 

Optymalne warunki: epoksyd (0 .2 rnrnol), halogenek arylu ( 1.5 ekw.), B1 z (1, 5 mol %), NiClz(DME) (20 mol %), Zn (1.5 

ekw.), NH4Cl (3 ekw.), dtbbpy (40 mol%), HzO (1.1 ekw.), NMPsumy (c = 0.1 M), czas: 30 rnin, niebieskie LED (pojedyncza 

dioda, 10 W) 

Schemat 53 Modelowa reakcja epoksydu ary1owego 127 z 4-jodotoluenu (128) 
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Badania wykazaly, ze najbardziej efehywnym kompleksem kobaltowym jest witamina Bn, 

w obecnosci tego katalizatora produh 129 tworzyl siy z wydajnosci~ 60%. Podobne rezultaty 

obserwowalam dla jej hydrofobowej pochodnej 4 (HME, 57%). W przypadku pozostalych, 

przetestowanych przeze mnie katalizator6w, do kt6rych m.in. nalezaly CoCh, Co(dmgH)zCl(py) 

(dmgH - dimetyloglioksym; py - pirydyna) i Co(dmgH)2iPr(py)) ('Pr- izo-propyl), obserwowalam 

tworzenie siy jedynie sladowych ilosci poz~danego produktu, b~dz calkowity jego brak (brak 

konwersji obu substrat6w). Natomiastjdli chodzi o katalizator niklowy, najbardziej efehywny okazal 

NiCh(DME) (DME L2-dimetoksyetan) w obecnosci ligandu dtbbpy 

( 4,4' -di-tert-butylo-2,2' -bipirydyna). 

Maj~c zoptymalizowane warunki reakcji przyst~pilam do sprawdzenia zakresu stosowalnosci 

i ograniczerl. opracowanej metody (Rysunek 8); ( czysc oksiran6w potrzebnych do tych eksperyment6w 

zostala zsyntetyzowana w oparciu o dane literaturowe przez dr. Musiejuka). Reakcje epoksyd6w 

z podstawnikami aromatycznymi, alkilowymi zar6wno cyklicznymi jak i liniowymi prowadzily 

regioselehywnie do tworzenia siy drugorzydowych alkoholi z dobrymi wydajnosciami 132-140 

(Rysunek 8). Mimo, ze reakcja wykazuje wysoq tolerancjy grup funkcyjnych, 

2-( 4-metoksyfenyl)oksiran nie prowadzil do powstania produhu, gdyz w warunkach reakcji ulegal 

rozkladowi. 

epokaydy helogenld arylawa 

J~~(l V~) v~rCF3 
Ph ........ ~ ' Ph ""r Ph' ""'/ Ph~ 

Rz = r.au 133• 50% 

141 47% 14Z 30% 143 36% 
F 133b 58% 
CN 133c: 53% 134 44% 
OMe 133d0% 

/v---~ eno"''6~ PhOzSv-'·x:tel 

13174% 138 60% 117 73% 

0 OH ;.C-"'·!l 
J:J~'l,u __ OH ~.c-'l OMe Ph~J~CJ Ph V~-Ph -"/ 

144 60% 14546% 14842% 

OH PH ?Hr::r 
Ctl~ C\-0--

__ , "' 
OH ""'u NHBoc Ta 

~·~,(~-D c ___ 
OH ;-'";',C\ J:J:.__ l ·, I ;/ 

140 (812) 31% (d.r7:1) Ph ""' PhJ::) ,,/ . Ph" ""'-" 
138 (812) 21% 139 (812) 14'l!. (d.r21 :1) 

(HME) 29% (HME) 57% (d.r23:1) (HME)56% (d.r7:1) 147 60% 148 44% 149 63% 

Rysunek 8 Zakres stosowalnosci i ograniczenia fotokatalitycmej reakcji otwierania epoksydow 

Wykazalam, ze tylko jednoczesne zastosowanie katalizatora witaminowego i niklowego 

zapewnia wysokl! regioselektywnosc w reakcji krzyzowego sprzctgania epoksyd6w z jodkami 

arylowymi. Opracowana metodologia uzupelnia istniejl!ce podejscia i pozwala na syntezct 

alkoholi drugorzcrdowych. 

Powyzsze wyniki zostaly opublikowane w czasopismie Journal of The American Chemical Society. 

[1] A. Potrzasaj, M. Musiejuk, W. Chaladaj, M. Giedyk, D. Gryko, J. Am. Chem. Soc., 2021, 143, 25, 
9368-9376 
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4.2 Regioselektywna metoda otwierania oksetan6w w obecnosci pochodnej witaminy Bu 

W toku dalszych badan nad ukladami napry:Zonymi postanowilam sprawdzic aktywnosc 

chemiczn~ ich homolog6w, czyli oksetan6w. Zalozylam, ze skoro mozliwe bylo wytworzenie 

rodnik6w alkilowych z naprf(zonych epoksyd6w, a takze przeprowadzenie transformacji 

w spos6b regioselektywny, analogiczna reakcja otwierania oksetan6w powinna r6wniez bye 

mozliwa. 

Oksetany 150 nalez~ do prostych czteroczlonowych zwi~zk6w heterocyklicznych 

zawieraj~cych w swojej budowie atom tlenu (Rysunek 9).80 Ze wzglydu na ich struktury, mog~ bye 

wykorzystywane zar6wno jako bloki budulcowe w syntezie naturalnych zwi~zk6w organicznych jak 

i cz~steczek lek6w. Ponadto, na przestrzeni ostatnich lat coraz czysciej wykorzystywane s~ jako 

odpowiedniki grup gem-dimetylowych i karbonylowych. 

d [1" 0 
150 

oks.tan 
151 

azetydyna 

Rysunek 9 Czteroczlonowe zwi~i heterocyklicme 

Ze wzglydu na napry:Zenie pierscienia ( 106 kJ/mol) zwi~zki te latwo wstypuj~ w reakcje, 

gl6wnie z jednoczesnym zerwaniem wi~zania C-0. W istocie, najbardziej przebadane s~ reakcje 

otwierania pierscienia r6znymi heteronukleofilami (aminy, odczynniki metaloorganiczne), ale istniej~ 

r6wniez nieliczne doniesienia opisuj~ce wykorzystanie do tego celu nukleofili wyglowych. 8H
3 

Przykladowo, desymetryzacja 3-podstawionych oksetan6w z wykorzystaniem lagodnych kwas6w 

Lewisa okazala siy skuteczn~ metod~ w tworzeniu chiralnych alkoholi, waznych blok6w budulcowych 

w syntezie lek6w. Niestety, dotychczas opracowane metody, gl6wnie opieraj~ siy na wykorzystaniu 

silnych zasad lub wysokich temperatur, eo czysto skutkuje ograniczonym zastosowaniem ich 

w syntezie bardziej zlozonych zwi~zk6w. 

Pr6by rozwi~zania powyzszych problem6w podjyto juz na pocz~tku XXI wieku, kiedy to Grimme 

i Gansauer, po raz pierwszy zaproponowali otwieranie pierscienia oksetanowego w reakcji 

katalizowanej kompleksami tytanu od strony bardziej zatloczonej sterycznie prowadz~cej do 

utworzenia rodnik6w alkilowych (Schemat 54A). Produktami reakcji byly dimery, a jedyny przyklad 

dalszej funkcjonalizacji polegal na reakcji wygenerowanych rodnik6w z akrylanem tert-butylu. 

Pozqdany produkt tworzyl si(( z dobrq wydajnosciq jedynie w przypadku zastosowania dutego 

nadmiaru akceptora Michaela. Co wiycej, autorzy stwierdzili, ze nie jest to dogodna metoda 

funkcjonalizacji oksetan6w. Podobne rezultaty uzyskala grupa Okamoto, w reakcji katalizowanej 

kompleksem zelaza, kt6ra wymaga zastosowania podwyzszonej temperatury oraz odczynnik6w 

Grignarda, kt6re znacznie ograniczaly tolerancje grup funkcyjnych (Schemat 54b). 
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A 

R'\-o Cp2T1CI, (20 mol%), 
U Mn, Coii*HCI (2.5 ekw.) 

R ~TIC~ (20 mol%), ts' Mn, Coii*HCI (2.5 ekw.) 

B 

R'\-o + ~ 
U Br 

FeCI• (3 mol%), dipimp (4 mol%}, 
n-PrMgCI (2.2 ekw.), ~ 
THFiloluen, 60 "C R.J......-OH 

Schemat 54 Rodnikowe metody otwierania oksetan6w 

Wychodqc naprzeciw postawionym wyzwaniom naukowym, postanowilam opracowac 

metodologicr regioselektywnego otwierania oksetan6w, tym razem od strony mniej zatloczonej 

sterycznie wykorzystujl!c katalizcr witaminl! Bn. Z dr. Ociepq stwierdzilam, ze proces ten powinien 

zachodzic analogicznie do tego, opracowanego dla epoksyd6w. Niestety, obliczenia DFT 

przeprowadzone przez dr. Chaladaja jasno wykazaly, ze energia swobodna Gibbsa w procesie 

otwierania pierscienia oksetanu jest ponad dwukrotnie wyzsza, od tej obliczonej dla epoksyd6w 

(Schemat 55). 

TS1 

n= 1, R =Ph 
&Gt = 41.1 kJ/mol << 

]
~ 

o· 
- 1Tn< 

[CO) R 

n= 2, R = H 
&Gt = 90.9 kJ/mol 

Schemat 55 Por6wnanie energii swobodnej Gibbsa w procesie otwierania epoksydu i oksetanu 

Na podstawie dotychczasowych doniesien literaturowych, zalozono ze aktywacja oksetanu powinna 

spowodowac obnizenie energii procesu otwierania pierscienia. W reakcji modelowej 3-fenylooksetanu 

(153) z 4-jodotoluenem (128) przetestowano r6Z:ne kwasy Lewisa (Schemat 56A). Otrzymane rezultaty 

wykazaly, ze najefektywniejszym kwasem Lewisa jest bromek trimetylosililu (TMSBr) prowadzqcy 

do otrzymania pozqdanego produktu 154 z wydajnosciq 54%. W nastypnym etapie badan warunki 

reakcji poddano optymalizacji, w tym katalizatory kobaltowe i niklowe, ligandy oraz czas trwania 

reakcji. W zoptymalizowanych warunkach zbadano zakres stosowalnosci i ograniczenia krzyzowej 

reakcji sprzygania oksetan6w z jodkami arylowymi, wykazujqc bardzo wysokq tolerancjy grup 

funkcyjnych, i efektywnosc metody. 

W oparciu o wyzej op1sane wyniki, postanowilam sprawdzic czy mozliwe jest 

przeprowadzenie regioselektywnego otwierania oksetan6w wraz z ich nastypczq addycjq do alken6w 

ubogich w elektrony (Schemat 56B). 
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A. 

B. 

153 128 

HIIE, NICI2 (DME), 

HO)J:}I Zn, NH4CI, MeCN, 
Niebieskie LED Ph ""-

154 

0 HO 
~~ + r co2Me ----,,.,.."M-::E7:'--.zn_,. • ...,.N-;H4._C;;I, _.., I 

Phr-' MeCN, Blala LED Ph~C02Me 
153 155 158 

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

Wykorzystuj~c zoptymalizowane warunki reakcji otwierania epoksyd6w przeprowadzilam reakcjy 

3-fenylooksetanu (153) z akrylanem metylu (155). Analiza mieszaniny reakcyjnej (spektrometria mas 

- MS, magnetyczny rezonans j~drowy - NMR) wykazala obecnosc oczekiwanego produktu 156. 

W nastypnym etapie przeprowadzilam optymalizacjy warunk6w powyzszego procesu. Oczywiscie, 

nieodzownym elementem optymalizacji bylo sprawdzenie r6tnych kwas6w Lewisa, kt6re okazaly siy 

kluczowe r6wniez i w tej transformacji (Tabela 6). W zasadzie reakcja zachodzila tylko w obecnosci 

TMSBr (wiersz 1). W reakcji tej przetestowalam r6wniez szereg katalizator6w kobaltowych, czas 

trwania reakcji, a takZe stosunek stechiometryczny substrat6w i sty.Zenie reakcji. 

Tabela 6 Por6wnanie aktywnosci kwas6w Lewisa w reakcji Giesego 

L.p. KwasLewisa Wydajnosc 156 [%] 

1 TMSBr 57 
2 TMSI 0 

3 TMSCl 0 
4 AlCb 0 
5 ZnOTf 0 

6 :tvfgCh 0 
7 (Et0)3SiCl 6 

Prace nad optymalizacj~ przyczynily Sly do wzrostu wydajnosci, finalnie w modelowej reakcji 

uzyskalam produkt z wydajnosci~ 80%. Ponadto przeprowadzone przeze mnie eksperymenty 

kontrolne potwierdzily, ze reakcja jest scisle zalezna od zastosowanego katalizatora, kwasu Lewisa 

i uzytego swiatla (brak kt6regokolwiek z komponent6w skutkowal niepowstaniem poz~danego 

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

10). 
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Rysunek 10 Zakres stosowalnosci i ograniczenia regioselektywnego otwierania oksetan6w katalizowanej witarnin<t B12 

Oksetany, niezaleznie od podstawnik6w w pierscieniu, prowadzily do oczekiwanych produkt6w 

(157-164) z dobrymi i bardzo dobrymi wydajnosciami. w dalszej czcrsci badan poddalam reakcji 

ubogie w elektrony (EWG - estry, nitryle, sulfony) olefmy. Badania wykazaly, :Ze S<J one 

odpowiednimi substratami w tej reakcji. Co ciekawe, w opracowanych warunkach, zwi<Jzki 

z terminalnym wi<Jzaniem podw6jnym i potr6jnym, dawaly produkty z wysokimi wydajnosciami. 

Pomimo obecnosci Zn!NILCI nie obserwowalam niepo:Z<Jdanej ich redukcji. Utytecznosc 

opracowanej metody do funkcjonalizacji zlozonych cz<Jsteczek wykazalam na przykladzie zwi<Jzk6w 

naturalnych (-)-mentolu i estronu. 

Finalnym aspektem pracy byly badania mechanistyczne, na podstawie kt6rych 

zaproponowalam mechanizm reakcji (Schemat 57). 

A. Ekeperyment z pulapkll rodnikOWII 

HME. HO~, 
TEMPO (3 ekw.) • ;6 

- - P'" . ' N Zn,NH4CI " 
BiMILED 

153 170 171, potwierdzono HR-MS 

B. ReakcJa z bromohydryn .. 

_-OH 

l + -~~:-"-eN 
Ph.-- ,./Br 

172 170 

iiUE 
Zn, N~CI 
Blale LED 

C. Tworzenie bromohydryny podczu reakcji 

HO 

Ph~--~--CN 
156,77% 

HIIE HO HO 

Ph
p ~~Ns::a ~Br + Ph~-v-CN 

BlaktLED Pn 
1&3 172,43% 158,19% 

Schemat 57 Badania mechanistyczne regioselektywnego otwierania oksetan6w katalizowanego HME 

Tworzenie alkilokobalaminy 11 potwierdzilam metod<J. spektrometrii mas (MS), a obecnosc rodnik6w 

wykonuj<Jc reakcjcr z dodatkiem pulapki rodnikowej TEMPO (Schemat 57A). Ponadto wykonany 

przeze mnie profit kinetyczny i reakcja bromohydryny (172) z akrylonitrylem (170) udowodnily, :Ze 

aktywacja oksetanu kwasem Lewisa jest niezbcrdna w zaproponowanym przeze mme cyklu 
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katalitycznym (Schemat 58). Utworzona halohydryna reaguje ze zredukowan~ form~ katalizatora 

prowadz~c tym samym do odpowiedniej alkilokobalaminy 11. Powstale wi~zanie Co-C pod wplywem 

swiatla ulega homolitycznemu rozerwaniu, co w konsekwencji prowadzi do rodnika alkilowego Ill. 

Tak otrzymane indywiduum wstcrpuje w reakcje z alkenami lub wprowadzone do cyklu niklowego 

moze tworzyc produkty z jodkami arylowymi. 

Co(ll) OTMS + ,...TMS 

~---(oTMs] zn, NH4c1! R.-(sr 
1

- RP 

.. !~d~~_j 0{-~~ )~"' 
:::~~!~--/~~ 

1.?'-EWG 
+ .,. --.---- .. -.-- .... --.. 
OTMS : ~OTMS : 

Zn,NH,CI
10 

: : 

EWG : EWG : 
R . : R : 

·-- --------------- .... 
Schemat 58 Proponowany mechanizm otwarcia oksetanow katalizowany HME w obecnooci kwasu Lewisa 

Wykazalam, ze zastosowanie katalizy witaminq Bu oraz dodatku odpowiedniego kwasu Lewisa, 

pozwala na otwarcie oksetanu w spos6b regioselektywny. Ponadto, utworzony rodnik powstaly 

w wyniku homolitycznego rozpadu alkilokobalaminy moze ulegac dalszym przemianom: 

reagowac z akceptorami Michaela lub wstcrpowac w drugi cykl katalityczny z niklem 

i prowadzic do utworzenia wiqzania Csp3-Csp2-

Powyzsze wyniki zostaly opublikowane w czasopismie Organic Letters. 

[2] A Potrzasaj, M. Ociepa, W. Chaladaj, D. Gryko, Org. Lett.; DOl: 10.1021/acs.orglett.2c00355 

4.3 Generowanie rodnika acylowego i alkilowego z jednego reagenta 

Z punktu widzenia chemika organika, rodniki acylowe nalez~ do bardzo uZ:ytecznych 

indywidu6w chemicznych. Mimo, iz generowane s~ z elektrofili, same przyjmuj~c charakter 

nukleofilowy, zdolne s~ do reakcji m.in. z ubogimi w elektrony olefinami (reakcja Giesego) czy ze 

zwi~zkami heterocyklicznymi (reakcja Minisciego). Do najczcrstszych metod ich generowania 

zaliczamy: a) rozerwanie homolityczne wi~zania RCO-X, b) karbonylowanie rodnik6w za pomoc~ CO 

czy c) dekarboksylowanie zwi~zk6w a-oksokarbonylowych. 

W przypadku katalizy witamin~ B12 istniej~ tylko dwa doniesienia literaturowe (Rozdzial 

3.2.3). W 2017 roku nasz zesp6l po raz pierwszy opracowal katalizowan~ estrem metylowym kwasu 

kobyrynowego metodcr generowania rodnik6w acylowych z tioestr6w (Schemat 59) . 
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0 

~EWG Rlt_pj 
w~ 37-99% 

Schemat 59 Fotokatalitycma metoda tworzenia rodnik6w acylowych katalizowana pochodnq witaminy B1 z 

Wykazano, ze utworzona acylokobalamina pod wplywem swiatla rozpada sic; generujqc rodnik 

acylowy, a ten z kolei reaguje z akceptorami Michaela. Zainteresowana tymi wynikami 

postanowilam sprawdzic, czy mozliwe jest zaprojektowanie takiego substratu, kt6ry pozwoli na 

jednoczesne generowanie rodnik6w alkilowych i acylowych w warunkach katalizy witamin~ B12. 

Wraz z dr. Ociepq zaplanowalismy strukturc; takiego substratu (Schemat 60), kt6rego synteza opierala 

sic; na reakcji 2-merkaptopirydyny z kwasem karboksylowym w obecnosci odczynnika sprzc;gajqcego 

DCC (N,N'-dicykloheksylokarbodiimid) lub z chlorkiem kwasowym. 

~SH 
173 

x~ OH, Cl 

a) DCC, DMAP, THF, rt., 
b) TH F, rt, 1 godz. 

Schemat 60 Strategia syntezy substrat6w 

W pierwszym etapie badan sprawdzilismy czy otrzymany 6-bromoheksanotionian 

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

N S~ _A II"Y lf "s Br + 
V o 

174 

HME (4), 
-::?'eN Zn, NH4CI, MeCN~ 

Niebieskie L.ED 

170 

177 

0 

NC~CN 
5 

175 64% 

178 

Schemat 61Reakcja modelowa tioestru 174 z akrylonitrylem (170) 

Reakcja modelowa tioestru 174 z akrylonitrylem (170) w obecnosci swiatla prowadzila do powstania 

pozqdanego produktu 175 z wydajnosciq 46%, kt6remu 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 sic; 

niepozqdanych produkt6w ubocznych, warunki reakcji poddano optymalizacji. Przetestowalam m.in. 

rozne katalizatory, stosunki stechiometryczne w jakich zostaly uZ:yte Zn/NILCl oraz substraty, dlugosc 

fali swiatla a takZe czas trwania reakcji. Finalnie oczekiwany produkt otrzymano z wydajnosciq 64%. 

W nastc;pnym etapie sprawdzilam zakres stosowalnosci i ograniczenia opracowanej metody 

(Rysunek 11). Tioestry zawierajqce w swej strukturze pierwszorzc;dowy lub drugorzc;dowy halogenek, 

dajq oczekiwane produkty (179-189) z dobrymi wydajnosciami. 
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NC~N 
0 
179 59% 

NC~CN 
0 11 

18372% 

NC~ 
IQ-er 

18745% 

NC~CN 
0 3 

180 84% 
23% 

NC~N 
0 8 

18459% 

188 61% 

CN 

N~ 
181 35% 182 29% 

18654% 

18948% 

Rysunek 11 Zakres stosowalno5ci i ograniczenia metody generowania rodnik6w acylowych i alkilowych z jednego regenta 

W przypadl'U reakcji tioestru posiadaj<Jcego w swej strukturze ugrupowanie chlorku lub bromku 

benzylowego, poi:<j.dany produkt 182 tworzy si er z wydajnosci<J 29%. W reakcji tej generuje sicr bardzo 

reaktywny rodnik benzylowy, kt6ry latwo ulega dimeryzacji i redukcji. Je8li chodzi o akceptory 

Michaela, to w opisanej reakcji mo:Z.na wykorzystac sulfony, estry i nitryle. Wyj<Jtkami SCJ te, kt6re 

posiadaj<J grupy wrazliwe na warunki redukuj<Jce. 

Nieodl<Jcznym aspektem moich badan bylo wyjasnienie mechanizmu tej reakcji. W tym celu 

przeprowadzilam niezbydne eksperymenty, kt6re potwierdzily powstanie zar6wno rodnika alkilowego 

jak i acylowego, a tak:Ze pozwolily na zdefiniowanie etapu limituj<Jcego szybkosc powy:Zszego 

procesu. 

W pierwszej kolejnosci wykonalam eksperymenty z dodatkiem pulapki rodnikowej (1EMPO), 

kt6re potwierdzily tworzenie sicr zar6wno rodnik6w alkilowych i acylowych. Nastypnie w celu 

okreslenia kolejnosci ich generowania wykonalam profil kinetyczny reakcji wykorzystuj<Jc technikcr 

spektrometrii mas (MS) (Schemat 62). Pomiary zostaly wykonane we wsp6lpracy z mgr. Sp6lnikiem. 

W toku badan okazalo sicr, ze w pierwszej kolejnosci tworzy sicr kompleks Co-alkil, powstaly 

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

~ 25 
0 

g (III)Co~SPy 
~ •• 4 

20 • ·c: 0 
.c. • • • NC~sPy u 15 • N • • ... 

I QJ 

"3 ,.. 
0 
c. 10 • ~ QJ • 0 • • • 0.. 0 4 N 

5 • • • . • . ,, . • • e175 
0 

0 20 40 60 80 100 120 

Czas (min.) 

Schemat 62 Profi1 kinetyczny reakcji tioestru z akceptorem Michaela 
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Aby potwierdzic machanizm wykonalam r6wniez reakcje w obecnosci deuterowanego chlorku amonu. 

W reakcji utworzyla siy mieszanina czterech zwi<Jzk6w 175, 190, 191 i 192 (Schemat 63), kt6re 

zawieraly w swojej strukturze deuter. 

+ ,..._eN 

170 

HME 
Zn, ND4CI, CDsCN 

Nlebleskle LED 

HH O 
NCX"JL~ -CN - ~ 115 ~H 

H 
175 

181 

H
0

0 

NCXIJ JL~ -CN 
+ - ~ 115 ~D 

H 
1110 

1112 

Schemat 63 Reakcja z deuterowanym ND4Cl 

Na podstawie przeprowadzonych eksperyment6w zaproponowalam mechanizm reakcji (Schemat 64). 

a SF'y 

~n l 11 
0 

Co(ll) ~ ·'f{sPy 
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tn 1 X tzn,NH4CI 

~o(<llJZn, NH4CI Co(l) ........._ -.. " .R ( TG """" 11.: 'sPy 
IV n 

Co{ll) "SF'y 

\ h.. c;:e(ll) 

~O~EWG 
• VI V 
O~EWG 

I~EWG t ,. -.. ... ...... -.. ------.... .... ...... .. .. 
' 

• Zn, N~CI ~ EWG 0 EWG 

0 EWG : ~ 
n ~------------------- - -- · 

VII 

Schemat 64 Mechanizm reakcji tioestrow z akceptorami Michaela 

Analogicznie jak w pozostalych opracowanych przeze mnie badaniach, pierwszy etap zaklada 

redukcjy katalizatora kobaltowego do formy Co(I), kt6ry dzialaj<Jc jako supernukleofil ulegal reakcji 

SN2 z tioestrem tworz<JC alkilokobalaminy I. Na drodze homolizy wi<Jzania Co-C utworzony rodnik 

reagowal z akceptorem Michaela tworz<Jc produkt IV, kt6ry w reakcji z Co(I) acylokobalaminy V. 

Ponowna homoliza wi<JZania i reakcja z ubog<J w elektrony olefin<J prowadzila do produktu 

koncowego. 

Zaprezentowane wyniki jasno wskazujl!, ze mozliwe jest jednoczesne generowanie rodnik6w 

alkilowych acylowych z wykorzystaniem kobalaminy jako katalizatora. Badania 

mechanistyczne dowodzl!, ze generowanie rodnik6w alkilowych jest znacznie szybsze od 

rodnik6w acylowych. 
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Powyzsze wyniki zostaly opub1ikowane w czasopismie European Journal of Organic Chemistry. 

[3] A. Potrzasaj, M. Ociepa, 0. Baka, G. Sp61nik, D. Gryko, Eur. J. Org. Chem, 2020, 1567- 1571. 
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4.4 Podsumowanie 

Kobalamina i jej pochodne to efektywne katalizatory wielu reakcji organicznych. Wiykszosc z nich 

przebiega poprzez etap tworzenia rodnika, kt6rych zr6dlem s~ najczysciej halogenki, pseudohalogenki 

i olefiny. Celem mojej pracy bylo rozszerzenie grupy prekursorow rodnikow uzytecznych 

w katalizie witaminq Bu, ktore stanowilyby dopelnienie aktualnie istniejqcej grupy substratow. 

Przeprowadzone przeze mnie badania znaczqco wplynl(ly na aktualny stan wiedzy 

dotyczqcej metod generowania rodnik6w alkilowych i acylowych oraz wykorzystanie ich 

w reakcjach fotochemicznych. 

Do moich najwil(kszych osiqgnil(c niewqtpliwie mogl( zaliczyc: 

1. Przedstawienie, po raz pierwszy, fotokatalitycznej metody regioselektywnego 

otwierania pierscienia epoksydowego od strony mniej zatloczonej sterycznie. Opracowana przeze 

mnie metodologia doskonale sprawdza siy zar6wno dla epoksyd6w zawieraj~cych podstawnik 

aromatyczny, cykliczny jak i alifatyczny daj~c poz~dane produkty z dobrymi wydajnosciami. Praca ta 

z pewnosci~ stanowi dopelnienie aktualnych doniesierl. dotycz~cych metod otwierania tr6jczlonowych 

zwi~zk6w heterocyklicznych. 

2. Opracowanie fotokatalitycznej metody, kt6ra w spos6b wydajny i regioselektywny 

pozwala na funkcjonalizacje oksetan6w, przebiegajqcq z otwarciem pierscienia. Metodologia ta, 

w ogromnym stopniu poszerza aktualne doniesienia literaturowe dotycz~ce napryzonych, cyklicznych 

eter6w. Jest to pierwszy przyklad, w kt6rym Co(I) jako supernukleofil otwiera pierscien od strony 

mniej zatloczonej sterycznie i prowadzi do selektywnego tworzenia tylko jednego regioizomeru. 

3. Opracowanie metody, kt6ra pozwala na generowanie rodnika alkilowego i acylowego 

z tioestru. W oparciu o profil kinetyczny, udowodnilam ze tworzenie rodnik6w alkilowych jest 

procesem determinuj~cym szybkosc reakcji. 

Badania zaprezentowane w niniejszej rozprawie stanowi~ zwart~ calosc i jasno demonstruj~ 

utytecznosc witaminy Bn ijej pochodnychjako efektywnych katalizator6w w generowaniu rodnik6w 

alkilowych z napryzonych cz~steczek. Wykazuj~, ze alkilokobalaminy tworz~ siy znacznie szybciej, 

nit acylokobalaminy. Ponadto, przedstawione rozwazania opisuj~ znacz~cy wplyw witaminy Bn na 

reakcje chemiczne, w kt6rych wystypowal problem regioselektywnosci. 

Warto jednak podkre.Slic, ze powyzsze badania sq jedynie poczqtkiem i mogq bye wskaz6wkq dla 

innych do dalszych odkryc. 
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5. STRESZCZENIE W JE;ZYKU POLSKIM 

Witamina Bn nalezy do grupy skladnik6w odzywczych istotnych dla 

organizm6w Z:ywych. W kom6rkach eukariotycznych pelni roly 

kofaktora, kt6ry uczestniczy w wielu procesach biochemicznych 

(transfer grupy metylowej, izomeryzacja czy dehalogenowanie). Jej 

wysoka zdolnose katalityczna uwarunkowana jest wystypowaniem 

slabego wi~zania kowalencyjnego Co-C, kt6re moze, pod wplywem 

dzialania czynnik6w redukuj~cych, swiatla b~dz temperatury ulec 

homolitycznemu rozerwaniu staj~c siy tym samym Z:r6dlem rodnik6w. 

Cecha ta, w pol~czeniu z jej nietoksycznosci~, stanowi idealn~ 

alternatywy dla drogich i toksycznych katalizator6w zawieraj~cych 

metale ciyZ:kie takie jak ol6w, ruten czy iryd. Opracowano wiele reakcji katalizowanych tym zwi~zkiem, 

jednakZe w wiykszosci z nich Z:r6dlem rodnik6w s~ halogenki alkilowe. 

Celem mojej pracy bylo rozszerzenie grupy prekursorow rodnikow uiytecznych w katalizie 

witamin~ Bu, ktore stanowilyby dopelnienie aktualnie istniej~cej grupy substratow. 

W pierwszej czysci swoich badan skupilam siy na sprawdzeniu mozliwosci generowania rodnik6w 

alkilowych z epoksyd6w. W przypadku fotokatalitycznych reakcji z udzialem epoksyd6w arylowych, 

atak reagent6w nastypuje od strony bardziej zatloczonej sterycznie, prowadz~c do reaktywnych 

rodnik6w benzylowych. Wykazalam, ze duze zatloczenie steryczne witaminy B12 powoduje 

generowanie rodnik6w pierwszorz«rdowych, kt6re w reakcji z elektrofilami daj~ alkohole 

drugorz«rdowe. Zakres stosowalnosci opracowanej przeze mnie metody obejmuje r6wniez epoksydy 

alifatyczne i cykliczne. 

W kolejnym etapie swojej pracy postanowilam sprawdzie, czy oksetany mog~ bye prekursorami 

rodnik6w w katalizie witamin~ Bn. Ze wzglydu na prawie dwukrotnie wiyksz~ energiy swobodn~ 

Gibbsa otwierania pierscienia, w por6wnaniu do epoksyd6w, kluczowym etapem badan bylo wybranie 

odpowiedniego kwasu Lewisa. Najlepszy okazal siy bromek trimetylosililu. Optymalizacja warunk6w 

reakcji pozwolila na uzyskanie fmalnych produkt6w z bardzo dobrymi wydajnosciami. Metoda ta jest 

uZ:yteczna zar6wno w reakcji typu Giese jak r6wniez w reakcji sprzygania krzyzowego. 

W ostatniej fazie prac zaprojektowalam reagent, kt6ry pozwolil na generowanie zar6wno 

rodnik6w alkilowych jak i acylowych. W oparciu o profil kinetyczny, udowodnilam ze tworzenie 

rodnik6w alkilowych jest procesem determinuj~cym szybkosc reakcji. 

Przeprowadzone przeze mnie badania, wykazaly, ze w reakcjach katalizowanych witamin~ B12 

substratami, opr6cz powszechnie stosowanych halogenk6w alkilowych, mog~ bye r6wniez epoksydy 

i oksetany. 
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6. STRESZCZENIE W JE;ZYKU ANGIELSKIM /ABSTRACT IN ENGLISH 

\ilft.min 8 11 

Vitamin Bn is a complex biomolecule of great importance for the 

normal functioning of all living organisms. In eukaryotic cells, it 

acts as a cofactor that is involved in many biochemical processes 

(methyl transfer, isomerization, or dehalogenation). Its high 

catalytic capacity is conditioned by the presence of a weak covalent 

Co-C bond that can be selectively cleaved under reducing 

conditions, light or temperature becoming a source of radicals. This 

characteristic feature together with its non-toxicity is an ideal 

alternative to expensive and toxic catalysts containing heavy metals 

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

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

The aim of this work was to expand the library of radical precursors useful in the catalysis of 

vitamin Bu, which would enhance the applicability of its utilization in organic synthesis. 

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 Bu 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 B12 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 Gies~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 B12-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 B12/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. 

• 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. 1

-
3 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) .4 -

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?'8 

Depending on reaction conditions, the initial nucleophilic 

Scheme 1. Regioselective Nickei-Catalyzed Cross­
Eiectrophile Coupling of Epoxides with Aryl Halides 
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attack occurs predominantly at either the terminal or internal 
carbon atom. 

In 2014, Weix and eo-workers developed a nickel-catalyzed, 
regiodivergent cross-electrophile coupling of epoxides with 
various halides and triflates.6 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 arlion 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 
products.9

'
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). ll 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 .812 and Derivatives; (.B) Proposed Mechanistic Concept 
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Our recent work on the alkylation of strained molecules 
showed that cobalt catalysis opens the path 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 nucleophilicity 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. 

• RESULTS AND DISCUSSION 

Design of the Catalytic System. Vitamin .812 ( 1, 
cobalamin) is a natural cobalt co~lex of remarkable stability 
and high biological importance.13- s Due to the unique ability 
to form light-sensitive cobalt-carbon bonds, vitamin .812 (1) 
and its hydroEhobic and amphiphilic derivatives 2 and 3 
(Scheme 2A) 6

-
21 have also been adopted for synthetic 

chemistry and used as redox mediators for the generation of 
various radicals.22

'
23 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 cleavage 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 re~oselective design, a bulky 
vitamin B 1;zeatalyst 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 Ill. 

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 .812 ( Co(I) complex) followed by homolytic 
cleavage of the Co-C bond in alkyl cobalamin 11. DFT 
calculations were performed with Gaussian 16?'4 Geometry 
optirnizations 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 optirnized structures (minima and transition states featured 

9369 

10 9 8 

zero or one imaginary frequency, respectively) . Single-point 
energies were computed at the BP86/ 6-311++G(2d£p) 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.25

-
30 

We performed calculations approximating the structure of 
vitamin .812 (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 (Sa) 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 k]/ mol barrier, accessible 
even under mild conditions (black path). The barrier for the 
analogous reaction at the more hindered side is ,..,g kj/mol 
higher (gray path). Sterically driven differences in the reactivity 
might be even more pronounced for native vitamin .812 or its 
derivatives compared to the selected model, due to presence of 
more sizable substituents at the corrin ring. Then, the resulting 
Co(III) complex (I) is protonated, providing intermediate 11. 
& expected for alkyl cobalarnins, the Co-C(sp3

) bond in Ila 
and lib is relatively weak and quite vulnerable to homolytic 
cleavage toward alkyl radical Ilia or Illb and a Co (II) complex 
(aG = 141.9 and 82.6 kJ/ mol, respectively). In particular, Ila 
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 (S1).31

-
33 

The lowest singlet (IIa-Sl) vertically excited states of 
intermediate Ila were found at 2.20 eV (212.5 kJ/ mol, TD 
BP86-D3/ 6-311++G(2d£p)), while the relaxed S1 state lies 
28.2 kJ/ mollower and features elongation 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 (Ilia), even though isomeric 
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Figure 1. Calculated Gibbs free energy profile for the reaction of 
styrene oxide with the Co(I)-corrin complex. 

benzyl radical Illb 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 B12 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 B12-Catalyzed Ring Opening of Epoxide 
5 

p, HME (3), Zn , .,).._Ph 1. blue LED 

[ 

OH Ill 
Ph,.....-- NH4CI, acetone J 2. [H] 

Sa 
[Ca(ll l)] 

mlz •1157.5149 [M+Ht 

Indeed, the formation of intermediate alkyl-cobalt(III) 
complex 11 was observed by HR-MS (m/z = ll57.5149 [M 
+ H]+, see the SI, Section 6.2), which is in good agreement 
with previous reports by Scheffold34

-
38 and Rusling, 39 who 

used vitamin B12 ( 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 B12 opens the aromatic epoxide from the less hindered 
side at the thermodynamic expense of forming the less stable 
radical Ill in the subsequent light-induced cleavage step. 

Knowing that B12 catalysis can be merged with metal­
catalyzed reactions, 12 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.40 The plausible 
mechanism for the reaction of epoxides with aryl halides in 
the presence of the B12/ Ni catalytic system based on literature 
reports is outlined in Scheme 2B.7.41

-
43 The coupling requires 

the cooperation of both transition metal complexes ( Co and 
Ni) that are activated by Zn/ NH4Cl.44

'
45 The oxidative 

addition of aryl halide to Ni(O) produces aryl nickel(II) 
species N, which undergoes subsequent alkylation with radical 
Ill and generates intermediate V. Alternatively, the same 
Ni(III) species can originate from the interception of alkyl 
radical Ill by Ni(O), preceding the oxidative addition, as has 
been recently proposed by Molander and Kozlowski.46 Both 
these possible pathways are followed by irreversible reductive 
elimination, leading to the regioselective formation of a linear 
product. Cobalt (II) and nickel(!) complexes are regenerated to 
Co(I) and Ni(O) 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 
NiC12(DME), generated desired linear product 7aa as a single 
regioisomer in 16% yield (Scheme 4). The replacement of 

Scheme 4. Proof-of-Concept Experiments 

p, Co-catalyst1NIC12(DME) ?H ~ H 
,.....--+ N~ ~N+ ~0 

Ph dtbbpy, zn, NH4CI, NMP Ph Ph 
5a &a blue LED 7aa (lln98r) 12 (branched) 

N=~ Co-catalyllt • HME (3, 5 mol%) 7aa 16%, 12 0".4 
B12 (1, 5 mol%) 7aa 41%, 12 0"/o 
none 7aa 7%, 12 28% 

aconditions: epoxide (5a, 0.2 mmol), aryl halide (6a, 1.5 equiv), 
NiC12(DME) (20 mol %), Zn (3 equiv), NH4Cl (3 equiv), dtbbpy 
(40 mol %), dry NMP (c = 0.1 M), blue LED (single diode, 10 W), 
30 min. 

HME ( 3) with native vitamin B12 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 tile 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 tile decisive influence of the cobalt 
cocatalysis on tile 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 
optirnized 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 
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Table 1. Optimization Studies of the Cross-Electrophile 
Ring Opening of Epoxidesa 

0 
Pt·(_.L.~ 

!la 

entry 

2 

3 

4 

5 

6 
7b 

8 

9 

10 

11 

12 

13 

deviation from the standard conditions 

none 

HME instead of B12 

Co(acac)3 instead of B12 

CoC12 instead of B12 

Co(dmgH)2 Cl(py) instead of B12 

Co(dmgHh'Pr(py) instead of B12 

Mn instead of Zn 

NiC12 instead ofNiC12 (DME) 

Ni(acac)2 instead of NiCl,(DME) 

Ni(OTf)2 instead of NiC12(DME) 

1,10-phenanthroline instead of dtbbpy 

t erpyridine instead of dtbbpy 

no water added 

QH ~ 
Ph~ 

7u 

yield (%) 7aaa 

60 

57 

5 
7 

8 

11 

30 

36 

33 

39 

24 

13 

53 

aConditions: epoxide (5, 0.2 mmol), aryl halide (7, 1.5 equiv), B12, (5 
mol%), NiC~(DME) (20 mol%), Zn (1.5 equiv), NH4Cl (3 equiv), 
dtbbpy (40 mol%), H20 (1.1 equiv), dry NMP (c ~ 0.1 M), time 30 
min, blue LED (single diode, 10 W) (for more details see Sl). bMn 
(1.5 equiv), TMSCI (0.2 equiv), dmgH ~ dimethylglyoxime, dtbbpy ~ 
4,4' -di-tert-butylbipyridine. 

vitamin B12 had little impact on the optimized model reaction 
(entry 2), while other commonly utilized cobalt complexes 
( Co(acac)31 CoCl2) led to a decrease in the yield of alcohol 
7aa (entries 3, 4). We have also examined cobalt 
dimethylglyooximate (dmg) comflexes, which have been 
used by Pattenden47 and Morandi 8 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/ 
NH4Cl 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 
NiCl21 Ni( acac) 2, or Ni( OTf) 2 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 
(Sa, a side-product originating from epoxide Sa) formed in 5% 
yield presumably via !'-hydride elimination, while styrene 
(lOa) is obtained in 30% yield from intermediate alcohol 9.49 

Finally, the reductive elimination in the nickel cycle may 
account for the observed small amount of biphenyl 11. so-s2 In 
order to gain more insight into the reaction mechanism, we 
carried out the reaction with enantioenriched styrene oxide 
(Sa) under the optimized conditions. The expected coupling 
product 7aa was obtained without any erosion of the 

stereocenter1 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 5). 
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Monosubstituted aryl epoxides 5a-f, bearing both electron­

withdrawing and electron-donating substituents, are, in 
general, well-tolerated and give corresponding products 7aa­
fa in 50-58% yields. However, 2-(4-methoxyphenyl)oxirane 
(Se) 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 Sf leads to product 7fa in 44% yield, 
while 1,2-disubstituted epoxide Sg remains unreactive. l\s 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 (Sa) in reduced reaction yield (compare 
7aa, 7ab, and 7ac) . Although vitamin B12 exhibits exquisite 
reactivity in dehalogenation reactions, 11 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 1,2-epoxyhexane (Sh) and 112-epoxydodecane 
(Si) gives products in 74% and 77% yield, respectively. We also 
found that aliphatic epoxide 5j, possessing a protected primary 
hydroxyl group, could be converted into secondary alcohol 7ja 
in 60% yield. 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 heterocycles are currently ongoing in our laboratory. 

Subsequently, the scope of aryl halides for the reaction with 
1,2-epo:xyhexane (Sh) was explored. Substrates with both types 
of substituents-electron-rich and electron-deficient-on the 
aromatic ring afford the corresponding products 7hd-ol 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% yield Similar to the reaction with aryl epoxides, indole­
derived halide 61 proved also a competent substrate, affording 
1-(1-tosyl-lH-indol-5-yl)hexan-2-ol (7hl). 

Compared to monosubstituted substrates, bicyclic epoxide 
5o was converted to the desired coupling product 7oa with a 
significantly lower yield.5 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 B12 

(l) 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 7oa 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 
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Scheme 5. Vitamin B12-Catalyzed Ring-Opening Cross-Eiectrophile Coupling of (a) Aryl Epoxidesa and (b) Alkyl Epoxidesb,c 

OH A Arl Co-catalyst/NiCI2(DME) R',l -Ar 
R1 R2 + dtbbpy, Zn, NH4CI f"' 

Sa-p Sa-o H20 (1 .1 equiv.), NMP 7 R
2 

aryl epoxldes" 

9H ~ 
Ph~ 

7aa 60% 

R2 = 1-Bu 
F 
CN OMe 

blue LED 

7ba 50% Ph 
7ca 58% 
7da 53% 
7ea0% 

~ 
7fa 44% 

?H (Y 
Ph~ 

7ga (B12 and HME) 0% 

aryl halides-------------------------------------------

Ph;:A 
?H (') 

Ph~ 
~Cl 

Ph 

J:(JCO> 
Ph 0 

9H ~CF~ 

Ph~ 
7ab 47% 7ac 30% 7ad 44% 7ae 61% 7af 36% 

()H ~ 
Ph~ 

<?H ~OMe 

Ph~ 
~CN 

Ph Ph w 
7ag 60% 7ah 48% 

<?H ~CONH2 

Ph~ 
7al 44% 7am 33% 

alkyl epoxidesb 

7ai 28% 7aj 63% 

<?H ~NHBoc 

Ph~ 
7an 60% 7ao 46% 

BnO~ 
OH ~ 

7ha 74% 7ia 77% 7ja 60% 7ka 73% 71a 37% 

7ma(Bd 21% 
(HME)0 29% 

7na (Bd 14% (d.r21:1)d 
(HME)0 57% (d.r23:1)d 

?oa(B12l 31% (d.r7:1)d 
(HME)0 56% (d.r 7:1 )d 

7pa (B12 and HME) 0% 

aryl ha/ides -------------------------....;.._..,;,..._....;._.....; __________ _ 

~~0'>~~ ~ 
OH ~Cl OH V-o' OH ~0 OH ~NHBoc ·6H VL--fs 

7hd 51% 7he 55% 7hg 50% 7hn 60% 7hl 51% 

aConditions: epoxide (0.2 mmol), aryl halide (1.5 equiv), B12 (5 mol%), NiCllDME) (20 mol%), Zn (1.5 equiv), NH4Cl (3 equiv), dtbbpy (40 
mol%), H20 (1.1 equiv), dryNMP (c = 0.1 M), blue LED (single diode, 10 W), 30 min (for more details see SI). bBlue LED (single diode, 3 W), 
16 h. cHME (5 mol %), acetone (c = 0.1 M), blue LED (single diode, 3 W), 16 h. dDetermined by GC. 

the presence of the HME/ acetone system compared to vitamin 
B12/ 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 5',6' -dimethylbenzimidazol (DMB) moiety) in addition 
to the replacement of amide into ester groups. Halpem 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.53 To assess if the presence of this 
structural 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 Bl.!J 
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 B12 derivatives in this solvent 
(entry 6). 

Performed kinetic studies contributed to a better under­
standing of the observed differences. The rate of the bicyclic 
epoxide (5o) ring opening was found to vary significantly 
depending on the conditions applied (Chart 1). It takes 6 h to 
fully convert epoxide 5o in both vitamin B12- 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 Epoxidesa 

6 
5o 6a 

entry solvent 

NMP 

2 NMP 

3 acetone 

4 acetone 

5 NMP 

6 NMP 

Co-catalys11NICI2(DME) 

dtbbpy, Zn, NH4CI 
blue LED 

catalyst 

B,l 
CONH2 loop 

HME 

C02Me no loop 

HME12 

C02Me no loop 

cobalester17 

C02Me loop 

cobalester 

C02Me loop 

cobinamide54 

CONH2 no loop 

7oa 

yield (96) 7oa 

31 

26 

56 

55 

32 

35 

aConditions: epoxide (So, 0.2 nunol), aryl halide (6a, 1.5 equiv), Co 
catalyst (5 mol%), NiC12(DME) (20 mol%), Zn (1.5 equiv), NH4Cl 
(3.0 equiv), dtbbpy (40 mol %), solvent (c = 0.1 M), blue LED 
(single diode, 3 w), 16 h. 

pathway, leading to biphenyl (lla) (fields A and C).50
•
52 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 So (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 

pubs.acs.org/JACS ., .. 
with the Co(l)-corrin complex (Figure 2). In general, the 
Gibbs free energy of activation for the reaction of aryl- and 

R1 =H,R2=Ph 

t.Gt = 43.7 kJ/mol 

R1,R2 = CH-(CH2)4-CH 

t.Gt = 71 .1 kJ/mol 

R1 = H, R2 = CH3 
t.Gt = 47.1 kJ/mol 

R1 = CH3, R2 =Ph 

t.Gt = 74.4 kJ/mol 

R1 = CH3 , R
2 = H 

t.Gt = 67.4 kJ/mol 

R1 = CH3, R2 = Ph 

t.Gt = 78.9 kJ/mol 

Figure 2. Gibbs free energy barriers for the opening of epoxides with 
the Co(l)-corrin complex calculated at the BP86-D3/6-31l++G­
(2d£p )/SMD( acetone)/ /BP86-D3/6-31 G( 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 Sn,o provide desired products 7na and 7oa 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 (6o) (A, C, D) and Aliphatic Epoxide 6h (B)a,b 
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aConditions: epoxide (5, 0.2 mmol), aryl hahde (6a, 1.5 equiv), Co catalyst (5 mol%), NiC12(DME) (20 mol %), Zn (1.5 equiv), NH4Cl (3.0 
equiv), dtbbpy (40 mol%), solvent (c = 0.1 M), blue LED (single diode, 3 W), 16 h, dodecane as an internal standard. bMeasurements at t = 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, <lG* = 74.4 vs 78.9 kJ/mol). Additionally, the observed 
regioselectivity is well reflected by the energetically favored 
attack of the Co(I)-corrin on the less hindered side on 
propylene oxide (a model used for an alkyl epoxide, TS2a vs 
TS2b, .:lGf = 47.1 vs 67.4 kJ/mol). 

• 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 B12 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 eerie ammonium molybdate (CAM)ffianessian'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 Sigrna-Aldrich, Acros Organics, Alfa Aesar, 

Fluorochem, and TCI, and used as received unless otherwise noted. Dry solvents: dimethyl sulfoxide (DMSO), 
dichloromethane (CHzCh), tetrahydrofuran (THF), acetonitrile (CH,CN) were taken from Solvent Purification 
System (SPS). Deuterated solvents (CDCb, (CD,),CO and MeOD) were purchased from Eurisotop. Amidine 
ligands (S18)1

, 5-iodo-1-( 4-methylphenylsulfonyl)indole (61)', 4-tert-butylphenylethylene oxide (5b)', 4-cyano­
butylphenylethylene oxide (5d)4

, 4-(phenylsulfonyl)-1,2-epoxybutane (5k)5
, l-oxaspiro(2.5)octane (5m)6

, N-(p­
tolylsulfonyl)-2-phenylaziridine (S20) 7, N-tosyl-6-azabicyclo[3.l.O]hexane (S21)", 2-butyl-N-tosylaziridine 
(S22)" and catalysts NiCh(dtbbpy)', (CN)(H20)Cby(OMe)7 (3),9 Co(dmgH)2py'Pr (S6)10 were synthesized 
according to literature procedures. 

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

Instrumentation. 

• NMR Spectroscopy: 1H and 13C NMR spectra were recorded at 25 cc on a Bruker 400 MHz, 500 MHz 

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 CDCb (7.26 ppm - 1H NMR and 77.16 ppm - 13C 
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. 

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

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

• High Resolution Mass Spectrornetry: High-resolution mass spectra (HRlvfS) were recorded on a Waters 

AutoSpec Premier instrument using electron ionization (El) or a Waters SYNAPT G2-S HDMS 
instrument using electrospray ionization (ESI) with time of flight detector (TOF). 

• Low Resolution Mass Spectrornetnr: Low-resolution mass spectra (LRlvfS) were recorded on an Applied 

Biosystems API 365 mass spectrometer using electrospray ionization (ESI) technique. 

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

• High-performance liquid chromatography CHPLC): 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. 

4 
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2. Setup for photoreactions 

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

Figure 2.1 Photograph of a photoreactors 

Characteristic ofphotoreactors: 

A. Blue LED; single diode 3 W, controlled by mini chiller set up at 33 "C, reactions in 10 rnL 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. 

5 
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3. Full Optimization of the Reaction Parameters 

Model reaction: 
OH Ar 

Ph~Ar + Ph_;..__OH 

5a 6a blue LED 7aa (linear) 12 (branched) 

Ar= r--0---
Reaction conditions: styrene oxide (Sa) (0.2 mmol, 1 equiv.), 4-iodotoluene (6a) (1.5 equiv.), Zn (3 equiv.), NH4Cl (3 equiv.), B12 (1) (5 
mol%), NiCb(DME) (20 mol%), dtbbpy (40 mol%), water (1.1 equiv.), dryNMP (c = 0.1 M), blue LED, 30 min. 

3.1 Background experiments 

Entry Deviation from the Standard Conditions Yield of 7aa [%] 

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% 

6b No light, 50 oc 26 

7b No light, 80 oc 28 

8 Air atmosphere product not observed 

Reaction conditions: styrene oxide (Sa) (0 .2 mmol, 1 equiv.), 4-iodotoluene (6a) (1.5 equ iv.), Zn (3 equiv.), NH4Cl (3 equiv.), B12 (1) (5 
mol%), NiCb(DME) (20 mol%), dtbbpy (40 mol%), water (1.1 equ iv.), dry NMP (c = 0 .1 M) , blue LED, 30 min. • . product branched fanned 
-12, b - reaction time (16 h) 

3.2 The influence of light on the model reaction 

Entry Light Yield of 7aa [%] 

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 (Sa) (0.2 mmol, 1 equiv.), 4·iodotoluene (6a) (1.5 equ iv.), Zn (3 equiv .), NH4Cl (3 equiv.), HME (3) (5 
mol%), NiCb(DME) (20 mol%), dtbbpy (40 mol%), acetone (2 mL), 16 h 

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

Entry Solvent Yield of 7aa [%] 

CHJCN 32 

2 DMSO 7 

3 Methanol 19 

4 Aceton 38 

5 DMF 21 

6 THF 27 

Reaction conditions: styrene oxide (Sa) (0.2 mm ol, 1 equiv.), 4·iodotoluene (6a) (1.5 equiv .), Zn (3 equiv.), NH4Cl (3 equiv.), HME (3) (5 
mol% ), Ni Cb(DME) (20 mol%), dtbbpy (40 mol%), solvent (2 mL), Blue LED, 16 h 

6 
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3.4 Screening ofthe cobalt catalysts 

Entry Catalyst Yield of7aa [%] 

I 3 38 

2 SI 10 

3' 1 42 

4 2 31 

5 ss 5 

6 S2 7 

7 S3 8 

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.), eo-catalyst (5 mol%), 
NiCI2(DME) (20 mol%), dtbbpy (40 mol%), Acetone (2 mL), Blue LEDs, 16 h 
cconditions: styrene oxide (5a) (0.2 mmol, 1 equiv.), 4-iodotoluene (6a) (1.5 equiv.), Zn (3 equiv.), NH4Cl (3 equiv.), NiC1 2(DME) (20 mol%), 

dtbbpy (40 mol%), dry NMP (2 mL), Blue LED, 30 min. 

MoO 

M eO 

Aqua( CJ11DO )hept111Detbyl 
cobyrinate (3) 

OMe 
/ \ 

OMe 

5,10,15,20-'I'IItrllkia( 4-metboiJPhenyi)-
21H.23H-porpbJDe cobalt (11) (82) 

R 

; 
R 

Coblllt(III) =~ Cobalt(ll) phthaloqudne (Sl) acetyloacetoaate (84) NH N 

cC? HO rJC( 
-o-~-o-Ct 

Chloro(pyrldlne)bll i-Propyl(pyrldlne)bll 
(dimetbytalyoiimato)oobalt(ID) (S3) (dimetbyJalyoiimato)oobalt(ID) (S6) 

7 

0 

VltamiD Du (1), R • CONH1 

Cobalester (2), R • CO~e 

CoCI2 
Cobalt(ll) chloride (SS) 
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3.5 Optimization of a solvent for Bn (1)- catalyzed reaction 

Entry Solvent Yield of7aa [%] 

1 NMP 42 

2 Methanol 28 

3 DMA 6 

4 DMF 20 

5 Acetone:Methanoll 27 

6 THF H,O (11) 4 

Reaction conditions: styrene oxide (5a) (0.2 mmol), 4-iodotoluene (6a) (1.5 equiv.), Zn (3 equiv.), NH4Cl (3 equiv.), B12 (1) (5 mol%), 
NiCI2(DME) (20 mol%), dtbbpy (40 mol%), solvent (2mL), Blue LED, 30 min. 

3.6 Bn- catalyst loading 

Entry 

I 

2 

3 

4 

Catalyst loading [%] 

2.5 

5 

7.5 

10 

Yield of7aa [%] 

33 

42 

40 

38 

Reaction conditions: styrene oxide (5a) (0.2 mmol), 4-iodotoluene (6a) (1.5 equiv.), Zn (3 equiv.), NH4Cl (3 equiv.), B 12 (1), NiCI 2(DME) 
(20 mol%), dtbbpy (40 mol%), dry NMP (2 mL), Blue LED, 30 min. 

3.7 The influence ofZn and NH,CI amounts 

Entry Zn (equiv.) NH,C! (equiv.) Yield of 7aa [%] 

3 3 42 

2 3 34 

3 6 3 22 

4 3 5 20 

5 3 4 31 

6 3 1.5 42 

7 3 2 46 

8 1.5 3 53 

9 3 32 

10 2 30 

Reaction conditions: styrene oxide (5a) (0.2 mmol), 4-iodotoluene (6a) (1.5 equiv.), B 12 (1) (5mol%), NiCI2(DME) (20 mol%), dtbbpy (40 

mol%), dry NMP (2 mL), Blue LED, 30 min. 

8 
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3.8 Screening of Ni- catalysts 

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

1 NiCiz(DME) 20 53 

2 NiBr,(DME) 20 43 

3 NiCh 20 36 

4 NiBrz 20 43 

5 Nih 20 40 

6 Ni(TMHD)z 20 20 

7 Ni(acac)z 20 33 

8 Ni(0Ac),-4H,O 20 31 

9 Ni(OTf)z 20 39 

10' NiCh( dtbbpy) 20 45 

11 d NiCh( dtbbpy) 10 46 

12 NiCh(DME) 10 37 

13 NiCh(DME) 40 50 

Reaction conditions: styrene oxide (5a) (0.2 mmol, 1 equiv.), 4-iodotoluene (6a) (1.5 equiv.), B 12 (1) (5mol%), Zn (1.5 equiv.), NH4Cl (3 
equiv.), dtbbpy (40 mol%), dry NMP (2 mL), Blue LED, 30 min.; c-without ligand 

3.9 Screening of ligands 

0/ 

cP u6 Ph 
N 

/-

.... o 
N 

8730% 

I"' 
/-

N 

812 53% 

8852% 

I"' 
/-

N I"' 
N h 

813 13% 

817 traces 

Ph OMe 

""" I "' 
I"' "' /-

/- N 
N /-N 

MaO 

8934% 810 24% 811 38% 

n 
J:-~N~~ 

8140% 81526% 

Qyr) 
H NH 

+ 2 

8180% 619 41% 
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The amount ofthe ligand added: 

Entry Ligand [mol%] Yield of7aa [%] 

10 39 

2 15 41 

3 20 36 

4 30 37 

5 40 53 

6 50 39 

Reaction oonditions: styrer1e oxide (5a) (0.2 mmol, leq.), 4-iodotoluene (6a) (1.5 eq.), B 12 (1) (5mol%), Zn (1.5 equiv.), NH4Cl (3 equiv.) 

NiCI2(DME) (20 mol%), dry NMP (2 mL), Blue LED, 30 min 

3.10 Optimization ofthe substrates ratio 

Entry Sa (equiv.) 6a (equiv.) Yield of7aa [%] 

1 1 1.5 53 

2 1.5 43 

3 40 

4 2 36 

5 2 45 

6 3 42 

Reaction conditions: styrene oxide (5a) (0.2 mmol), 4-iodotoluene (6a), B 12 (1) (5mol%), Zn (1.5 equiv.), NH4Cl (3 equiv.) NiCI2(DME) (20 
mol%), dtbbpy (40 mol%), dry NMP (2 mL), Blue LED, 30 min. 

3.11 Concentration of styrene oxide (Sa) 

Entry 

2 

3 

[mol/dm3] 

0.05 

0.1 

0.2 

Yield of7aa [%] 

18 

53 

36 

Reaction conditions: styrene oxide (5a) (0.2 mmol, 1 equiv.), 4-iodotoluene (6a) (1.5 equiv.), B 12 (1) (5 mol%), Zn (1.5 equiv.), NH4Cl (3 
equiv.), NiCI 2(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,O ( equiv.) Yield of7aa [%] 

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), B 12 (1) (5 mol%), Zn (1.5 equiv.), NH4Cl (3 equiv.), NiCI 2(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.), 

NH,Cl (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 NiCh(DME) (20 mol%, 9 mg). 

Then dry NMP (I 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, 10 W; A~ 460 mn) for 30 

min. at room temperature. The resulting mixture was diluted with AcOEt, washed with water (I 0 mL) and brine 

(15 mL). The organic phase was dried over NazSO,, 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.), 

NH,Cl (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 iodide (65 mg, 0.3 mmol, 1.5 equiv.), and NiCh(DME) (20 mol%, 9 mg). Then dry 

NMP (I 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 rnrnol, 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 mn) for 16 hat room 

temperature. The resulting mixture was diluted with AcOEt, washed with water (10 mL) and brine (15 mL). The 

organic phase was dried over NazS04, then filtered through the cotton wool and concentrated in vacuo. A crude 

product was purified by means of column chromatography. 

C. General procedure for cyclic epoxide with B 12: 

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,Cl (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 iodide (65 mg, 0.3 mmol, 1.5 equiv.), and NiCh(DME) (20 mol%, 9 mg). Then dry 

NMP (I 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 rnrnol, 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 mn) for 16 hat room 

temperature. The resulting mixture was diluted with AcOEt, washed with water (10 mL) and brine (15 mL). The 

organic phase was dried over NazS04, then filtered through the cotton wool and concentrated in vacuo. A crude 

product was purified by means of column chromatography. 

11 
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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.), 

~Cl (32 mg, 0.6 mmol, 3 equiv.), and catalyst 3 (5 mol%, 11 mg). To the second vial was consecutively added 

dttbpy (40 mol%, 21 mg), aryl iodide (65 mg, 0.3 mmol, 1.5 equiv.), and NiClz(DME) (20 mol%, 9 mg). Then 

acetone (1 mL) 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; J.. = 460 nm) for 16 hat 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 TLC chromatography (AcOEt/Hexane) using UV visualization, 

KMn04 or the Hanessian's stain; 

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

• The mixture containing Zn, ~Cl, Cobalt-catalyst (B 12 or HME) and a solvent should turned from red 

to dark green and finally brown. The col or indicates the reduction of the cobalt from Co(III) to Co(I) 

oxidation state (see pictures below); 

• If the col or 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 col or if the cobalt has been 

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

4.1 A) The vial containing B1, (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 B12 (5 mol%), NH4Cl 

(3 equiv.), Zn (1.5 equiv.)- after degassing (color: dark brown); D) The vial containing NiC12(DME) (20 mol%), dtbbpy (40 mol%), aryl 

halide (15 equiv.)- after degassing (color: light green). 

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

Following the general procedure A compound 7aa was obtained from styrene oxide (Sa) (24 mg, 0.20 m mol) and 

4-iodotoluene (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 literature11 

1HNMR (400 MHz, CDCh): o 7.39-7.26 (m, 5H), 7.13-7.07 (m, 4H), 4.88 (dd,J= 8.6, 4.7 Hz, lH), 3.02 (dd, 
J= 13.7, 4.7 Hz, lH), 2.94 (dd, J= 13.7, 8.6 Hz, lH), 2.33 (s, 3H), 1.93 (s, 1H). 

13C NMR (100 MHz, CDCh): o 143.9, 136.2, 134.9, 129.4, 129.2, 128.4, 127.6, 125.9, 75.4, 45.7, 21.0. 

1-( 4-(tert-butyl)phenyl)-2-(p-tolyl)ethan-1-ol (7ba) 

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, 0.30 mmol). The crude product was purified by column 
chromatography (5 :95 AcOEt!Hexane) to afford 27 mg of 1-( 4-(tert-butyl)phenyl)-2-(p-tolyl)ethan-1-ol (7ba) as 
white solid, (yield= 50%). 

NMR data matched those reported in the literature11 

1H NMR (400 MHz, CDCh): o 7.41 - 7.37 (m, 2H), 7.34 - 7.30 (m, 2H), 7.13 (s, 4H), 4.85 (dd, J = 9.0, 4.3 Hz, 
lH), 3.02 (dd, J = 13.8, 4.3 Hz, 1H), 2.93 (dd, J = 13.8, 9.0 Hz, lH), 2.34 (s, 3H), 1.90 (s, lH), 1.33 (s, 9H). 

13C NMR (125 MHz, CDCh): o 150.5, 141.0, 136.1 , 135.2, 129.3, 129.2, 125.6, 125 .3, 75.1 , 45.5, 34.5, 31.4, 
30.0, 21.0. 

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

~ 1HJJ 
Fu ~ ~ 

Following the general procedure A compound 7ea was obtained from 4-fluorostyrene oxide (Se) (28 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 27 mg of 1-(4-fluorophenyl)-2-(p-tolyl)ethan-1-ol (7ea) as white solid, (yield = 
59%). 

NMR data matched those reported in the literature 11 

1HNMR(400MHz, CDCh): o 7.33 - 7.30 (m, 2H), 7.13 - 6.98 (m, 6H), 4.87 (dd, J = 7.8, 5.4 Hz, lH), 3.01 (dd, 
J = 12.0, 4.0 Hz, lH), 2.94 (dd, J = 13. 7, 8.1 Hz, lH), 2.33 (s, 3H), 1.91 (s, 1H). 

13C NMR (150 MHz, CDCh): o 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 = 8.8 Hz), 115.5 (cl, J = 21.4 Hz), 74.7, 45.8, 21.1. 

19F NMR (376 MHz, CDCh): o -11 5. 1. 

13 
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4-(1-hydroxy-2-(p-tolyl)ethyl)benzonitrile (7da) 

OH ?' I 
~ 

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 oc 
1HNMR(400 MHz, CDCh): o 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 = 7.9 Hz, 2H), 4.96-4.92 (m, lH), 3.01 (dd, J = 13.5, 4.8 Hz, lH), 2.89 (dd, J = 13.6, 8.5 Hz, lH), 2.34 (s, 
3H), 2.03 (cl, J = 3.6 Hz, 1H). 

ne NMR (125 MHz, CDCh): 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 (El) [Mt calculated for Ct6HtsNO: 237.1154, found: 237.1154. 

GC Chromatogram: (99% purity) 

1.25 

1.00 

0.75 

0.50 

0.25 

O.OO'i------1'---------------~ftl'------------------i 

1.0 20 3.0 4.0 5.0 e;.o 7.0 8.0 8.0 10.0 1f.O 12.0 mi'l 

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

~ 
Following the general procedure A compound 7fa was obtained from 2-methyl-2-phenyloxirane (51) (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% ). 

NJvJR data matched those reported in the literature_ll 

1H NMR (400 MHz, CDCh): o 7.42 - 7.39 (m, 2H), 7.35 - 7.31 (m, 2H), 7.26-7.22 (m, 1H), 7.03 (d, J = 7.8 
Hz, 2H), 6.88 (d,J= 8.0 Hz, 2H), 3.11 (d,J= 13.4 Hz, lH), 2.99 (cl, J = 13.4 Hz, lH), 2.30 (s, 3H), 1.85 (s, 1H), 
1.56 (s, 3H). 

ne NMR (125 MHz, CDCh): o 147.0, 136.4, 133.7, 130.6, 129.0, 128.2, 126.7, 125.1, 74.5, 50.2, 29.6, 21.2. 

14 
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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 m mol) 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 literature11 

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

13C NMR (125 MHz, CDCh): o 143.9, 138.2, 138.0, 130.3, 128.44, 128.40, 127.6, 127.4, 126.5, 125.9, 75.3, 
46.1,21.4. 

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

Following the general procedure A compound 7ac was obtained from styrene oxide (5a) (24 mg, 0.20 mmol) and 
2-iodotoluene (6c) (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 literature11 

1H NMR (400 MHz, CDCh): o 7.39 - 7.27 (m, 5H), 7.18 - 7.1 4 (m, 4H), 4.91 (dd, J = 8.1, 5.2 Hz, lH), 3.06 ( dd, 
J = 12.0, 4.0 Hz, lH), 3.01 ( dd, J = 12.0, 8.0 Hz, lH), 2.31 (s, 3H), 1.94 (s, 1H). 

13C NMR (125 MHz, CDCh): o 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) 

Following the general procedure A compound 7ad was obtained from styrene oxide (5a) (24 mg, 0.20 m mol) 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 literature13 

1H NMR (400 MHz, CDCh): o 7.37-7.28 (m, 5H), 7.27 -7.22 (m, 2H), 7.11 - 7.07 (m, 2H), 4.87 (t, J = 6.6 Hz, 
lH), 2.99 (d, J = 6.6 Hz, 2H), 1.92 (s, lH). 

13C NMR (125 MHz, CDCh): o 143.6, 136.5, 132.4, 130.9, 128.5, 128.5, 127.8, 125.9, 75.3, 45.2. 
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2-(benzo[d] [1,3]dioxol-5-yl)-1-phenylethan-1-ol (7ae) 

0> 
0 

h 

Following the general procedure A compound 7ae was obtained from styrene oxide (5a) (24 mg, 0.20 mmol) and 
5-iodo-1,3-benzodioxole (6e) (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-yl)-1-phenylethan-1-ol (7ae) as white solid, 
(yield = 61% ). 

m.p. 96.5-97.5 °C 

1HNMR (400 MHz, CDCh): o 7.37-7.26 (m, 5H), 6.77-6.61 (m, 3H), 5.93 (s, 2H), 4.84 (dd, J= 8.3, 4.9 Hz, 
lH), 2.96 (dd, J = 13.8, 4.9 Hz, 1H), 2.90 (dd, J = 13.8, 8.4 Hz, lH), 2.01 (s, lH). 

13C NMR (125 MHz, CDCh): o 147.7, 146.3, 143.8, 131.7, 128.4, 127.6, 125.9, 122.5, 109.8, 108.3, 100.9, 75.4, 

45.8. 

HRMS (El) [Mt calculated for C15H140J: 242.0943, found: 242.0938. 

Elemental Analysis(%) calculated for C15H140J:C 74.36, H 5.82, found: C 74.33, H 5.86. 

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

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 m mol). 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, (yield 
=36%). 

NMR data matched those reported in the literature11 

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

13CNMR(125MHz,CDCh): o 143.6, 142.4, 130.0, 129.0(q,J = 32.8Hz), 128.7, 128 .1 , 126.0, 124.43 (q,J = 
273.4 Hz), 125.41 (q, J = 2.8 Hz), 75.31 , 45.73. 

19F NMR (376 MHz, CDCh): o -62.4. 
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1-( 4-(2-hydroxy-2-phenylethyl)phenyl)ethan-1-one (7ag) 

0 

Following the general procedme A compound 7ag was obtained from styrene oxide (Sa) (24 mg, 0.20 m mol) and 
4' -iodoacetophenone (6g) (74 mg, 0.30 mmol). The crude product was pmified by column chromatography (10:90 
AcOEt!Hexane) to afford 29 mg of 1-( 4-(2-hydroxy-2-phenylethyl)phenyl)ethan-1-one (7ag) as white solid, (yield 
= 60%). 

NMR data matched those reported in the literatme14 

1HNMR (400 MHz, CDCh): o 7.89-7.85 (m, 2H), 7.36-7.25 (m, 7H), 4.93 (dd,J= 7.4, 5.8 Hz, lH), 3.11 (dd, 
J = 12.0, 8.0 Hz, lH), 3.07 (dd, J= 16.0, 8.0 Hz, lH), 2.57 (s, 3H), 1.99 (s, 1H). 

13C NMR (12S MHz, CDCh): o 197.8, 143.8, 143.5, 135.6, 129.8, 128.5, 128.5, 127.9, 125.9, 75.1, 45.8, 26.5. 

Following the general procedme A compound 7ah was obtained from styrene oxide (Sa) (24 mg, 0.20 m mol) 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-m ethoxyphenyl)-1-phenylethan-1-ol (7ah) as white solid, (yield = 48% ). 

NMR data matched those reported in the literatille 1 4 

1H NMR (400 MHz, CDCh): o 7.35 (d, J = 4.4 Hz, 4H), 7.30-7.26 (m, lH), 7.13- 7.08 (m, 2H), 6.86 - 6.81 
(m, 2H), 4.85 (del, J = 8.3, 5.0 Hz, lH), 3.79 (s, 3H), 3.00 (dd, J = 13.8, 4.9 Hz, lH), 2.93 (dd, J = 13.8, 8.3 Hz, 
lH), 1.99 (s, lH). 

13C NMR (100 MHz, CDCh): o 158.6, 144.0, 130.6, 130.1 , 128.5, 127.7, 126.0, 114.1, 75.6, 55 .4, 45.3. 

4-(2-hydroxy-2-phenyl ethyl) benzonitrile (7ai) 

d :__(JCN 
Following the general procedme A compound 7ai was obtained from styrene oxide (Sa) (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-hydroxy-2-phenylethyl)benzonitrile (7ai) as white solid, (yield = 28%). 

NMR data matched those reported in the literatille 1 4 

1HNMR (400 MHz, CDCh): o 7.57 - 7.52 (m, 2H), 7. 37 - 7.24 (m, 7H), 4.91 (dd, J = 7.7, 5.4 Hz, lH), 3.11 (dd, 
J = 13.6, 7. 7Hz, lH), 3.05 ( dd, J = 13. 7, 5.4 Hz, lH), 2.01 (s, lH). 

13C NMR (12S MHz, CDCh): o 143 .8, 143 .3, 132.0, 130.4, 128.6, 128.0, 125.8, 118.9, 110.4, 75.0, 45.7. 
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1,2-diphenylethan-1-ol (7aj) 

:::::,... 

A 

Following the general procedure A compound 7aj was obtained from styrene oxide (Sa) (24 mg, 0.20 mmol) and 
iodobenzene (6j) (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. 15 

1H NMR (400 MHz, CDCh): o 7.37-7.26 (m, 7H), 7.25 - 7.18 (m, 3H), 4.91 (dd, J = 8.4, 5.0 Hz, lH), 3.05 ( dd, 
J = 13.7, 4.9 Hz, lH), 2.99 (dd, J = 13.7, 8.4 Hz, lH), 1.93 (s, lH). 

13C NMR (12S MHz, CDCh): o 143.8, 138.0, 129.5, 128.5, 128.4, 127.6, 126.6, 125.9, 75.3, 46.1. 

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

Following the general procedure A compound 7ak was obtained from styrene oxide (Sa) (24 mg, 0.20 m mol) and 
1-iodonaphthalene (6k) (76 mg, 0 .30 mm ol) . The crude product was purified by column chromatography (5 :95 
AcOEt/Hexane) to afford 21 mg of2-(18aphthalene-1-yl)-1-phenylethan-1-ol (7ak) as white solid, (yield = 42% ). 

m.p. 66.0-66.5 °C 

1H NMR (400 MHz, CDCh): o 8.13 (dd, J = 12.0, 4.0 Hz, lH), 7.89 (dd, J = 8.3, 1.1 Hz, lH), 7.78 (cl, J = 8.2 
Hz, lH), 7. 58 -7.48 (m , 2H), 7.46 -7.28 (m, 7H), 5.08 (dd, J = 8.9, 4.3 Hz, lH) , 3.56 (dd, J = 14.0, 4.3 Hz, lH), 

3.41 ( dd, J = 14.0, 8.9 Hz, 1H), 1.95 (s, lH). 

13CNMR(12SMHz,CDCh): o 144.1, 134.1 , 134.0, 132.1 , 128.9, 128.5, 127.9, 127.7, 127.6, 126.1 , 125.8, 125.7, 
125.5, 123. 7, 74.4, 43.3. 

HRMS (ESI) [M+Na t calculated for C1sH160Na: 271 .1 099, found: 271.1 096. 

Elemental Analysis (%) calculated for C18H160 : 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-ol (7al) 

Following the general procedure A compound 7al was obtained from styrene oxide (5a) (24 mg, 0.20 mmol) and 
5-iodo-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-yl)ethan-1-ol (7al) as 
white solid, (yield= 44%). 

m.p. 47.6-47.9 °C 

1H NMR (400 MHz, CDCh): o 7.91 (d, J = 8.5 Hz, lH), 7.78- 7.73 (m, 2H), 7.54 (d, J = 3.7 Hz, lH), 7.37-
7.27 (m, 6H), 7.21 (d, J= 8.2 Hz, 2H), 7.14 (dd, J= 8.5, 1.7 Hz, lH), 6.60 (dd, J = 3.7, 0.8 Hz, lH), 4.89 (dd, J= 

8. 7, 4.5 Hz, lH), 3.10 ( dd, J = 13. 8, 4.6 Hz, lH), 3.02 ( dd, J = 13. 8, 8.7 Hz, lH), 2.34 (s, 3H), 1.% (s, lH). 

13C NMR (125 MHz, CDCh): o 144.9, 143.8, 135.3, 133.8, 133.1, 131.1, 129.8, 128.4, 127.6, 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 C23H21N0JSNa: 414.1140, found: 414.1134. 

Elemental Analysis(%) calculated for C23H21N03S: C 70.57, H 5.41, N 3.58, S 8.19, found: C 70.31, H 5.44, N 
3.52, s 7.99. 

4-(2-hydroxy-2-phenyl ethyl) benzamide (7am) 

0 

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-phenylethyl)benzamide (7am) as white 
solid, (yield = 33%). 

m.p. 175.7-176.2 °C 

1HNMR (400 MHz, MeOD): o 7.74-7.70 (m, 2H), 7.27 (d, J = 4.3 Hz, 4H), 7.24-7.18 (m, 3H), 4. 86 (dd, J= 

7.3, 6.3 Hz, lH), 3.10 (dd,J = 13.4, 7.4 Hz, lH), 3.01 (dd,J = 13.4, 6.2 Hz, lH). 

13C NMR (125 MHz, MeOD): o 172.4, 145.5, 144.3, 132.7, 130.8, 129.2, 128.4, 128.4, 127.2, 76.1 , 46.6. 

HRMS (ESI) [M+Na]+ calculated for C15H15N02Na: 264.1000, found: 264.0994. 

Elemental Analysis(%) calculated for C15H15N02: 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) 

Following the general procedure A compound 7an was obtained from styrene oxide (5a) (24 mg, 0.20 m mol) 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 3 8 mg of tert-butyl ( 4-(2-hydroxy-2-pheny le thy l)pheny !)carbamate (7 an) as yellow pale 
solid, (yield = 60%). 

m.p. 119.2-119.6 oc 
1H NMR (400 MHz, CDCh): o 7.27 ( d, J = 4.3 Hz, 4H), 7.24 - 7.18 (m, 3H), 7.02 (d, J = 8.5 Hz, 2H), 6.40 (s, 

lH), 4.78 (dd, J= 8.3, 5.0 Hz, lH), 2.92 (dd, J = 13.7, 5.0 Hz, lH), 2.87 (dd, J= 13.7, 8.3 Hz, lH), 1.93 (s, lH), 

1.45 (s, 9H). 

13C NMR (125 MHz, CDCh): o 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+Nat calculated for C19H23N03Na: 336.1576, found: 336.1571. 

Elemental Analysis(%) calculated for C19H23N0 3: 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-ol (7 ao) 

~ .r nCH20H 

V '-' """" Hygroscopic compound 

Following the general procedure A compound 7ao was obtained from styrene oxide (5a) (24 mg, 0.20 m mol) and 
4-iodobenzyl alcohol (6o) (70 mg, 0.30 mm ol) . The crude product was purified by column chrom atography (25 :75 
AcOEt!Hexane) to afford 21 mg of 2-( 4-(hydroxymethyl)phenyl) -1-phenylethan-1-ol (7ao) as white solid, (yield 
= 46%). 

m.p. 71. 5-72.0 oc 

1H NMR ( 400 MHz, CDCh): o 7.35 ( d, J = 4.1 Hz, 4H), 7.31 - 7 .26 (m , 3H), 7.1 9 (d, J = 7.9 Hz, 2H), 4.89 ( dd, 

J = 8.3, 5 .1 Hz, lH), 4.65 (s, 2H), 3.05 (dd, J = 12.0, 4.0 Hz, lH), 2 .98 (dd, J = 16.0, 8.0 Hz, lH), 1.99 (s, lH), 

1.69 (s, lH) . 

13C NMR (125 MHz, CDCh): o 143.7, 139.2, 137.5, 129.7, 128.5, 127.7, 127.3, 125.9, 75 .4, 65 .2, 45.7. 

HRMS (ESI) [M+Nat calculated for C15H1602Na: 25 1.1048, found: 251.1 047. 

Elemental Analysis (%) calculated for C15H160 2 + 0 .2·H20 : C 77.69, H 7.13, found C 77.66, H 7.33 . 
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1-(4-tolyl)hexan-2-ol (7ha) 

~ 
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-tolyl)hexan-2-ol (7ha) as white solid, (yield= 74%). 

m.p. 37.2-36.5 °C 

1H NMR (400 :MI:Iz, CDCh): S 7.14- 7.09 (m, 4H), 3.82-3.76 (m, 1H), 2.80 (dd, J = 13.6, 4.2 Hz, lH), 2.60 
( dd, J = 13.6, 8.4 Hz, lH), 2.33 (s, 3H), 1.55 - 1.45 (m, 4H), 1.40 - 1.31 (m , 3H), 0.92 (t, J = 7.2 Hz, 3H). 

13C NMR (125 :MHz, CDCh): S 136.1, 135.6, 129.44, 129.38, 72.7, 43.7, 36.7, 28.1, 22.9, 21.1, 14.2. 

HRMS (El) [Mt calculated for CuH2aO: 192.1514, found: 192.1515. 

Elemenal Analysis(%) calculated for CuH2aO: C 81.20, H 10.48, found: C 80.83, H 10.52. 

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

~ 
Following the general procedure B compound 7ia was obtained from 1 ,2-epoxydodecane (Si) (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-ol (7ia) as white solid, (yield= 77%). 

m.p. 53.9-54.8 oc 

1H NMR (400 :MHz, CDCh): S 7.14 - 7.07 (m, 4H), 3.82 -3.76 (m, 1H), 2.79 (dd, J = 13.6, 4.2 Hz, lH), 2.60 
( dd, J = 13.6, 8.4 Hz, lH), 2.33 (s, 3H), 1.55 - 1.42 (m, 5H), 1.26 (m, 14H), 0. 88 (t, J = 8.0 Hz, 3H). 

13C NMR (125 :MI:Iz, CDCh): S 135.9, 135.5, 129.29, 129.25, 72.7, 43. 6, 36.8, 31.9, 29.7, 29.62, 29.61, 29.3, 
25.8, 22.7, 21.0, 14.1. 

HRMS (El) [Mt calculated for C19H320 : 276.2453, found: 276.2454. 

Elemental Analysis (%) calculated for C19H320: C 82.55, H 11.67, found: C 82.67, H 11.48. 

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

BnO~ 
OH ~ 

Following the general procedure B compound 7ja was obtained from benzyl glycidyl ether (5j) (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%). 

1H NMR (400 :MHz, CDCh): S 7.40 - 7.28 (m, 5H), 7.11 (s, 4H), 4.55 (s, 2H), 4.04 (dd, J = 6.8, 3.5 Hz, lH), 
3.52 ( dd, J = 9.5, 3.5 Hz, lH), 3.41 (dd, J = 9.5, 6.9 Hz, lH), 2. 78 (cl, J = 6.7 Hz, 2H), 2.33 (s, 3H), 1.62 (s, lH). 

13C NMR (125 :MI:Iz, CDCh): S 138.0, 135.9, 134.8, 129.19, 129.1 6, 128.4, 127.7, 73.6, 73.4, 71.5, 39.4, 21.0. 

HRMS (El) [Mt calculated for CnH2o02: 256.1463, found: 256.1 4.74. 
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GC Chromatogram: (98% purity) 

1.0 2.0 3.0 4.0 5.0 

4-(phenylsulfonyl)-1-(p-tolyl)butan-2-ol (7ka) 

Ph02S~ 

OH ~ 

6.0 7.0 B.O <0 10.0 11.0 11.0 mn 

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 oc 
1H NMR (400 MHz, CDCb): o 7.90 (d, J = 7.3 Hz, 2H), 7.67 - 7.64 (m, 1H), 7.58-7.54 (m , 2H), 7.11 (d, J = 

7.8Hz, 2H), 7.04(d,J=7.9Hz, 2H),3.92 - 3.84 (m, 1H),3.34(ddd,J = 15.2, 10.1, 5.3Hz, 1H),3.21 (ddd,J= 
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, 1H), 2.32 (s, 3H), 2. 08 - 1.99 
(m, 1H), 1.87 - 1.77 (m, 1H), 1.67 (d, J = 4.0 Hz, 1H). 

13C NMR (125 MHz, CDCb): o 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+Nat calculated for Cn H2oOJSna: 327.1031, found: 327.1015. 

GC Chromatogram: (>99% purity) 

W<><HIHID 
... rwurriCILDgrarn 

00 1.0 2.0 3.0 <.0 00 6.0 7.0 8.0 B.O 10.0 11.0 12D mln 
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3,3-dimethyl-1-(4-tolyl)butan-2-ol (71a) 

. I 9H (!(' 
~ Unstable compound 

Following the general procedure B compound 71a was obtained from 3,3-dimethyl-1,2-epoxybutane (51) (20 mg, 
0.20 mmo1) 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-dirnethyl-1-( 4-tolyl)butan-2-ol (71a) as white solid, 
(yield= 37%). 

m.p. 65.3-66.0 oc 
1HNMR (400 MHz, CDCh): o 7.13 (s, 4H), 3.41 (dd,J= 10.7, 2.1 Hz, lH), 2.88 (dd, J= 13.6, 2.0 Hz, lH), 2.43 
(dd, J = 13.6, 10.7 Hz, lH), 2.33 (s, 3H), 1.57 (s, 1H), 1.00 (s, 9H). 

13C NMR (125 MHz, CDCh): o 136.7, 135.8, 129.3, 129.2, 80.6, 37.9, 34.8, 25.9, 21.0. 

HRMS (El) [Mt calculated for CuH2aO: 192.1514, found: 192.1521. 

GC Chromatogram: (97% purity) 

... 
.. .. .. .. 

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

OH 

()"Q 

.. .. 1t.D 12.0 13.0 . .. 

Following the general procedure C compound 7ma 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-ol (7ma) as white solid, (yield= 21% ). 

Following the general procedure D compound 7ma 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, (yield = 29%). 

NMR data matched those reported in the literature 1 6 

1HNMR (400 MHz, CDCh): o 7.10 (m, 4H), 2.71 (s, 2H), 2.33 (s, 3H), 1.61 - 1.38 (m, 11H). 

13C NMR (150 MHz, CDCh): o 135.9, 134.0, 130.5, 128.9, 71.1 , 48 .2, 37.3, 25.8, 22.2, 21.0. 
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(1S,2R)-2-(4-tolyl)cyclopentan-1-ol (7na) 

PH 
()-(}--
Following the general procedure C compound 7na was obtained from 1,2-epoxycyclopentane (Sn) (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 (IS,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 (Sn) (17 mg, 0.20 
mmol) and 4-iodotoluene (6a) (65 mg, 0.30 mmol). The crude product was purified by column chromatography 
(10:90 AcOEtiliexane) to afford 20 mg of (1S,2R)-2-(4-tolyl)cyclopentan-1-ol (7na) as yellow pale oil, (yield= 
57%). 

1H NMR (400 MHz, CDCh): 8 7.18 - 7.09 (m, 4H), 4.14 ( dd,J = 12.0, 8.0 Hz, lH), ( dd, J = 16.0, 8.0 Hz lH), 
2.33 (s, 3H), 2.16- 2.06 (m, 2H), 1.90- 1.65 (m, 4H), 1.63 (s, 1H). 

13C NMR (150 MHz, CDCh): 8 140.1, 136.0, 129.3, 127.3, 80.5, 54.1, 33.9, 31.8, 21. 7, 21.0. 

HRMS (El) [Mt calculated for CnH160: 176.1201 , found: 176.1202. 

GC Chromatogram: (>99% purity) 

IN x100000) 

10 2. 0 3.0 4.0 

(1S,2R)-2-(4-tolyl)cyclohexan-1-ol (7oa) 

1H li 
u~ 

5.0 6.0 7.0 8.0 go 10.0 11.0 12.0 mn 

Following the general procedure C compound 7oa was obtained from 1,2-epoxycyclohexane (So) (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 (1S,2R)-2-(p-tolyl)cyclohexan-1-ol (7oa) as white solid, (yield= 31% ). 

Following the general procedure D compound 7oa was obtained from 1,2-epoxycyclohexane (5o) (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 (lS,2R)-2-(4-tolyl)cyclohexan-1-ol (7oa) as white solid, (yield= 56%). 

N1vfR data matched those reported in the literature17 

1H NMR (400 MHz, CDCh) 8 7.15 (s, 4H), 3.63 (td, J = 10.1, 4.3 Hz, lH), 2.39 (ddd, J = 13.2, 10.0, 3.6 Hz, 
lH), 2.33 (s, 3H), 2.14- 2.08 (m, lH), 1.89- 1. 72 (m, 3H), 1.59- 1.31 (m, 5H). 

13C NMR (150 MHz, CDCh) 8 140.2, 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) 

./'-~~~->~] 
OH ~. ,::>'''Cl 

Following the general procedure B compound 7hd was obtained from 1,2-epoxyhexane (5h) (20 mg, 0.20 mmol) 
and 1-chloro-4-iodobenzene (6d) (72 mg, 0.30 mmol). The crude product was purified by column chromatography 
(1 0 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.18 

1HNMR (400 MHz, CDCh): '6 7.29- 7.26 (m, 2H), 7.16-714 (m, 2H), 3.82-3.76 (m, 1H), 2.79 (dd, J = 13.7, 
4.3 Hz, 1H), 2.63 (dd, J = 13.7, 82Hz. lH), 1.56- 1.30 (m, 7H), 0.91 (t, J = 7.1 Hz, 3H). 

13C NMR (125 MHz, CDCb): o 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) 

_ __.. ..... .__....1::lf-·""'·r-o\ 
OH -~;; ~cf 

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 (6e) (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-yl)hexan-2-ol (7he) as white solid, (yield= 
55%). 

m.p. 65.3-66.0 oc 

1H NMR (400 MHz, CDCh): '6 6.78- 6.63 (m, 3H), 5.93 (s, 2H), 3.758-3.72 (m, 1H), 2.75 (dd, J = 13.7, 4.2 

Hz, lH), 2.55 (dd, J = 13. 7, 84Hz, 1H), 1.53- 1.30 (m, 7H), 0.91 (t, J = 7.1 Hz, 3H). 

13C NMR (125 MHz, CDCb): '6 147.8, 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 (El) [Mr calculated for C13H1s0J: 222.1256, found: 222.1260. 

GC Chromatogram: (>99% purity) 

tN~1 OOJ.COOJ 
l .S _.. nrliiTI<flog:ram 

1.2 

1.0 

0.7 

0.5 

0.2 

OO't----' '--------------.1"----.f------------------j 

1.0 20 3.0 4.C 5.0 6.0 7.0 8.0 RO 10C 11.0 12.0 
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1-( 4-(2-hydroxyhexyl)phenyl)ethan-1-one (7hg) 

~~-'"'" 
Au tl ] 
OH , , ··>"' '· .-;:.0 , r 

Following the general procedure B compound 7hg was obtained from 1,2-epoxyhexane (5h) (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 oc 

1H NMR (400 MHz, CDCh): 8 7.92-7.87 (m, 2H), 7.33-7.29 (m, 2H), 3.88-3.82 (m, 1H), 2.87 (dd, J = 13.6, 

4.3 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, CDCh): 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 C1~H200zNa: 243.1361 , found: 243.1350. 

GC Chromatogram: (>99% purity) 

1.0 20 3.0 • . 0 5.0 6 0 7.0 8.0 9.0 10.0 11.0 12 0 

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

~~1::[(~1 
OH -.._y ' NHBoc 

Following the general procedure B compound 7hn was obtained from 1,2-epoxyhexane (5h) (20 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 35 mg of tert-butyl (4-(2-hydroxyhexyl)phenyl)carbamate (7hn) as white solid, 
(yield = 60% ). 

m.p. 96.6-97.1 oc 

1H NMR ( 400 MHz, CDCh): 8 7.30- 7.28 (m, 2H), 7.14- 711 (m, 2H), 6 50 (s, 1H), 3.79 - 3. 73 (m, lH), 2. 77 
(dd, J = 13 . 7, 4.3 Hz, lH), 2.58 (dd, J = 13.7, 8.3 Hz, lH), 1.51 (m, 13H), 138- 1.29 (m , 3H), 0.90 (t, J = 7.2 Hz, 

3H). 

13C NMR (125 MHz, CDCh): 8 152.9, 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+Nat calculated for CnHnNOJNa 316.1889, found: 316.1879. 

Elemental Analysis (%) calculated for CnH27NOJ : 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-tosyi-1H -indol-5-yl)hexan-2-ol (7hl) 

~11 ·-~---
0H 1

' _ t~: 
Following the general procedure B compound 7hl was obtained from 1,2-epoxyhexane (5h) (20 mg, 0.20 mmol) 
and 5-iodo-1-(4-methylphenylsulfonyl)indole (61) (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-lH-indol-5-yl)hexan-2-ol (7hl) as 
white solid, (yield= 58%). 

m.p. 65.3-66.0 oc 

1HNMR(500 MHz, CDCh): 8 7.94 (d,J= 8.5 Hz, lli), 7.79 (d,J= 8.4Hz, 2H), 7.57 (d, J= 3.7Hz, lH), 7.39 
(d,J= 1.7 Hz, lH), 7.24 (d,J=8.1 Hz, 2H), 7.18 (dd, J= 8.5, 1.7 Hz, lH), 6.63 (dd, J = 3.6, 0.8 Hz, lH), 3.84 -
3.81 (m, lH), 2.91 (del, J = 13.7, 4.0 Hz, lH), 2.70 (dd, J = 13.7, 8.6 Hz, lH), 2.36 (s, 3H), 1.57- 1.28 (m, 7H), 
0.93 (t, J = 7.1 Hz, 3H). 

13C NMR (125 MHz, CDCh): 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 (El) [Mt calculated for CztHzsNO:JS: 371.1555, found: 371.1549. 

GC Chromatogram: (97% purity) 

0.0 10 2.0 3.0 4.0 &0 &.0 7.0 8.0 9.0 10.0 11.0 12.0 rm 
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Aziridines- preliminary data 

A mixture of 4-methyi-N-(2-phenyl-(p-tolyl)ethyl)benzenosulphonamide (S23) and 4-methyi-N-(1-phenyl-2-
(p-tolyl)ethyl)benzenosulfonamide (S24) 

NHTs 

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-me thy 1-N-(2-phenyl-(p-toly l)ethy l)benzenosulphonam ide (S23) and N-(1-pheny 1-2-(p­
tolyl)ethyl)benzenosulfonamide (S24) as white solid, (17 mg, branched:linear = 1:2, yield= 23% ). 

NMR data matched those reported in the literature19·20 

1HNMR (400 MHz, CDCb): 0 7.68 (d, J = 8.0 Hz, 2Hbranched) , 7.42 (d, J= 8.0 Hz, 2Hlmear), 7.28 (cl, J= 10.8 Hz, 
2Hbranched), 7.27- 7.24 (m, 2Hbranched), 7.21 -7.15 (m, 3Htmear+ 1Hbranched), 7.09- 7.06 (m, 4Hbranche~4Htmear), 6.98 
- 6.96 (m, 2Htmear+2Hbranched), 6.79 (d, J= 7.7 Hz, 2Htmear), 4.70 (d,J= 5.9 Hz, lHtmear), 4.50-4.46 (m, lHtmear), 
4.27 (t, J = 6.3 Hz, lHbranched), 4.07-3.98 (m, lHbranched), 3.54 - 3.51 (m , 2Hbranched), 2.93 (dd, J = 12.0, 4.0 Hz, 
2Htmear), 2.45 (s, 3Hbranched), 2.36 (s, 3Hunear), 2.30 (s, 3Hbranched), 2.29 (s, 3Hunear) . 

4-methyi-N-(2-(p-tolyl)cyclopentyl)benzenosulfonamide (S25) 

NHTs 

Following the general procedure D compound S25 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)cyclopentyl) benzenosulfonamide (S25) 
as colorless oil, (14 mg, yield = 22%). 

1H NMR (500 MHz, CDCh): o 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= 7.7 Hz, 2H), 4.54 (d, J= 6.1 Hz, lH), 3.47-3.37 (m, lH), 2.69 (q, J = 9.4 Hz, lH), 2.39 (s, 3H), 2.30 (s, 
3H), 2.18 - 2.11 (m, lH), 2.05 - 2.0 (m, lH), 1. 77 - 1.71 (m , 2H), 1.63 - 1.51 (m, 2H). 

13C NMR (125 MHz, CDCh): o 143.0, 138.4, 137.3, 136.3, 129.5, 129.4, 127.2, 127.2, 61.5, 52.3, 33.3, 32.3, 
22.1 , 21.6, 21.2. 

HRMS (ESI) [M+Nat calculated for C19H23N02SNa: 352.1347, found: 352.1 35 1. 

GC Chromatogram: (99% purity) 
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10 2.0 3.0 4.0 OD 6.0 7.0 8.0 B.O 10.0 11.0 12.0 "" 

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

Following the general procedure D compoWld 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-yl)benzenosulfonamide (S26) as colorless oil 
(19 mg, yield = 28%). 

1H NMR (500 MHz, CDCh): o 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 = 7.7 Hz, 2H), 4.22 (cl, J= 8.1 Hz, lH), 3.42-3.36 (m lH), 2.61 (dd, J = 12.0, 4.0 Hz, 2H), 2.40 (s, 3H), 
2.30 (s, 3H), 1.46 - 1.42 (m, I H), 1.33 - 1.26 (m, 2H), 1.18 - 1.13 (m, 3H), 0. 78 (t, J = 6.9 Hz, 3H). 

13C NMR (125 MHz, CDCh): o 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 C20H27N~SNa: 368.1660, foWld: 368.1659. 

GC Chromatogram: (98% purity) 

lWfx100 000\ 
'"~'~ogr"" 

' 

00 1.0 2.0 3.0 4.0 OD ao 7.0 BO 9.0 100 11.0 12.0 
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6. Mechanistic consideration 

6.1. Proposed mechanism 

Ni(ll) 

! Co(lll) 

~N~a 1 o 
~ Zn, NH4CI fl 

NI(O) ~Ar-1 Ar-Ar '\ R 5 r & 11 / Co(l) 

(l)l Ill Co(ll) ~0- I 
VI IV 

Nl(l} /Ar ~ R 
Ph OH Nl(ll} --....._ ····--···· h OH Co(lll) 

I ! Ill OH : v ~ 11 \ tA i.~~j [Gjll: /..• >- Nl(lllf' V l ! 
~Ph~OH -OH OH~ 0 

~ R~ ~R R~~- R~ 
10 9 8 

6.2 Mass spectrometry studies 

o t zn 
Phfl NH4CI, acetone 

5a 
[ 

OH 11 

( Ph 

[Co(lll)) 

Reaction conditions: styrene oxide (5a) (0 .2 mmol,) Zn (1.5 equ iv.), NH4Cl (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 NiCh(D.ME). 

After 10 minutes of light irradiation a small portion was taken from the reaction mixture and was exam ined by 

LRMS. 

1157,2 

o.o ~e 

~.5 e6 

4.0 e6 

3.0 ~6 

73,e 

1314,6 _., t 3.U ,0,.13ll8 ,i!'i ,..-140,4 '663,2 1742,8 1793 ,9..-1810 ,6 18~ 8 1Q464 

1300 14CO 
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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: H20 and CN-. The second signal (B) corresponds to the mass of the Co-alkyl complex. 

1'i53.35 

1 ' '34.36 

1 '165.35 

1: 101- I.A S t~ .. 
l 5~3 

Conclusion: Alkylcobalamin is an intem1ediate in this reaction generated via the nucleophilic attack of the Co(I) 

form of the catalyst on the epoxide. 

6.3 Studies of regioselectivity 

0 ,Zn 
Php NH4CI, acetana 

58 
[ 

OH H. ~Ph 1. bl,. LED 

r 2./-IAT 
(Co( I) 

OH 

Ph A._ 
9a 

Reaction conditions: styrene oxide (Sa) (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 NiChDME). After that time, the 

resulting mix.ture 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: 

,_,.., 
,_..~CfUIO) 

.... 

.... 

.... 
u 

.... 

.... 
.. ,. 

p 
OH Ph 

Ph~ I 
~ 

J.OO ' 3.2S ' J.50 l.7S 

Retention time of compound 9a: 2.965 min. 

Retention time of compound 5a: 3.015 min. 

.... 5.00 

31 

5.25 ' S.!ill 



https://rcin.org.pl

Fragmentation peaks detected for compound 9a: 

% 

100 7 

75 17 

50 

25 
122 

74 91 1 ~1 1 1?7 1 ~ 14R 107 1R< 170 104 ?11? ?11 ?1! ??7 ?:\!! 2~ 
70 BD 90 100 110 120 130 140 1~ 100 1ro 100 190 200 210 220 2ll 240 

The obtained results were compared with commercially available 1-phenylethanol and 2-phenylethanol. 

GC-MS of 1-phenylethanol: 

"-~ 

2.5-

.... 
,_,,_ 

.... 

.... 
2.75 J..aD J..25 J.Sa. 3.75 4_Da 4.25 4_5a 4.75 S.DO 5.25 5..!iV 5..15 6..00 6.25 6..5a 6..75 7110 7_25 

Retention time of 1-phenylethanol: 2.972 min. 

GC-MS of2-phenylethanol: 

1!i-

JJl •• ... .. 71> .. ... ... '"' ... 141> 

Retention time of2-phenylethanol: 3.222 min. 
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Fragmentation of 1-phenylethanol: 

% 
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90 
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eo 
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70 

60 

11 
50 
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1~fll 714 u 111 1~ JJ:l 141 L'>i Jfi."L 172 1Jn 1R1 1ll7 'JruL 21l0Ji 211 

70 ao 90 100 110 120 130 140 150 160 170 100 190 200 210 220 230 

Fragmentation of2-phenylethanol: 

% 
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20 
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Comparison ofthe reaction mixture with 1-phenylethanol :<~nd 2-phenylethanol: 

(x10 000 roJ 
2.15 

OH 
2.50 

Ph~ Ph~OH 
2.20 

200 

1.75-

1.50-

1.25 
0 

100 

r~, 0.15 OH 

0.50 ~ 
0.25 

215 300 3.25 3.50 375 4 .00 4.:25 4.50 4.75 

Conclusion: The signal at 2.965 min. measured for compound 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 Stereoselectivity studies 

Reaction with racemic styrene oxide: The model reaction with the racemic 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. 

5a ea blue LED 

OH~ 

Ph~ 
7aa 

Reaction conditions: styrene oxide (Sa) (0.2 mmol, 1 equiv.), 4-iodotoluene (6a) (1.5 equiv.), Zn (1.5 equiv.), NH4Cl (3 equiv.), B 12 (I) (5 
mol%), NiCl2(DME) (20 mol%), dtbbpy (40 mol%), 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 m in run, 1 mL/min 

1 0.552 1 0.34 11.09 20.3189 64.4569 51.0882 0.300 

I 

; a 
rl.ll<t ••in) 

Reaction with enantiomericall pure (R)-styrene oxide: The mockl reaction with (R)-styrene oxide gave expectadly 

enantiomerically pure product as the reaction does not involve the stereogenic center. 

nr-1 
+ ~'vjJ 

Btz1NiCI2(DME) 
Zn. NH4CI 

blue LED 

Ph'''~ 
828 

Reaction conditions: styrene oxide (S27) (0.2 mmol, 1 equiv.), 4-iodotoluene (6a) (1.5 equiv.), Zn (1.5 equiv.), NH4Cl (3 equiv.), B12 (I ) (5 
mol%), NiCb(DME) (20 mol%), dtbbpy (40 mol%), water (1 .1 equiv.), dry NMP (c = 0.1 M), blue LED, 30 min. 

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

l.i~ IJJio \ 

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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6.5 DFT calculations 

Computational methods 

DFT calculations were performed with Gaussian 16. Geometry optimizations were computed at BP86/6-31 G(d) 
level of theory with the D3 version of Grimme' s empirical dispersion correction21 and solvation (acetone) with 
S.MD model.22 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 atBP86/6-3ll++G(2df,p) level of theory 
with the D3 version of Grimme's empirical dispersion correction and solvation (acetone) with S.MD model. 

Molecular structures were visualized in CYLview23 

Performance of selected DFT methods 

Performance of several commonly used functional (BP86, B3L YP, 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 
BP86/6-31 G( d) level of theory with the D3 version of Grimme' s empirical dispersion correction21 and solvation 
(acetone) with SMD model. Then, single point energies were computed using given functional (with or without 
dispersion correction) and 6-311 ++G(2df,p) bases set including solvation (acetone) with PCM model. Performance 
ofBP86-D3 and xB97XD was compared in Scheme 6.5.1. 

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

Entry 
1 
2 
3 
4 
5 
6 

Functional 
BP86-D3 
wB97XD 
M06-D3 

M06 
PBEO-D3 

B3LYP-D3 

TSla 
43 .7 
94. 9 
81.6 

11 2.3 
98.6 
84.4 

[ Ph0 : * 
(c..i Ph o· 

~ . .!!!! . _~~ 
+ Ph ,~/· -:;:;;; -

lC•l __ ,. '""j;'"""·.'·. 
, , 

Nucleophilic epoxide opening 

TSlb 
51.9 
108.0 
88.9 
120.3 
112.1 
92.2 

la 
12.7 
42.3 
45.0 
75.5 
56.1 
40.6 

lb 
34.8 
71.9 
69.5 
100.9 
84.0 
65.1 

35 

Ila 
-11 9.8 
-131.4 
-11 2.5 
-80.9 
-1 08.4 
-1 27.2 

8-<: 
Ilia 

Co-C cleavage 

lib 
-1 07.7 
-114. 2 
-96.5 
-64.0 
-92.7 
-11 2.8 

22.1 
47. 9 
-33.9 
-33.0 
-70.5 
-75.0 

-25.1 
-92.6 
-82.0 
-81.6 

-11 5.1 
-1 22.5 
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Table 6.5.2. Comparison of the calrnlated barriers for epoxide ring opening and Gibbs free energies of homolysis of intermediate la and Ila 
(in kJ/mol). 

Entry 

1 
2 
3 
4 
5 
6 

BP86-D3 

Functional 

BP86-D3 
wB97XD 
M06-D3 

M06 
PBEO-D3 

B3LYP-D3 

[ 
Ph~jl ; 

[Coj 

TS1b 
51.9 

Barrier height (AG#) 
of styrene oxide opening with [Co1

] 

TSla TSlb 
43.7 51.9 
94.9 108.0 
81.6 88.9 
112.3 120.3 
98.6 112.1 
84.4 92.2 

-11• 
-119.8 

OH 

jCo",r-<Ph 

: 

wB97XD 

~ 
~ 
l 
"' E!' 

OH " &-< " .. 
~ + Ph ! 
[Co-:J • "" "" r; 
Ill• 

22.1 

[C:o":: 

Nudeophilic epoxide opening Co-C cleavage 

[l:f]* 
T81b 
108.0 

AG of Co-C cleavage 

in Ila in lib 
142.6 82.6 
83.4 21.6 
78.7 14.5 
47.9 -17.6 
38.0 -22.4 
52.3 -9.7 

,....--­
: Ill• 

47.9 

""ii:"'"" [Co'J 
-131.4 

OH 

~~r 
Nucleophilic epoxide opening Co-C cleiMige 

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

36 



https://rcin.org.pl

TD DFT calculations 

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

(Clb)ts(corrin)Co(III)-Cffi-CH(OH)Ph- lla (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 
185 -> 189 
186 -> 190 
187 -> 188 
187 -> 189 

2: Singlet-A 

Excited State 3: 
186 -> 188 
187 -> 190 

-0.21367 
0.10502 
0.63447 
0.13240 

Singlet-A 
0.67630 
0.13075 

2.2693 eV 546.36 nm [=0.0408 <S**2>=0.000 

2.3455 eV 528.60 nm [=0.0118 <S**2>=0.000 

Excitation energies and oscillator strengths: 
Excited State 1: Triplet-A 1.6701 e V 742.39 nm f=O.OOOO <S**2>=2.000 

187 -> 188 0.70619 
Total Energy, E(TD-HF/TD-DFT) = -3314.50969999 

Excited State 2: 
187 -> 189 

Triplet-A 
0.69916 

1.8431 eV 672.68 nm [=0.0000 <S**2>=2.000 

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

UY-VIs Spednlm 
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~ ~ m ~ ~M ~ ~ ~ ~ ~ 

W<~~ngtt.(nm) 

Performance of selected DFT methods 

Performance of several commonly used functional, including hybrid and long-range corrected functionals (BP86, 
wB97XD, B3L YP, CAM-B3L YP M06, PBEO), in calculation of excited states for intermediate ITa was 

investigated. Calculated vertical excitation energies (in e V) 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 intennediate Ila 

Entry Level of theory Sl S2 S3 
1 BP86/6-311 ++G(2df,p) 2.2027 2.2693 2.3455 

2 BP86/TZPV 2.2076 2.2777 2.3518 

3 wB97XD/6-311++G(2df,p) 2.2063 2.5045 3.0270 

4 wB97XD/TZVP 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(2df,p) 2.2397 2.5336 2.8627 

8 B3LYP/TZVP 2.2428 2.5431 2.8713 

9 M06/6-311 ++G(2df,p) 1.8827 2.1 827 2.5712 

10 M06/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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(Clh)Is(corrin)Co(lll)-CH2-CH(OH)Ph - lla-Sl (Relaxed) 

Geometry of the Ila-Sl was optimized at TD-BP86-D3/6-31G(d) (root=1) including solvation (acetone) with 
S:tviD model. 

E (BP86-D3/6-31G(d) + S:tviD (acetone))= -3313 .808499 
E (TD-BP86-D3/6-311++G(2df,p)//TD-BP86-D3/6-31G(d) + S:tviD (acetone)) = -3314.500880 

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

c 2.64652800 -1.90628700 0.22208100 
c 2.88288400 -3.39037900 0.55391800 
c 1.76460900 -4.06213000 -0.30393500 
c 0.76337500 -2.94796600 -0.44260200 
N 1.31973200 -1.72537900 -0.18954700 
H 1.32061300 -4.92442900 0.22592800 
c -0.53845100 -3.15676300 -0.89210700 
H -0.82100200 -4.18682800 -1.12481600 
c 3.56379300 -0.86277100 0.34886000 
c -1.47626500 -2.15775800 -1.14281200 
c -2.78431900 -2.43013900 -1 .86085400 
N -1.30174700 -0.83193700 -0.83998200 
c -3 .55940700 -1.09168000 -1.63851200 
c -2.50070700 -0.15682500 -1.06147600 
c 3.20541900 0.46510200 -0.05 725300 
c 4.17737700 1.62109800 -0.21330700 
N 1.95900700 0.82809400 -0.34733800 
c 3.22784500 2. 87510500 -0.18709700 
c 1.86819000 2.27489400 -0.71940100 
c -2.73383700 1.17373300 -0.71587900 
c -1.63948300 2.04088400 -0.38833300 
c -1.70211400 3.56421800 -0.15743600 
N -0.39601300 1.59029100 -0.24613600 
c -0.20621900 3.95890000 -0.42763900 
c 0.55866300 2.70010400 0.00131000 
Co 0.35883100 -0.07840000 -0.22524000 
H -4.30470800 -1.26480700 -0.83601200 
H -0.11285200 4.06522400 -1.52493100 
H 4.84615700 1.67551500 0.66497100 
H 0.74848300 2.71752500 1.08908500 
c 0.35925000 -0.14118700 1.94973300 
c -0.59131800 -1.19494200 2.44460000 
H -0.44372100 -2.12832500 1.87095500 
0 -0.27224600 -1.61107700 3.82322600 
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c -2 06402200 -0.81351500 2.35850200 
c -3 00735200 -1.75880700 1.91128500 
c -2.52924000 0.44965700 2.78023000 
c -4.37769600 -1.45379400 1.87120200 
H -2.65432800 -2.74227900 1.57814400 
c -3.89830000 0.75967800 2.74803500 
H -1.81687600 1.20227900 3.13672500 
c -4.82863900 -0.19009100 2.28992000 
H -5 09276200 -2.20196000 1.50964700 
H -4.23953400 1.74849100 3.07542100 
H -5.89634700 0.05448900 2.25720100 
H 0.14767500 0.87401200 2.32466100 
H 1.40610000 -0.42025000 2.16128100 
c -4.15528800 1.69881400 -0.68184600 
H -4.28306700 2.41357700 0.14553300 
H -4.45482900 2.21402400 -1.61223000 
H -4.87049300 0.88213100 -0.49823100 
c -2.10427200 3.82276000 1.31667400 
H -3 09653400 3.39539000 1.53702200 
H -1.38187600 3.37415800 2 02120500 
H -2.15272000 4.90854400 1.51282300 
c -2.61691200 4.35187900 -1.11602700 
H -3.67910500 4.30677000 -0.83026700 
H -2.32237800 5.41710700 -I. 0978 8400 
H -2.51644400 3.99025200 -2.15484800 
c 0.25432400 5.25985900 0.23230900 
H 1.26651700 5.53431400 -0.10860300 
H -0.41890300 6 09573800 -0 03054700 
H 0.28026200 5.17580200 1.33258200 
c 1.69384400 2.36102000 -2.24893600 
H 1.64141700 3.40708100 -2.59052300 
H 2.53164800 1.86877900 -2.76671600 
H 0.76279100 1.84481000 -2.54218400 
c 3.75759200 4 05550100 -1.01507500 
H 3 05218800 4.90432800 -0.98503900 
H 4.71820300 4.40695300 -0.59658300 
H 3.92774100 3.79600200 -2.07231200 
c 3.12137300 3.31133300 1.29342100 
H 4.12058800 3.61327400 1.65631900 
H 2.44622200 4.17234000 1.42639700 
H 2.76672100 2.48736200 1.94064900 
c 5.08157900 1.42422200 -1.45058000 
H 5.78503700 2.26826800 -1.55071500 
H 5.67709900 0.50112400 -1.34147200 
H 4.50089800 1.34115400 -2.38420700 
c 4.96164900 -1.09158900 0.89105700 
H 4.94682800 -1.75711000 1.76814000 
H 5.64068700 -1.53909500 0.14336900 
H 5.41691800 -0. 144 72400 1.21841700 
c 4.26851400 -3.99357700 0.25716000 
H 5.01360400 -3.71915000 1.01814000 
H 4.18340700 -5 09504100 0.27482000 
H 4.65405400 -3.69581800 -0.73197900 
c 2.54933800 -3.57519900 206204400 
H 1.53043000 -3.22538600 2.30420600 
H 2.62478800 -4.64545200 2.32794900 
H 3.25970700 -3 01196200 2.69188200 
c 2.20166800 -4.51864500 -1.71747700 
H 2.92665400 -5.34737800 -I. 66025000 
H 1.32439200 -4.87164200 -2.28672200 
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H 2.66160400 -3.68433700 -2.27667900 
c -4.30833300 -0.57741900 -2.88175400 
H -4.94316400 -1.38294300 -3.29133200 
H -4.97071800 0.26728900 -2.64328300 
H -3.61148700 -0.24991400 -3.67162300 
c -3.57002400 -3.64045400 -1.32254400 
H -4.53886000 -3.70737800 -1.85020600 
H -3.02968100 -4.58818200 -1.49390700 
H -3.77165600 -3.54249300 -0.24286000 
c -2.40322200 -2.69041800 -3.34698000 
H -1 .76855500 -3 .59099800 -3.41532100 
H -3.30845100 -2.86346800 -3.95386000 
H -1. 84461000 -1.84255100 -3.78043300 
H -0.23545900 -0.77081600 4.33491500 

Considerable elongation of Co-C bond was noticed upon relaxation of the S 1-excited state (from 1.96 to 2.18 A). 

(Clb)t5 (corrin)Co(Ill)-CHPh-CH.zOH- lib (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 
185 -> 188 
186 -> 188 
187 -> 188 
187 -> 189 

Excited State 
185 -> 188 
186 -> 188 
187 -> 188 
187 -> 189 

2: Singlet-A 
-0.12292 
0.56061 

-0.14307 
0.35481 

3: Singlet-A 
-0.27576 
-0.40825 
-0.10239 
0.47369 

2.2025 eV 562.92 nm f=0.0121 <S**2>=0.000 

2.2371 eV 554.22 nm f=0.0305 <S**2>=0.000 

Excitation energies and oscillator strengths: 

Excited State 1: Triplet-A 1.5754 eV 787.02 nm f=O.OOOO <S**2>=2.000 
187 -> 188 0.70532 

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

Excited State 2: 
187 -> 189 

Triplet-A 
0.69909 

1.6767 e V 739.46 nm [=0.0000 <S**2>=2.000 
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Excited State 3: 
186 -> 188 
186 -> 189 

Triplet-A 
0.68287 
0.16261 

1.7828 eV 695.45 nm f=O.OOOO <S**2>=2.000 

(Clb)l!l (corrin)Co(Ill)-CHPh-ClllOH- IIb_Sl (Relaxed) 

Geometry of the IIb-Sl was optimized at TD-BP86-D3/6-31G(d) (root=1) including solvation (acetone) with 
S:MDmodel. 

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 
c 2.64652800 -1.90628700 0.22208100 
c 2.88288400 -3.39037900 0.55391800 
c 1. 76460900 -4.06213000 -0.30393500 
c 0.76337500 -2.94796600 -0.44260200 
N 1.31973200 -1.72537900 -0. 18954700 
H 1.32061300 -4.92442900 0.22592800 
c -0.53845100 -3.15676300 -0.89210700 
H -0.82100200 -4.18682800 -1.12481600 
c 3.56379300 -0.86277100 0.34886000 
c -1.47626500 -2.15775800 -1.14281200 
c -2.7843 1900 -2.43013900 -1.86085400 
N -1.30174700 -0.83193700 -0.83998200 
c -3 .55940700 -1.09168000 -1.63851200 
c -2.50070700 -0.15682500 -1.06147600 
c 3.20541900 0.46510200 -0.05725300 
c 4.17737700 1.62109800 -0.21330700 
N 1.95900700 0.82809400 -0.34733800 
c 3.22784500 2.87510500 -0.18709700 
c 1.86819000 2.27489400 -0.71940100 
c -2.73383700 1.17373300 -0.71587900 
c -1 .63948300 2.04088400 -0.38833300 
c -1.70211400 3.56421800 -0.15743600 
N -0.39601300 1.59029100 -0.24613600 
c -0.20621900 3.95890000 -0.42763900 
c 0.55866300 2.70010400 0.00131000 
Co 0.35883100 -0.07840000 -0.22524000 
H -4.30470800 -1.26480700 -0.83601200 
H -0.11285200 4.06522400 -1.52493100 
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H 4.84615700 1.67551500 0.66497100 
H 0.74848300 2.71752500 1.08908500 
c 0.35925000 -0.14118700 1.94973300 
c -0.59131800 -1.19494200 2.44460000 
H -0.44372100 -2.12832500 1.87095500 
0 -0.27224600 -1.61107700 3.82322600 
c -2 06402200 -0.81351500 2.35850200 
c -3 00735200 -1.75880700 1.91128500 
c -2.52924000 0.44965700 2.78023000 
c -4.37769600 -1.45379400 1.87120200 
H -2.65432800 -2.74227900 1.57814400 
c -3.89830000 0.75967800 2.74803500 
H -1.81687600 1.20227900 3.13672500 
c -4.82863900 -0.19009100 2.28992000 
H -5 09276200 -2.20196000 1.50964700 
H -4.23953400 1.74849100 3.07542100 
H -5.89634700 0.05448900 2.25720100 
H 0.14767500 0.87401200 2.32466100 
H 1.40610000 -0.42025000 2.16128100 
c -4.15528800 1.69881400 -0.68184600 
H -4.28306700 2.41357700 0.14553300 
H -4.45482900 2.21402400 -1.61223000 
H -4.87049300 0.88213100 -0.49823100 
c -2.10427200 3.82276000 1.31667400 
H -3 09653400 3.39539000 1.53702200 
H -1.38187600 3.37415800 2 02120500 
H -2.15272000 4.90854400 1.51282300 
c -2.61691200 4.35187900 -1.11602700 
H -3.67910500 4.30677000 -0.83026700 
H -2.32237800 5.41710700 -I. 0978 8400 
H -2.51644400 3.99025200 -2.15484800 
c 0.25432400 5.25985900 0.23230900 
H 1.26651700 5.53431400 -0.10860300 
H -0.41890300 6 09573800 -0 03054700 
H 0.28026200 5.17580200 1.33258200 
c 1.69384400 2.36102000 -2.24893600 
H 1.64141700 3.40708100 -2.59052300 
H 2.53164800 1.86877900 -2.76671600 
H 0.76279100 1.84481000 -2.54218400 
c 3.75759200 4 05550100 -1.01507500 
H 3 05218800 4.90432800 -0.98503900 
H 4.71820300 4.40695300 -0.59658300 
H 3.92774100 3.79600200 -2.07231200 
c 3.12137300 3.31133300 1.29342100 
H 4.12058800 3.61327400 1.65631900 
H 2.44622200 4.17234000 1.42639700 
H 2.76672100 2.48736200 1.94064900 
c 5.08157900 1.42422200 -1.45058000 
H 5.78503700 2.26826800 -1.55071500 
H 5.67709900 0.50112400 -1.34147200 
H 4.50089800 1.34115400 -2.38420700 
c 4.96164900 -1.09158900 0.89105700 
H 4.94682800 -1.75711000 1.76814000 
H 5.64068700 -1.53909500 0.14336900 
H 5.41691800 -0. 144 72400 1.21841700 
c 4.26851400 -3.99357700 0.25716000 
H 5.01360400 -3.71915000 1.01814000 
H 4.18340700 -5 09504100 0.27482000 
H 4.65405400 -3.69581800 -0.73197900 
c 2.54933800 -3.57519900 206204400 
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H 1.53043000 -3.22538600 2.30420600 
H 2.62478800 -4.64545200 2.32794900 
H 3.25970700 -3.01196200 2.69188200 
c 2.20166800 -4.51864500 -1.71747700 
H 2.92665400 -5.34737800 -1.66025000 
H 1.32439200 -4.87164200 -2.28672200 
H 2.66160400 -3.68433700 -2.27667900 
c -4.30833300 -0.57741900 -2.88175400 
H -4.94316400 -1.38294300 -3.29133200 
H -4.97071800 0.26728900 -2.64328300 
H -3.61148700 -0.24991400 -3.67162300 
c -3.57002400 -3.64045400 -1.32254400 
H -4.53886000 -3.70737800 -1.85020600 
H -3.02968100 -4.58818200 -1.49390700 
H -3.77165600 -3.54249300 -0.24286000 
c -2.40322200 -2.69041800 -3.34698000 
H -1.76855500 -3.59099800 -3.41532100 
H -3.30845100 -2.86346800 -3.95386000 
H -1.84461000 -1.84255100 -3.78043300 
H -0.23545900 -0.77081600 4.33491500 

Exclusion of the ring O(!ening of e(!oxide via (!rotonation 

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 ofNH4 +is 10.5 and 9.2 in DMSO and water, 
respectively. We calculated L'lG 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= 

0.146957 
0.155201 
0.156145 
0.113745 

Charge= 0 Multiplicity= 1 

c 2.52508100 -0.32356700 0.48023600 
c 1.34736500 0.58964600 0.41982600 
H 1.60472200 1.65632600 0.45594700 
0 3.18431400 0.04159200 -0.75873000 
c 0.00844400 0.25230700 0.18870500 
c -0.94453700 1.32364900 0.04286300 
c -0.45038400 -1.11210500 0.13629900 
c -2.29251200 1.03990500 -0.13004300 
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H -0.58653800 2.35775500 0.08003100 
c -1.80146700 -1.37683100 -0 03800200 
H 0.26369200 -1.93492600 0.23109500 
c -2.71785500 -0.30686500 -0.17148200 
H -3 02156100 1.84837300 -0.23661000 
H -2.16113200 -2.40905600 -0.07748900 
H -3.78111000 -0.52890200 -0.31358100 
H 2.29071700 -1.39895300 0.53681200 
H 3.20098100 -0 05361700 1.30746800 
H 2.67090600 -0.38656700 -1.48424900 
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Optimized geometries, energies and corrections to thermodynamic functions 

(CHJ)ts(corrin)Co(I) 

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 (w897XD/6-311 ++G(2df,p )// BP86-D3/6-31G(d) + SMD (acetone))= -2928.240361 
E (M06-D3/6-311++G(2df,p)// BP86-D3/6-31 G(d) + SMD (acetone))= -2927.454493 
E (M06/6-311++G(2df,p)// BP86-D3/6-31G(d) + SMD (acetone))= -2927.427618 
E (PBEO-D3/6-31l++G(2df,p)// BP86-D3/6-31G(d) + SMD (acetone))= -2926.656664 
E (B3L YP-D3/6-311 ++G(2df,p )// BP86-D3/6-31 G( d)+ SMD (acetone))= -2928.828969 

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

0.777157 
0.816751 
0.817695 
0.712569 

Charge = 0 Multiplicity = 1 
c 2.89796800 -0.88780100 -0.29370100 
c 4.32173700 -0.37091400 -0.60043500 
c 4.26146600 1.04280500 0.05023900 
c 2.78668000 1.34831300 -0.03665400 
N 2.02435100 0.20638400 -0.10672600 
H 4.86199000 1.76519300 -0.53452600 
c 2.28150400 2.64274500 0.00507500 
H 3.00938400 3.45996900 0.03233000 
c 2.49581400 -2.21796200 -0.27565700 
c 0.93192300 2.97282400 0.00182100 
c 0.41558000 4.40299700 -0.09568000 
N -0.08484000 2.04349700 -0.00739900 
c -1.04433100 4.20901300 0.39642400 
c -1.30331300 2.74106100 0.06831100 
c 1.14056600 -2.55441400 0.03138200 
c 0.63340400 -3.96386300 0.29524200 
N 0.17817600 -1.63445000 0.13849800 
c -0.91955900 -3.80045100 0.12579600 
c -1.12962700 -2.28283300 0.49382800 
c -2.571 94400 2.18758600 -0.05012400 
c -2.73328400 0.77184300 -0.18724400 
c -4.05142100 0.00672400 -0.41839000 
N -1.67220300 -0.04597000 -0.18285700 
c -3.61678200 -1.44904000 -0.03270900 
c -2.11827700 -1.45953100 -0.35841900 
Co 0.13336500 0.17296300 -0.04823000 
H -1.71663700 4.88538300 -0.15999200 
H -3.73246600 -1.51982700 1.06567300 
H 0.99062700 -4.65251800 -0.49373500 
H -1.96420400 -1.71536400 -1.42233300 
c -3.79101700 3.09284600 0.00182300 
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H -4.51492300 2.84461300 -0.79279100 
H -4.32978600 3.01926400 0.96461900 
H -3.52131000 4.15041400 -0.13712200 
c -4.43590500 0.12490000 -1.91464900 
H -4.59654400 1.18169800 -2.19153400 
H -3.64312200 -0 27819800 -2.57058100 
H -5.3 7222600 -0 42294900 -2.12703600 
c -5.24695500 0 41387400 0.46969700 
H -5.76248400 131941700 0.11370500 
H -5.99292000 -0.40305300 0.46704900 
H -4.93 23 7000 0.57916600 151585900 
c -444128700 -2.56548000 -0.67890500 
H -4.18115300 -3.54867900 -0.25168700 
H -5.52220300 -241011000 -0.506061 00 
H -4.27712700 -2.61879900 -1.76960100 
c -138260500 -2.04245800 1.99732700 
H -2.32559900 -2.50050400 2.33898000 
H -0.55990700 -2.45384000 2.60306800 
H -142483200 -0.95560100 2.18485700 
c -1.73376000 -4.77629800 099049100 
H -2.81733400 -4.60407000 0.86501600 
H -1.52598400 -5.81828700 0.68426800 
H -1.50399400 -4.69289500 2.06506400 
c -1.23281300 -408467200 -1.36264900 
H -0.96136700 -5.12968600 -1.60087500 
H -2.30269900 -3.95969600 -1.59728700 
H -0.65197000 -3.42751500 -2 03584800 
c 1.15661600 -4.52716500 1.63469100 
H 0.78126300 -5.55148500 1.80715600 
H 2.25983700 -4.57480700 1.61793900 
H 0.86580600 -3.90210000 2.49546100 
c 3.45703000 -3.35090500 -0.60068500 
H 4.08496000 -3.11231000 -1.47469100 
H 4.13653100 -3.59842100 0.23523700 
H 2.90916500 -4.27248500 -0.85291600 
c 5.52089100 -1.18313700 -0.07330000 
H 5.73864700 -2.06495700 -0.69449100 
H 6.42336700 -0.54449700 -0.09799200 
H 5.37320300 -1.52206400 0.96613700 
c 4.44591300 -0.20672200 -2.13932100 
H 3.66116000 0.46599000 -2.53154300 
H 5.43087900 0.22471300 -2.40027400 
H 4.35032400 -1.18040000 -2.65180700 
c 4.70988000 1.11033600 1.52840100 
H 5.78860400 0.90417200 1.64316000 
H 4.51277900 2.11982500 1.93153100 
H 4.14863300 0.38401800 2.14467200 
c -1.25862600 4.43909100 1.90851700 
H -1.06322600 5.48925700 2.18950700 
H -2.30000800 4.20052500 2.18753500 
H -0.59135600 3.78990500 2.50458000 
c 0.39917500 4.81064500 -1.59374900 
H -0 01522400 5.82979400 -171325500 
H 1.42166100 4.80005900 -2.01263800 
H -0.22277700 4.11500600 -2.18698900 
c 123856100 5.43001300 0.69864200 
H 2.23817100 5.56491700 024732400 
H 0.73849600 64 158851)) 0.68622800 
H 1.38182400 5.12587900 1 74962900 
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Styrene oxide (5a) 

E (BP86-D3/6-31G(d) + Sl\1D (acetone))= -384.864773 
E (BP86-D3/6-311++G(2df,p)//BP86-D3/6-31G(d) + SlviD (acetone))= -384.988857 
E (wB97XD/6-311 ++G(2df,p )// BP86-D3/6-31 G( d)+ S:MD (acetone)) = -384.843489 
E (M06-D3/6-311++G(2df,p)// BP86-D3/6-31G(d) + SlviD (acetone))= -384.694325 
E (M06/6-311++G(2df,p)//BP86-D3/6-31G(d) + SMD (acetone))= -384.692796 
E (PBEO-D3/6-311++G(2df,p)// BP86-D3/6-31G(d) + S:MD (acetone)) = -384.530381 
E (B3L YP-D3/6-311++G(2df,p)// BP86-D3/6-31G(d) + SMD (acetone))= -384.99321 

Zero-point correction= 
Thennal correction to Energy= 
Thennal correction to Enthalpy= 
Thennal correction to Gibbs Free Energy= 

0.134965 
0.142345 
0.143289 
0.102785 

Charge = 0 Multiplicity = 1 
c 2.59437100 -0.04897300 0. 73917500 
c 1.60686700 0.60965100 -0.15344600 
H 1.84497600 1.62556100 -0.50545200 
0 2.50403700 -0.42054900 -0.65567200 
c 0.15006000 0.27919200 -0.09355000 
c -0.80201500 1.31717800 -0.04163800 
c -0.28956500 -1.06077600 -0.06972200 
c -2.17191700 1.02083600 0.05138800 
H -0.46623700 2.36109000 -0.07257900 
c -1.65808000 -1.35582500 0.01841700 
H 0.45175900 -1.86484600 -0.13803000 
c -2.60395800 -0.31618800 0.08296500 
H -2.90277300 1.83667500 0.09291900 
H -1.98905300 -2.40072700 0.03241600 
H -3.67296900 -0.54792500 0.15065200 
H 2.23834300 -0.80622300 1.45422700 
H 3.50907200 0.49023100 1.02968200 

(Clli)ts(corrin)Co(I)- styrene oxide- TSla 

E (BP86-D3/6-31G(d) + Sl\1D (acetone))= -3313.352516 
E (BP86-D3/6-311++G(2df,p)// BP86-D3/6-31G(d) + SlviD (acetone))= -3314.051616 
E (wB97XD/6-311 ++G(2df,p)// BP86-D3/6-31G(d) + S:MD (acetone)) = -3313.071329 
E (M06-D3/6-311++G(2df,p)// BP86-D3/6-31G(d)+ S:MD (acetone))= -3312.141359 
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E (M06/6-3ll++G(2df,p)// BP86-D3/6-31 G( d)+ SMD (acetone)) ~ -3312.134298 
E (PBEO-D3/6-311 ++G(2df,p)// BP86-D3/6-31 G(d) + SMD (acetone))~ -3311.203294 
E (B3L YP-D3/6-311 ++G(2df,p)// BP86-D3/6-31 G(d) + SMD (acetone))~ -3313.83971 

Zero-point correction= 
Thermal correction to Energy~ 
Thermal correction to Enthalpy~ 
Thermal correction to Gibbs Free Energy~ 

0.912471 
0.960448 
0.961392 
0.838993 

Charge ~ 0 Multiplicity ~ I 
c 2.66075000 -1.88004100 0.21567600 
c 2.92143400 -3.34429900 0.63074000 
c 1.81071700 -4 08364700 -0.17857200 
c 0.78609600 -2.98954300 -0.36804900 
N 1.32655100 -1.74131100 -0.21360400 
H 1.39890300 -4.92420400 0.41129000 
c -0.51742000 -3.23896300 -0.78725700 
H -0.78922900 -4.28450300 -0.96538500 
c 3.55661100 -0.82082900 0.31870300 
c -1.47963000 -2.26908300 -105293600 
c -2.80783600 -2.59163900 -172285500 
N -1.30735400 -0.93050300 -0.80936800 
c -3.59344800 -1.25249800 -1.52741900 
c -2.53062800 -0.27940000 -101543300 
c 3.17070900 0.49808900 -0 09331300 
c 4.12082300 167224100 -0.26639700 
N 191228400 0.81991000 -0.38165700 
c 3.14183500 2.90207200 -0.25880600 
c 1.80200700 2.26124300 -0.79036400 
c -2.78218500 105663600 -0.71939900 
c -1.70303200 195544100 -0.44015000 
c -1.79489800 3.48216400 -0.23612100 
N -0.44316700 1.52362600 -0.34376900 
c -0.31604400 3.89939100 -0.55694200 
c 0.47877400 2.66945400 -0.10504300 
Co 0.35013200 -0.12038700 -0.36851000 
H -4.32713500 -1.40760900 -0.71051100 
H -0.25028100 3.96915300 -165996500 
H 4.78390100 1.76094300 0.61448000 
H 0.65415700 2.72562600 0.98471600 
c 0.50260600 -0 03356300 2 05436400 
c -0.46569100 -100662300 2.61104900 
H -0.26219200 -206126800 2.31886900 
0 0.18293000 -0.53909400 3.75944400 
c -194541400 -0.70921400 2.50708500 
c -2.84722400 -168258000 204259100 
c -2.44797200 0.53818300 2.92784300 
c -4.22569900 -1.41491100 198349600 
H -2.45948400 -2.65474800 171448000 
c -3.82114700 0.81539900 2.86141600 
H -1.75032800 1.28265100 3.32739000 
c -4.71652500 -0.16213000 2.38764400 
H -4.91630900 -2.18595900 162222500 
H -4.19745500 1.79297500 3.18473100 
H -5.79046500 0.05154100 2.33939700 
H 0.25426200 102696800 2.11383300 
H 155300300 -0.31920300 199010000 
c -4.21546700 1.55760200 -0.66855900 
H -4.33920600 2.29449500 0.14069300 
H -4.55249300 2 04040700 -160427000 
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H -4.91273000 0.73520100 -0.44239600 
c -2.16815500 3.78276700 1.23659700 
H -3.15024400 3.34857900 1.48824100 
H -1.42837800 3.35946400 1.93910200 
H -2.22706000 4.87276300 1.40972700 
c -2.74642900 4.23112500 -1.19183400 
H -3.80231700 4.16839000 -0.88514100 
H -2.47798100 5.30403300 -1.20512900 
H -2.65999600 3.84820400 -2.22466500 
c 0.13067700 5.23267400 0.04651400 
H 1.12658000 5.52195300 -0.32899100 
H -0.56952500 604460700 -0.22299200 
H 0.18789900 5.18638000 1.14815600 
c 1.65425700 2.31715200 -2.32437900 
H 1.58402800 3.35461100 -2.69122600 
H 2.51005500 1.83180000 -2.81957300 
H 0.74061500 1.77330300 -2.62155200 
c 3.65318000 4 08607900 -1.09456000 
H 2.93215500 4.92215300 -1.08034600 
H 4.60396000 4.46232300 -0.67383000 
H 3.83723800 3.82024600 -2.14807000 
c 3 01603300 3.35511600 1.21509300 
H 4 00437400 3.68801600 1.58195800 
H 2.31695500 4.19943900 1.33431100 
H 2.67759000 2.52999200 1.86914000 
c 5.04095600 1.48911300 -1.49275900 
H 5.72825000 2.34628600 -1.60315100 
H 5.65696200 0.58085700 -1.36825900 
H 4.47164100 1.37786100 -2.43085300 
c 4.96099000 -1.00951300 0.87006200 
H 4.95894000 -1.63238900 1.77924700 
H 5.64973000 -1.48249900 0.14668800 
H 5.40635300 -0 04345100 1.15416400 
c 4.31561500 -3.94096500 0.35375300 
H 5.06550300 -3.61261000 1.08880000 
H 4.25480000 -5 04217500 0.43034900 
H 4.68744200 -3.69007800 -0.65409600 
c 2.60734100 -3.46219600 2.14661000 
H 1.57577400 -3.13730500 2.36971500 
H 2.71717700 -4.51219000 2.47748500 
H 3.29556900 -2.83876200 2.74430800 
c 2.24415600 -4.61973000 -1.56262300 
H 2.98621200 -5.43241000 -1.47600600 
H 1.36636100 -5 01982700 -2.10051900 
H 2.68005600 -3.81278800 -2.17974700 
c -4.37268300 -0.79145300 -2.77397500 
H -501727700 -1.61102000 -3. 14000600 
H -5 02992900 0.06381200 -2.55780500 
H -3.69453300 -0.49508800 -3.59265700 
c -3.55963500 -3.77791300 -1.08918800 
H -4.55030700 -3.89145900 -1.56837700 
H -3 01386700 -4.72917900 -1.22573500 
H -3.71794900 -3.62328100 -0 00800900 
c -2.49812300 -2.92691200 -3.20633300 
H -1.85206500 -3.82178900 -3.25415600 
H -3.41956200 -3.14441400 -3.77550800 
H -1.96504300 -2 09942700 -3.70747400 
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(Clli)t5(corrin)Co(I) - styrene oxide- TSlb 

E (BP86-D3/6-31G(d) + S:MD (acetone))= -3313.346153 
E (BP86-D3/6-311++G(2df,p)// BP86-D3/6-31G(d) + SMD (acetone))= -3314.048305 
E (wB97XD/6-31l++G(2df,p)// BP86-D3/6-31G(d) + SMD (acetone))= -3313.066167 
E (M06-D3/6-31l++G(2df,p)// BP86-D3/6-31G(d) + SlviD (acetone)) = -3312.138419 
E (M06/6-31l++G(2df,p)// BP86-D3/6-31G(d) + SMD (acetone))= -3312.098033 
E (PBEO-D3/6-311 ++G(2df,p)// BP86-D3/6-31 G(d) + SMD (acetone))= -3311.167819 
E (83L YP-D3/6-311++G(2df,p)// BP86-D3/6-31 G(d) + SlviD (acetone))= -3313.810532 

Zero-point correction= 0.912828 
Thennal correction to Energy= 0.960938 
Thennal correction to Enthalpy= 0.961883 
Thennal correction to Gibbs Free Energy= 0.838808 

Charge = 0 Multiplicity = 1 
c 3.09586900 -0.98180400 0.1 2629100 
c 3.93977200 -2.27050700 0.24%8300 
c 3.11217500 -3.23764300 -0.65189400 
c 1. 73075400 -2.63836800 -0.54651800 
N 1. 77270500 -1.30186000 -0. 240251 00 
H 3.14092200 -4.26700000 -0.2481 8100 
c 0.57154800 -3.35977300 -0.80465800 
H 0.68949100 -4.43038300 -0.99897300 
c 3.54136100 0.31136700 0.36745300 
c -0.71310800 -2.82777600 -0.86092000 
c -1.94862400 -3.69381800 -1. 08881100 
N -1.00130000 -1.49667200 -0.67986900 
c -3.03305000 -2.60569400 -1.35719400 
c -2.37957700 -1.32047700 -0.85049400 
c 2.70319500 1.42379100 0.03423700 
c 3.19274900 2.85772300 -0.1 0266400 
N 1.41 616000 1.28868300 -0.27554800 
c 1.85143700 3.66995400 -0.24096000 
c 0.86677500 2.57854300 -0.81219200 
c -3.07121800 -0.1 2095600 -0.72529300 
c -2.36382800 1.11915100 -0.60463900 
c -2.96899400 2.53443100 -0.75616100 
N -1.04028100 1.14735100 -0.42637600 
c -1.66977300 3.37345500 -1. 01900300 
c -0.58539900 2.56222000 -0.29850100 
Co 0.26894300 -0.13394200 -0.30426200 
H -3.94908400 -2.84340400 -0.78611900 
H -1.47801900 3.30335800 -2.1 0601300 
H 3.69196500 3.1 7173300 0.83455600 
H -0.59221000 2.79933400 0.78166600 
c 0.10154200 0.05691800 2.30075300 
c 1.16178200 -0.83327100 2.82331000 
H 2.1781 2000 -0.61944300 2.43874400 
0 0.79944400 -0.20528600 4.01033600 
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H 0.37865600 1.10241600 2.15168200 
c -4.58973300 -0.13955000 -0.76858300 
H -5 01584600 0.63671700 -0. 11446900 
H -5 00534100 0.02435700 -1.78001200 
H -4.98219700 -1.10420700 -0.40734900 
c -3.70049500 3 01686100 0.51797800 
H -4.50631500 2.32474800 0.80846800 
H -3 01545400 3.11330100 1.37504200 
H -4.15954200 4 00555900 0.33580700 
c -3.91330400 2.67714400 -1.97088500 
H -4.92600400 2.29177500 -1.77115300 
H -4 01742600 3.74906300 -2.22475400 
H -3.51003500 2.15497800 -2.85740700 
c -1.75621400 4.85330500 -0.63985100 
H -0.86868600 5.40185500 -0.99568500 
H -2.64106900 5.32820200 -1.10228200 
H -1.82377300 4.99868600 0.45245400 
c 0.89528500 2.47472300 -2.35275900 
H 0.53525200 3.39677900 -2.83815500 
H 1.91700300 2.27181800 -2.71034800 
H 0.25628800 1.63140400 -2.66937500 
c 2 00275800 4.91999300 -1.12330400 
H 1.04749900 5.46568700 -1.20534600 
H 2.73800200 5.61196900 -0.67274200 
H 2.34586200 4.68807000 -2.14425100 
c 1.43994400 4.12150300 1.17917000 
H 2.21841900 4.78806200 1.59381300 
H 0.48965200 4.68313900 1.17636800 
H 1.33361500 3.26322400 1.86856700 
c 4.23671100 3 01895700 -1.23024200 
H 4.57230400 4 06778800 -1.30850900 
H 5.12700200 2.40305500 -1.01826900 
H 3.84489900 2.70729900 -2.21290100 
c 4.90308700 0.59552700 0.97950400 
H 5.14947900 -0.13531200 1.76656500 
H 5.73047800 0.58165800 0.24681900 
H 4.91217000 1.58880900 1.45801900 
c 5.41074900 -2.17938000 -0.20133100 
H 6 05138500 -1.70869100 0.55978900 
H 5.80260300 -3.20055200 -0.36244300 
H 5.52506400 -1.61670700 -1.14356000 
c 3.88332300 -2.79865700 1.70737800 
H 2.84558600 -3 01993200 201185100 
H 4.47033000 -3.73288000 1.78769800 
H 4.30269400 -2 06801900 2.42072700 
c 3.53119900 -3.27874000 -2.13954300 
H 4.53730100 -3.71397000 -2.27088600 
H 2.81609800 -3.89677400 -2.71128900 
H 3.52993200 -2.26429200 -2.57888600 
c -3.42018000 -2.43349800 -2.84385400 
H -3.86167600 -3.35910500 -3.25282700 
H -4.16261900 -1.62762300 -2.96441700 
H -2.53695200 -2.17097000 -3.45348800 
c -2.28022300 -4.46651400 0.21182500 
H -3.17983900 -5 09384500 0.06499800 
H -1.44195500 -5.12435600 0.50500600 
H -2.48005900 -3.77117900 1.04173600 
c -1.75759900 -4.71790300 -2.22618200 
H -1.00831800 -5.47735900 -1.93976200 
H -2.70288800 -5.25374700 -2.42693500 
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H -1.41734000 -4.24664700 -3.16373200 
H 0.96302900 -1.92699700 2.74296200 
c -1.32786400 -0.24255700 2.49084100 
c -2.23687300 0.81912200 2.69662800 
c -1.83264200 -1.56350900 2.51347200 
c -3.59982400 0.57759300 2.91986000 
H -1.85236300 1.84517400 2.69532600 
c -3.19345900 -1.80798200 2.74168200 
H -1.15037300 -2.40128800 2.33472100 
c -4.08774400 -0.73978600 2.94196800 
H -4.28126100 1.41985300 3.08178500 
H -3.56440900 -2.83925700 2.76129500 
H -5.15178800 -0.93442700 3.11716900 

(ClL)15(corrin)Co(Ill)-CJL-CH(O-)Ph- la 

E (BP86-D3/6-31G(d) + S:MD (acetone)) = -3313.362102 
E (BP86-D3/6-311++G(2df,p)// BP86-D3/6-31G(d) + SMD (acetone)) = -33 14.063958 
E (wB97XD/6-31l++G(2df,p)// BP86-D3/6-31G(d) + SMD (acetone)) = -3313.091918 
E (M06-D3/6-31l++G(2df,p)// BP86-D3/6-31G(d) + SlviD (acetone)) = -3312.1 55852 
E (M06/6-31l++G(2df,p)// BP86-D3/6-31 G(d) + SMD (acetone)) = -3312.11 5847 
E (PBEO-D3/6-311 ++G(2df,p)// BP86-D3/6-31 G(d) + SMD (acetone)) = -3311.1 89843 
E (83L YP-D3/6-311++G(2df,p)// BP86-D3/6-31 G(d) + SlviD (acetone)) = -3313.830875 

Zero-point correction= 
Thenna1 correction to Energy= 
Thenna1 correction to Entha1py= 
Thennal correction to Gibbs Free Energy= 

0.912884 
0.960990 
0.961935 
0.839526 

Charge = 0 Multiplicity = 1 
c 2.60941200 -1.95715700 0.21475400 
c 2. 79440100 -3.43267300 0.62295300 
c 1.67352500 -4.11797000 -0.22221600 
c 0. 70749000 -2.97859500 -0.43925300 
N 1.29523 100 -1.76358400 -0.24850800 
H 1.19934900 -4.93441 500 0.35322700 
c -0.59430300 -3.1 6625300 -0.90077300 
H -0.89780600 -4.19378500 -1.12295700 
c 3.53704300 -0.93330300 0.3541 2200 
c -1.52044800 -2.1 5547800 -1.13330100 
c -2.84335500 -2.39731700 -1.84380400 
N -1.32316700 -0.83911100 -0.80949100 
c -3.61014000 -1.06843000 -1.541 85800 
c -2.51995000 -0.14117700 -1. 00433400 
c 3.20329300 0.408 12000 -0.04324700 
c 4.20009600 1.54499600 -0.20360900 
N 1.96706200 0. 78694200 -0.33186900 
c 3.27123200 2.81469600 -0.1 8957800 
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c 1.90797300 2.23389200 -0.72983100 
c -2.72316100 1.19517100 -0.67844700 
c -1.60919800 205314200 -0.39351700 
c -1.64582600 3.57927800 -0.16969700 
N -0.36869500 1.58501200 -0.30507200 
c -0.15105100 3.94876200 -0.48158400 
c 0.59805900 2.68518300 -0 04314500 
Co 0.36116900 -0 09956400 -0.29833000 
H -4.30769500 -1.26820000 -0.70314200 
H -0.07934600 4 03011400 -1.58339100 
H 4.86011400 1.59610900 0.68197300 
H 0.76708300 2.70899400 1.04851800 
c 0.36770900 -0.13613500 1.73333700 
c -0.55557000 -1.15531600 2.42521700 
H -0.45385500 -2.14537700 1.88842300 
0 -0 06388300 -1.12097000 3.69335100 
c -2 04434000 -0.78164100 2.36798700 
c -3 01608900 -1.71259400 1.95707800 
c -2.48750100 0.47313700 2.83920200 
c -4.38838200 -1.40243000 1.98990500 
H -2.68473900 -2.69311500 1.59045600 
c -3.85133300 0.80019800 2.85973600 
H -1.74676100 1.19659700 3.19922300 
c -4.81234200 -0.13882400 2.43418600 
H -5.12547800 -2.14706600 1.66393500 
H -4. I 7123400 1.78910800 3.21082800 
H -5.87919500 0.11323000 2.45424400 
H 0.16038700 0.88663600 209925600 
H 1.41207900 -0.39817000 1.97636800 
c -4.13750500 1.74162800 -0.60230300 
H -4.22411900 2.47718500 0.21228100 
H -4.47321600 2.23851500 -1.53076500 
H -4.85388500 0.93898300 -0.36644800 
c -2 00650200 3.85934500 1.31083500 
H -3 00117600 3.45237200 1.55854000 
H -1.27805900 3.39977400 2 00219500 
H -2 02976900 4.94716400 1.50309400 
c -2.57274600 4.37316000 -1.11169700 
H -3.62967100 4.33851800 -0.80460600 
H -2.26966900 5.43657700 -1.10647100 
H -2.49845300 4 00540400 -2.15089100 
c 0.34177700 5.25616800 0.14125600 
H 1.34941900 5.51127400 -0.22781800 
H -0.32638800 6 09666700 -0.12119000 
H 0.39267900 5.19337900 1.24220400 
c 1.76482600 2.30365200 -2.26364500 
H 1.73397200 3.34608100 -2.62093800 
H 2.60335200 1.79153400 -2.76095900 
H 0.83141500 1.79919700 -2.56937900 
c 3.83146300 3.98267100 -1.01578500 
H 3.14428800 4.84673100 -0.99451400 
H 4.79577400 4.31619500 -0.59031800 
H 4 00617600 3.71773700 -2.07110900 
c 3.15747700 3.26096800 1.28711700 
H 4.15708900 3.55065100 1.65966100 
H 2.49289700 4.13226000 1.40865900 
H 2.78280000 2.44609600 1.93407400 
c 5.11687600 1.33034700 -1.42704700 
H 5.83706700 2.16086700 -1.52755300 
H 5.69631300 0.39816700 -1.30475300 
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H 4.54800600 1.24801600 -2.36828900 
c 4.92324800 -1. 17967000 0.92544000 
H 4.88068600 -1.80991500 1.82815400 
H 5.60226600 -1.67306400 0.20687200 
H 5.40062200 -0.23422700 1.22540100 
c 4.16623200 -4.09062900 0.37748200 
H 4.91469900 -3.78920500 1.12506900 
H 4.05533000 -5.18736400 0.46030300 
H 4.56783100 -3. 86390600 -0.62456000 
c 2.44112300 -3.52923700 2.13430000 
H 1.46712400 -3.06504500 2.37200900 
H 2.41321300 -4.59029800 2.44614700 
H 3.20647200 -3.01526600 2.74275000 
c 2.11971200 -4.67488400 -1.59405300 
H 2.81710200 -5.52280400 -1.48337500 
H 1.23979600 -5.03283100 -2.15740600 
H 2.61339500 -3.89158600 -2.19765400 
c -4.43435200 -0.54065600 -2.73045200 
H -5.06250000 -1.35377800 -3.13675600 
H -5.11275900 0.27397600 -2.43826900 
H -3.78746500 -0.16689500 -3.54271100 
c -3.62250400 -3.62262100 -1.33291600 
H -4.61117500 -3.66453400 -1.82687400 
H -3.09724300 -4.56762200 -1.56059700 
H -3.78511500 -3.56957800 -0.24249900 
c -2.50942700 -2.59395600 -3.34728000 
H -1.86450900 -3.48253100 -3.46827700 
H -3.42366400 -2.75428300 -3.94556200 
H -1. 969023 00 -1.72348100 -3. 76034900 

(CIL)t5(corrin)Co(Ill)-CHPh-CHz(O·)- lb 

E (BP86-D3/6-31 G(d) + S:MD (acetone)) = -3313.353368 
E (BP86-D3/6-311 ++G(2df,p)// BP86-D3/6-31G(d) + S:MD (acetone)) = -3314.0565 14 
E (wB97XD/6-31 l++G(2df,p)// BP86-D3/6-31 G(d) + S:MD (acetone)) = -3313.081588 
E (M06-D3/6-31l++G(2df,p)// BP86-D3/6-31G(d) + S:tviD (acetone))= -331 2.147473 
E (M06/6-31l++G(2df,p)// BP86-D3/6-31 G(d) + S:MD (acetone))= -331 2.107111 
E (PBEO-D3/6-311 ++G(2df,p)// BP86-D3/6-31 G(d) + S:MD (acetone)) = -3311.1 80201 
E (83L YP-D3/6-311++G(2df,p)// BP86-D3/6-31G(d) + S:tviD (acetone))= -3313.822528 

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

Charge = 0 Multiplicity = 1 

0.913456 
0.961535 
0.962479 
0.840491 

c 3.1 0634600 -0.96790400 0.15658900 
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c 3.95554200 -2.25702800 0.21719900 
c 3.11331200 -3.19480900 -0.703 79000 
c 1.73392000 -2.59941700 -0.56111200 
N 1.78261500 -1.27911900 -0.21035000 
H 3.14232500 -4.23579600 -0.33292800 
c 0.57198100 -3.31505200 -0.82731300 
H 0.69093900 -4.37815000 -1.05595000 
c 3.55477500 0.31817700 0.42457500 
c -0.71344800 -2.78282700 -0.87091200 
c -1.94310300 -3.63755100 -1.16490500 
N -I. 00694600 -1.46311300 -0.64849700 
c -3 02133800 -2.53853100 -1.41515500 
c -2.37713500 -1.27336600 -0.85101100 
c 2.71624300 1.43705200 0.10936600 
c 3.21448200 2.86786400 -0 03301200 
N 1.42875200 1.31709000 -0.18200300 
c 1.87688500 3.68848400 -0.17168500 
c 0.88539900 2.60039600 -0.73614900 
c -3 06498200 -0.07460700 -0.71094600 
c -2.35267500 1.16351200 -0.56711400 
c -2.94897000 2.58237900 -0.72227200 
N -1.03895100 1.19144900 -0.36194400 
c -I. 64 220600 3.42021700 -0.95564800 
c -0.56950900 2.59865300 -0.22849200 
Co 0.26020000 -0.11331000 -0.16987900 
H -3.94744000 -2.79250100 -0.86863700 
H -1.43468600 3.36328100 -2 04034200 
H 3.71387200 3.17418800 0.90636800 
H -0.57706300 2.83032000 0.85252000 
c 0.05067800 -0.11725400 1.93924900 
c 1.02339000 -1.06165900 2.67244300 
H 2.07103900 -0.82250400 2.35195900 
0 0.72430000 -0.79251500 3.96234400 
H 0.33151900 0.92829600 2.15931000 
c -4.58194700 -0 08596500 -0.77551300 
H -501190300 0.67889900 -0.11098900 
H -4.98270400 0.09967300 -1.78874500 
H -4.98099400 -1.05609700 -0.43773000 
c -3.69877000 3 05251100 0.54633400 
H -4.50924100 2.35901100 0.81909100 
H -3 02726800 3.14245600 1.41484900 
H -4.15371500 4 04250100 0.36274300 
c -3.87286100 2.73588500 -1.95059400 
H -4.89047800 2.35547900 -1.76809300 
H -3.96610500 3.80987000 -2.19886000 
H -3.45843200 2.21706800 -2.83385900 
c -I. 72962000 4.89521000 -0.55846300 
H -0.83348400 5.44414000 -0.89132700 
H -2.60409600 5.37888400 -1.03104200 
H -1.81608600 5.02606300 0.53415600 
c 0.92091400 2.47687500 -2.27550400 
H 0.57270600 3.39740600 -2.77177500 
H 1.94265200 2.26119700 -2.62493600 
H 0.27414900 1.63867300 -2.59054300 
c 203195500 4.93256200 -1.06077400 
H 1.07702300 5.47800400 -1.14708800 
H 2.76711700 5.62580300 -0.61242400 
H 2.37646900 4.69400100 -2.07970200 
c 1.46729400 4.14485000 1.24730300 
H 2.25193300 4.80316800 1.66306200 
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H 0.52325600 4.71684900 1.24076400 
H 1.34906400 3.28760900 1.93608700 
c 4.26114000 3.02133800 -1.15846400 
H 4.59814900 4.06935700 -1.23678200 
H 5.14974600 2.40471000 -0.94286000 
H 3.87080700 2.70935700 -2.14147500 
c 4.91486400 0.58813900 1.04355000 
H 5.16071700 -0.16598100 1. 80829700 
H 5.74223400 0.59859700 0.31121200 
H 4.91908100 1.56666800 1.55164900 
c 5.41613000 -2.13770300 -0.25918700 
H 6 06699900 -1.69042600 0.50722100 
H 5.81111800 -3.14949400 -0.46413900 
H 5.50819200 -1.54046100 -1.18231300 
c 3.93049200 -2.83916300 1.65510800 
H 2.90036100 -3.07464700 1.97365600 
H 4.52354000 -3.77240400 1.68409900 
H 4.36312500 -2.13370200 2.38515600 
c 3.50820000 -3.18984400 -2.19856400 
H 4.51158800 -3.62194300 -2.35509800 
H 2.78452500 -3.79031500 -2.77792800 
H 3.50244600 -2.16254700 -2.60642500 
c -3.37948000 -2.31181900 -2.90185200 
H -3.81378400 -3.22217400 -3.34997200 
H -4.11920200 -1.50174500 -3.00784100 
H -2.48463800 -2.02982100 -3.48503000 
c -2.30906600 -4.46606900 0.09178800 
H -3.18623600 -5.10490600 -0.12284200 
H -1.46981700 -5.11801700 0.39441100 
H -2.56329400 -3.81016300 0.93875400 
c -1.71901600 -4.61083500 -2.34051000 
H -0.98437500 -5.38748900 -2.06350100 
H -2.66062500 -5.12976000 -2.59397900 
H -1.34653800 -4.10039600 -3.24462700 
H 0.85580700 -2.12858600 2.31865600 
c -1.37974000 -0.35069500 2.30543700 
c -2.25167900 0.72936200 2.55920000 
c -1.92026700 -1.65500300 2.40043200 
c -3.60430000 0.52855700 2.88162500 
H -1.84727100 1.74696100 2.51241300 
c -3.26765600 -1.86605900 2.71816600 
H -1.26362200 -2.51156000 2.21486500 
c -4.12479100 -0.77320100 2.95649300 
H -4.25016800 1.39225300 3.07709000 
H -3.65632900 -2.88954100 2.78727100 
H -5.17930100 -0.93825400 3.20617800 

E (BP86-D3/6-31G(d) + SMD (acetone))= -56.553288 
E (BP86-D3/6-311 ++G(2df,p)// BP86-D3/6-31G(d) + SMD (acetone) )= -56.58880 
E (wB97XD/6-311 ++G(2df,p)// BP86-D3/6-31G(d) + S:MD (acetone) ) = -56.567956 
E (M06-D3/6-31l++G(2df,p)// BP86-D3/6-31G(d) + SMD (acetone))= -56.544989 
E (M06/6-311 ++G(2df,p)// BP86-D3/6-31 G(d) + SMD (acetone) ) = -56.544988 
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E (PBEO-D3/6-311 ++G(2df,p)// BP86-D3/6-31G(d) + S:tviD (acetone))= -56.51 6998 
E (B3L YP-D3/6-311++G(2df,p)// BP86-D3/6-31G(d) + S:tviD (acetone))= -56.58989 

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

0.033453 
0.036310 
0.037255 
0.015381 

Charge = 0 Multiplicity = 1 
N 0.00000000 0.00000000 0.12792900 
H 0.00000000 0.93828000 -0.29850200 
H -0.81257500 -0.46914000 -0.29850200 
H 0.81257500 -0.46914000 -0.29850200 

Nffi+ 

E (BP86-D3/6-31G(d) + S:tviD (acetone))= -57.021003 
E (BP86-D3/6-311 ++G(2df,p)// BP86-D3/6-31G(d) + S:tviD (acetone))= -57.047387 
E (w897XD/6-31l++G(2df,p)// BP86-D3/6-31G(d) + S:tviD (acetone))= -57.031286 
E (M06-D3/6-31l++G(2df,p)// BP86-D3/6-31G(d) + S:tviD (acetone))= -57.001833 
E (M06/6-31l++G(2df,p)// BP86-D3/6-31 G(d) + S:tviD (acetone))= -57.001831 
E (PBEO-D3/6-311++G(2df,p)// BP86-D3/6-31 G(d) + S:tviD (acetone))= -56.978602 
E (B3L YP-D3/6-311 ++G(2df,p)// BP86-D3/6-31G(d) + S:tviD (acetone)) = -57. 049074 

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

0.048305 
0.051165 
0.052109 
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 
H 0.59708800 -0.59708800 -0.59708800 

(ClL)t5(corrin)Co(Ill)-Cill-CH(OH)Ph- ITa 

E (BP86-D3/6-31 G(d) + S:tviD (acetone)) = -3313. 879274 
E (BP86-D3/6-311 ++G(2df,p)// BP86-D3/6-31G(d) + S:tviD (acetone)) = -3314.571074 
E (w897XD/6-31l++G(2df,p)// BP86-D3/6-31G(d) + S:tviD (acetone)) = -3313.619455 
E (M06-D3/6-31l++G(2df,p)// BP86-D3/6-31G(d) + S:tviD (acetone)) = -3312.67077 
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E (M06/6-3ll++G(2df,p)// BP86-D3/6-31 G( d)+ SMD (acetone)) ~ -3312.6303 
E (PBEO-D3/6-311 ++G(2df,p)// BP86-D3/6-31 G(d) + SMD (acetone))~ -3311.712196 
E (B3L YP-D3/6-311 ++G(2df,p)// BP86-D3/6-31 G(d) + SMD (acetone))~ -3314.352068 

Zero-point correction= 0.927117 
0.975645 
0.976589 
0.853187 

Thermal correction to Energy~ 
Thermal correction to Enthalpy~ 
Thermal correction to Gibbs Free Energy~ 

Charge~ 

c 
c 
c 
c 
N 
H 
c 
H 
c 
c 
c 
N 
c 
c 
c 
c 
N 
c 
c 
c 
c 
c 
N 
c 
c 
Co 
H 
H 
H 
H 
c 
c 
H 
0 
c 
c 
c 
c 
H 
c 
H 
c 
H 
H 
H 
H 
H 
c 
H 
H 

I Multiplicity ~ I 
2.62964900 -1.94135100 0.21759200 
2.84535500 -3.43469000 0.53143600 
1.74738500 -4 08554800 -0.36807000 
0.74818100 -2.96290700 -0.49070200 
1.31613700 -1.74729400 -0.25039900 
1.29945300 -4.96181900 0.13465200 

-0.56737500 -3.15852900 -0.90222100 
-0.86229400 -4.18519800 -1.13738200 
3.53595800 -0.91081700 0.41815300 

-1.51065100 -2.15620000 -1.10635100 
-2.83832900 -2.41427400 -1.79960300 
-1.31825200 -0.83634100 -0.79806000 
-3.60769700 -1.08327100 -1.51757900 
-2.52100200 -0.14493400 -0.99559300 
3.19856900 0.43298000 0.02793200 
4.19365300 1.57182900 -0.11928300 
1.96983500 0.80758200 -0.28301600 
3.26173400 2.84018200 -0.13849700 
1.90966500 2.25097400 -0.69843000 

-2.72685700 1.19413200 -0.68997600 
-1.61531200 205940300 -0.41397900 
-1.65885000 3.58904500 -0.21950100 
-0.37520000 1.59975900 -0.30663100 
-0.16053500 3.95827000 -0.51514700 
0.58633800 2.70582600 -0 04217800 
0.36036300 -0 09060300 -0.26761100 

-4.30280200 -1.26981400 -0.67417000 
-0.07138700 4 01953400 -1.61658900 
4.83305500 1.62897000 0.78061300 
0.73305400 2.74596400 1.05255800 
0.35727900 -0.13023600 1.69730900 

-0.59948400 -1.15777100 2.28865100 
-0.48518000 -2.11864000 1.75950800 
-0.17401800 -1.46133400 3.65076200 
-2.07123700 -0.77248900 2.28651700 
-3 04501700 -1.74347400 1.98555300 
-2.49840200 0.51676600 2.66467900 
-4.41376500 -1.43702000 204490900 
-2.71912300 -2.74711400 1.68717200 
-3.86600200 0.82704600 2.73472000 
-1.76128500 1.29270700 2.89990000 
-4.82912700 -0.14765500 2.42121100 
-5.15557900 -2.20408700 1.79424300 
-4.17969300 1.83621700 3 02481700 
-5.89629900 0.09723600 2.46623000 
0.14056800 0.88688700 2 06925900 
1.38542500 -0.40205500 1.99361500 

-4.14165600 1.73778500 -0.62381300 
-4.22912500 2.48963400 0.17491100 
-4.47466000 2.21355900 -1.56344400 

59 



https://rcin.org.pl

H -4.85502300 0.93775900 -0.37191400 
c -2.04132800 3. 89436800 1.25089700 
H -3.03573100 3.48568400 1.49543400 
H -1.31659200 3.45898400 1.96156500 
H -2.07561000 4.98577300 1.41645900 
c -2.57564900 4.35833500 -1.19098300 
H -3.63580900 4.32900600 -0.89572000 
H -2.27305600 5.42141900 -1.20514600 
H -2.48708800 3.96736200 -2.22028500 
c 0.31746200 5.27795700 0.09265600 
H 1.32868500 5.53142100 -0.26661400 
H -0.35107200 6.10948100 -0.19488700 
H 0.35224400 5.23446400 1.19500500 
c 1.79588500 2.29722400 -2.23539800 
H 1.77141700 3.33487100 -2.60578200 
H 2.64497400 1.77995400 -2.70809400 
H 0.86915500 1. 78868800 -2.55456500 
c 3.83625200 3.99700000 -0.97021400 
H 3.14903500 4.86076100 -0.97208600 
H 4.79236000 4.33525500 -0.53100200 
H 4.02998800 3. 71799100 -2.01834400 
c 3.11717500 3.30591300 1.32912000 
H 4.10844600 3.60320100 1.71672800 
H 2.44843100 4.17733800 1.42384800 
H 2.73213700 2.49947400 1.98076500 
c 5.13725600 1.34608700 -1.32049200 
H 5.85524700 2.1 7908000 -1.41043200 
H 5.71 752500 0.41810700 -1.17618500 
H 4.58969700 1.25404100 -2.27316700 
c 4.90426000 -1.15008400 1.03052100 
H 4.84791000 -1.85152100 1.87721300 
H 5.63203600 -1.55810300 0.30638700 
H 5.32697000 -0.21313600 1.42498800 
c 4.236%700 -4.03398100 0.25463300 
H 4.96559500 -3.77824900 1.03800800 
H 4.1 5250600 -5.13576900 0.24325700 
H 4.64543700 -3.71 246800 -0.71803700 
c 2.46856500 -3.65059800 2.02283900 
H 1.44404300 -3.30021 900 2.23989900 
H 2.52850900 -4.72649300 2.27032300 
H 3.15951700 -3.10460200 2.68865600 
c 2.20903 100 -4.50375600 -1.78328500 
H 2.93373800 -5.33425500 -1.741 20400 
H 1.34059500 -4.84005500 -2.37665600 
H 2.67776100 -3.65516300 -2.31361800 
c -4.43349400 -0.57554200 -2.71397300 
H -5.05791000 -1.39806800 -3.10564600 
H -5.11495000 0.24015600 -2.43369400 
H -3.78769300 -0.21277500 -3.53163000 
c -3.60802400 -3.63479100 -1. 26355100 
H -4.59504700 -3.69070200 -1.75848600 
H -3.07618100 -4.57983500 -1.47393400 
H -3.77301700 -3.56134400 -0.17522500 
c -2.50897100 -2.63544500 -3.30157000 
H -1. 86360300 -3.52469600 -3.41165900 
H -3.42781500 -2.80808600 -3.88820300 
H -1.97423100 -1.77048200 -3. 73249100 
H -0.27008600 -0.61977900 4.15279800 
(Clli)t5(corrin)Co(Ill)-CHPh-CIUOH- llb 
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E (BP86-D3/6-31G(d) + SMD (acetone))= -3313.877792 
E (BP86-D3/6-311 ++G(2df,p)I/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-D3/6-31 G(d) + SMD (acetone))= -3312.668526 
E (M06/6-3ll++G(2df,p)// BP86-D3/6-31G(d) + SMD (acetone))= -3312.627742 
E (PBEO-D3/6-3ll++G(2df,p)// BP86-D3/6-31G(d) + SMD (acetone))= -3311.710079 
E (B3LYP-D3/6-31l++G(2df,p)// BP86-D3/6-31G(d) + SMD (acetone))= -3314.35043 

Zero-point correction= 0.928394 
Thermal correction to Energy= 0.975817 
Thermal correction to Enthalpy= 0.976761 
Thermal correction to Gibbs Free Energy= 0.857064 

Charge= 1 Multiplicity = 1 
c 3.11167700 -0 .94832000 0.14500900 
c 3.96513100 -2 .23129800 0.20900400 
c 3.13266800 -3.17303500 -0.71747900 
c 1.75060500 -2.58496000 -0.58320400 
N 1.79326700 -1.26358400 -0.23895100 
H 3.16205200 -4.21357900 -0.34733200 
c 0.59161700 -3.30853300 -0.83932900 
H 0.71587500 -4.37225800 -1.06044 200 
c 3.53696600 0.33526000 0.45161000 
c -0.69653300 -2.78402800 -0.88953700 
c -1.91793400 -3.64647700 -1.18928200 
N -0.99930000 -1.46632500 -0.67464600 
c -3.01534600 -2.55827600 -1.40702000 
c -2.37341100 -1.28781900 -0.85678300 
c 2.69880700 1.45331900 0.11500200 
c 3.19393500 2.88390400 -0.02610600 
N 1.42310900 1.32815500 -0 .20794800 
c 1.85511700 3.70093200 -0.18147000 
c 0.87153700 2.61234700 -0.75960400 
c -3.06829400 -0.09459900 -0.69975900 
c -2.36205800 1.15012400 -0.57551900 
c -2.96724000 2.56533800 -0.72454900 
N -1.04829500 1.19226700 -0.39200600 
c -1 .66746000 3.40729000 -0.98747900 
c -0.58536600 2.60083800 -0.25745200 
Co 0.26145900 -0.11011400 -0.18572400 
H -3.92151700 -2 .82239400 -0.83310200 
H -1.47115300 3.33255400 -2.07310200 
H 3.68320700 3.19199200 0.91739000 
H -0.60111500 2.83130800 0.82372400 
c 0.01752600 -0 .07458400 1.81979700 
c 0.99177700 -1.01834000 2.52797800 
H 2.02769200 -0.72474500 2.31781800 
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0 0.85460300 -0.90893700 3.95923600 
H 0.28739100 0.96679100 2.07012800 
c -4.58495300 -0.11806200 -0.72872900 
H -5 00427400 0.64326600 -0 05388900 
H -5 00705900 0.06597900 -1.73296600 
H -4.96742800 -109238700 -0.38466500 
c -3.68686200 3 03261400 0.56319400 
H -4.47512000 2.32752900 0.86898100 
H -2.99011700 3.14647900 1.40866300 
H -4.16406100 4 01201600 0.38136600 
c -3.91919300 2.70653600 -193168200 
H -4.93163300 2.32769800 -172069700 
H -4 01800900 3.77834800 -2.18530900 
H -3.52540800 2.18113600 -2.82024500 
c -1.75673800 4.88701200 -0.61095200 
H -0.86758600 5.43361200 -0.96535200 
H -2.64000600 5.35799500 -107929900 
H -1.82891600 5.03429600 0.48043700 
c 0.91500800 2.49246800 -2.29830100 
H 0.55985500 3.41314800 -2.78873500 
H 1.93998500 2.28898800 -2.64520100 
H 0.27608600 165121300 -2.62129600 
c 2 01730800 4.94445200 -106946300 
H 106308200 5.48990200 -1.16199800 
H 2.74919100 5.63635200 -0.61442900 
H 2.36982100 4.70541900 -2 08537800 
c 1.42811000 4.15505800 1.23283900 
H 2.20555400 4.81680900 165583600 
H 0.48191200 4.72291200 1.21495400 
H 1.30675000 3.29799400 192169700 
c 4.25038600 3 03124800 -1.14336800 
H 4.58069900 4 08064300 -122488500 
H 5.14063200 2.42213600 -0.91493700 
H 3.86912100 2.71015300 -2.12676200 
c 4.88482200 0.61384100 108999400 
H 5.13793900 -0.15313800 1.83820800 
H 5.71409200 0.65350400 0.36153300 
H 4.86694500 1.58144000 161767200 
c 5.42738200 -2 09780100 -0.25654800 
H 606764600 -164480100 0.51522900 
H 5.83203500 -3.10596900 -0.45857800 
H 5.51950500 -1.49937500 -1.17863000 
c 3.92996600 -2.81136800 164855100 
H 2.90107400 -3 06477300 195660500 
H 4.53533000 -3.73562700 168379800 
H 4.34470800 -2.10038600 2.38341200 
c 3.53335200 -3.16378900 -2.21081400 
H 4.53960700 -3.59117700 -2.35830700 
H 2.81656400 -3.76860400 -2.79379600 
H 3.52532800 -2.13637400 -2.61763300 
c -3.42089600 -2.33150800 -2.88153200 
H -3.85310200 -3.24855700 -3.31673400 
H -4.17769400 -1.53476700 -2.96175800 
H -2.54933300 -203319000 -3.49069100 
c -2.25979700 -4.51165400 0.04970800 
H -3.12348800 -5.16206800 -0.18133400 
H -1.40677800 -5.15442400 0.33201100 
H -2.52886500 -3.88559800 0.91477000 
c -168358600 -4.58711100 -2.38989000 
H -0.92980400 -5.35312800 -2.13713700 
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H -2.61684400 -5.11919200 -2 .64489000 
H -1.33196400 -4.04703500 -3.28480100 
H 0.85510100 -2.06520800 2.18944700 
c -1.39903600 -0.32862500 2.22047500 
c -2.23892900 0.74573300 2.58383100 
c -1.93213700 -1.63682400 2.30448300 
c -3.56659600 0.53421400 2.98334900 
H -1.83213600 1.76200200 2.54900600 
c -3.25745900 -1.85671700 2.70584600 
H -1.30004600 -2.48789800 2.03015400 
c -4.08588600 -0.77034000 3.04015100 
H -4.19562800 1.39009700 3.25180600 
H -3.64763400 -2 .87986900 2.75579500 
H -5.12319900 -0.94052800 3.34928300 
H -0.07045700 -1.17644200 4.16026300 

(CHJ)t:s( eo rrin)Co(ll) 

E (BP86-D3/6-31G(d) + SMD (acetone))= -2928 .348782 
E (BP86-D3/6-311 ++G(2df,p)//BP86-D3/6-31G(d) + SMD (acetone))= -2928.920801 
E (w897XD/6-3ll++G(2df,p)// BP86-D3/6-31G(d) + SMD (acetone) ) = -2928.135257 
E (M06-D3/6-311++G(2df,p)// BP86-D3/6-31G(d) + SMD (acetone))= -2927.342949 
E (M06/6-311 ++G(2df,p)// BP86-D3/6-31G(d) + SMD (acetone))= -2927.316126 
E (PBEO-D3/6-3ll++G(2df,p)// BP86-D3/6-31G(d) + SMD (acetone))= -2926.56083 
E (B3L YP-D3/6-3ll++G(2df,p)// BP86-D3/6-31G(d) + SMD (acetone))= -2928.726932 

Zero-point correction= 
Thermal correction to Energy= 
Thermal correction to Entha1py= 
Thenna1 correction to Gibbs Free Energy= 

0.365872 
0.385009 
0.385953 
0.318753 

Charge = 0 Mnltiplici.ty = 1 
c -1.04576000 2.77500100 -0.08371400 
c -2.31403100 3.58787200 -0.24874800 
c -3.43292300 2.55671800 -0.01268900 
c -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 
H -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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c -2.31425200 -3.58781700 0.24826600 
H -4.22596700 -2.57663600 0.77983500 
c -1.04594500 -2.77494600 0.08347400 
H -2.35335400 -4.00574600 1.27142600 
c 1.39269200 2.54047100 0.10500500 
c 2.81064700 3.05983100 0.24160300 
N 1.35051800 1.21856300 0.16189900 
c 3.65766400 1.79254200 -0.03678300 
H 2.96384200 3.43676000 1.27244000 
c 2.71229400 0.65575600 0.38739100 
H 4.61302700 1.77719600 0.51064900 
c 0.21703400 -3.32454300 0.03358700 
H 0.31576200 -4.41143600 0.10176400 
c 1.39254100 -2.54054900 -0.10508000 
c 2.81048200 -3.05999400 -0.24151900 
N 1.35045600 -1.21863600 -0.16195200 
c 3.65754000 -1.79276400 0.03700700 
H 2.96378300 -3.43690300 -1.27234800 
c 2.71229700 -0.65591500 -0.38727500 
H 4. 61297900 -1. 777 46600 -0. 51 029400 
Co -0.03616400 0.00000100 -0.00004600 
H -2.34146400 -4.43918400 -0.45187000 
H -3.92719900 -2.69661200 -0.96700900 
H -3.92622700 2.69712100 0.96777600 
H -2.34105000 4.43975400 0.45076000 
H 3.01544400 -3.89714400 0.44706000 
H 3.87130100 -1.711 07200 1.11865400 
H 3.87156900 1.71081600 -1. 11 839900 
H 3.01574600 3.89695000 -0.44697300 
H 2.80958900 -0.43021000 -1.46913500 
H 2.80943900 0.43004700 1.46926300 

2-hydroxy-2-phenyl-ethyl radical- Ilia 

E (BP86-D3/6-31G(d) + S.tviD (acetone)) = -385.430636 
E (BP86-D3/6-311 ++G(2df,p)// BP86-D3/6-31G(d) + S.tvrn (acetone))= -385.564351 
E (w897XD/6-3ll++G(2df,p)// BP86-D3/6-31G(d) + S.tvrn (acetone))= -385.420779 
E (M06-D3/6-3ll++G(2df,p)// BP86-D3/6-31 G(d) + S:tviD (acetone))= -385.266213 
E (M06/6-3ll++G(2df,p)// BP86-D3/6-31 G(d) + S.tvrn (acetone))= -385.264301 
E (PBEO-D3/6-3ll++G(2df,p)// BP86-D3/6-31 G(d) + S.tvrn (acetone))= -385.105271 
E (B3L YP-D3/6-311 ++G(2df,p)// BP86-D3/6-31 G(d) + S:tviD (acetone)) = -385.573588 

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

Charge = 0 Multiplicity = 2 

0.142268 
0.151030 
0.151974 
0.108138 

c -2.23005100 -0.60482000 1.16092700 
c -1.72567800 -0.36823400 -0.22392600 
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H -1.91888800 -1.26567700 -0.85363600 
0 -2.40456200 0.78681900 -0.75075400 
c -0.20369900 -0.16363700 -0.14353100 
c 0.67707700 -1.24905800 -0.32525600 
c 0.32461900 1.10746900 0.16587300 
c 2.06402500 -1.06747800 -0.20081900 
H 0.27086200 -2.23876000 -0.56959100 
c 1.71093500 1.28960300 0.28487400 
H -0.36329100 1.95021600 0.29728100 
c 2.58550600 0.20239300 0.10467600 
H 2.74010200 -1.91733000 -0.35093800 
H 2.11121700 2.28329500 0.51816200 
H 3.66814300 0.34526500 0.19759200 
H -2.39645400 0.25840800 1.81462800 
H -2.14508400 -1.60008300 1.60701500 
H -1.94651400 1.01268800 -1.59138600 

2-hydroxy-1-phenyl-ethyl radical- lllb 

E (BP86-D3/6-31G(d) + S:MD (acetone))= -385.450209 
E (BP86-D3/6-311 ++G(2df,p)// BP86-D3/6-31G(d) + S:MD (acetone))= -385.584219 
E (wB97XD/6-31l++G(2df,p)// BP86-D3/6-31 G( d)+ S:MD (acetone))= -385.439457 
E (M06-D3/6-31 l++G(2df,p)// BP86-D3/6-31G(d) + S:tvlD (acetone))= -385.286187 
E (M06/6-31l++G(2df,p)//BP86-D3/6-31G(d) + S:MD (acetone)) = -385.284479 
E (PBEO-D3/6-311++G(2df,p)// BP86-D3/6-31G(d) + S:MD (acetone)) = -385 .1 239 
E (B3L YP-D3/6-311++G(2df,p)// BP86-D3/6-31 G(d) + S:tvlD (acetone)) = -385.593337 

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

0.1 43843 
0.152401 
0.153345 
0.1 09788 

Charge = 0 Multiplicity = 2 
c -1.32076300 1.04368600 0.13564300 
c -2.57326800 0.26091200 0.38926200 
0 -2.76024300 -0.73707800 -0.64816600 
H -1 .40877900 2.13286700 0.041 57300 
H -2.50585700 -0.23731400 1.38451000 
c -0.01828600 0.47738900 0.06493500 
c 1.12451500 1.32510200 -0.12133200 
c 0.22126100 -0.93234600 0.19225000 
c 2.41640500 0.79966500 -0.16615800 
H 0.96736700 2.40594500 -0.22429900 
c 1.51903300 -1.44502400 0.14891400 
H -0.63525600 -1.60510200 0.29730000 
c 2.62697900 -0.58908600 -0.028571 00 
H 3.271 53600 1.47116600 -0.30689600 
H 1.67697000 -2.52551100 0.24886000 
H 3.64209900 -0.99975800 -0.06397900 
H -3.44048000 0.95230400 0.43295300 
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H -3.46092300 -1.33976500 -0.31434900 

Propylene oxide 

E (BP86-D3/6-31G(d) + SMD (acetone) )= -193.116591 
E (BP86-D3/6-311 ++G(2df,p)// BP86-D3/6-31G(d) + SMD (acetone))= -193.186628 

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

0.083131 
0.087595 
0.088539 
0.056727 

Charge= 0 Multiplicity= 1 
c -1.04194000 0.62571000 -0.06391300 
c 0.15610700 -0.03405300 0.49377000 
c 1.51540900 0.09572200 -0.15239600 
H 0.16153700 -0.24285800 1.57660700 
0 -0.84014200 -0.80137600 -0.23956200 
H 2.09476300 0.90418400 0.33121200 
H 2.09058600 -0.84271300 -0.04722800 
H -1.87544500 0.90924500 0.59769200 
H -0.94595700 1.23152200 -0.97878000 
H 1.41819500 0.32735800 -1.22777400 

Cyclohexene oxide (5o) 

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= 

0.147541 
0.153648 
0.154592 
0.117916 

Charge = 0 Multiplicity = 1 
c 0.98720600 0.84213000 -0.30180800 
c 1.09675000 -0.63335600 -0.42211500 
c -0.35046800 1.52228900 -0.02911000 
c -0.13082900 -1.51657600 -0.29172400 
H 1.92233100 -1.04800600 -1.024 79000 
0 1.53195800 0.03967700 0.79048300 
c -1.55708600 0.57047200 -0.17687400 
H -0.46002900 2.38496800 -0.71272100 
H -0.31378400 1.93646200 0.99770400 
c -1.28127000 -0.80788200 0.44934800 

66 



https://rcin.org.pl

H -0.45628400 -1.79308800 -1.31519300 
H 0.14931300 -2.45882300 0.21863200 
H -I. 78004300 0.43006200 -1.25403100 
H -2.45393500 1.03393100 0.27491100 
H -2.18839500 -1.43902200 0.41403600 
H -1.01084100 -0.68485000 1.51563800 
H 1.75019000 1.45848900 -0.80435500 
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cis-1-phenylpropylene oxide 

E (BP86-D3/6-31G(d) + S:MD (acetone))= -424.187226 
E (BP86-D3/6-311 ++G(2df,p)// BP86-D3/6-31G(d) + S:MD (acetone))= -424.322652 
Zero-point correction= 0.162298 
Thermal correction to Energy= 0.171145 
Thermal correction to Enthalpy= 0.172089 
Thermal correction to Gibbs Free Energy= 0.128320 

Charge= 0 Multiplicity= 1 
c 2.40649000 0.29792400 0.23858800 
c 1.23298000 0.83124600 -0.51606500 
H 1.32445000 1.86349400 -0.89299200 
0 2.15040700 -0.10866300 -1.13430800 
c -0.17545500 0.38453500 -0.28213900 
c -1.12375500 1.31641000 0.19037400 
c -0.58054400 -0.94390300 -0.52419300 
c -2.44764200 0.92110700 0.43681800 
H -0.81933900 2.35560900 0.36671200 
c -1.90654300 -1.33758000 -0.28139200 
H 0.15308000 -1.65613500 -0.91581200 
c -2.84325300 -0.40832200 0.20316100 
H -3.17363300 1.65376000 0.80780600 
H -2.20971300 -2.37282800 -0.4 7632700 
H -3.87821800 -0.71566300 0.39147000 
c 2.31128700 -0.75660100 1.31314900 
H 1.38642900 -1.3 5052200 1.22872400 
H 3.17540600 -1.44309700 1.25234900 
H 2.33042700 -0.27608300 2.30869800 
H 3.26647200 0.98187700 0.33402700 

trans-1-phenylpropylene oxide 

E (BP86-D3/6-31G(d) + S:MD (acetone))= -424.188449 
E (BP86-D3/6-311 ++G(2df,p)// BP86-D3/6-31G(d) + S:MD (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 
c 2.18947200 -0.23741400 0.40991800 
c 1.15634400 0.39687200 -0.45341800 
H 1.42933500 1.350®700 -0.93414100 
0 1.92408800 -0.74852400 -0.92402400 
c -0.30620700 0.19571500 -0.22276500 
c -1.16838700 1.31026500 -0.17300500 
c -0.84011900 -1.09587500 -0.03151500 
c -2.53893500 1.13826900 0.08110200 
H -0.76122000 2.31645000 -0.33262900 
c -2.20999600 -1.26715600 0.21815700 
H -0.17151900 -1.96140900 -0.09827200 
c -3 .06389800 -0.15070700 0.27861200 
H -3.19875000 2.01278100 0.11830500 
H -2.61439800 -2.27596400 0.36136700 
H -4.13413900 -0.28567900 0.47222300 
c 3.54280100 0.39023700 0.63967000 
H 3.81605500 1.05576400 -0.19761400 
H 3.53660700 0.98067700 1.57425100 
H 4.32054500 -0.38965300 0. 73558100 
H 1.81834400 -0.89611300 1.21257900 

(Clb)l!l(corrin)Co(l)- Propylene oxide- TS2a 

E (BP86-D3/6-31G(d) + SMD (acetone))= -3121.599058 
E (BP86-D3/6-311+tG(2df,p)// BP86-D3/6-31G(d) + S:MD (acetone))= -3122.245755 

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

0.860764 
0.905782 
0.906727 
0.790568 

Charge = 0 Multiplicity = 1 
c -3 01576600 -0.48713100 -0.03235100 
c -433582400 0.25550100 0.26985500 
c -4.05912600 1.62640400 -0.41519500 
c -2.55448600 1.69600700 -0.33624400 
N -1.98649500 0.45259600 -0.24791300 
H -4.53224600 2.44837700 0.15395600 
c -1.85096300 2.89511300 -0.38755700 
H -2.44208500 3.81496400 -0.43050700 
c -2.81888800 -1.86220700 0.02063500 
c -0.46623600 3.01030300 -0.39212200 
c 0.26505200 4.34617800 -0.35667600 
N 0.39541200 1.93969200 -035411600 
c 1.66905600 3.91102100 -0.85986100 
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c 1.70296100 2.43164300 -0.48677800 
c -1.52781500 -2.42058200 -0.25425300 
c -1.24511500 -3.90137500 -0.45734700 
N -0.43364300 -1.67233000 -0.37485800 
c 0.31565700 -3.97259200 -0.28457600 
c 0.75809600 -2.52186300 -0.71024900 
c 2.87146100 1.68928700 -0.36717800 
c 2.81419500 0.27114900 -0.16407100 
c 4 00309700 -0.67516200 0.09680200 
N 1.64626500 -0.37540500 -0.10975000 
c 3.35010300 -2 06281700 -0.22612800 
c 1.87158600 -1.83183300 0.10734600 
Co -0.11439400 0.11779700 -0.21318100 
H 2.44752200 4.48895200 -0.33231300 
H 3.44401400 -2.19657800 -1.32052600 
H -1.70377400 -4.48907500 0.36012200 
H 1.69692200 -2 02878600 1.18009000 
c -0.43240700 -0.20621700 2.18216800 
c -0.14746300 1.07338800 2.86830200 
H -0.77263000 1.92907200 2.51638500 
0 -0.66628200 0.32157600 3.92150600 
H 0.29523800 -1.01297400 2.30262700 
H -1.46485800 -0.49074300 1.98249000 
c 4.21591800 2.38838600 -0.47338000 
H 4.89627700 208017200 0.33844100 
H 4.72942500 2.17065200 -1.42767900 
H 4.11559000 3.48152100 -0.40242000 
c 4.39541000 -0.55081400 1.59101600 
H 4.68974700 0.48565800 1.83188200 
H 3.55425600 -0.82265000 2.25343400 
H 5.25105100 -1.20849200 1.82974100 
c 5.24687100 -0.49404300 -0.79847300 
H 5.89716600 0.33337900 -0.47476900 
H 5.85578200 -1.41660000 -0.75729900 
H 4.96285300 -0.32499700 -1.85265700 
c 3.99950400 -3.26222700 0.46917000 
H 3.58741900 -4.21214300 0.08926400 
H 5.08971800 -3.28252300 0.28719700 
H 3.83828300 -3.23975200 1.56137300 
c 1.03187900 -2.37810400 -2.22225300 
H 1.88149200 -3 00005900 -2.54887800 
H 0.14606100 -2.66788900 -2.80878500 
H 1.25623200 -1.32226300 -2.45304300 
c 0.96757900 -5 09710200 -1.10448700 
H 2 06488200 -5 09080500 -0.98126000 
H 0.60056300 -6 08034000 -0.75670100 
H 0.75121700 -502285900 -2.18246200 
c 0.58184700 -4.23598600 1.21651200 
H 0.15057100 -5.21389600 1.49918800 
H 1.65865800 -4.26907700 1.45133600 
H 0.11124700 -3.46632100 1.85604200 
c -1.85101700 -4.43645000 -1.77305300 
H -1.64105000 -5.51384700 -1.89375600 
H -2.94797500 -4.30990800 -1.76205100 
H -1.46546700 -3.90739500 -2.66047600 
c -3.94694900 -2.81605700 0.38030200 
H -4.52904000 -2.44798200 1.24068400 
H -4.65576500 -2.98071400 -0.45146900 
H -3.55372100 -3.80308200 0.66916300 
c -5.65569000 -0.36721000 -0.22427600 
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H -6.00188000 -1.18860600 0.42071900 
H -6.44442600 0.40761000 -0.20702600 
H -5 .57729400 -0.74902400 -1.25638700 
c -4.40076400 0.46958000 1.80712500 
H -3.50178700 0.99629300 2.17671800 
H -5.28910100 1.07376400 2.07128900 
H -4.47051400 -0.49559700 2.33916500 
c -4.49960500 1. 72882900 -1.89346200 
H -5.59794400 1.69193400 -1.99876600 
H -4.14944600 2.68511000 -2.32149400 
H -4.06389400 0.90871100 -2.49323300 
c 1.89014300 4.05788000 -2.38125500 
H 1.85550800 5.11648500 -2.69360300 
H 2.87654500 3.65145200 -2.66560900 
H 1.11933900 3.50276500 -2.94660100 
c 0.36795900 4.79971300 1.12455900 
H 0.92882500 5.75078800 1.19697300 
H -0.63754100 4.95492700 1.55553600 
H 0.89085700 4.04377600 1.73715900 
c -0.40432000 5.45834100 -1.18005800 
H -1.36064600 5.76495700 -0.71932400 
H 0.24389600 6.35304700 -1.21345500 
H -0.61432900 5.14187200 -2.21598900 
c 1.31628300 1.48312100 3.00757100 
H 1.91436400 0.61181300 3.33277600 
H 1.72751700 1.85349200 2.05312700 
H 1.42316200 2.27600000 3.77148500 

(CIU)ts(corrin)Co(l)- Propylene oxide- TS2b 

E (BP86-D3/6-31G(d) + SlviD (acetone))= -3121.590068 
E (BP86-D3/6-311++G(2df,p)// BP86-D3/6-31G(d) + S:tviD (acetone))= -3122.237732 

Zero-point correction= 
Thennal correction to Energy= 
Thennal correction to Enthalpy= 
Thennal correction to Gibbs Free Energy= 

0.860720 
0.905896 
0.906841 
0.790292 

Charge = 0 Multiplicity = 1 
c -3.00724000 -0.39843900 -0.08430200 
c -4.35624600 0.34798900 0.03397600 
c -3.97374400 1.73401000 -0.56695200 
c -2.49071500 1.78123500 -0.29491700 
N -1.94752100 0.52743400 -0.17967400 
H -4.50882500 2.54782000 -0.04281800 
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c -1.77288900 2.97170700 -0.24063600 
H -2.35010400 3.90045200 -0.28081000 
c -2.83490400 -1.77609200 -0 02787200 
c -0.38762900 3 06724900 -0.19373300 
c 0.36763800 4.38669800 -0.10048700 
N 0.45808600 1.98267900 -0.21955000 
c 1.74267500 3.95728300 -0.68227300 
c 1.76765700 2.46164000 -0.37783300 
c -1.53848300 -2.34879100 -0.23411100 
c -1.27439800 -3.83483300 -0.43736300 
N -0.42889200 -1.61651400 -0.31058400 
c 0.28793100 -3.92576700 -0.28035800 
c 0.73839000 -2.47859500 -0.70169400 
c 2.92849500 1.69794100 -0.34750300 
c 2.85850000 0.27273500 -0.19989900 
c 4 04176600 -0.69500700 -0 00243600 
N 1.68458900 -0.35800700 -0.11648200 
c 3.35725000 -2 06829300 -0.32277200 
c 1.89686200 -1.82028000 0.07092800 
Co -0.07294500 0.16995100 -0.12241100 
H 2.55154700 4.49984000 -0.16304400 
H 3.40970200 -2.18819700 -1.42148500 
H -1.73512600 -4.40773700 0.39036600 
H 1.76909000 -2 03004200 1.14799900 
c 0.09606000 -003485900 2.37141800 
c -1.31729500 0.05189800 2.81468600 
H -201355800 -0.65599400 2.31218500 
0 -0.80199500 -0.33410500 4 03702500 
H 0.48191400 -1.05017900 2.25229500 
c 4.27827100 2.37842300 -0.49644600 
H 4.98868200 2 04110600 0.27726300 
H 4.74442500 2.17216400 -1.47715400 
H 4.20104100 3.47109300 -0.39845600 
C 4.48562700 -0.59895500 I .47982400 
H 4.82005000 0.42538700 1.72017200 
H 3.65792900 -0.85167400 2.16689200 
H 5.32829700 -1.28417800 1.68405200 
c 5.25499900 -0.51540300 -0.93848500 
H 5.92757900 0.29809800 -0.62527900 
H 5.85247200 -1.44628500 -0.93424900 
H 4.93552900 -0.32533900 -1.97884600 
c 4 01229700 -3.28590200 0.33508900 
H 3.57443700 -4.22531900 -0 04179300 
H 5.09551100 -3.31900500 0.11699600 
H 3.88700600 -3.27521900 1.43215600 
c 0.95182600 -2.31703200 -2.22253000 
H 1.77783200 -2.94669400 -2.59214100 
H 0.03907200 -2.58395800 -2.77725400 
H 1.18333900 -1.26150300 -2.44782700 
c 0.91845300 -5 05107300 -1.11581900 
H 2 01713000 -5 05309700 -1.00877400 
H 0.54976700 -6 03363400 -0.76799600 
H 0.68768200 -4.96933500 -2.19015800 
c 0.57429100 -4.19874200 1.21493400 
H 0.13152700 -5.17007400 1.50238600 
H 1.65476200 -4.25073200 I .43066600 
H 0.12828200 -3.42300200 1.86480000 
c -1.89232100 -4.38296000 -1.74257000 
H -1.68805600 -5.46300600 -1.84754200 
H -2.98797100 -4.25326100 -1.73144500 
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H -1.50791800 -3 .87102100 -2.64018900 
c -3.99232500 -2.71725200 0.26522000 
H -4.66248400 -2.30742100 1.03722200 
H -4.61083800 -2.93991800 -0.62344200 
H -3.62427100 -3 .68120600 0.65183000 
c -5.56697100 -0.27556500 -0.68879900 
H -6.00514900 -1.11342000 -0.12607700 
H -6.35860100 0.48951100 -0.79003600 
H -5.31004200 -0.63661300 -1.69933500 
c -4.69644300 0.54752800 1.53508700 
H -3.90511700 1.12097300 2.04879400 
H -5.64532900 1.10794000 1.63213200 
H -4.81366400 -0.41738800 2.05800400 
c -4.20895900 1.88857200 -2.08752400 
H -5.28300400 1.86461000 -2.34170100 
H -3.79976000 2.85530500 -2.43128300 
H -3.69919700 1.08498800 -2.65009600 
c 1.89739100 4.17107900 -2.20384700 
H 1.86944800 5.24382300 -2.46447500 
H 2.86107200 3.76103000 -2.55317900 
H 1.09015200 3.65730000 -2.75727800 
c 0.54094700 4.74817900 1.39901300 
H 1.10459400 5.69467200 1.50190700 
H -0.44190600 4.87332700 1.88803700 
H 1.09563400 3.95833500 1.93623500 
c -0.30821400 5.55936900 -0.82810600 
H -1.23624400 5.85933300 -0.30874700 
H 0.36044100 6.43937100 -0.83800400 
H -0.56980300 5.30924100 -1.87044300 
H -1.74317300 1.08522600 2.74038500 
c 1.07848200 1.03991900 2.76679900 
H 1.64960000 0.75102900 3.66743900 
H 1.80691300 1.23642800 1.96539300 
H 0.54713500 1.98338700 2.98244300 

(Clb)t!l(corrin)Co(I)- cycloxexane oxide- TS3 

E (BP86-D3/6-31G(d) + S:tviD (acetone))= -3238.344929 
E (BP86-D3/6-311++G(2df,p)// BP86-D3/6-31G(d) + SlviD (acetone))= -3239.020761 

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

Charge = 0 Multiplicity = 1 

0.925281 
0.971894 
0.972838 
0.854170 

c 3.03053400 -0.60714300 -0.01642000 
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c 3.97700300 -1.80752700 0.19110300 
c 3.24906300 -2.90340700 -0.65266500 
c 1.82494400 -2.40421600 -0.64291700 
N 1.74705500 -106730300 -0.36987600 
H 3.33070900 -3.88902200 -0.15732800 
c 0.73249200 -3.21436700 -0.93733100 
H 0.94287500 -4.25801700 -1.19139100 
c 3.34612700 0.73302300 0.17133400 
c -0.59945300 -2.81114000 -0.91855400 
c -1.73668200 -3.72949300 -1.33293000 
N -102740800 -1.54845100 -0.59464600 
c -2.97226900 -2.96507600 -0.75930500 
c -2.43085100 -154731100 -0.54808400 
c 2.38313200 1.74302700 -0.16088100 
c 2.70947400 3.20962300 -0.39192100 
N 1.10002400 1.46620300 -0.36758100 
c 1.28576300 3.88046300 -0.41195900 
c 0.36162600 2.67986200 -0.85580800 
c -3.21546400 -0.43257400 -0.26900200 
c -2.63577800 0.87764600 -0.22517100 
c -3.39441800 2.22134700 -0. 17931600 
N -1.31214100 105681700 -0.22592100 
c -2.27238500 3.18575900 -0.70241600 
c -100386700 2.51645200 -0.16306200 
Co 0.12072200 -0.07123600 -0.28987000 
H -3.17489900 -3.38522600 0.25059500 
H -2.27277300 3 08966200 -1.80553700 
H 3.26872200 3.61244500 0.47407300 
H -0.88620300 2.77511600 0.90415800 
c 0.46458400 -0.34400800 2.19043000 
c 0.22957400 -1.79640000 2.45676400 
H 0.64756100 -2.47724100 168216800 
0 104359500 -1.57141700 3.56225000 
H 1.48213100 -0 05193000 192406700 
c -4.68929600 -0.61247300 0.05587900 
H -5 04190900 0.17998800 0.73218600 
H -5.34893000 -0.60110200 -0.83084700 
H -4.85576300 -1.56545700 0.58533300 
c -3.79635200 2.57702100 1.27483400 
H -4.45844800 1.81005600 1.70958300 
H -2.91475100 2.66593800 193314800 
H -4.34126400 3.53819000 1.29734600 
c -4.62106700 2.30230000 -111016300 
H -5.50939200 1.80158800 -0.69310000 
H -4.89212100 3.36275500 -1.26935000 
H -4.40272500 1.85566000 -2 09706400 
c -2.44999500 4.66044100 -0.33657400 
H -1.70544400 5.28557500 -0.85707200 
H -3.45008700 5.02507800 -0.63467100 
H -2.33447500 4.83377600 0.74751400 
c 0.20738300 2.55177000 -2.38540700 
H -0.31633600 3.42054300 -2.81773100 
H 1.19054800 2.45901900 -2.87332800 
H -0.36932400 163869500 -2.61642300 
c 1.21705400 5.11008300 -1.33206800 
H 0.20552200 5.55141200 -1.32725400 
H 191708700 5.88751800 -0.97438100 
H 1.47914700 4.88094900 -2.37747900 
c 0.98195600 4.33459600 103476400 
H 172680500 5.08970600 1.34640800 
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H -0 01590200 4.79698900 1.12450900 
H 103974900 3.49323700 1.75006400 
c 3.61167500 3.41233200 -162933700 
H 3.84059600 4.48192500 -177929800 
H 4.57075700 2.88388400 -1.49026800 
H 3.14952400 3 02453800 -2.55271500 
c 4.70033700 1.18458900 0.69282700 
H 5.05045700 0.54114200 151596200 
H 5.48883500 1.18877300 -0 08190600 
H 4.63903900 2.20796500 109754800 
c 5.44449600 -163816400 -0.25026400 
H 6 03134800 -104569900 0.46738800 
H 5.92060600 -2.63442900 -0.30686300 
H 5.53226500 -1.16230200 -1.24184500 
c 3.93593800 -2.19468300 169474900 
H 2.90635300 -2.29048100 2 08399000 
H 4.46996700 -3.15107000 1.85286200 
H 4.43805800 -1.42277700 2.30536800 
c 3.72769000 -3 04772800 -2.11572600 
H 4.76375600 -3.42396200 -2.17571200 
H 3.07689600 -3.76193500 -2.65129400 
H 3.67599800 -2.07942400 -2.64641200 
c -4.24237600 -3.14785300 -161018700 
H -4.34451700 -4.21161900 -1.89216700 
H -5.15907300 -2.87429600 -106879000 
H -4.20270600 -2.55081000 -2.53767600 
c -163793300 -5.15048100 -0.75109400 
H -2.56575400 -5.71195300 -0.96959400 
H -0.79782900 -5.71746900 -1.19118200 
H -1.50012400 -5.12294800 0.34491000 
c -1.73002700 -3.79739100 -2.88336000 
H -0.76470600 -4.20776100 -3.23001500 
H -2.53297800 -4.45160700 -3.26720100 
H -1.85353100 -2.79448500 -3.33064400 
c -0.37659900 0.68256200 2.91790700 
H -0.37046800 162201400 2.33808700 
H 0.11250400 0.91973500 3.88337700 
c -1.21592300 -2.20171900 2.79284000 
H -1.80453500 -2.25452000 1.85740900 
H -1.19519100 -3.22036700 3.22873500 
c -1.86822700 -1.20390600 3.76407300 
H -1.31433100 -122523900 4.72221200 
H -2.91390600 -1.49838000 3.97687000 
c -1.82204900 0.21370300 3.16842200 
H -2.36653800 0.20579400 2.20654600 
H -2.34085500 0.93847000 3.82474500 
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(Clh)Is(corrin)Co(I) - cis-1-phenylpropylene oxide- TS4a 

E (BP86-D3/6-31G(d) + Sl\.ID (acetone))= -3352.66206 
E (BP86-D3/6-311++G(2df,p)// BP86-D3/6-31G(d) + SMD (acetone))= -3353.373699 

Zero-point correction= 0.940140 
Thetma1 correction to Energy= 0989665 
Thetma1 correction to Entha1py= 0990609 
Thetma1 correction to Gibbs Free Energy= 0.864500 

Charge= 0 Multiplicity= 1 
c 2.01640900 -2.52315600 0.04273900 
c 1.80227400 -4.04121900 0.21771700 
c 0.63198400 -4.28794000 -0.78623600 
c -0.01669200 -2.92702600 -0.83841400 
N 0.83705300 -1.93103700 -0.45179800 
H -0.06521200 -5 .04865700 -0.38799300 
c -1.31846700 -2.72342100 -1.28303100 
H -1.87571900 -3 .60751400 -1.60836600 
c 3.15647900 -1.80661400 0.38554400 
c -1.96962300 -1.49504700 -1.34117100 
c -3 .35802000 -1.34298700 -1.93788400 
N -1.42048800 -0.30035300 -0.94952700 
c -3 .74884300 0.08523800 -1.44499900 
c -2.40126200 0.69889600 -1.05378100 
c 3.22571400 -0.40117800 0.10870800 
c 4.50681900 0.41664200 0.08338600 
N 2.15491400 0.31763500 -0.21456600 
c 3.97000900 1.89511400 0.08015800 
c 2.54178800 1.72536700 -0.56906000 
c -2.20850700 2.03854400 -0.73284600 
c -0.90321500 2.54128800 -0.42491400 
c -0.51503600 4.01810600 -0.20271000 
N 0.14774700 1.72861300 -0.28389500 
c 1.03192200 3.94141700 -0.45212300 
c 1.37000600 2.52688800 0.03022100 
Co 0.38354700 -0.07811600 -0.39371100 
H -4.31688500 -0.03691100 -0.49636100 
H 1.16748000 3.97491500 -1.55039700 
H 5.07541300 0.26028500 1.01968300 
H 1.48083300 2.53083900 1.12840800 
c 0.13378500 -0.54160100 2.07898000 
c -1.11465800 -1.35257400 2.10620300 
H -1.12295700 -2.12299000 1.30441500 
0 -0.61019400 -1.80216400 3.33014900 
c -2.50668800 -0.73909900 2.16614100 
c -3 .58585800 -1.64199600 2.29505000 
c -2.79526500 0.63867700 2.13150400 
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c -4.90984600 -1.18875700 2.40025300 
H -3.37577000 -2.71927200 2.30983700 
c -4.11921000 1.10063500 2.24563700 
H -1.99040800 1.36211200 1.98537400 
c -5.18189000 0.19194200 2.38010400 
H -5.72972600 -1.91090400 2.49348900 
H -4.31790200 2.17814800 2.21903600 
H -6.21307500 0.55432000 2.46357500 
H 1.03249000 -1.12680400 1.88162700 
c -3.41057700 2.96078200 -0.62490300 
H -3.22930300 3.76407000 0.10329800 
H -3.68816700 3.44322000 -1.57998500 
H -4.290021 00 2.40959100 -0.25647600 
c -0.83241600 4.43155200 1.25710600 
H -1.90887200 4.33023400 1.47663500 
H -0.28446300 3.80927000 1.98691900 
H -0.55572700 5.48725000 1.43114800 
c -1.13812000 5.02058400 -1.19627300 
H -2.17667800 5.28905700 -0.94631100 
H -0.55084500 5.95778800 -1.18569600 
H -1.12172700 4.62226600 -2.22683200 
c 1.85182900 5.06895000 0.17806800 
H 2.90152000 5.02649600 -0.15734100 
H 1.45438400 6 05836100 -0.11397400 
H 1.84883700 5.01427900 1.28076100 
c 2.54582900 1.84254300 -2.10726400 
H 2.84006500 2.85196900 -2.43966500 
H 3.23906600 1.11307900 -2.55513000 
H 1.53382900 1.62421500 -2.49123200 
c 4.89609800 2.86836500 -0.66678500 
H 4.48400000 3.89238500 -0.65806500 
H 5.88256500 2.90610100 -0.16889300 
H 5.06410200 2.58247300 -I. 71 7 56900 
c 3.88017000 2.34103500 1.55814600 
H 4.89059300 2.33121000 2 00658000 
H 3.48183800 3.36451300 1.66064200 
H 3.24358000 1.66030000 2.15275600 
c 5.43812500 -0 01017300 -I. 07246600 
H 6.36467500 0.59032700 -I. 07 463 200 
H 5.72805500 -1.06872500 -0.95334000 
H 4.95586400 0.09328100 -2 05902900 
c 4.36203100 -2.46602300 1.03493800 
H 4 05800800 -3.18374700 1.81353800 
H 5.00143700 -3 00982700 0.31567300 
H 4.99862800 -1.71580500 1.53080100 
c 2.99659500 -4.97229800 -0.07062200 
H 3.72600400 -4.98557600 0.75294200 
H 2.62483300 -6 00725900 -0.18493900 
H 3.52875400 -4.69766200 -0.99724300 
c 1.30121400 -4.28277900 1.66829100 
H 0.45143900 -3.63068600 1.94070500 
H 0.99241100 -5.33848500 1.79022900 
H 2.10863500 -4 08031600 2.39489300 
c 1.05505900 -4.70543300 -2.21345600 
H 1.52286000 -5.70515000 -2.22913700 
H 0.16752800 -4.73656400 -2.87052300 
H 1.76875600 -3.97868200 -2.64291000 
c -4.64661000 0.83658500 -2.44597500 
H -5.42889800 0.15151800 -2.82050000 
H -5.16709900 1.69257000 -1.99416000 
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H -4.07300500 1.20586800 -3.31370700 
c -4.36609800 -2.39797700 -1.44937200 
H -5.38034700 -2.14446400 -1.81154500 
H -4.12215800 -3.40699200 -1.82823000 
H -4.39287200 -2.43632100 -0.34573900 
c -3.20596900 -1.43867300 -3.47957400 
H -2.78370800 -2.42360400 -3.74787100 
H -4.17825200 -1.33706900 -3.99360000 
H -2.52396100 -0.65986900 -3.86633600 
c 0.31421900 0.71200500 2.90325000 
H 1.34076300 0.77606100 3.30458700 
H 0.13362800 1.62596600 2.31347000 
H -0.39084800 0.71684800 3.75048400 
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(Clh)Is(corrin)Co(I)- trans-1-phenylpropylene oxide- TS4b 

E (BP86-D3/6-31 G(d) + SlviD (acetone))= -3352.662226 
E (BP86-D3/6-311 ++G(2df,p )/I BP86-D3/6-31 G( d) + SMD (acetone) ) = -3353.3 73598 

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

0938001 
0.988071 
0.989015 
0.861067 

Charge = 0 Multiplicity = 1 
c 1.94354400 -2.53425200 0.05994100 
c 1.69349000 -3.98988400 0.50951300 
c 0.40659000 -4.33425400 -0.30526100 
c -0.19606700 -2.96529300 -0.52531600 
N 0.71924400 -1.96085800 -0.33475700 
H -0.26379900 -4.98015400 0.29328900 
c -1.47496100 -2.76668400 -1.04244400 
H -2.05613000 -3 .65911500 -1.29616100 
c 3.15089500 -1.83987400 0.08740500 
c -2.04188400 -1.52554100 -1.31304400 
c -3 .30270100 -1.31701700 -2.13319700 
N -1.47939400 -0.33246800 -0.92677300 
c -3 .73176900 0.11043600 -1.66287000 
c -2.43649400 0.68024600 -1.07679400 
c 3.19926200 -0.45710100 -0.29130100 
c 4.46324000 0.36479900 -0.48944900 
N 2.09417200 0.26433300 -0.47811100 
c 3.93272800 1.84092400 -0.36010900 
c 2.42729900 1.69185500 -0.80457600 
c -2.26507700 1.99700200 -0.65702700 
c -0.96532400 2.48238200 -0.30399100 
c -0.56919700 3.92564100 0.06372900 
N 0.09298300 1.66626400 -0.26839700 
c 0.96292000 3.89191900 -0.28206200 
c 1.33987100 2.43409900 0.01008200 
Co 0.32191200 -0.12671800 -0.45059300 
H -4.44605400 -0.02108400 -0.82343200 
H 1.03044900 4.05440700 -1.37524200 
H 5.17123700 0.18763700 0.34173300 
H 1.57145900 2.31261400 1.08424300 
c 0.17307500 0.09673200 2.57527400 
c -0.97297900 -0.64535300 3.19166400 
H -0.73445800 -1.71217100 3.40638500 
0 -0.69992800 0.25075300 4.25076800 
c -2.36220500 -0.53184600 2.60010300 
c -3.06396400 -1.67377200 2.17037300 
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c -3 00710900 0.72084100 2.57067800 
c -4.39713100 -1.57061200 1.73951800 
H -2.56880900 -2.65251200 2.19642600 
c -4.33374000 0.82911300 2.12800100 
H -2.46178800 1.59925200 2.93308000 
c -5 03654100 -0.31902200 1.71833000 
H -4.94528300 -2.47013100 1.43742900 
H -4.82645300 1.80775200 2.11445800 
H -6.07935600 -0.23956900 1.39022100 
H -0 06130900 1.04615800 2 09090100 
c -3.47659600 2.90401500 -0.52945500 
H -3.37321700 3.57112200 0.34108400 
H -3.65038900 3.54524100 -1.41334800 
H -4.39005000 2.31356200 -0.35688300 
c -0.81560100 4.14201700 1.57859400 
H -1.88546300 4 02045600 1.82216200 
H -0.24975500 3.41715700 2.19184100 
H -0.51659000 5.16120400 1.88494600 
c -1.24452900 5.04345500 -0.75624400 
H -2.26689900 5.27069700 -0.41554900 
H -0.65731900 5.97542600 -0.65629900 
H -1.28536900 4.78292600 -1.82922200 
c 1.81542800 4.94933500 0.42270200 
H 2.84384600 4.95819500 0.02262600 
H 1.39671200 5.96128300 0.27171900 
H 1.87849100 4.76771800 1.51019500 
c 2.21069600 1.90836800 -2.31665100 
H 2.43973200 2.94326900 -2.62074900 
H 2.84602900 1.22644100 -2.90391400 
H 1.15904900 1.68823400 -2.56866800 
c 4.73404700 2.85477500 -1.19292400 
H 4.30676000 3.86865400 -1.09282100 
H 5.77882300 2.89815500 -0.83367300 
H 4.76080200 2.60593900 -2.26605400 
c 4 06451000 2.22615600 1.13167100 
H 5.13235300 2.22092200 1.41822000 
H 3.67052600 3.23396400 1.34118800 
H 3.54133700 1.50751600 1.78634600 
c 5.20136000 -0 02735800 -I. 78718600 
H 6.11915200 0.57257500 -1.91979800 
H 5.49947200 -1.09030800 -1.74055400 
H 4.56981600 0.10129800 -2.68242300 
c 4.43517200 -2.49404100 0.57174700 
H 4.28206600 -3 01470500 1.53245800 
H 4.84226700 -3.23115100 -0. 14 299200 
H 5.22245300 -1.7 44 34 200 0.74333100 
c 2.79980100 -5 03822500 0.28662100 
H 3.61033100 -4.95469700 1.02621100 
H 2.36232000 -6 04693900 0.40409900 
H 3.24337100 -4.97649100 -0.72134300 
c 1.33871300 -3.93909100 202037200 
H 0.48414100 -3.26325900 2.20557700 
H 1.06855200 -4.94834900 2.38476300 
H 2.19743100 -3.57588100 2.61269700 
c 0.65564900 -5 01496400 -1.67079900 
H 1.08507600 -6 02550000 -1.55554700 
H -0.29686100 -5.11475500 -2.22073700 
H 1.34289500 -4.41178200 -2.29214700 
c -4.42683700 0.93499900 -2.76165400 
H -5.19587700 0.31645700 -3.25993000 
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H -4.93977700 1.82234600 -2.36181500 
H -3.71177400 1.27675200 -3.53000900 
c -4.40723100 -2.36061100 -I. 90739200 
H -5.33304900 -2 04954700 -2.42624200 
H -4. 11999600 -3.34920600 -2.31000200 
H -4.63249700 -2.47815200 -0.83418800 
c -2.86704500 -1.34706400 -3.62488900 
H -2.42901900 -2.33366600 -3.86028400 
H -3.72439000 -1.18483800 -4.30278300 
H -2.10399700 -0.57640100 -3.83745200 
c 1.58184500 -0.29747700 2.86948100 
H 1.61275600 -1.09702600 3.62801700 
H 2 06713200 -0.67885900 1.95506700 
H 2.17675600 0.56109200 3.22869200 
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6.6 Kinetic studies for model reaction 
0 

Php 

5a 

+ Ar-1 

Sa 

Ar = t-O-

B,a1NICI1(DME) 
Zn, NH4CI 

blue LED 

OH 

Ph~Ar 
7aa 

Reaction conditions: styrene oxide (Sa) (0.2 mmol), 4-iodotoluene (6a) (1.5 equiv.), Zn (1.5 equiv.), NH4CI (3 equiv.), B1 2 (1) (5mol%), 

NiCb(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 m g). The reaction was monitored by GC/FID for 16 h. 

60 

50 

~ 40 

"Cl 30 
Ql 
;;: 20 

10 

Kinetic for model reaction 

0 ~----~~-----r------~------r-----~------~ 
0 10 20 30 

Time [min.] 
40 50 60 

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 

Php 

5a 

+ Ar-1 

ea 

Ar = t-O-

3/NICI2(DME) OH 

Ph~Ar 
7aa 

Reaction conditions: styrene oxide (Sa) (0 .2 mmol), 4-iodotoluene (6a) (1.5 equiv .), Zn (1.5 equiv.), NH4CI (3 equiv.), HME (J) (5mol%), 

NiCb (DME) (20mol%), dtbbpy (40 mol% ), acetone-d6, Blue LED (single di ode, 3 W), 16 h. 

The reaction was setup according to the procedure D (acetone was replacement on acetone-d6) . After 16 h a small 

portion was taken from the reaction mixture and 1H NMR spectrum was recorded. This experiment enabled 

identification of side-products formed. 
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1H NMR of the crude reaction mixture: 

~ ~ ~ ~ ~ ~ M ~ U ~ M ~ ~ ~ ~ U ~ ~ ~ ~ ~ ~ ~ 

11 (ppm} 

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-d6): 

~H 
U ~ 

l 1 
~f! ~ ~ ~ 

9.0 1.5 1.0 7.5 7.0 ... 0.0 5 .5 5.0 .... ..... 3.5 3.0 l.5 l.O 1.5 1.0 0 .5 0 .0 -0.5 -l.D 
fl(ppm) 
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1H NMR spectrum of product (7aa) (solvent: acetone-do): 

'L ! ! 
H ! ! 

•• ... •• '·' '·' •• ... .. •• ... .. '·' "-' 

[ 
... '·' 

~ 
I 

! 
'·' '·' ... ... •• <> -1.0 

Conclusion: Based on 1H NlvfR spectrnm, the major side-product is sty re ne. The ratio between product and styrene 

is 1:0.6. 
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6. NMR Spectra 

1-phenyl-2-(4-tolyl)ethan-1-ol (7aa) 
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1-( 4-(ler/-butyl)phenyl)-2-( 4-tolyl)ethan-1-ol (7ba) 
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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[dJ [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) 
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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) 

0.0 

OH ;/" I 

" 
"I 

~({ 
8.5 8.0 

H 
7.5 

~ 
7.0 0.5 0.0 5.5 5.0 1.5 1.0 

fl (ppm) 

u i 
3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0 ... 5 -1.0 

~ ~ 
I I 

I 

- - = - - ~ - - = - • • • • • • • • w 0 ~ fl {ppm) 

104 



https://rcin.org.pl

1-phenyl-2-(1-tosyi-1H-indol-5-yl)ethan-1-ol (7al) 
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4-(2-hydroxy-2-phenylethyl)benzamide (7am) 
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lerl-butyl (4-(2-hydroxy-2-phenylethyl)phenyl)carbamate (7an) 
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2-( 4-(hydroxym ethyl)phenyl)-1-phenylethan-1-ol (7 ao) 
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1-(p-tolyl)hexan-2-ol (7ha) 
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1-(p-tolyl)dodecan-2-ol (7ia) 

g 
llil~~::I::ISI!: 
..:...:...:..:...:..:...: 
~ 

~!!~~~~ ~~~~~!!~~ ~~i,~llilill 
~ '--',V~~ ~/jj)•~; 

" " ~ ~ 
0.0 8.5 8.0 7.5 7.0 5.5 5.0 5.5 5.0 4.5 4.0 

fl (ppm) 

~~ ~~ 
~! ~:g 
\I y 

' 

- = • - ~ m = m • • • fl {ppm) 

110 

3.5 

• " I 

" " ' T~ ! 
~ § ~ ~ ' ~ 

3.0 2.5 2.0 1.5 1.0 0.5 

• li!ilt:o!~~H!IB • ~-~~·~··· I I "~c"cc" 

70 " 50 3D 20 

0.0 -o.5 -1.0 

• ~ 
I 

' 

10 -10 



https://rcin.org.pl

1-(benzyloxy)-3-( 4-tolyl)propan-2-ol (7 ja) 
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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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(1S,2R)-2-(4-tolyl)cyclopentan-1-ol (7na) 
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(1S,2R)-2-(4-tolyl)cyclohexan-1-ol (7oa) 
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1-(4-chlorophenyl)hexan-2-ol (7hd) 
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1-(benzo[dJ [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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lerl-butyl (4-(2-hydroxyhexyl)phenyl)carbamate (7hn) 
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1-(1-tosyi-1H-indol-5-yl)hexan-2-ol (7hl) 
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4-methyi-N-(2-(p-tolyl)cyclopentyl)benzenosulfonamide (S25) 
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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 
SOMOphiles and low-valent transition metals. Importantly, the 
regioselectivity of these processes complements known method­
ologies. 

T 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. 1 

The high ring-strain governs the reactivity of oxetanes 
facilitating a plethora of transformations; among these, 
strategies based on breaking the e-o or c-c bonds 
predominate.2a,b 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.1-6 In addition, oxetanes are a convenient source 
of a-oxy radicals. The MacMillan group developed an efficient 
methodology for the deoxygenative arylation of alcohols7 and 
for the a-arylation of ethers, including oxetanes, 8 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 Gansauer 
developed a Cp2TiCl-catalyzed system for the generation of 
y-titanoxy radicals. 10 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. 11 They also 
used iron-catalysis to access 3-oxidorropylmagnesium com­
pounds from 2-substituted oxetanes. 2 Although the above 
transformation likely proceeds via an r-oxidoradical inter­
mediate, it is inlmediately intercepted by an iron catalyst, 
which thus precludes free-radical reactivity. Despite the immense 
importance of these seminal contributions, the possibility to access 
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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 13 and 
regioselective ring-opening of epoxides ( oxiranes ). 14 The 
crucial step of these processes involves the formation of alkyl 
cobalamins from vitamin B12 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 Ig/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 lA). 

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 lB). 
Herein, we report a general method that give access to 
nucleophilic C-centered radicals from oxetanes in the 
bioinspired vitamin B12-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 co'1ling 
with aryl halides via cooperative Co/Ni-catalysis! 5

-
1 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.14 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 

tiME (3) 
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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).18' 19 

Due to the Lewis basicity of the oxygen atom, oxetanes are 
activated by acids making them susceptible toward nucleo­
philes.1'3 However, the use of these reagents, from the 
standpoint of our catalytic approach, poses several challenges. 
Hydrophilic vitamin Bn 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(I)-Corrin complex 

n= 1, R = Ph 
AG* = 41.1 kJ/mol << 

n=2, R = H 
AGf = 90.9 kJ/mol 

B 

activity. Moreover, the activated oxonium cation may be 
prone to reductive cleavage of the C-0 bond. Thus, 
hydrophobic heptarnethyl cobyrinate (3), a vitamin B12 

derivative, in combination with various acid additives, was 
tested in the model reaction (see Scheme 2 and SI). In the 
presence of Bmnsted 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 AIC13 
is practically barrierless (see SI). Indeed, in the experiment 
with AIC13, product 4a formed in 27% yield, and halohydrin 5a 
was observed as a side product, while the use of AI( 0Tf)3 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 aNi-catalyst activates aryl halides while Co-catalysis induces 
the formation of radicals from alkyl halides.2° 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 NiCl2(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% yields, 
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 B12 is a known catalyst for dehalogenation 
reactions,21

'
22 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.23 

Like the described cross-coupling reaction, alkyl radicals 
generated from oxetanes should also engage in reactions with 
SOMOphiles. The model reaction o£3-phenyloxetane ( 1) with 
methyl acrylate (20) without any activator did not lead to 
desired product 21 {Scheme 4B) . Not surprisingly, the 
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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% yield. 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% yield, 
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 22c, 53% and 43%, respectively), and 

c 

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. 
Cl-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 B12-

catalyzed reactions. 14 These results are however in contrast to 
reports from Grimme.10 Both CpzTiClz-catalyzed reactions 
predominantly lead to primary alcohols. Thus, our eo-based 
methodology complements the existing approaches. 

https//doi.o rg/1 0.1021 /acs.o rglett2c00355 
Org. l ert. XXXX. XXX. XXX- XXX 



https://rcin.org.pl

Organic Letters pubs.acs.org/Org Lett '"* 
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 resulf1 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). 
Firsf1 control experiments revealed that the cobalt complex, Zn, 
and light 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 lA) . Third, TMSBr reacts swiftly with oxetanes, 

Figure 1. Proposed a mechanism: I path, Giese·type addition; ll 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.24 Thus, although direct reaction of Co( l) 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 

D 

addition, the MS analysis also shows the peak corresponding to 
the alkyl-cobalt complex. Furthermore, the model reaction 
performed with deuterated reagents (ND4Cl) showed 
deuteriwn-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 (..6..G = -51.4 kJ/mol). 
The resulting silyl ether of y-bromohydrin enters a facile 
reaction with the nucleophilic Co(I) complex through a SN2 
manifold25

'
26 (..6..G* = 29.4 kJ/mol), giving rise to a Co(III)­

alkyl intermediate 11, featuring a relatively weak Co-C(sp3
) . 

This species is photoactive in the visible region, which can 
trigger a homolytic cleavage of the Co-C bond providing alkyl 
radical Ill and the Co(II) complex. As proposed by Kozlowski, 
photodissociation proceeds preswnably from the first 
electronically excited state ( S1) through the generation of a 
singlet radical pair. The generated radical Ill either is trapped 
by an electron-deficient olefin or enters the Ni-catalytic cycle. 

Herein, we described the vitamin B12 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 diiferent 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 Cc­
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 (KMnO,), or eerie 

ammonium molybdate (CAM)ffianessian'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 Sigrna-Aldrich, Acros Organics, Alfa Aesar, 

Fluorochem, and TCI, and used as received unless otherwise noted. Dry solvents: dimethyl sulfoxide (DMSO), 

dichloromethane (CHzCh), tetrahydrofuran (THF), acetonitrile (CH,CN) were taken from the Solvent Purification 

System (SPS). Deuterated solvents (CDCb and CD,CN) were purchased from Eurisotop. Substrates: 3-
phenyloxetane (1)1, 3-( 4-methoxyphenyl)oxetane2, 4-( oxetan-3-yl)benzonitrile1, 3-(2-methylphenyl)oxetane2, 1-

( oxetan-3-yl)-lH -indole3
, 9-( oxetan-3-yl)-9H -carbazole3

, 3-( 4-methoxyphenoxy)oxetane3
, 3-

((benzyloxy)methyl)oxetane1, 2-(2-(benzyloxy)ethyl)oxetane4
, 2-( oxetan-3-yl)isoindoline-1 ,3-dione1, 3-methyl-

3-(3-pheny 1-2-oxapropy l)oxetane1, 3-m ethy 1-3-(3-pheny 1-2-oxapropy l)oxetane1 and catalysts: Ni Ch( dtbbpy )5
, 

(CN)(H,O)Cby(OMe)7 (3)6, were synthesized according to literature procedures. 

Before the use, zinc was activated by the following method: a) washing with 10% HCl, b) grinding, c) washing 

with HzO, EtOH, and EtzO, d) drying in a vacuum 6 

Instrumentation. 

• NMR Spectroscoov 1H and 13C NMR spectra were recorded at 25 cc on a Bruker 400 MHz, 500 MHz 

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 CDCb (7.26 ppm - 1H NMR and 77.16 ppm - 13C 

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. 

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

• High Resolution Mass Spectrornetry: High-resolution mass spectra (HRlvfS) were recorded on a Waters 

AutoSpec Premier instrument using electron ionization (El) or a Waters SYNAPT G2-S HDMS 
instrument using electrospray ionization (ESI) with time-of-flight detector (TOF). 

• Low Resolution Mass Spectrornetnr: Low-resolution mass spectra (LRlvfS) were recorded on an Applied 

Biosystems API 365 mass spectrometer using electrospray ionization (ESI) technique. 

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

uncorrected. 

• Preparative HPLC: Preparative HPLC separations were performed using Knauer HPLC chromatograph 

with PDA detector and Preparative column chromatography Knauer Ell 100-10 Si column (250 x 20 

mm). 
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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 Sl (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: Amax = 460 nm, 4.5 lm 

Green LED tape: 10 mm SMD5050 LED strip, 60 LED diodes/m 

Power consumption: 14.4 W/m 

Green light: Amax = 525 nm, 20 lm 

White LED tape: 8 mm SMD3528 LED strip, 120 LED diodes/m 

Power consumption: 9.6 W/m 

White light: 6500 K, 30 lm 
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3. Full Optimization of the Co/Ni- catalyzed cross-electrophile coupling Parameters: 
Model reaction: 

Co-c:~~talyatJNICI2{DM E) 
Zn, NH4CI 

blue LED 

4a 

Reaction conditions: oxetane (1) (0.2 mmol, 1 equiv), 4-iodotoluene (2) (1.5 equiv), Zn (3 equiv), NH4CI (3 equiv), HME (3) (6 mol%), 

NiCb(DME) (15 mol%), dtbby (20 mol%), TMSBr (2 equiv), MeCNanh (c = 0.1 M), blue LEDs, 16 h; each reaction was quenched by treatment 

with 2 equiv of citric acid. 

Table S1 Background experimentsa 

Entry Deviation from the Initial Conditions Yield of 4a [%] 

1 none 29/26b 

2 no eo-catalyst 5 

3 no Ni-catalyst Product not observed 

4 no reducing agent Product not observed 

5 no Lewis acid Productnotobserved 

6 no light 3 

7 MeCN (,wet") Productnotobserved 

8 Air atmosphere 17 

•Reaction conditions: oxetane (1) (0.1 mmol, 1 equiv), 4 -iodoto luene (2) (1.5 equiv), Zn (3 equiv), NH4CI (3 equiv), HME (3) (5 mol%), 
N iCb(DME) (20 mol%), dtbby (40 mol%), TMSBr (2 equiv), MeCNanh (c = 0.1 M), blue LEDs, yields detennined by GC, 16 h, blsolatedyield. 

Table S2 Optimization of the substrates ratio• 

Entry 

2 

3 

4 

Oxetane 1 ( equiv) 

1.5 

3 

Aryl iodide 2 (equiv) 

1.5 

3 

1 

Yield of 4a [%] 

29/26b 

17 

27 

21 

•Reaction conditions: oxetane (1) , 4-iodotoluene (2), Zn (3 equiv), NH4CI (3 equiv), HME (3) (5 mol% ), NiCb(DME) (20 mol%), dtbby (40 
mol%), TMSBr (2 equiv), MeCNanh (c = 0.1 M), blu e LEDs, 16 h, yields detennined by GC, blsolated yield. 
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Table S3 Optimization of a solvent for HME (3)- catalyzed reaction" 

Entry Solvent Yield of 4a [%] 

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 

aReaction conditions: oxetane (1) (1.5 equiv), 4-iodotoluene (2) (0.1 mmol, 1.0 equiv), Zn (3 equiv), NH4Cl (3 equiv), HME (J) (5 mol%), 

NiCI2(DME) (20 mol%), dtbby (40 mol%), TMSBr (2 equiv), solvent (c = 0.1 M), blue LEDs, 16 h, yields determined by GC. 

Table S4 Concentration of oxetane (1)" 

Entry 

2 

3 

[mol/dm3] 

0.05 

0.1 

0.2 

Yield of 4a [%] 

8 

27 

23 

aReaction conditions: oxetane (1) (1.5 equiv), 4-iodotoluene (2) (0.1 mmol, 1.0 equiv), Zn (3 equiv), NH4Cl (3 equiv), HME (J) (5 mol%), 

NiCb(DME) (20 mol%), dtbby (40 mol%), TMSBr (2 equiv), MeCNanh, blue LEDs, 16 h, yields determined by GC. 
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Table S5 Screening of Lewis acida 

Entry Lewis acid Yield of 4a [%] 

AlCb 27 

2 LiBF, 0 

3 MgCh 0 

4 In(OTf)J 0 

5 Al(OTf), 0 

6 Fe(OTf)z 0 

7 Ga(OTf), 0 

8 SnCl, 0 

9 In!, 0 

10 TMSCl 7 

11 (ETO),SiCl 0 

12 TMSBr 49 

13 TMSI 32 

14 TMSOTf 2 

15b TMSBr 81178' 

aReaction conditions: oxetane (1) (1.5 equiv), 4-iodotoluene (2) (0.1 mmol, 1 equiv), Zn (3 equiv), NH4Cl (3 equiv), HME (J) (5 mol%), 

NiCb(DME) (20 mol%), dtbby (40 mol%), Lewis acid (2 equiv), MeCNanh (c = 0.1 M), blue LEDs, 16 h.; bReversed stoichiometry: 112 1:1.5; 

yields determined by GC, 'Isolated yield. 
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Table S6 Screening ofthe cobalt catalysts" 

Entry 

1 

2 

3 

4 

Co-catalyst 

3 

SI 

S2 

S3 

Yield of 4a [%] 

81 

50 

29 

0 

aReaction conditions: oxetane (1) (0.1 mmol, 1 equiv), 4-iodotoluene (2) (1.5 equiv), Zn (3 equiv), NH4Cl (3 equiv), eo-catalyst (5 mol%), 

NiCI2(DME) (20 mol%), dtbby (40 mol%), TMSBr (2 equiv), MeCNanh (c = 0.1 M), blue LEDs, 16 h, yields determined by GC. 

Aqua(eyano)heptamethyl 
eobyr:inate (3) 

Table S7 HME (3) - catalyst loading" 

Entry 

2 

3 

MoO OMe 

MoO OMo 

5,10,15,20-Tetrllki1(4-methoiJPheDyl)-
21H,23H-porpblne cobalt (IT) (81) 

Catalyst loading [%] 

2.5 

5 

7.5 

Yield of 4a [%] 

32 

81 

25 

Cobalt(II) phthllloeraDine (82) 

aReaction conditions: oxetane (1) (0.1 mmol, 1 equiv), 4-iodotoluene (2) (1.5 equiv), Zn (3 equiv), NH4Cl (3 equiv), HME (3), NiC1 2(DME) 

(20 mol%), dtbby (40 mol%), TMSBr (2 equiv), MeCNanh (c = 0.1 M), blue LEDs, 16 h, yields determined by GC. 
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Table SS Screening of Ni- catalysts" 

Entry Catalyst Catalyst loading [mol%] Yield of 4a [%] 

NiCh(DME) 20 81f78b 

2 NiBrz(DME) 20 66 

3 NiBrz 20 77 

4 Nih 20 56 

5 Ni(OTf)z 20 76 

6 NiCh( dtbbpy) 20 43 

7 NiCiz(DME) 15 82/so• 

8 NiCh(DME) 10 78 

9 NiCh(DME) 5 66 

aReaction conditions: oxetane (1) (0.1 mmol, 1 equiv), 4-iodotoluene (2) (1.5 equiv), Zn (3 equiv), NH4Cl (3 equiv), HME (J) (5 mol%), Ni­
catalyst, dtbby (40 mol%), TMSBr (2 equiv), MeCNanh (c = 0.1 M), blue LEDs, 16h, yield was determined by GC; blsolated yield. 

Screening of ligandsa 

cP 
6 

v.O ~ Me02C 
~ 

N 
/0 

N N 

8465% 8573% 8625% 

OMe Ph 

"" I" "" I "' 
MoO ~ Ph ~ 

"' N "' N 

~N ~N 

8872% 8980% 

Table S9 The amount ofthe ligand added: 

Entry Ligand [mol%] Yield of 4a [%] 

2 

3 

4 

40 

30 

20 

15 

78 

90 

90/87. 

70 

8778% 

810 84% 

aReaction conditions: oxetane (1) (0.1 mmol, 1 equiv), 4-iodotoluene (2) (1.5 equiv), Zn (3 equiv), NH4Cl (3 equiv), HME (J) (5 mol%), 

NiCI2(DME) (15 mol%), ligand, TMSBr (2 equiv), MeCNanh (c = 0.1 M), blue LEDs, 16h, yield was determined by GC; blsolated yield. 
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Table SlO The influence of Zn and NH,CI amounts" 

Entry 

1 

2 

3 

4 

5 

Zn (equiv) 

3 

4 

2 

3 

3 

NH,CI ( equiv) 

3 

3 

3 

1.5 

0 

Yield of 4a [%] 

90/87. 

65 

33 

49 

23 

aReaction conditions: oxetane (1) (0.1 mmol, 1 equiv), 4-iodotoluene (2) (1.5 equiv), Zn, NH4Cl, HME (J) (5 mol%), NiC12(DME) (15 mol%), 

dtbby (20 mol%), TMSBr (2 equiv), MeCNanh (c = 0.1 M), blue LEDs, 16h, yield was determined by GC; blsolated yield. 
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4. Full Optimization ofGiese-type addition Parameters 

Initial studies: 

According to om previous experience with epoxides we decided to conduct the initial experiment with 

oxetane under the developed conditions. 

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 (J) (5 mol%), 
MeCNanh (c = 0.1 M). blue LEDs (single diode, 10 W), 30 min. dodecane as an internal standard. 

IN X10(),Ql),JJ _ 
o ogr.am 

dodecane 

p 
0 r 0 

.0 

The reaction perjom1ed utilizing the conditions reported for epoxides conditions does not proceed The GC 
chromatogram indicates two peaks which con-esponds to dodecane (internal standard) and the unreacted 
substrate. Thus, the model reaction with the addition of a Lewis acid (Tlv1SBr) was carried out. 

20 

Co-catalyst, TMSBr 
Zn, NH4Cl 

biiUI LED 

Reaction conditions: oxetane (1) (0.2 mmol. 1 equiv), methyl acrylate (20) (1.5 equivl, Zn (1.5 equiv) , NH4Cl (3 equiv), HME (J) (5 mol%), 
MeCNanh (c = 0.1 M), blue LEDs (single diode, 10 W), 30 min. TMSBI' (2 equiv), dodecane as an internal standard. 

31 ... 5D 

( OH 
)--.JBr 

Ph 

60 

OH 

Ph~C02Me 

811 !U .. 1t.D 128 1!ill 

T11e reaction with the addition of a Lewis acid affords the desired product T11e GC chromatogram shows three 
peaks which corresponds to dodecane (internal standard), bromohydrin 5b and product 21. 

Conclusion: T11e reaction requires the use of a Lewis acid 

13 
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Model reaction: 

20 
whit. LEDa 

OH 

Ph~C02Me 
21 

Reaction conditions: oxetane (1) (0.2 mmol, 1 equiv), methyl acrylate (20) (1.5 equiv), Zn (3 equiv), NH4Cl (1.5 equiv), HME (3) (5 mol%), 
MeCNanh (c = 0.1 M), white LEDs, 16 h; each reaction was quenched by treatment with 2 equiv of citric acid. 

Table Sll Background experiments• 

Entry Deviation from the Initial Conditions Yield of21 [%] 

1 none 59/57b 

2 no eo-catalyst Product not observed 

3 no reducing agent Product not observed 

4 no light 44 

5 no light, 30 oc 38 

6 MeCN (,wet") 24 

"Reaction conditions: oxetane (1) (0.1 mmol, 1 equiv), methyl acrylate (20) (2 equiv), Zn (3 equiv), NH4Cl (3 equiv), HME (3) (5 mol%), 
MeCN (c = 0.1 M), blue LEDs, 16 h, yields determined by GC; blsolated yield. 

Table S12 Screening of Lewis acid• 

Entry Lewis acid Yield of21 [%] 

1 TMSBr 57 

2 TMSI 0 

3 TMSCl 0 

4 AlCb 0 

5 ZnOTf 0 

6 MgCh 0 

7 (EtO)JSiCl 6 

"Reaction conditions: oxetane ( l a) (0 .1 mmol, 1 equiv), methyl acrylate (2a) (2 equiv), Zn (3 equiv), NH4Cl (3 equiv), HME (3) (5 mol%), 
Lewis acid (2 equiv), MeCNanh (c = 0.1 M ), blue LEDs, 16 h, yields determined by GC; blsolated yield. 

Table S13 The influence of light on the model reaction• 

Entry Light 

Blue LEDs (tape) 

2 Green LEDs (tape) 

3 White LEDs (tape) 

Yield of21 [%] 

57 

65 

69 

"Reaction conditions: oxetane (1) (0.1 mmol, 1 equiv), methyl acrylate (20) (2 equiv) , Zn (3 equiv), NH4Cl (3 equiv), HME (3) (5 mol%), 
1MSBr (2 equiv), MeCNanh (c = 0.1 M), 16 h, yields determined by GC. 

14 
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Table S14 Optimization ofthe substrates ratio" 

Entry Oxetane 1 ( equiv) Olefin20 (equiv) Yield of21 [%] 

2 69 

2 2 24 

3 3 32 

4 3 18 

5 1 1.5 77 

aReaction conditions: oxetane (1), methyl acrylate (20) (2 equiv), Zn (3 equiv), NH4Cl (3 equiv), HME (J) (5 mol%), TMSBr (2 equiv), 
MeCNanh (c = 0.1 M), white LEDs, 16 h, yields determined by GC. 

Table S15 Screening ofthe cobalt catalyst• 

Entry 

1 

2 

3 

4 

Co-catalyst 

3 

SI 

S2 

S3 

Yield of21 [%] 

77 

16 

31 

0 

aReaction oonditions: oxetane (1) (0.1 mmol, 1 equiv), methyl acrylate (20) (1.5 equiv), Zn (3 equiv), NH4Cl (3 equiv), eo-catalyst (5 mol%), 

TMSBr (2 equiv), MeCNanh (c = 0.1 M), white LEDs, 16 h, yields determined by GC. 

Aqua(qu.o )b.eptamethfl 
cobptnate (3) 

MeO OMe 

"' I 

I ~/ ~ 
N-~o-N 

\ /N ~ 

\ I ' # 
M eO OMe 

5,10,15,20-Tetralda( 4-metho:l.)'phenyl)-
21H,l3H-porphine eobalt (11) (SI) 

15 

Cobalt(II) pbtbalocyauine (Sl) 
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Table S16 HME (3)- catalyst loading" 

Entry 

2 

3 

Catalyst loading [%] 

2.5 

5 

7.5 

Yield of21 [%] 

67 

77 

61 

aReaction conditions: oxetane (1) (0.1 mmol, 1 equiv), methyl acrylate (20) (1.5 equiv), Zn (3 equiv), NH4Cl (3 equiv), HME (3), TMSBr (2 

equiv), MeCNanh (c = 0.1 M), white LEDs, 16 h, yields determined by GC. 

Table S17 Optimization of the solvent for HME (3) catalyzed reaction" 

Entry 

1 

2 

3 

4 

Solvent 

MeCN 

DMA 

DME 

THF 

Yield of21 [%] 

77 

23 

53 

44 

aReaction oonditions: oxetane (1) (0.1 mmol, 1 equiv), methyl acrylate (20) (1.5 equiv), Zn (3 equiv), NH4Cl (3 equiv), HME (J) (5 mol%), 

TMSBr (2 equiv), solvent (c = 0.1 M), white LEDs, 16 h, yields determined by GC. 

Table S18 Concentration of oxetane (1)" 

Entry 

2 

3 

[mol/dm3] 

0.05 

0.1 

0.2 

Yield of21 [%] 

54 

77 

55 

aReaction oonditions: oxetane (1) (0.1 mmol, 1 equiv), methyl acrylate (20) (1.5 equiv), Zn (3 equiv), NH4Cl (3 equiv), HME (J) (5 mol%), 

TMSBr (2 equiv), MeCNanh, white LEDs, 16 h, yields determined by GC. 

Table S19 The influence of Zn and NH,CI amounts" 

Entry Zn (equiv) NH,Cl ( equiv) Yield of21 [%] 

3 3 77 

2 14 

3 3 74 

4 3 18 

5 3 1.5 82 

6 4 3 65 

aReaction conditions: oxetane (1) (0.1 mmol, 1 equiv), methyl acrylate (20) (1.5 equiv), Zn, NH4Cl, HME (J) (5 mol%), TMSBr (2 equiv), 

MeCNanh (c = 0.1 M), white LEDs, 16 h, yields determined by GC. 
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Table S20 The influence of an amount of Lewis acida 

Entry 

2 

3 

TMSBr ( equiv) 

2 

3 

Yield of21 [%] 

39 

82/so• 

60 

aReaction conditions: oxetane (1) (0.1 mmol, 1 equiv), methyl acrylate (20) (1.5 equiv), Zn (3 equiv), NH4Cl (1.5 equiv), HME (J) (5 mol%), 
TMSBr, MeCNanh (c = 0.1 M), white LEDs, 16 h, yields determined by GC, blsolated yield. 

17 



https://rcin.org.pl

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), NH,CI (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), NiCh(DME) (15.0 mol%, 7 mg) and was sealed with a rubber 
septum. Then dry MeCN (I 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 flL, 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 m in, the 
reaction mixture was filtered through cotton wool and concentrated in vacuo. The crude product was purified by 
column chromatography. 

R General procedure for the Giese-type reaction 

A glass reaction tube (I 0 mL) equipped with a magnetic stirring bar was charged with activated Zn° dust (39 mg, 
0.6 mmol, 3.0 equiv), NH,Cl (16 mg, 0.3 mmol, 1.5 equiv), catalyst 3 (5.0 mol%, 12.4 mg) and was sealed with a 
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 flL, 2.0 equiv) were added dropwise via a syringe. The resulting mixture was irradiated 
with white LEDs light for 16 hat room temperature. The resulting mixture was diluted with MeOH (2 mL) and 
citric acid was added (77 mg, 2.0 equiv). After 30 m in, 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 (AcOEVHexane) using UV 

visualization, K1.1n04 or the Hanessian's stain; 

• Reactions require using activated zinc (unactivated zinc gives low yields); 

• A mixture containing Zn, NH,Cl, HME and MeCN should turn from red to dark green and finally brown. 

The calor indicates the reduction of the cobalt cation from Co(III) to Co(I) oxidation state; 

• If the calor of the reaction does not change (from red to dark brown/green), we highly recommend 

repeating the zinc activation step; 

18 
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5.2 Graphical procedure for the Co/Ni cross-electrophile coupling 
I 
I 

Co-catalys t•ICI2(DME) 
Zn, NH4CI 

blu•LED 

(OH~ 

Ph~ 
1 2 4a 

1. Weighted samples of reagents: A- activated zinc, B- NH4Cl, C- dtbbpy, D - HME (3), E -NiCh(DME); 

2. Glass reaction tube charged with all reagents; 

3. Reagents dissolved in MeCN (red calor of the reaction mixture); 

4. Reaction mixtme degassed by three freeze-thaw cycles and backfilled with argon (note calor change to brown); 

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 mixtme after 16 h (calor change to dark green usually indicates completion of the reaction); 

8. The reaction after 16 h is diluted with Me OH and citric acid was then added; 

9. After 30 m in of stirring, the reaction mixtme 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 

I? + ~co2Me Co-c:atalys TMSBr 
Ph/ Zn, NH4CI 

blu.L~D 

1 20 

OH 

Ph~ C02 Me 

21 

1. Weighted samples of reagents : A - activated zinc, B - NH4Cl, C- Hlv1E (3); 

2. Glass reaction tube charged with reagents; 

3. Reagents dissolved in MeCN (red calor of the reaction mixture); 

4. Reaction mixture degassed by three freeze-thaw cycles and backfilled with argon (note calor 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 (calor change to dark green usually indicates completion of the reaction); 

8. The reaction after 16 his diluted with MeOH and citric acid was then added; 

9. After 30 m in of stirring, the reaction mixture is filtered via a cotton pad; 

10. The filtrate is concentrated in vacuo and purified by column chromatography. 

20 
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6. Scope and characterization of new corn pounds 

6.1 Substrates 

triisopropyl(2-(oxetan-2-yl)ethoxy)silane (S14) 

HO~ 

811 

8) 
TIPSO~ 

812 

b) TIPSO~ 
0 

813 

c) TIPSO~ 

514 

Products S12 and S13 (steps a and b) were synthesized according to literature procedures7
•
8 

General procedure for step c: 

A mixture ofKOBu-t (1.1 g, 10.0 mmol, 2.0 equiv) and trimethyloxosulfonium iodide (2.2 g, 10 mmol, 2.0 equiv) 

in dry t-BuOH (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 t-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 Na2S04, and concentrated in vacuo to give the crude product S14, which was purified by column 

chromatography (5:95 EtOAc:Hexane) to afford the title compound as colorless oil, (yield= 56%). 

1H NMR ( 400 MHz, CDCh) o 5.04- 4.97 (m, lH), 4.67 ( dt, J = 8.0, 5.9 Hz, lH), 4.52 (dt, J = 9.1, 5. 8Hz, lH), 

3.81- 3.71 (m, 2H), 2.73- 2.65 (m, lH), 2.45-2.37 (m, lH), 2.08-2.00 (m, lH), 1.96- 1.88 (m, lH), 1.12-

0.99 (m, 3H), 1.04 (d, J = 4.3 Hz, 18H). 

13C NMR (100 MHz, CDCh) o 80.5, 68.6, 59.2, 41.3, 28.0, 18.1, 12.1. 

HRMS (ESI) [M+Na]+ calculated for C14H300 2 SiNa: 281.1913, found: 281.1911. 

3-bromo-2-phenyl-propan-1-ol (5b) 

Product 5b was synthesized according to literature procedure. 

NMR data matched those reported in the literature .9 

1H NMR (500 MHz, CDCh): o 7.39 -7.23 (m, 5H), 3.96 (d, J = 6.0 Hz, 2H), 3.75 (dd, J = 10.1, 7.6 Hz, lH), 

3.64 ( dd, J = 1 0.2, 6 .5 Hz, 1H), 3.21 (p, J = 6.2 Hz, lH), 1.51 (s, lH). 

13C NMR (125 MHz, CDCh): o 139.7, 128 .8, 127.9, 127.6, 64.9, 49.9, 34.1. 
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6.2 eross-electrophile coupling: oxetanes 

2,3-diphenylpropan-1-ol (4b) 

Following the general procedure 5A compound 4b was obtained from 3-phenyloxetane (1) (27 mg, 0.20 mmol) 
and iodobenzene ( 40 f..LL , 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. 10 

1H NMR ( 400 MHz, eDeh): o 7.34 ~ 7.30 (m, 2H), 7.26 ~ 7.20 (m, 5H), 7.19 ~ 7.14 (m, lH), 7.12 ~ 7.08 (m, 

2H), 3.80 (d, J = 6.3 Hz, 2H), 3.12 ~ 3.02 (m, 2H), 2.92 (dd, J = 13.3, 7.3 Hz, lH), 1.34 (br s, lH). 

ne NMR (100 MHz, eDeh): o 142.1, 140.1, 129.2, 128.8, 128.4, 128.2, 127.0, 126.2, 66.5, 50.3, 38.9. 

4-(1-hydroxy-3-phenylpropan-2-yl)benzonitrile ( 4d) 

~ f
0

~Ph 
NCU ---
Following the general procedure 5A compound 4d was obtained from 4-(oxetan-3-yl)benzonitrile (32 mg, 0.20 

mmol) and iodobenzene ( 40 f..LL, 0.35 m mol) . The crude product was purified by column chromatography 
(10:40:50 AcOEt!Hexane/DC.M) to afford 26 mg of 4-(1-hydroxy-3-phenylpropan-2-yl)benzonitrile (4d) as pale 
yellow oil, (yield = 71% ) . 

1H NMR (400 MHz, e De h): o 7.57 (d, J = 8.3 Hz, 2H), 7.30 (cl, J = 8.3 Hz, 2H), 7.24 ~ 7.1 5 (m, 3H), 7.05 ~ 

7.03 (m, 2H), 3.87 ~ 3.79 (m, 2H), 3.20 ~ 3.1 3 (m, lH), 3.09 (dd, J = 13.5, 7.0 Hz, lH), 2.87 (dd, J = 13.5, 7.9 Hz, 

lH), 1.46 (br s, lH). 

ne NMR (100 MHz, eDeh): o 148.1 , 139.1 , 132.4, 129.1 0, 129.08, 128.5, 126.5, 11 9.0, 11 0.7, 65.9, 50.5, 38.5. 

HRMS (El) [Mt calculated for Ct6Hl5NO: 237.11 54, found: 237.1156. 

3-phenyl-2-(2-methylphenyl)propan-1-ol ( 4e) 

Following the general procedure 5A compound 4e was obtained from 3-(2-methylphenyl)oxetane (30 mg, 0.20 
mmol) and iodobenzene ( 40 f..LL, 0.35 mmol). The crude product was purified by column chromatography (2:48 :50 
AcOEt!Hexane/DCM) to afford 32 mg of3-phenyl-2-(2-methylphenyl)propan-1-ol (4e) as colorless oil, (yield= 
71%) . 

NMR data matched those reported in the literature11 
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1H NMR (400 :MI:Iz, CDCh): o 7.32- 7.28 (m, lH), 7.25-7.19 (m, 3H), 7.18-7.11 (m, 3H), 7.09-7.06 (m , 

2H), 3.82 (t,J = 5.8 Hz, 2H), 3.49-3.39 (m, lH), 3.03 (dd,J= 13.5, 7.2 Hz, lH), 2.86 (dd, J = 13.5, 7.5 Hz, lH), 

2.18 (s, 3H), 1.30 (t, J = 5.8 Hz, lH). 

13C NMR (100 :MI:Iz, CDCh): o 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-(lH -indol-1-yl)-3-phenylpropan-1-ol (5) 

OH 

CQ£ .. 
Following the general procedure SA compound 5 was obtained from 1-(oxetan-3-yl)-1H-indole (35 mg, 0.20 
mmol) and iodobenzene ( 40 )lL, 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-yl)-3-phenylpropan-1-ol (5) as colorless oil, (yield= 
51%). 

1H NMR (400 :MI:Iz, CDCh): o 7.63 ( d, J = 7. 8 Hz, lH), 7.33 (d, J = 8.2 Hz, lH), 7.26- 7.16 (m, 5H), 7.13 -

7.08 (m, 3H), 6.56 (d, J= 3.2 Hz, lH), 4.73-4.66 (m, 1H), 4.00-3.90 (m, 2H), 3.25 (dd, J = 13.8, 7.3 Hz, lH), 

3.19 ( dd, J = 13. 8, 7.3 Hz, 1H), 1.49 (br s, lH). 

13C NMR (100 :MI:Iz, CDCh): o 137.7, 136.5, 129.1 , 128.8, 128.7, 126.9, 125.0, 121. 8, 121.2, 11 9.8, 109.6, 102.4, 

64.2, 59.7, 37.7. 

HRMS (ESI) [M+Na]+ calculated for C17H17NONa: 274.1208, found : 274.1 204. 

2-(1-hydroxy-3-phenylpropan-2-yl)isoindoline-1,3-dione ( 6) 

Following the general procedure SA corn pound 6 was obtained from 2-( oxetan-3-y 1 )isoindoline -1 ,3 -di one ( 41 mg, 
0.20 mmol) and iodobenzene (40 )lL, 0.35 mm ol). The crude product was purified by column chromatography 
(1 5:35:50 AcOEt/Hexane/DCM) to afford 31 mg of 2-(1 -hydroxy-3-phenylpropan-2-yl)isoindoline-1,3-dione (6) 
as white solid, (yield = 55%). 

NMR data matched those reported in the literature12 

1H NMR (400 :MI:Iz, CDCh) o 7. 80 - 7. 75 (m, 2H), 7.70 - 7.65 (m, 2H), 7.22 - 7.19 (m, 4H), 7.1 8 - 7.1 2 (m, 

lH), 4.67- 4.60 (m, lH), 4.12 - 4.04 (m, lH), 3.96 - 3.91 (m, lH), 3.20 (d, J = 8.2 Hz, 2H), 2. 82 ( dd, J = 8.2, 3.2 

Hz, lH). 

13C NMR (lOO :MI:Iz, CDCh) o 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-1ol (7) 

Following the general procedure 5A compound 7 was obtained from 3-( 4-methoxyphenoxy)oxetane (36 mg, 0.20 
mmol) and iodobenzene ( 40 )lL, 0.35 mmol). The crude product was purified by column chromatography (5:45:50 
AcOEt!Hexane/DC.M) to afford 26 mg of 2-( 4-methoxyphenoxy)-3-phenylpropan-1 ol (7) as colorless oil, (yield= 

50%). 

1H NMR (400 MHz, CDCh): S 7.32- 7.27 (m, 2H), 7.25-7.20 (m, 3H), 6.88 (d, J = 9.3 Hz, 2H), 6.83 (d, J = 

9.3 Hz, 2H), 4.43 - 4.37 (m, lH), 3. 80 - 3. 76 (m, lH), 3. 77 (s, 3H), 3.67 (dd, J = 11. 7, 5.6 Hz, lH), 3.05 ( dd, J = 

13.8, 5.6 Hz, lH), 2.92 (dd,J= 13.8, 7.6 Hz, lH), 2.03 (br s, lH). 

13C NMR (100 MHz, CDCh): S 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 C16H180 3Na: 281.1154, found: 281.1145. 

2-benzyl-3-(benzyloxy)propan-1-ol (8) 

Following the general procedure 5A compound 8 was obtained from 3-((benzyloxy)methyl)oxetane (36 mg, 0.20 

mmol) and iodobenzene ( 40 )lL, 0.35 mmol). The crude product was purified by column chromatography (5:45 :50 
AcOEt!Hexane/DC.M) to afford 33 mg of 2-benzyl-3-(benzyloxy)propan-1-ol (8) as colorless oil, (yield = 65%). 

NMR data matched those reported in the literature 13 

1H NMR (400 MHz, CDCh): S 7.36- 7.24 (m, 7H), 7.21 - 7.14 (m , 3H), 4.51 ( d, J = 11.9 Hz, lH), 4.46 (d, J = 

11.9 Hz, lH), 3. 76- 3. 70 (m, lH), 3.66 - 3.60 (m, 1H), 3.58 ( dd, J = 9.1 , 4.2 Hz, lH), 3.48 ( dd, J = 9.1 , 6. 7 Hz, 

lH), 2. 70-2.61 (m , 2H), 2.41 (br s, lH), 2.1 8 - 2.09 (m, 1H). 

13C NMR (100 MHz, CDCh): S 140.1, 138.2, 129.2, 128.6, 128 .5, 127.9, 127.8, 126.2, 73.6, 72.9, 65.4, 42.8, 

34.7. 

2-benzyl-3-(benzyloxy)-2-m ethylpropan-1-ol (9) 

OH 

BnO+ Ph 

Following the general procedure 5A compound 9 was obtained from 3-m ethyl-3-(3-phenyl-2-oxapropyl)oxetane 
(38 mg, 0.20 mmol) and iodobenzene ( 40 )lL, 0.35 mm ol). The crude product was purified by column 
chromatography (2 :48:50 AcOEtiHexane/DC.M) to afford 22 mg of 2-benzy 1-3-(benzy loxy ) -2-m ethylpropan-1-ol 
(9) as colorless oil, (yield = 40% ). 
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1HNMR (400 MHz, CDCh): S 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= 10.8 Hz, lH), 3.47 (dd, J= 10.8, 5.3 Hz, lH), 3.32 (s, 2H), 2.77 (d, J= 13.2 Hz, lH), 2.72 (d, J= 13.2 Hz, 

lH), 2.68 (br s, lH), 0.75 (s, 3H). 

13C NMR (100 MHz, CDCh): S 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 C18H220 2Na: 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)ethyl)oxetane (38 mg, 0.20 
mmol) and iodobenzene ( 40 )lL, 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 oil, (yield = 76%). 

NMR data matched those reported in the literature14 

1HNMR (400 MHz, CDCh): S 7.36-7.24 (m, 7H), 7.20-7.15 (m, 3H), 4.51 (s, 2H), 3.87-3.81 (m, lH), 3.75 

- 3. 70 (m, lH), 3.67-3.62 (m, lH), 2.91 ( d, J = 3.2 Hz, lH), 2. 80 ( ddd, J = 13.9, 9.9, 5. 7Hz, lH), 2.67 ( ddd, J = 

13.9, 9. 7, 6. 7Hz, lH), 1. 86 - 1.69 (m, 4H). 

13C NMR (100 MHz, CDCh): S 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-yl)ethoxy)silane 
(51 mg, 0.20 mm ol) and iodobenzene ( 40 )lL, 0.35 mm ol). The crude product was purified by column 
chromatography (5:95 AcOEt!Hexane) to afford 34 mg of 1-phenyl-5-((triisopropylsilyl)oxy)pentan-3-ol (11) as 
colorless oil, (yield = 51% ). 

1H NMR (400 MHz, CDCh) S 7.29 - 7.25 (m, 2H), 7.23 - 7.15 (m, 3H), 4.03 - 3.98 (m, lH), 3.94 - 3.86 (m , 

2H), 3.62 (d, J = 2.1 Hz, lH), 2.82 (ddd, J = 13.9, 10.2, 5.5 Hz, lH), 2.69 (ddd, J = 13.9, 10.0, 6.5 Hz, lH), 1.85 

( dddd, J = 13.6, 10.0, 8.0, 5.5 Hz, lH), 1. 76 - 1.63 (m, 3H), 1.1 6 - 1.05 (m, 3H), 1.08 (d, J = 5.2 Hz, 18H). 

13C NMR (100 MHz, CDCh) S 142.6, 128 .6, 128.5, 125.8, 71.9, 63 .6, 39.4, 38.5, 32.1 , 18.1, 11.9. 

HRMS (ESI) [M+Na]+ calculated for C20H360 2 SiNa: 359.2382, found: 359.2388 . 
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6.3 eross-electrophile coupling: aryl halides 

2-phenyl-3-(4-methylphenyl)propan-1-ol ( 4a) 

Following the general procedure 5A 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 oil, (yield= 80% ). 

NMR data matched those reported in the literature15 

1H NMR (400 MHz, eDeh): o 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, lH), 2.99 (dd,J= 13.6, 7.4 Hz, lH), 2.89 (del, J = 13.6, 

7.5 Hz, lH), 2.30 (s, 3H), 1.31 (br s, lH). 

ne NMR (100 MHz, eDeh): o 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 5A 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-m ethoxypheny 1)-2-pheny lpropan-1-ol (12a) as color less oil, (yield 
= 48%). 

NMR data matched those reported in the literature15 

1HNMR (400 MHz, eDeh): o 7.34-7.29 (m, 2H), 7.25-7.18 (m, 3H), 7. 00 (d, J= 8.7 Hz, 2H), 6.77 (d, J= 

8.7 Hz, 2H), 3.81-3.76 (m, 2H), 3.76 (s, 3H), 3.09 -3.02 (m, lH), 2.97 (dd, J= 13.6, 7.3 Hz, lH), 2.86 (dd, J= 

13.6, 7.5 Hz, lH), 1.29 (br s, lH). 

ne NMR (100 MHz, eDeh): o 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 5A compound 12b was obtained from 3-phenyloxetane (1) (27 mg, 0.20 mm ol) 
and 4-iodobenzonitrile (80 mg, 0.35 mm ol). The crude product was purified by column chromatography (1 0 :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 - 62.9 oC 

1H NMR (400 MHz, eDeh) o 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 , lH), 2.94 (dd, J = 13.1 , 8.4 Hz, lH), 1.43 (br s, lH). 
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13C NMR (100 MHz, CDCh) S 145.8, 140.9, 132.1, 130.0, 128.9, 128.1, 127.3, 119.1, 110.1, 66.4, 50.1, 38.8. 

HRMS (ESI) [M+Nat calculated for C16H15NONa: 260.1051, found: 260.1046. 

2-phenyl-3-( 4-(trifluoromethyl)phenyl)propan-1-ol (12c) 

Following the general procedure SA compound 12c was obtained from 3-phenyloxetane (1) (27 mg, 0.20 mmol) 
and 4-iodobenzotrifluoride (51 )lL, 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 (12c) as 
white solid, (yield = 79% ). 

m.p. 60.6- 61.6 "C 
1H NMR (400 MHz, CDCh): S 7.47 (d, J = 8.0 Hz, 2H), 7.35-7.28 (m, 2H), 7.25 - 7.22 (m, lH), 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, lH), 1.46 (br s, lH). 

13C NMR (100 MHz, CDCh): 8 144.2 ( q, J = 1.1 Hz), 141.3, 129.5, 128.9, 128.7, 128.5 ( q, 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. 

19F NMR (376 MHz, CDCh): S -62.36. 

HRMS (ESI) [M-H)" calculated for C16H14F30 : 279.0997, found: 279.0995. 

1-( 4-(3-hydroxy-2-phenylpropyl)phenyl)ethanone (12d) 

0 

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-phenylpropyl)phenyl)ethanone (12d) as 
colorless semi-solid, (yield= 79%). 

1H NMR ( 400 MHz, CDCh): S 7.80 ( d, J = 8.4 Hz, 2H), 7.32 - 7.27 (m, 2H), 7.25 - 7.20 (m, lH), 7.1 8 - 7.13 

(m, 4H), 3. 80 ( d, J = 5.5 Hz, 2H), 3.17- 3.08 (m, 2H), 2.99 - 2.91 (m, lH), 2.54 (s, 3H), 1.45 (br s, lH). 

13C NMR (100 MHz, CDCh): S 198 .0, 145.9, 141.4, 135.4, 129.4, 128 .8, 128.5, 128.2, 127.2, 66.5, 50.1 , 38.7, 

26.6. 

HRMS (ESI) [M+Nat calculated for C11H1s02Na: 277.1 204, found: 277.11 98. 

methyl4-(3-hydroxy-2-phenylpropyl)benzoate (12e) 

vWC~Mo 

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-

phenylpropyl)benzoate (12e) as col or less oil, (yield = 84% ) . 
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1H NMR (400 MHz, CDCh): o 7.88 (d, J = 8.3 Hz, 2H), 7.32-7.27 (m, 2H), 7.24- 7.19 (m, lH), 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, lH), 

1.43 (br s, lH). 

13C NMR (100 MHz, CDCh): o 167.2, 145.6, 141.4, 129.7, 129.2, 128.8, 128.2, 128.1, 127.1, 66.4, 52.1, 50.1, 

38.8. 

HRMS (ESI) [M+Na t calculated for C17H180 3Na: 293.1154, found: 293.1150. 

Following the general procedure SA 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 literature15 

1HNMR (400 MHz, CDCh): o 7. 33 - 7.28 (m, 2H), 7.25 - 7.21 (m, lH), 7.1 8 - 7.1 5 (m, 4H), 6.99 (d, J = 8.4 

Hz, 2H), 3.79 (d, J = 5.9 Hz, 2H), 3.09 - 3.01 (m, 2H), 2.90 - 2.82 (m, lH), 1.36 (br s, lH). 

13C NMR (100 MHz, CDCh): o 141.5, 138.5, 131.9, 130.5, 128.8, 128.5, 128.2, 127.1, 66.4, 50.3, 38.1. 

Following the general procedure SA compound 12g was obtained from 3-phenyloxetane (1) (27 mg, 0.20 mm ol) 
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-bromophenyl)-2-phenylpropan-1-ol (12g) as col or less oil, 
(yield = 50%). 

1H NMR (400 MHz, CDCb) o 7.34 - 7.28 (m, 4H), 7.26 - 7.21 (m, lH), 7.1 8 - 7.1 6 (m, 2H), 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, lH), 1.39 (br s, lH). 

13C NMR (100 MHz, CDCh) o 141.5, 139.0, 131.4, 130.9, 128.8, 128 .2, 127.1 , 120.0, 66.4, 50.2, 38.1. 

HRMS (El) [Mt calculated for C15H15BrO: 290.0306, found: 290.0313. 

Following the general procedure SA compound 12h was obtained from 3-phenyloxetane (1) (27 mg, 0.20 mm ol) 
and 4-fluoroiodobenzene ( 41 )lL, 0.35 m mol) . The crude product was purified by column chromatography (2:48 :50 
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AcOEt!Hexanes/DC:M) to afford 28 mg of 3-( 4-fluorophenyl)-2-phenylpropan-1-ol (12h) as colorless oil, (yield = 
60%). 

1H NMR ( 400 MHz, CDCh): o 7.34- 7.28 (m, 2H), 7.26 - 7.21 (m, lH), 7.20 - 7.15 (m, 2H), 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, lH), 1.36 (br s, lH). 

13C NMR (100 MHz, CDCh): o 161.5 (d,J= 243.7 Hz), 141.7, 135.6 (d,J= 3.3 Hz), 130.5 (d,J= 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. 

19F NMR (376 MHz, CDCh): o -117.35. 

HRMS (El) [Mt calculated for C15H15FO: 230.1107, found: 230.1106. 

3-( 4-(hydroxym ethyl)phenyl)-2-phenylpropan-1-ol (13) 

vWCH~H 

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 m mol) using 4.0 equiv of TMSBr. The crude product was purified 
by column chromatography (15:85 AcOEt/DC:M) to afford 16 mg of 3-(4-(hydroxymethyl)phenyl)-2-
phenylpropan-1-ol (13) as colorless oil, (yield= 33%). 

1H NMR (400 MHz, CDCh): o 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= 5.8 Hz, 2H), 3.12-3.01 (m, 2H), 2.91 (dd, J= 13.0, 7.2 Hz, lH), 1.65 (br s, lH), 1.36 (br s, lH). 

13C NMR (100 MHz, CDCh): o 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 C16H1s02Na: 265.1204, found: 265.1196. 

2-phenyl-3-(N-tosyl-1H -indol-5-yl)propan-1-ol (14) 

Following the general procedure SA compound 14 was obtained from 3-phenyloxetane (1) (27 mg, 0.20 mmol) 
and 5-iodo-1-( 4-methylphenylsulfonyl)indole (138 mg, 0.35 m mol). 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-5-yl)propan-1-ol (14) as white solid, (yield= 50%). 

m.p. 121.9 - 122.3 "C 

1HNMR (400 MHz, CDCh) o 7.84 (d, J = 8.5 Hz, lH), 7.74 (cl, J = 8.4 Hz, 2H), 7.50 (d, J = 3.6 Hz, lH), 7.31-

7.16 (m, 8H), 7.05 (dd, J = 8.5, 1.5 Hz, lH), 6.55 (cl, J = 3.6 Hz, lH), 3.76 (d, J = 5.3 Hz, 2H), 3.11 - 3.05 (m, 

2H), 3.00-2.94 (m, lH), 2.33 (s, 3H), 1.35 (br s, lH). 

13C NMR (100 MHz, CDCh) o 144.9, 142.1, 135.5, 135.2, 133.6, 131.0, 130.0, 128.8, 128 .2, 127. 0, 126.9, 126.6, 

126.0, 121.6, 11 3.4, 109.0, 66.4, 50.5, 38.6, 21.7. 

HRMS (ESI) [M+Na t calculated for C24H23N03SNa: 428.1296, found: 428.1299. 
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Following the general procedure 5A compound 14 was obtained from 3-phenyloxetane (1) (27 mg, 0.20 mmol) 
and 1-iodonaphthalene (51 j..LL, 0.35 mmol). The crude product was purified by column chromatography (2:48:50 
AcOEt!Hexane/DC.M) to afford 25 mg of 3-(naphthalen-1-yl)-2-phenylpropan-1-ol (15) as colorless oil, (yield= 

47%). 

1HNMR (400 MHz, CDCh): o 8.05 (d, J = 8.2 Hz, lH), 7.86-7.83 (m, lH), 7.69 (d, J = 8.2 Hz, lH), 7.52-

7.45 (m, 2H), 7.33-7.20 (m, 6H), 7.15 (d, J = 6.9 Hz, lH), 3.86-3.80 (m, 2H), 3.52 (dd, J = 13.5, 7.5 Hz, lH), 

3.35- 3.24 (m, 2H), 1.33 (br s, lH). 

13C NMR (100 MHz, CDCh): o 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 for C19H180Na: 285.1255, found: 249.1248. 

2-phenyl-3-( 4-((trimethylsilyl)ethynyl)phenyl)propan-1-ol (16) 

TMS 

Following the general procedure 5A 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-
((trimethylsilyl)ethynyl)phenyl)propan-1-ol (16) as yellow oil, (yield= 28% ) . 

1HNMR (400MHz, CDCb) o 7.31 - 7.25 (m, 4H), 7.23 - 7.18 (m , lH), 7.15 - 7.1 3 (m, 2H), 6.98 (d,J = 8.1 Hz, 

2H), 3.77 (d, J = 5.7 Hz, 2H), 3.08 - 3.01 (m, 2H), 2.87 - 2.82 (m, lH), 1.32 (br s, lH), 0.23 (s, 9H). 
13C NMR (100 MHz, CDCh) o 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 C2oH240SiNa: 331.1494, found: 331.1495. 

2-phenyl-3-(2-methylphenyl)propan-1-ol (17) 

Following the general procedure 5A compound 17 was obtained from 3-phenyloxetane (1) (27 mg, 0.20 mmol) 
and 2-iodotoluene (45 j..LL, 0.35 mmol). The crude product was purified by column chromatography (2:48:50 
AcOEt!Hexane/DCM) to afford 27 mg of 2-pheny 1-3-(2-m ethy lpheny l)propan-1-ol (17) as colorless oil, (yield = 
60%). 

NMR data matched those reported in the literature 1 6 
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1H NMR (400 :MI:Iz, CDCh): o 7.35- 7.30 (m, 2H), 7.27-7.21 (m, 3H), 7.14-7.03 (m, 3H), 7.02-6.99 (m , 

lH), 3.83 (d, J = 5.9 Hz, 2H), 3.11 - 3.03 (m, 2H), 2.92- 2.84 (m , lH), 2.28 (s, 3H), 1.34 (br s, lH). 

13C NMR (100 :MI:Iz, CDCh): o 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) 

Following the general procedure SA compound 18 was obtained from 3-phenyloxetane (1) (27 mg, 0.20 mmol) 
and 3-iodotoluene (45 )lL, 0.35 mmol). The crude product was purified by column chromatography (2:48:50 
AcOEt!Hexane/DC.M) to afford 28 mg of 2-phenyl-3-(3-methylphenyl)propan-1-ol (18) as colorless oil, (yield= 
63%). 

1H NMR ( 400 :MHz, CDCh): o 7.33 - 7.27 (m, 2H), 7.25 - 7.18 (m, 3H), 7.12 - 7.08 (m, lH), 6.99 - 6.94 (m, 

lH), 6.93 -6.88 (m , 2H), 3. 76 ( d, J = 6.9 Hz, 2H), 3.11 - 3.04 (m, lH), 2.96 ( dd, J = 13.5, 7. 7Hz, lH), 2.87 ( dd, 

J = 13.5, 7.3 Hz, lH), 2.28 (s, 3H), 1.32 (br s, lH). 

13C NMR (100 :MHz, CDCh): o 142.3, 140.0, 137.9, 130.0, 128.7, 128.3, 128.2, 126.93, 126.91, 126.2, 66.5, 

50.2, 38. 8, 21.5. 

HRMS (ESI) [M+Natcalculated for C16H180Na: 249.1255, found: 249.1 244. 

Following the general procedure SA compound 19 was obtained from 3-phenyloxetane (1) (27 mg, 0.20 mmol) 
and 5-iodo-1 ,3-benzodioxole (45 )lL, 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[dJ[1,3]dioxol-5-yl)-2-
phenylpropan-l-ol (19) as col or less oil, (yield= 30% ) . 

1H NMR (400 :MI:Iz, CDCh): o 7.34- 7.29 (m, 2H), 7.25 - 7.17 (m, 3H), 6.66 (d, J = 7.9 Hz, lH), 6.59 (d, J = 

1.6 Hz, lH), 6.54 (del, J = 7.9, 1.6 Hz, lH), 5.89 (s, 2H), 3. 78 ( d, J = 6. 7 Hz, 2H), 3.08 - 3.00 (m, lH), 2.96 ( dd, J 

= 13.6, 7.3 Hz, lH), 2. 83 ( dd, J = 13.6, 7.5 Hz, lH), 1.34 (br s, lH). 

13C NMR (100 :MI:Iz, CDCh): o 147.6, 145.9, 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+Nat calculated for C16H1603Na: 279.0997, found: 279.0994. 
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6.4 Giese-type addition: oxetanes 

6-hydroxy-5-phenylhexanenitrile (22a) 

~~O~ ~CN CT -- ~ 

Following the general procedure 5B 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 

1H NMR (500 :MI:Iz, CDCh): o 7.35- 7.31 (m, 2H), 7.29- 7.23 (m, lH), 7.21 -7.17 (m, 2H), 3.74 (d, J = 6.7 

Hz, 2H), 2. 80- 2. 77 (m, lH), 2.28 (t, J = 7.1 Hz, 2H), 1.94- 1. 87 (m, lH), 1. 77- 1.69 (m, lH), 1.62- 1.50 (m, 

3H). 

13C NMR (125 :MI:Iz, CDCh): o 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) 

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-methoxyphenyl)hexanenitrile (22b) as colorless oil, 

(yield= 53%). 

1HNMR (400 :MI:Iz, CDCh): o 7.14-7.09 (m, 2H), 6.91- 6.86 (m, 2H), 3. 80 (s, 3H), 3.71 (dd, J= 6.7, 4. 2 Hz, 

2H), 2. 77- 2. 70 (m, lH), 2.27 (t, J = 7.0 Hz, 2H), 1.93 - 1.83 (m, lH), 1. 74 - 1.65 (m, lH), 1.61 - 1.51 (m, 2H), 

1.38 (br s, lH). 

13C NMR (100 :MI:Iz, CDCh): o 158.7, 132.9, 128 .8, 119.5, 114.4, 67.4, 55 .3, 47.2, 31.1 , 23 .3, 17.2. 

HRMS (El) [Mt calculated for CuH17N02: 219.1259, found : 219 .1 261. 

4-(5-cyano-1-hydroxypentan-2-yl)benzonitrile (22c) 

~ fO~ / CN 

NCU -., ~ 

Following the general procedure 5B compound 22c was obtained from 4-(oxetan-3-yl)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 (22c) as colorless oil, 

(yield = 45%). 
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1H NMR (400 MHz, CDCh): S 7.63 (d, J = 7.9 Hz, 2H), 7.34 (d, J = 7.8 Hz, 2H), 3.78 (d, J = 6.3 Hz, 2H), 2.80 

- 2.83 (m, lH), 2.32 (t, J = 6.9 Hz, 2H), 2.01 - 1.91 (m, lH), 1. 81 - 1. 70 (m, lH), 1.64- 1.44 (m, 3H). 

13C NMR (100 MHz, CDCh): S 147.6, 132.7, 128.9, 119.3, 118.8, 111.0, 66.6, 48.2, 30.8, 23.4, 17.3. 

HRMS (El) [Mt calculated for CuH14N20: 214.1106, found: 214.1100. 

6-hydroxy-5-(2-methylphenyl)hexanenitrile (22d) 

~ f O: /CN 
Q ~ ~ 

Following the general procedure 5B compound 22d was obtained from 3-(2-methylphenyl)oxetane (15 mg, 0.10 
mmol) and acrylonitrile (39) (8 mg, 0.15 mmol). The crude product was purified by column chromatography 
(20:80 AcOEt/Hexane) to afford 11 mg of 6-hydroxy-5-(2-methylphenyl)hexanenitrile (22d) as colorless oil, 
(yield= 53%). 

1H NMR (400 MHz, CDCh): S 7.23 - 7.12 (m, 4H), 3.73 ( d, J = 6.6 Hz, 2H), 3.22 - 3.12 (m, lH), 2.35 (s, 3H), 

2.28(t,J=7.1 Hz, 2H), 1.99-1.89(m, lH), 1.81-1.70(m, lH), 1.66-1.49(m, 2H), 1.39(brs, lH). 

13C NMR (100 MHz, CDCh): S 139.3, 136.9, 130.8, 126.7, 126.6, 125.7, 119.4, 67.0, 42.4, 31.1, 23.3, 20.0, 17.4. 

HRMS (ESI) [M+Na t calculated for CuHnNONa: 226.1208, found: 226.1199. 

6-hydroxy-5-(1H-indol-1-yl)hexanenitrile (23) 

Following the general procedure 5B compound 23 was obtained from 1-(oxetan-3-yl)- lH-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-(lH-indol-1-yl)hexanenitrile (23) as colorless oil, (yield 
=56%). 

1HNMR (400MHz, CDCh): S 7.64 (d,J = 8.0Hz, lH), 7.36 (d, J = 8.1 Hz, lH), 7.25 - 7.1 0 (m, 3H), 6.59 (d, J 

= 3. 8Hz, lH), 4.49 - 4.43 (m, lH), 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, lH). 

13C NMR (100 MHz, CDCh): S 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 C14H17N20 : 229.1341 , found: 229.1 337. 

5-(9H -carbazol-9-yl)-6-hydroxyhexanenitrile (24) 

Following the general procedure 5B compound 24 was obtained from 9-( oxetan-3-yl)-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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(20:80 AcOEt/Hexane) to afford 38 mg of 5-(9H-carbazol-9-yl)-6-hydroxyhexanenitrile (24) as colorless oil, 
(yield = 68%). 

1HNMR (500 MHz, CDCh): o 8.11 (d, J = 7.8 Hz, 2H), 7.46-7.42 (m, 4H), 7.30-7.22 (m, 2H), 4.80-4.72 

(m, lH), 4.31 (dd, J = 11.4, 8.5 Hz, lH), 4.02 ( dd, J = 11.3, 5.0 Hz, lH), 2.51 - 2.39 (m, lH), 2.27- 2.06 (m, 3H), 

1.63 (s, lH), 1.59- 1.46 (m, lH), 1.37- 1.25 (m, lH). 

13C NMR (125 MHz, CDCh): o 126.0, 120.5, 119.5, 119.0, 63.5, 57.6, 28.1, 22.2, 16.9. 

HRMS (ESI) [M+Nat calculated for C1sH1sN20Na: 301.1317, found: 301.1330. 

6-hydroxy-5-(4-methoxyphenoxy)hexanenitrile (25) 

OH 

O~CN 

9 
OCH3 

Following the general procedure 5B compound 25 was obtained from 3-( 4-methoxyphenoxy)oxetane (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%). 

1HNMR (500 MHz, CDCh): o 6.90 - 6.86 (m, 2H), 6.85 - 6.80 (m, 2H), 4.27 - 4.20 (m, lH), 3.77 (s, 3H), 3.70 

( dd, J = 11.7, 5.5 Hz, lH), 2.36 (t, J = 6.6 Hz, 2H), 1.93 - 1. 73 (m, 5H), 1.60 (br s, lH) . 

13C NMR (125 MHz, CDCh): o 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+Nat calculated for CuHnNOJNa: 258 .1106, found: 258.1104. 

6-(benzyloxy)-5-(hydroxymethyl)hexanenitrile (26) 

OH 

BnO~CN 
Following the general procedure 5B compound 26 was obtained from 3-((benzyloxy)methyl)oxetane (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-(hydroxymethyl)hexanenitrile (26) as colorless oil, 
(yield =56%). 

1H NMR ( 400 MHz, CDCh): o 7.39- 7.27 (m, 5H), 4.56 - 4.46 (m, 2H), 3. 73 - 3. 70 (m, lH), 3.67 - 3.61 (m , 

lH), 3.60 - 3.55 (m, lH), 3.51 - 3.45 (m, lH), 2.33 (t, J = 8.0Hz, 3H), 1.89-1.78 (m , lH), 1.76-1.61 (m, 2H), 

1.57- 1.42 (m, 2H). 
13C NMR (125 MHz, CDCh): o 137.8, 128 .5, 127.9, 127.7, 11 9.5, 73.5 , 73 .0, 65.2, 40.2, 27.4, 23 .3, 17.4. 

HRMS (ESI) [M+Nat calculated for C14H19N02Na: 256.1313, found: 256.1308 . 
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8-(benzyloxy)-6-hydroxyoctanenitrile (28) 

BnO~OH 

~CN 

Following the general procedure 5B compound 28 was obtained from 2-(2-(benzyloxy)ethyl)oxetane (38 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 35 mg of 8-(benzyloxy)-6-hydroxyoctanenitrile (28) as colorless oil, (yield= 

71%). 

1HNMR (400 MHz, CDCh): S 7.38-7.27 (m, 5H), 4.52 (s, 2H), 3.85-3.80 (m, lH), 3.76-3.69 (m, lH), 3.68 

- 3.62 (m, lH), 2.98 (br s, lH), 2.33 (t, J = 7.0 Hz, 2H), 1. 82- 1.41 (m, 8H). 

13C NMR (100 MHz, CDCh): S 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+Nat calculated for C15H21N02Na: 270.1470, found: 270.1465. 

6-hydroxy-8-((triisopropylsilyl)oxy)octanenitrile (29) 

TIPSO~OH 

~CN 

Following the general procedure 5B compound 29 was obtained from triisopropyl(2-(oxetan-2-yl)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-((triisopropylsilyl)oxy)octanenitrile (29) 
as colorless oil, (yield = 19%). 

1H NMR (500 MHz, CDCh): S 4.03 -3.98 (m, lH), 3.94- 3.83 (m, 2H), 3. 70 (br s, lH), 2.35 (t, J = 7.1 Hz, 2H), 

1. 75 - 1.42 (m, 9H), 1.11 - 1.09 (m, 20H). 

13C NMR (125 MHz, CDCh): S 119.7, 72.1 , 63.6, 38.2, 36.6, 25 .5, 24.8, 17.9, 17.1 , 11.7. 

HRMS (ESI) [M+Nat calculated for CnH35N02SiNa: 336.2335, found: 336.2330. 

6.5 Giese-type addition: Michael acceptors 

methyl6-hydroxy-5-phenylhexanoate (21) 

Following the general procedure 5B compound 21 was obtained 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 (20:80 
AcOEt/Hexane) to afford 36 mg of methyl 6-hydroxy-5-phenylhexanoate (21) as colorless oil, (yield = 80% ). 

1H NMR ( 400 MHz, CDCh): S 7.34 - 7.30 (m, 2H), 7.25 - 7.1 9 (m, 3H), 3.73 ( dd, J = 6. 7, 4.2 Hz, 2H), 3.63 (s, 

3H), 2.80 - 2.76 (m, lH), 2.29 - 2.25 (m, 2H), 1. 76 - 1. 72 (m, lH), 1.65 - 1.51 (m, 3H), 1.42 (br s, lH). 

13C NMR (100 MHz, CDCh): S 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+Nat calculated for CuH1s03Na: 245.1154, found: 245.1143. 
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benzyl 6-hydroxy-5-phenylhexanoate (30) 

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 m mol). The crude product was purified by column chromatography (1 0:90 
AcOEt!Hexane) to afford 38 mg of benzyl 6-hydroxy-5-phenylhexanoate (30) as colorless oil, (yield= 64% ). 

1HNMR (400 MHz, CDCh): S 7.39-7.29 (m, 7H), 7.25-7.21 (m, lH), 7.20-7.16 (m, 2H), 5.09 (s, 2H), 3.75 

-3.67 (m, 2H), 2.81-2.73 (m, lH), 2.37-2.30 (m, 2H), 1.80- 1.69 (m, lH), 1.67- 1.53 (m, 3H), 1.42 (br s, 

lH). 

13CNMR(125MHz,CDCh): S 173.2, 141.8, 136.0, 128.7, 128.5, 128.17, 128.16, 128.0, 126.8, 67.4, 66.1, 48.4, 

34.2, 31.3, 22.7. 

HRMS (ESI) [M+Na]+ calculated for C19H2203Na: 321.1467, found: 321.1445. 

4-methoxyphenyl 6-hydroxy-5-phenylhexanoate (31a) 

Following the general procedure 5B 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-methoxyphenyl6-hydroxy-5-phenylhexanoate (31a) as colorless oil, 
(yield = 61%). 

1H NMR (500 MHz, CDCh): S 7.36 - 7.33 (m, 2H), 7.27 - 7.21 (m, 3H), 6.97 - 6.95 (m, 2H), 6. 88 - 6. 86 (m , 

2H), 3.79 (s, 3H), 3.75 (dd, J = 6.7, 4.3 Hz, 2H), 2.85 - 2.80 (m, lH), 2.51 (td, J = 7.2, 2.7 Hz, 2H), 1.89 - 1.81 

(m, lH), 1.75 - 1.63 (m, 3H), 1.56 (br s, lH). 

13C NMR (125 MHz, CDCh): S 172.3, 157.2, 144.1, 141. 8, 128.7, 128.0, 126.9, 122.2, 114.4, 67.4, 55 .5, 48.4, 

34.1 , 31.3, 22.7. 

HRMS (ESI) [M+Na]+ calculated for C19H2204Na: 337.1416, found: 337.1399. 

4-cyanophenyl 6-hydroxy-5-phenylhexanoate (31b) 

P
OH ~CN 

0~ 
~ 

Following the general procedure 5B compound 31b was obtained from 3-phenyloxetane (1) (27 mg, 0.20 mmol) 
and 4-cyanophenyl 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-phenylhexanoate (31b) as colorless oil, 
(yield = 89% ). 

1H NMR (500 MHz, CDCh): S 7.67 (d, J = 5.0 Hz, 2H), 7.36- 7.33 (m, 2H), 7.28 - 7.18 (m, 5H), 3. 77 (d, J = 

6.9 Hz, 2H), 2.84 - 2.80 (m, lH), 2.61 - 2.50 (m, 2H), 1.90- 1.83 (m, lH), 1.77 - 1.61 (m, 3H), 1.31 (br s, lH). 

36 



https://rcin.org.pl

13C NMR (125 MHz, CDCh): o 171.0, 153.9, 141.6, 133.6, 128.8, 128.0, 127.0, 122. 7, 118.2, 109. 7, 67.4, 48.4, 

34.2, 31.2, 22.6. 

HRMS (ESI) [M+Na ]+ calculated for C19H19N03Na: 332.1263, found: 332.1271. 

pent-4-en-1-yl6-hydroxy-5-phenylhexanoate (32) 

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-yl 6-hydroxy-5-phenylhexanoate (32) as colorless oil, 
(yield = 72%). 

1HNMR (400 MHz, CDCh): o 7.34-7.30 (m, 2H), 7.25 -7.17 (m, 3H), 5.78 (ddt, J= 16.9, 10.2, 6.6 Hz, lH), 

5.05-4.95 (m, 2H), 4.04 (t,J = 6.7 Hz, 2H), 3.73 (dd, J= 6.6, 3.9 Hz, 2H), 2.81-2.74 (m, lH), 2.31-2.21 (m, 

2H), 2.13 -2.05 (m, 2H), 1.76 - 1.51 (m, 7H). 

13C NMR (125 MHz, CDCh): o 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 CnH240JNa: 299.1623, found: 299.1617. 

2-phenyl-5-(phenylsulfonyl)pentan-1-ol (33) 

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-(phenylsulfonyl)pentan-1-ol (33) as colorless oil, (yield= 53% ). 

1H NMR (500 MHz, CDCh): o 7.85- 7.79 (m, 2H), 7.64-7.61 (m, lH), 7.54-7.51 (m, 2H), 7.32-7.29 (m , 

2H), 7.25-7.22 (m, lH), 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, lH), 

1. 87 - 1. 82 (m, lH), 1. 71 - 1.61 (m, 3H), 1.35 (br s, lH). 

13C NMR (125 MHz, CDCh): o 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 CnH2o03SNa: 327.1031 , found: 327.1034. 

methyl 6-hydroxy-2-methyl-5-phenylhexanoate (34) 

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 mm ol). The crude product was purified by column chromatography 
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(20:80 AcOEt/Hexane) to afford 19 mg of methyl6-hydroxy-2-methyl-5-phenylhexanoate (34) as colorless oil (a 
mixture of diastereoisomers), (yield= 41% ). 

1H NMR (500 MHz, CDCh): 8 7.34-7.31 (m, 2H), 7.25- 7.18 (m, 3H), 3. 74- 3. 70 (m, 2H), 3.64 (s, 3H), 2. 79 

-2.70 (m, lH), 2.46 -2.35 (m, lH), 1.77- 1.66 (m, lH), 1.64- 1.51 (m, 2H), 1.39- 1.28 (m, 2H), 1.10 (dd, J = 

8.0, 4.0 Hz, 3H). 

13C NMR (125 MHz, CDCh): 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, 29.6, 29.3, 17.1, 17.0. (In the aromatic region signals overlap) 

HRMS (ESI) [M+Nat calculated for C14H2o0JNa: 259.1310, found: 259.1280. 

methyl 6-hydroxy-2,5-diphenylhexanoate (35) 

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, 0.30 mmol). The crude product was purified by column 
chromatography (15:85 AcOEt/Hexane) to afford 33 mg of methyl 6-hydroxy-2,5-diphenylhexanoate (35) as 
colorless oil (a mixture of diastereoisomers), (yield= 56%). 

1H NMR (500 MHz, CDCh): 8 7.36 - 7.08 (m, 1 OH), 3.68 - 3.65 (m, 2H), 3.61 (cl, J = 1.4 Hz, 3H), 3.52 - 3.46 

(m, lH), 2.80 - 2.71 (m, lH), 2.03- 1.91 (m, lH), 1.74- 1.55 (m, 3H), 1.41 (br s, lH). 

13C NMR (125 MHz, CDCh): 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+Nat calculated for C19H220JNa: 321.1467, found: 321.1465 . 

pent-4-yn-1-yl 6-hydroxy-5- phenylhexanoate (36) 

~ io: J l.J '- ~ 0~ 

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% ) . 

1H NMR (500 MHz, CDCh): 8 7.34 - 7.31 (m, 2H), 7.25 - 7.22 (m, 3H), 4.14 (t, J = 5.9 Hz, 2H), 3. 77 - 3.69 

(m, 2H), 2.81 - 2.75 (m, lH), 2.29 - 2.24 (m, 4H), 1.96 - 1.95 (m, lH), 1.85 - 1.80 (m, 2H), 1.76 - 1.73 (m, lH), 

1.66 - 1.49 (m, 4H). 
13C NMR (125 MHz, CDCh): 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+Nat calculated for CnH2203Na: 297.1467, found: 297.1480. 
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(1R,2S,SR)-2-isopropyl-5-methylcyclohexyl 6-hydroxy-5-phenylhexanoate (37) 

Following the general procedure SB 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,2S,5R)-2-isopropyl-5-methylcyclohexyl 6-hydroxy-5-phenylhexanoate 
(37) as colorless oil (a mixture of diastereoisomers), (yield= 26% ). 

1H NMR (500 MHz, eDeh): o 7.34- 7.31 (m, 2H), 7.26 - 7.20 (m, 3H), 4.65 (td, J = 1 0.9, 4.4 Hz, lH), 3. 76-

3.73 (m, 2H), 2.80- 2.77 (m, lH), 2.25 (t, J = 7.2 Hz, 2H), 1.96- 1.94 (m, lH), 1.81 (m, lH), 1.76- 1.71 (m, 

lH), 1.68 - 1.45 (m, 6H), 1.41 - 1.30 (m, 2H), 1.08 - 1.00 (m, lH), 0.96 - 0. 83 (m, 8H), 0. 73 (d, J = 7.0 Hz, 3H). 

ne NMR (125 MHz, eDeh): o 128.7, 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 (ESI) [M+Na]+ calculated for C22H3403Na: 369.2406, found: 369.2392. 

(8R,9S, 13S, 14S)-13-methyl-17 -oxo-7 ,8,9, 11,12,13, 14,15, 16,17 -decahydro-6H -cyclope nta [a] phenanthren -3-

yl6-hydroxy-5-phenylhexanoate (38) 

Following the general procedure SB compound 38 was obtained from 3-phenyloxetane (1) (27 mg, 0.20 mmol) 
and (8R,9S, 13S, 14S)-13-methyl-17-oxo-7,8,9,11 ,12, 13,14,15, 16,17-decahydro-6H-cyclopenta[ a)phenanthren-3-
yl acrylate (97 mg, 0.30 mm ol). The crude product was purified by column chromatography (25:75 
AcOEt/Hexane) to afford 26 mg of (8R,9S,13S,14S)-1 3-methyl-1 7-oxo-7,8,9,11 ,12,13, 14,15,1 6,17-decahydro-
6H-cyclopenta[ a )phenanthren-3-yl 6-hydroxy -5-pheny1hexanoate (38) as colorless oil, (yield =58%). 

1HNMR (500 MHz, eDeh): o 7.35 - 7.32 (m, 2H), 7.29 -7.20 (m, 4H), 6.81 (dd, J = 8.5, 2.6 Hz, lH), 6.77 (d, 

J = 2.5 Hz, lH), 3.76 - 3.74 (m, 2H), 2.94- 2.86 (m, 2H), 2.86 - 2.80 (m, lH), 2.55 - 2.44 (m, 3H), 2.41-2.38 

(m, lH), 2.29 - 2.27 (m, lH), 2.1 9 - 1.93 (m, 4H), 1.91 - 1. 82 (m, lH), 1. 77 - 1.42 (m, 1 OH), 0.91 (s, 3H). 

ne NMR (125 MHz, eDeh): o 220.7, 172. 1, 148.5, 141.8, 137.9, 137.3, 128 .7, 128.0, 126.9, 126.3 , 121.5, 11 8.7, 

67.4, 50.4, 48.4, 47.9, 44.1 , 38.0, 35.8, 34.2, 31.5, 31.3, 29.3, 26.3, 25 .7, 22.8, 21.6, 13.8. 

HRMS (ESI) [M+Nat calculated for CJoHJ604Na: 483.2511, found: 483.2510. 
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7.1 Proposed mechanism 

7.2 Mass spectrometry studies 

7. Mechanistic consideration 

HIIE (3), TMSB!j 
Zn, NH4CI, 

MeCN 

OTMS 
Zn,NH,.Cf ( -. -·-

R~EWG 

[ 

Ph ] ~OTMS 
(Co(lll)] 

Reaction conditions: oxetane (1) (0.2 mmol), Zn (3 equiv), m cl (1.5 equiv), HME (3) (5 mol%), TMSBr (2 equiv), MeCNanh· (c = 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_ac>15xx_~e 12(0.2<13) Cm 110:17·(1:7•24:26)) 
1 

A 

100 

tOOZ.4407 

1063.45!l 

1036 .4464 

A 

10&t.4.(91 B 
1243.5610 

245..5654 

B 

1:TOF MSES-+ 
.J.!iotefi 

Chemical formula · C64H92CaN"40tsSi2+ 

Calculated: 1243.!660 
Frund: 1243.5671 

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 axialligands (H20 and CN'). The second signal 
(B) corresponds to the mass of the Co-alkyl complex. 

Conclusion: Co-alkyl complex B is an intemtediate in the reaction via the nucleophilic attack of the Co(I) jom1 of 

the catalyst on the bromohydrin 
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7.3 Kinetic studies for the model reaction 

19 + ./'eN 
Ph/ 

39 

HME (3) 
Zn, NH4 CI 
whllll LED• 

(0Tt.4S 

Ph~CN 

81!1 

Reaction conditions: oxetane (I) (0.4 mmol), acrylonitrile (J9) (1.5 equiv), Zn (3 equiv), NH4Cl (1.5 equiv), HME (J) (5 mol%), MeCNanh (c 
= O.lM), white LEDs, 16h. 

The reaction was setup according to general procedure SB on a 0.4 mmol scale with the addition of dodecane as 
an internal standard (65.6 m g). The reaction was monitored by GC!FID for 16h. 

1.2 
a The kinetic profile for the model reaction 

<:::! 

~ 1 

"' 6 
~0.8 

~ 
-:2 0.6 
'-' 
~ 
!2 0.4 
"'-. - Bromohydrin 

0.2 - Product 

- oxetane 

0 
0 200 400 600 800 t [min.} 

To prove the formation ofbromohydrin during the reaction, another kinetics experiment was performed: 

5b 38 

HME (3) 
OH 

Ph~CN 

Reaction conditions: bromohydrin (5b) (0.2 mmol), acrylonitrile (J9) (1.5 equ iv), Zn (3 equiv), NH4Cl (1.5 equiv), HME (J) (5 mol%), 
MeCNanh (c = O.lM), wh ite LEDs, 16h. 

The reaction was setup according to general procedure SB on 0.2 mmol scale with the addition of dodecane as an 
internal standard (31. 0 m g). The reaction was monitored by GC/FID for 16h. 

2.5 
The kinetic for the model reaction 

a ·.::: 2 
~ 

"' :;:: 
81.5 
~ 

~ ....... 
'-' 1 

~ 
!2 
"6.5 

- Bromohydrin 

- Product 
0 
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Conclusion: The kinetic experiments show that oxetane 1 is fully converted into bromohydrin within 15 min, 

while the product gradually forms over 1 Oh. 
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7.4 Reactions with deuterated reagents 

pp + -7' ' CN 

1 39 

H (3) [OTI.1S 
Ph/ ~CN 

816-D @ 

Reaction conditions: oxetane (1) (0.2 mmol), acrylonitrile (39) (1.5 equiv), Zn (3 equiv), ND4Cl (1.5 equiv), HME (J) (5 mol%). 1MSBr (2 
equiv). MeCN (c = O.lM), 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 oflight irradiation a small portion was taken from reactionmD-1ure and 1H NMR. 
spectrum was recorded. 

m 
Il l 

(OTUS 

Ph~CN 

A 

T TT~ 

!Ill 
1 1 '.\ 

111111!! 
\\\ lUll 

Figure S2 Lert) 1H NMR fragment of the spectra of product 41: Right) 1H NMR spectra of a mixture of products formed in the deuterium 
incorporation experiment. 

zl5_;~>1679 11 (0 22"') cm (8:27-1:7) 

282.14 

274.91276.91 

265 15 

286.15 
284.15 

(OTMS 

Ph~CN 
D 

Chemical formula· CtsHnDNOSiNa 
Calrulated: 285.1509 
Found : 285.1~1 

1:TOFMSES+ 
2 96e4 

Conclusion: T11e integration 1.15 ppmfor signal A {Scheme 7.4.1) in 1H 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 

19 + Y'cN 
p~ 

39 

HME (3), 
TEMPO + (OH 

Ph~Br 

817 5b- traceB 

Reaction conditions: oxetane (1) (0.2 mmol), acrylonitrile (39) (1.5 equiv), Zn (3 equiv), NH4Cl (1.5 equiv), HME (3) (5 mol%), TMSBr (2 
equiv), TEMPO (3 equiv), MeCNanh (c = O.lM), white LEDs, 16h, reaction was quenched by treatment with 2 equiv of citric acid. 

~ 1~~~~~e~ 1G(0.:;:0~1CIN O.ll-(1.t-)o).3)l\ 
~ ~ 

1.TO!"~ f5+ 

I.Jt.::~ 

Chemicalformula [M+ H)' CIS!hJN0 2 
Calculated: 292.2277 
Found: 292.2276 

Figure S3 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 package18 Geometry optimizations were computed at 
BP86/6-31 G( d) level of theory with the D3 version of Grimme' s empirical dispersion correction 19 and S:tviD 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 S:tviD model of solvation 

(acetonitrile). We performed calculations approximating the structure of vitamin Bn with Co-corrin complex 
bearing 15 methyl groups, reflecting substitution pattern at a rim. Molecular structures were visualized in 

CYLview2 1 
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Optimized geometries, energies and corrections to thermodynamic functions. 

(CHJ)ts(corrin)Co(l) 

E (BP86-D3/6-31G(d)/S:MD (MeCN)) = -2928.476207 
E (BP86-D3/6-311 ++G(2df,p)/S:MD (MeCN)// BP86-D3/6-31G(d) )/S:MD (MeCN)) = -2929.055031 

Zero-point correction= 0.777035 
Thermal correction to Energy= 0.816636 
Thermal correction to Enthalpy= 0.817580 
Thermal correction to Gibbs Free Energy= 0.712422 

Charge = 0 Multiplicity = 1 
c 2.89754400 -0.89013600 -0.29398400 
c 4.32154900 -0.37444100 -0.60113500 
c 4.26251700 1.03989500 0.04830800 
c 2.78793000 1.34632300 -0.03760400 
N 2.02450300 0.20488000 -0.10706500 
H 4.86289700 1.76141400 -0.53748600 
c 2.28356300 2.64114000 0.00498000 
H 3.01207600 3.45778500 0.03219800 
c 2.49413600 -2.21 994600 -0.27583900 
c 0.93415800 2.97238200 0.00248900 
c 0.41910600 4.40302100 -0.09404600 
N -0.08337700 2.04358600 -0.00741500 
c -1.04165600 4.21004000 0.39588100 
c -1.30149000 2.74240200 0.06751400 
c 1.13851500 -2.5 553 5300 0.03153500 
c 0.63021800 -3.96442100 0.29474500 
N 0.17694600 -1.63450800 0.13908300 
c -0.92264 700 -3.79969000 0.12573100 
c -1.13152600 -2.28213300 0.49434700 
c -2.57044200 2.18974200 -0.05150700 
c -2.73277500 0.77390300 -0.18785700 
c -4.05137400 0.00952000 -0.41850700 
N -1.67218200 -0.04465900 -0.18297900 
c -3.61787500 -1.44601100 -0.03094100 
c -2.11969200 -1.45814400 -0.35745400 
Co 0.13362200 0.17300800 -0.04 798000 
H -1.71270500 4.88677700 -0.16144700 
H -3.73311700 -1.51520500 1.06756000 
H 0.98688200 -4.65267600 -0.494 72900 
H -1.96696200 -1.71458900 -1.42140600 
c -3.78893700 3.09594100 -0.00058800 
H -4.51260000 2.84733200 -0.79522100 
H -4.3 278 7800 3.02279100 0.96207300 
H -3.51816800 4.15315800 -0.13967700 
c -4.43499000 0.12620800 -1.91517300 
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H -4.59473700 118281300 -2.19319500 
H -3.64244400 -0.27917700 -2.56997000 
H -5.37165400 -0.42128600 -2.12662800 
c -5.24706200 0.41866900 0.46843200 
H -5.76132200 1.32426400 0.11089700 
H -5.99325200 -0.39795700 0.46585900 
H -4.93279400 0.58478000 1.51453100 
c -4.44330000 -2.56270800 -0.67546700 
H -4.18319200 -3.54524200 -0.24688700 
H -5.52393500 -2.40586200 -0.50259000 
H -4.27887900 -2.61726600 -1.76603600 
c -138418300 -204237000 1.99797800 
H -2.32782100 -2.49966400 2.33861300 
H -0.56217400 -2.45562900 2.60334000 
H -1.42559700 -0.95557300 2.18614400 
c -173741900 -4.77514800 0.99036600 
H -2.82074600 -4 60186000 0 86479600 
H -1.52977000 -5.81697500 0.68372700 
H -1.50718700 -4.69174400 206480600 
c -123666100 -4.08315800 -136272200 
H -0.96593000 -5.12829500 -160087600 
H -2.30651700 -3.95686200 -159660100 
H -0.65542400 -3.42624000 -2.03584700 
c 1.15320000 -4.52890400 163383800 
H 0.77695500 -5.55303100 180500600 
H 2.25635100 -4.57717000 161692000 
H 0.86198700 -3.90447800 2.49493500 
c 3.45455500 -3353808(K) -0.60036900 
H 4.08338500 -3.11545400 -147370800 
H 4.13307100 -3.60137200 0.23627300 
H 2.90590000 -4.27487000 -0.85245400 
c 5.51996100 -Ll874430Cl -0.07342800 
H 5.73634900 -2 06987800 -0.69411300 
H 642273200 -0.54938400 -0.09866600 
H 5.37169800 -152537600 0.96623300 
c 4.44598200 -0.21164200 -2 14020700 
H 3.66182100 0.46143200 -2.53305900 
H 5.43122100 0.21921000 -2.40072500 
H 4.35025400 -118585500 -2.65155200 
c 4.71232800 LI085370CJ 1.52603000 
H 5.79099700 0.90176600 1.63937400 
H 4.51624400 2.11854500 1.92823500 
H 4.15164300 0.38263600 2.14333100 
c -125803500 4.44049000 1.90767300 
H -106176100 5.49049400 2.18832300 
H -230011600 4 20314400 2.18492700 
H -0.59196200 3 79098200 2.50476700 
c 0.40517600 4.81255300 -1.59166000 
H -0.00858400 5. 83 200200 -1.70989500 
H 1.42836900 4.80205200 -2 00873400 
H -0.21664700 4.11822900 -2.18660100 
c 1.24219600 5.42830300 0.70249600 
H 2.24270500 5.56174000 0.25290700 
H 0.74306100 6.41455300 I) 68979000 
H 1.38283500 5.12309600 175350600 
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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= 
Thennal correction to Energy= 
Thennal correction to Enthalpy= 
Thennal correction to Gibbs Free Energy= 

0.134929 
0.142323 
0.143268 
0.102709 

Charge = 0 Multiplicity = 1 
c 2.59533100 -0.05141700 0.73801600 
c 1.60678600 0.61063100 -0.15115500 
H 1.84491700 1.62749300 -0.49995400 
0 2.50307600 -0.41835300 -0.65813500 
c 0.15006900 0.27965900 -0.09177900 
c -0.80234000 1.31743200 -004058400 
c -0.28915200 -1.06059200 -0.06860100 
c -2.17236100 1.02058000 0.05100700 
H -0.46668500 2.36132300 -0.07096800 
c -1.65774100 -1.35614500 0.01805800 
H 0.45248500 -1.86447300 -0.13561600 
c -2.60404800 -0.31668400 0.08179000 
H -2.90347300 1.83613700 0.09201200 
H -1.98839300 -2.40108900 0.03171400 
H -3.67300400 -0.54875600 0.14830600 
H 2.23992900 -0.81139600 1.45028900 
H 3.51035600 0.48680400 1.02878200 

TSl 

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= 0.912264 
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Thermal correction to Energy~ 
Thermal correction to Enthalpy~ 
Thermal correction to Gibbs Free Energy~ 

0.960310 
0.961254 
0.838326 

Charge ~ 0 Multiplicity ~ 1 
c 2.66648100 -1.87273800 0.21649600 
c 2.93247300 -3.33591400 0.63178100 
c 1.82334700 -4.07955900 -0.17568100 
c 0.79523700 -2.98895800 -0.36595800 
N 1.33159100 -1.73859200 -0.21300800 
H 1.41448500 -4.92054200 0.41546700 
c -0.50758900 -3.24335800 -0.78474000 
H -0.77585500 -4.29013600 -0.96091100 
c 3.55881000 -0.81049800 0.31899300 
c -1.47303300 -2.27721300 -105262800 
c -2.80136200 -2.60621900 -171921300 
N -1.30412100 -0.93721000 -0.81335300 
c -3.58924500 -1.26721800 -1.53166400 
c -2.52940000 -0.29009400 -102157800 
c 3.16863300 0.50699100 -0 09387100 
c 4.11489300 168416600 -0.26696300 
N 190932100 0.82428500 -0.38327400 
c 3.13179800 2.91062900 -0.26049600 
c 1.79469000 2.26524400 -0.79289600 
c -2.78525900 104573200 -0.72721100 
c -1.70930300 194829600 -0.44694400 
c -1.80639700 3.47471300 -0.24320800 
N -0.44824900 1.52027100 -0.34810400 
c -0.32853900 3.89655000 -0.56238700 
c 0.46971400 2.66947900 -0.10900900 
Co 0.35016600 -0.12122500 -0.37107000 
H -4.32496700 -1.41977100 -0.71609200 
H -0.26163900 3.96621500 -166531200 
H 4.77716800 177524900 0.61418900 
H 0.64370900 2.72699400 0.98084500 
c 0.50315200 -0 02962000 2 05863300 
c -0.46255700 -100142800 2.62253300 
H -0.25795200 -2 05745800 2.33699600 
0 0.19022500 -0.52529700 3.76603000 
c -194287100 -0.70624400 2.52123200 
c -2.84265300 -167841100 2 04986300 
c -2.44686400 0.54013100 2.94371700 
c -4.22094500 -1.41068200 198631500 
H -2.45362000 -2.64912900 171905700 
c -3.82009000 0.81719900 2.87305700 
H -1.75015400 1.28445500 3.34529200 
c -4.71348200 -0.15923000 2.39302800 
H -4.90965100 -2.18017100 161848000 
H -4.19754700 1.79413500 3.19665900 
H -5.78707000 0.05470300 2.34059600 
H 0.25270600 103073900 2.11130700 
H 155327200 -0.31499200 198922700 
c -4.22031800 1.54228700 -0.67853600 
H -4.34722600 2.27953400 0.12990200 
H -4.55728400 2 02348400 -161500800 
H -4.91554100 0.71782800 -0.45349700 
c -2.18224100 3.77408200 122920800 
H -3.16449300 3.33912200 1.47907100 
H -1.44274700 3.35139200 193240300 
H -2.24233700 4.86397000 1.40216700 
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c -2.75932000 4.22058200 -1.19993400 
H -3.81528600 4.15367000 -0.89452100 
H -2.49431600 5.29429600 -1.21209700 
H -2.66989200 3.83830100 -2.23272600 
c 0.11330000 5.23124500 0.04149400 
H 1.10854300 5.52338000 -0.33340100 
H -0.58975200 6 04053300 -0.22838000 
H 0.16993400 5.18434700 1.14311800 
c 1.64829700 2.32022300 -2.32707900 
H 1.57413700 3.35749300 -2.69350800 
H 2.50684700 1.83873400 -2.82123600 
H 0.73694500 1.77296600 -2.62505000 
c 3.63955300 4 09610600 -1.09632300 
H 2.91502500 4.92908900 -1.08297400 
H 4.58860200 4.47560200 -0.67473200 
H 3.82538400 3.83004500 -2.14943700 
c 3 00319200 3.36364600 1.21316800 
H 3.99037100 3.69924200 1.58053700 
H 2.30137400 4.20582300 1.33106600 
H 2.66626800 2.53758700 1.86684100 
c 5.03621800 1.50347000 -1.49283100 
H 5.72024400 2.36320900 -1.60293600 
H 5.65530500 0.59748000 -1.36735500 
H 4.46747600 1.39029200 -2.43102100 
c 4.96403200 -0.99408500 0.87006400 
H 4.96449400 -1.61762300 1.77873400 
H 5.65396500 -1.46412800 0.14598200 
H 5.40561600 -0 02630400 1.15403300 
c 4.32852000 -3.92753200 0.35317700 
H 5.07778100 -3.59624000 1.08746100 
H 4.27136900 -5 02887700 0.42960700 
H 4.69802300 -3.67493300 -0.65507800 
c 2.62071200 -3.45454600 2.14807600 
H 1.58791400 -3.13381800 2.37162500 
H 2.73490100 -4.50411100 2.47857900 
H 3.30759200 -2.82840900 2.74447300 
c 2.25724500 -4.61633800 -1.55934700 
H 3 00178600 -5.42651400 -1.47160800 
H 1.38009700 -5 01986800 -2 09564600 
H 2.69069100 -3.80900900 -2.17770600 
c -4.36594800 -0.81182300 -2.78192200 
H -5 01080800 -1.63270100 -3.14427800 
H -5 02204800 0.04562600 -2.57099200 
H -3.68584900 -0.52107200 -3.60097800 
c -3.55029000 -3.78941200 -1.07613400 
H -4.54032100 -3.90885400 -1.55506600 
H -3 00156900 -4.73998600 -1.20502700 
H -3.70963000 -3.62622100 0.00361400 
c -2.49348400 -2.95176600 -3.20065600 
H -1.84711500 -3.84666300 -3.24278200 
H -3.41593500 -3.17381300 -3.76628700 
H -1.96214500 -2.12731500 -3.70859400 
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Oxetane 

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= 

0.084291 
0.088597 
0.089542 
0.056243 

Charge = 0 Multiplicity = 1 
c -0.00008000 1.08145900 -0.00020500 
c -1.04163700 -0.05973800 0.00020000 
c 1.04163900 -0.05959400 0.00020600 
H -0.00010100 1.71644700 -0.90022000 
H -0.00013500 1.71731200 0.89919900 
H -1.68501800 -0.12539100 -0.90018700 
H -1.68406300 -0.12530500 0.90129100 
H 1.68500800 -0.12514600 -0.90020000 
H 1.68407500 -0.12508100 0.90128800 
0 0.00008800 -108819900 -0.00029700 

TS2 

E (BP86-D3/6-31G(d)/SMD (MeCN)) = -3121.572096 
E (BP86-D3/6-311 ++G(2df,p )/SMD (MeCN)/ I BP86-D3/6-3l G( d) )/SMD (MeCN)) = -3122.22262 

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

0860382 
0.905161 
0.906106 
0.790597 

Charge= 0 Multiplicity = 1 
c -2.72425500 -1.21924800 -0 09687800 
c -4.20670400 -0.84451900 0.10768200 
c -4.26477900 0.51660200 -0.65130600 
c -2.83997500 0.99132500 -0.51214000 
N -1.97121500 -0.04824600 -0.31777800 
H -4.97000800 1.20899200 -0.15531700 
c -2.47436100 2.33206100 -0.58911000 
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H -3.28206500 3 05969700 -0.71239900 
c -2.17469300 -2.49076200 -0 00625100 
c -1.17428800 2.81452800 -0.48433100 
c -0.83933200 4.29763400 -0.39080300 
N -0 06498000 2 01668100 -0.33927700 
c 0.68031900 4.26863700 -0.70950600 
c 1.06801500 2.84181000 -0.33074000 
c -0.78168800 -2.69285100 -0.28778400 
c -0.13145500 -4 04600600 -0.52317400 
N 0.07852300 -1.68928800 -0.40601000 
c 1.39716500 -3.71659200 -0.36011100 
c 1.44982000 -2.19035200 -0.75531800 
c 2.37819800 2.43001900 -0.12027500 
c 2.69490400 1.03536400 -0 01672100 
c 4 08991900 0.41755500 0.20828800 
N 1.74521400 0.10056000 -0.07351500 
c 3.82843900 -1.06200200 -0.24142700 
c 2.34395500 -1.25449500 0.08591100 
Co -0 08689500 0.12441600 -0.20017700 
H 1.20514800 5.01775500 -0 09182200 
H 3.94507300 -1.07124500 -1.34200700 
H -0.41765100 -4.74888600 0.28128500 
H 2.23184500 -1.52775500 1.15110500 
c -0.27068900 -0.21480600 2.07799200 
c -0.79869500 1.14681300 2.54276600 
H -1.58585100 1.56415300 1.88980200 
c 3.48404700 3.46998300 -0 06243300 
H 4.20634700 3.24490200 0.73905900 
H 4 05560100 3.53393500 -1.00668300 
H 3 08543900 4.47458000 0.14504900 
c 4.42972700 0.51274700 1.71719900 
H 4.46606200 1.56625000 2 04478200 
H 3.67700800 -0 00712900 2.33713300 
H 5.41794600 0.06348400 1.92348200 
c 5.24068200 0.99878300 -0.63955300 
H 5.64358600 1.93983400 -0.23426000 
H 6.07461200 0.27273400 -0.65959000 
H 4.92166600 1.17476900 -1.68249900 
c 4.77742300 -2.10080000 0.36042900 
H 4.62968700 -3 08843300 -0.10746300 
H 5.83243200 -1.81479800 0.19583100 
H 4.62263100 -2.21644300 1.44742100 
c 1.67793400 -1.94625500 -2.26122100 
H 2.66306800 -2.31553400 -2.59064200 
H 0.90277400 -2.44738700 -2.86178500 
H 1.61927900 -0.86355600 -2.46960500 
c 2.30361600 -4.62161900 -1.20854600 
H 3.36543800 -4.34768800 -1.08172400 
H 2.19190300 -5.67353700 -0.88735500 
H 2.07018100 -4.57439100 -2.28445700 
c 1.73649900 -3.93346100 1.13358900 
H 1.56892100 -4.99407500 1.39609200 
H 2.78924900 -3.69780900 1.36091500 
H 1.09385600 -3.32011700 1.79237800 
c -0.59728400 -4.68383100 -1.85007600 
H -0.11415400 -5.66424900 -2 00543600 
H -1.68870000 -4.84958200 -1.82538200 
H -0.37688000 -4 04611700 -2.72245000 
c -3 00779600 -3.70247700 0.37696400 
H -3.69920700 -3.47044600 1.20262400 
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H -3.61136000 -4.09683500 -0.46059000 
H -2.36409600 -4.52457400 0.72751200 
c -5.27913400 -1.82510300 -0.40258900 
H -5.42580600 -2.67764100 0.27725700 
H -6.24660100 -1.29368500 -0.46493900 
H -5.04193700 -2.21943600 -1.40517000 
c -4.41572000 -0.57995500 1.62322700 
H -3.72410400 0.20020800 1.99048600 
H -5.45165700 -0.24062900 1.81059500 
H -4.23970000 -1.49625800 2.21365900 
c -4.63026700 0.42296000 -2.15016300 
H -5.67143300 0.08693400 -2.29649400 
H -4.52338000 1.41558800 -2.62281300 
H -3.95918100 -0.27959900 -2.67750800 
c 1.03923300 4.51448600 -2.19171700 
H 0.75498500 5.53301100 -2.50918500 
H 2.12596100 4.40066000 -2.34 746600 
H 0.52410300 3.78887700 -2.84 737300 
c -1.04378300 4.73634400 1.08459600 
H -0.77215600 5.80167300 1.20670600 
H -2.09812300 4.60752500 1.38824300 
H -0.41366600 4.13864100 1.76783000 
c -1.68185800 5.19718000 -1.30925800 
H -2.73403400 5.22264400 -0.97363900 
H -1.30303500 6.23489400 -1.27928400 
H -1.668 81400 4.85177800 -2.35702200 
H 0.03746000 1.86947100 2.56177900 
H -0.97059100 -1.04396300 1.95139400 
H 0.78481300 -0.45911800 2.17221200 
c -1.22978500 0.70004100 3.94191000 
H -1.13186500 1.49431000 4.73427600 
H -2.33622900 0.45017900 3.92365200 
0 -0.39644100 -0.41026900 4.12948600 

TMSBr 

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= 

0.109642 
0.118528 
0.119472 
0.075902 

Charge= 0 Multiplicity= 1 
Si 0.83574600 -0.00003600 -0.00008600 
c 1.39015300 1.03230800 -1.47175900 
H 2.49629700 1.05747800 -1.50605100 
H 1.02739200 0.60311000 -2.42256300 
H 1.02582400 2.07194800 -1.39274900 
c 1.39066200 0.75834300 1.62973400 
H 1.02780900 0.16953200 2.49085900 
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H 2.49683700 0.77664000 1.66772500 
H 1.02703300 1.79598800 1.73420900 
c 1.39013900 -1.7907 6500 -0.15823300 
H 2.49628200 -1.83318100 -0.16151400 
H 1.02641900 -2.39995400 0.68816700 
H 1.02693400 -2.24185900 -1.09867400 
Br -1.43934300 0.00004300 0.00009500 

Br(CHz)30TMS 

E (BP86-D3/6-31G(d)/SMD (MeCN)) = -3174.442469 
E (BP86-D3/6-311 ++G(2df,p)/SMD (MeCN)// BP86-D3/6-31G(d) )/SMD (MeCN)) = -3177.023972 

Zero-point correction= 0.196034 
Thermal correction to Energy= 0.210523 
Thermal correction to Enthalpy= 0.211467 
Thermal correction to Gibbs Free Energy= 0.151908 

Charge = 0 Multiplicity = 1 
c 0.93136100 -0.24491100 0.00027200 
c -0.42712700 0.47061300 -0.00001700 
c 2.07259700 0.76248800 0.00022500 
H 0.99508200 -0.89357300 0.89249100 
H 0.99530700 -0.89397500 -0.89164200 
H -0.51017400 1.12197300 -0.89586100 
H -0.51008500 1.12297300 0.89511500 
H 2.08082600 1.39643100 0.89997700 
H 2.08058300 1.39668600 -0.89935700 
0 -1.45593200 -0.52961400 0.00058300 
Si -3.09280600 -0.07269700 -0.00007800 
c -3.48576700 0.93849900 1.54725000 
H -2.92745700 1.89255600 1.56812800 
H -4.56417900 1.18369400 1.58395500 
H -3.23556300 0.37674600 2.46625000 
c -4.03905100 -1.70086200 0.00097200 
H -5.12909600 -1.51327100 -0.00001200 
H -3.79993200 -2.30576800 -0.89286400 
H -3.80120500 -2.30376700 0.89650100 
c -3.48572800 0.93650200 -1.548 68400 
H -3.23495200 0.37413800 -2.46714400 
H -4.56438100 1.18065100 -1.58569200 
H -2.92832600 1.89106500 -1.57034400 
Br 3.84578800 -0.16416800 -0.00009100 
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Co1b_BrPrOTMS1_ts1a 

E (BP86-D3/6-31G(d)/S:MD (MeCN)) = -6102.942436 
E (BP86-D3/6-311++G(2df,p)/S:MD (MeCN)// BP86-D3/6-31G(d) )/S:MD (MeCN)) = -6106.094499 

Zero-point correction= 0.974500 
Thermal correction to Energy= 1.029556 
Thermal correction to Enthalpy= 1.030500 
Thermal correction to Gibbs Free Energy= 0.891014 

Charge = 0 Multiplicity= 1 
c -0.03532700 -2.51440400 -1.50012100 
c -1.31606300 -3.34534800 -1.72107500 
c -2.16924600 -2.35258000 -2.56659300 
c -1.60628100 -1.02459500 -2.12463800 
N -0.34921800 -1.14153500 -1.59409200 
H -3 .23970200 -2.43751100 -2.29900900 
c -2.30013600 0.17246200 -2.27499800 
H -3.29588000 0.11360400 -2.72495900 
c 1.20716900 -3.00617100 -1.12041200 
c -1.84811700 1.42086000 -1.86129800 
c -2.71680700 2.67243700 -1.89949400 
N -0.64181900 1.63159000 -1.24012900 
c -1.65445100 3.77298400 -1.62775400 
c -0.54323600 2.99546200 -0.93051000 
c 2.28638500 -2.10822800 -0.83048900 
c 3.72222000 -2.53338300 -0.57228500 
N 2.12258900 -0.79097800 -0.74138100 
c 4.31216400 -1.27993800 0.16587400 
c 3.42224400 -0.11282000 -0.40918800 
c 0.45659400 3.59096900 -0.17101900 
c 1.58719800 2.82909700 0.26893400 
c 2.75519700 3.32665600 1.14351700 
N 1.70586400 1.53039700 -0.02240500 
c 3.82512700 2.21674400 0.85802400 
c 2.96023200 0.98533000 0.57056200 
Co 0.66186200 0.29985500 -0.88716800 
H -2.08654700 4.55165500 -0.97571100 
H 4.33131700 2.51428000 -0.08018100 
H 3.74521100 -3.38252100 0.13555900 
H 2.68570800 0.50580900 1.52696500 
c -0.01911700 -0.73015300 1.39691600 
c -1.34385900 0.00023100 1.42406600 
H -1.87273200 -0.18408700 0.47347900 
H 0.87356600 -0.21827900 1.74183800 
H 0.11451700 -1.60907000 0.77747600 
c 0.36427700 5.07272100 0.15095200 
H 0.62830500 5.27308700 1.20240700 
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H 1.03827600 5.68494600 -0 A 7 607900 
H -0.65564300 5.45818900 {).00273000 
c 2.29061900 3.32224100 2.62203200 
H 1.44047300 4 01228200 2.76363800 
H 1.96540000 2.31602200 2.94343700 
H 3.10600300 3.65259100 3.29078100 
c 3.35696000 4.69930700 0.77549700 
H 2.77165900 5.54683700 116443000 
H 4.36860900 4.77749600 121552600 
H 3.45558900 4.81427600 -0.31880000 
c 4.88153500 2.03848300 1.95070300 
H 5.67723400 1.34912900 1.62248300 
H 5.36339500 3.00274500 2.19547100 
H 4.44549600 1.63128800 2.87972600 
c 3.97784300 0.51795600 -1.70224400 
H 4.94654800 1.01611300 -1.53210400 
H 4.11409400 -0.24519900 -2.48438300 
H 3.25815400 1.26476900 -2.08108100 
c 5.82020400 -1.09986700 -0.06657700 
H 6.19668100 -0.20184500 0.45329700 
H 6.36998200 -1.97065700 0.33565300 
H 6 08005000 -1.00497600 -113334100 
c 4 06478700 -1.50454100 1.67843400 
H 4.62626500 -2.39922800 2.00596200 
H 4.41775200 -0.65551800 2.28761000 
H 2.99733200 -1.68101300 1.91522400 
c 442281400 -3 01568500 -1.86101600 
H 5.46109900 -3.32761500 -1.65191000 
H 3.88783900 -3.88899800 -2.27471200 
H 444506000 -2.23891100 -2.64339400 
c 1.45302300 -4 .497197[<') -0954346[~) 

H 0.65852400 -4.97192500 -0.35549900 
H 1.50598900 -5.03298700 -1.91872600 
H 2.39887600 -4.68918400 -0.4 2644800 
c -1.20559200 -4.71995100 -2.40722500 
H -0.84404200 -5.503376(X) -L724700CAJ 
H -2.21223900 -5JJ28853(X) -2.7 44405 (A) 
H -0.54426800 -4 697029(X) -3289804(A) 
c -1.97030600 -3.50999900 -0.32084800 
H -2.17190000 -2.52598900 0.13716500 
H -2.92823](10 -4.05619400 -0.40767900 
H -1.30938](10 -4 06590100 0.36703600 
c -2.02525400 -2.49239000 -4.098 70300 
H -2.44<)99000 -3.44719200 -4.46463600 
H -2.56724700 -1.67148200 -4.60119700 
H -0.96378200 -2.43487100 -4.40218300 
c -1.07893500 4.45570400 -2.88836500 
H -1.85932400 5.01355100 -3.43515500 
H -0.2844301)0 5.16886900 -2.60763500 
H -0.63 84061)1) 3.70980000 -3.57480800 
c -3.70515600 2.60027300 -0.70514600 
H -4.28392400 3.54011400 -0.62849300 
H -4.41575100 1.76738000 -0.84418700 
H -3.17531700 2.43723700 0.25092700 
c -3.51263200 2.84431900 -3.20420800 
H -4.27699800 2.05273700 -3.30233200 
H -4.04273900 3.81418500 -3.20541700 
H -2.86505300 2.80048300 -4.09635800 
H -1.15078000 1.08674900 1.47401900 
c -2.32309300 -0.34845000 2.56350300 
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H -1.85084400 -0.16245000 3.54469800 
H -2.57230400 -1.42760400 2.52604400 
0 -3.48892100 0.48702000 2.45270300 
Si -4.97741200 -0.16157900 1.96779300 
c -4.82911200 -1.05888500 0.30869300 
H -4.21615200 -0.49304600 -0.41464900 
H -4.36798900 -2.05381400 0.43767000 
H -5.83102700 -1.21223300 -0.13601700 
c -6.14000800 1.31813600 1.86639600 
H -7.15118700 0.99203800 1.55828600 
H -6.23257900 1.81507100 2.84982800 
H -5.78968000 2.06906500 1.13641700 
c -5.59577400 -1.38999600 3.26677300 
H -4.87360300 -2.21450000 3.41565500 
H -5.75594400 -0.89775800 4.24388700 
H -6.55590000 -1.84195100 2.95236900 
Br 0.18405500 -2.21319500 3.26409200 

Br~ 

E (BP86-D3/6-31G(d)/S:MD (1vfeCN)) = -2572.098445 
E (BP86-D3/6-311 ++G(2df,p)/S:tviD (1vfeCN)// BP86-D3/6-31G(d) )/S:tviD (1vfeCN)) = -2574.565447 

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

Charge= -1 Multiplicity = 1 

0.000000 
0.001416 
0.002360 
-0.016176 

Br 0.00000000 0.00000000 0.00000000 

(Clli)t5(corrin)Co(Ill)-(C:Hz)l-OTMS- IT 

E (BP86-D3/6-31 G(d)/S:tviD (1vfeCN)) = -3530.848806 
E (BP86-D3/6-311 ++G(2df,p )/S:tviD (1vfeCN)/ I BP86-D3/6-31 G( d) )/S:tviD (1vfeCN)) = -3531.5 5403 7 

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

Charge = 1 Mult iplicity = 1 

0.975627 
1.028655 
1.029599 
0.895520 

c -0.02249300 2.94578400 0.5673 1500 
c -1.26055000 3. 83448300 0. 79396800 
c -1.99019900 3. 03923100 1. 91991900 
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c -1.49916200 1.63849000 1.66095600 
N -0.30972500 1.63282000 0.99226900 
H -3 08635900 3.10245700 1.79515000 
c -2.19102000 0.50613700 2 08333600 
H -3.14596300 0.67352300 2.58902200 
c 1.16015500 3.32000300 -0 05197900 
c -1.78157500 -0.80908300 1.89097400 
c -2.65022200 -2 00915400 2.24207300 
N -0.61752400 -1.17019800 1.26632900 
c -1.60458100 -3.15689300 2.16810600 
c -0.52570600 -2.56653700 1.26708200 
c 2.23928900 2.37700300 -0.17685400 
c 3.67138500 2.73719100 -0.53537800 
N 209447200 1.08357500 0.05215500 
c 4.28951400 1.34095100 -0.91556800 
c 3.39537900 0.34483500 -0 08222000 
c 0.44897400 -3.32175100 0.62946200 
c 1.57553200 -2.68512600 0.00302700 
c 2.75241100 -3.38139100 -0.71175100 
N 1.69954900 -1.36398600 -0 04169900 
c 3.81611500 -2.22674000 -0.71891000 
c 2.94333500 -0.96783500 -0.75841200 
Co 0.62688600 0.05387000 0.47651300 
H -2 06725900 -4 05247300 1.72018600 
H 4.31950800 -2.26888600 0.26558500 
H 3.67918000 3.37333700 -1.43944100 
H 2.65059700 -0.74583300 -1.80068600 
c -0.10987800 0.23962100 -1.34562800 
c -1.50413400 -0.34953400 -1.42370900 
H -2.14990600 0.07387000 -0.63518200 
H 0.57962800 -0.27009800 -2 04186100 
H -0.10151000 1.32261300 -1.56994600 
c 0.35299800 -4.83619000 0.66410100 
H 0.61322600 -5.27912400 -0.31020700 
H 1.02825200 -5.28117600 1.41708200 
H -0.66741600 -5.17123400 0.90179200 
c 2.29087300 -3.75064000 -2.14447900 
H 1.44390300 -4.45724000 -2.11639300 
H 1.96903400 -2.85890200 -2.71181100 
H 3.11396200 -4.23586000 -2.69849300 
c 3.35453800 -4.61111800 -0 00189600 
H 2.77525700 -5.53226600 -0.16733400 
H 4.36884000 -4.79105500 -0.40291300 
H 3.44659300 -4.44256200 1.08574600 
c 4.87529600 -2.32667400 -1.81844900 
H 5.66173000 -1.56671700 -1.67771300 
H 5.36792300 -3.31570700 -1.80146400 
H 4.43976300 -2.17985900 -2.82200200 
c 3.92549200 0.06795500 1.33993700 
H 4.89914200 -0.44754100 1.31464200 
H 4 04352700 1.00644900 1.90367200 
H 3.20640600 -0.56735100 1.88619300 
c 5.79129600 1.24140300 -0.60847700 
H 6.17762200 0.23879600 -0.86033300 
H 6.34861000 1.97631700 -1.21732500 
H 6 02593300 1.43705600 0.45004000 
c 4.07745900 1.16371400 -2.43730600 
H 4.62863600 1.95561600 -2.97619800 
H 4.45277600 0.19244300 -2.79924300 
H 3 01076800 1.25009800 -2.71612800 
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c 4.35294000 3.54980500 0.58657000 
H 5.38644800 3.81039100 0.30114200 
H 3.80504000 4.49251900 0.75878200 
H 4.38414200 3 00013400 1.54182900 
c 1.37067800 4.71947400 -0.60251600 
H 0.48537300 5.07070600 -1.15589000 
H 1.58628400 5.46063300 0.18744300 
H 2.21409800 4.74171300 -1.30932400 
c -1.04015600 5.30632300 1.18693300 
H -0.76652800 5.93339500 0.32570600 
H -1.98634200 5.70959200 1.59131700 
H -0.26219800 5.41988500 1.96038800 
c -2.10641300 3.74911900 -0.50600800 
H -2.32231700 2.69751500 -0.76592200 
H -3 06720500 4.27798100 -0.36787900 
H -1.57465600 4.21043400 -1.35608000 
c -1.62490000 3.44699800 3.36530800 
H -1.98089000 4.46494200 3.59737700 
H -2 09527100 2.74947900 4 08059000 
H -0.53147500 3.41313700 3.52201300 
c -0.97017700 -3.55153100 3.52053000 
H -I. 72823100 -3.96567900 4.20717000 
H -0.19174400 -4.31895300 3.37022500 
H -0.49879000 -2.67780700 4 00572800 
c -3.68983900 -2.18515000 1.10078900 
H -4.29968900 -3 08808200 1.28805100 
H -4.36459600 -1.31317600 1.05026600 
H -3.19618800 -2.29685400 0.11931100 
c -3.38624100 -1.87969900 3.58536800 
H -4.15560700 -1.08916100 3.53361000 
H -3.90275700 -2.82599600 3.82612500 
H -2.70119900 -1.63477300 4.41445600 
H -1.46279900 -1.44072000 -1.25570700 
c -2.19901700 -0.11390700 -2.77647000 
H -1.55900700 -0.47391100 -3.60581800 
H -2.36503100 0.97236600 -2.93763600 
0 -3.42683200 -0.85897400 -2.82521500 
Si -4.93994400 -0.18764900 -2.45862400 
c -4.84144000 1.05598000 -1.03800700 
H -4.34345100 0.64458000 -0.14216600 
H -4.29781200 1.96785600 -1.34206700 
H -5.86378400 1.36459200 -0.74639100 
c -6 02133900 -1.66086600 -1.99948300 
H -7 05849600 -1.33345500 -1.79777600 
H -6 05617500 -2.40439500 -2.81702900 
H -5.64283900 -2.16752800 -1.09302400 
c -5.62143500 0.69790700 -3.98390700 
H -4.94735600 1.51532700 -4.30234900 
H -5.73857800 0.00303000 -4.83600300 
H -6.61132400 1.14497200 -3.77175800 
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(CHJ)ts( corrin)Co(II) 

E (BP86-D3/6-31G(d)/S:MD (MeCN)) = -2928.348697 
E (BP86-D3/6-311 ++G(2df,p)/S:MD (MeCN)// BP86-D3/6-31G(d) )/S:MD (MeCN)) = -2928.92078 

Zero-point correction= 0.778592 
Thermal correction to Energy= 0.818236 
Thermal correction to Enthalpy= 0.819181 
Thermal correction to Gibbs Free Energy= 0.113227 

Charge = 1 Multiplicity= 2 
c 2.90498200 -0.90195900 -0.30446300 
c 4.33074400 -0.3 8391700 -0.59130600 
c 4.26947300 1.02558600 0.07486500 
c 2.79611400 1.33400800 -0.00989800 
N 2.04706500 0.19558500 -0.09529300 
H 4.86512800 1.75674000 -0.50045800 
c 2.29062500 2.63069000 0.03041200 
H 3.02054400 3.44349700 0.07654000 
c 2.48974000 -2.22584700 -0.31325300 
c 0.94221900 2.97223700 -0.00210200 
c 0.44122000 4.40810400 -0.07837300 
N -0.08344700 2.06585400 -0.04190800 
c -1.03607500 4.22043600 0.36969000 
c -1.30022400 2.75611600 0.03320100 
c 1.12923900 -2.5617 6500 0.01082000 
c 0.62396100 -3.96906400 0.28788100 
N 0.16984700 -1.6 5986700 0.13702400 
c -0.93442400 -3 .80651400 0.14738100 
c -1.14112000 -2.28414600 0.50344300 
c -2.56676400 2.20189600 -0.08441900 
c -2.73603700 0.77819600 -0.20907000 
c -4.06283500 0.01647400 -0.40895700 
N -1.69976200 -0.05101600 -0.21148100 
c -3.63112100 -1.44177500 -0.01861200 
c -2.13591700 -1.467348 00 -0.35957600 
Co 0.13802700 0.17678200 -0.07992700 
H -1.68965200 4.89938500 -0.20384900 
H -3.73428700 -1.50390900 1.08110400 
H 0.97070400 -4.65652700 -0.50509300 
H -1.98750900 -1.73777600 -1.42051800 
c -3.78311400 3.10797400 -0.03237600 
H -4.51296900 2.84971100 -0.81770300 
H -4.31049500 3.04383200 0.93685100 
H -3.51184000 4.16230400 -0.18678500 
c -4.45785200 0.12911400 -1.90262600 
H -4.61600400 1.18456200 -2.18636600 
H -3.67608400 -0.28674200 -2.56295600 
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H -5.39974800 -0.41456800 -2 09363500 
c -5.23870700 0.44258500 0.49456000 
H -5.75774300 1.34316800 0.13279600 
H -5.98363800 -0.37414700 0.51492200 
H -4.90516500 0.62044600 1.53235500 
c -4.46922800 -2.55690100 -0.64863400 
H -4.20807800 -3.53705100 -0.21540900 
H -5.54618100 -2.39245300 -0.46315200 
H -4.31688300 -2.61785200 -1.74030100 
c -1.37903300 -2 01522200 200377500 
H -2.32577500 -2.45612900 2.35496000 
H -0.55804400 -2.43019200 2.60880200 
H -1.41152100 -0.92535600 2.18025600 
c -1.73310700 -4.76764100 104086800 
H -2.81756100 -4.59258600 0.92956400 
H -1.53149300 -5.81318300 0.74483700 
H -1.48357600 -4.66785900 2.10943700 
c -1.27497500 -4.10670500 -1.33166100 
H -100784400 -5.15453200 -1.55983800 
H -2.34909500 -3.98432700 -1.54604700 
H -0.70651700 -3.45963700 -2 02503500 
c 117610900 -4.51409200 162272700 
H 0.79969000 -5.53465900 1.80844200 
H 2.27818800 -4.56482200 1.58487200 
H 0.89894100 -3.87907900 2.48041300 
c 3.43684800 -3.36093000 -0.66486100 
H 4.07101000 -3.10421000 -1.52812200 
H 4.10597000 -3.63557600 0.17016700 
H 2.87792000 -4.26728400 -0.944 26000 
c 5.51724400 -1.21131600 -0 06260000 
H 5.73246900 -2 08537600 -0.694 7 5900 
H 6.42237400 -0.57718700 -0.07214800 
H 5.35620000 -1.56127200 0.97080300 
c 4.46260900 -0.20144200 -2.12826400 
H 3.68551900 0.48069300 -2.51897700 
H 5.45203200 0.22820600 -2.37047600 
H 4.36788000 -1.16811600 -2.65270800 
c 4.70791000 107920500 1.55658200 
H 5.78559800 0.86975500 166461000 
H 4.51320500 2 08541000 196772900 
H 4.14579800 0.34613100 2.16315000 
c -1.29103600 4.44175700 1.87750100 
H -109133000 5.48869500 2.16374600 
H -2.34196700 4.21469800 2.12597000 
H -0.64617800 3.78378700 2.48783700 
c 0.47611400 4.84116100 -1.56919500 
H 0.07655000 5.86680100 -167211200 
H 151081300 4.82888700 -195529400 
H -0.13671500 4.16707600 -2.19528600 
c 1.25567500 5.40423800 0.76234300 
H 2.26529700 5.54166500 0.33636200 
H 0.76088200 6.39192700 0.76169300 
H 1.36958800 5.07162000 1.80787100 
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(CHz)lOTMS 

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= 0.189658 
Thermal correction to Energy= 0.202598 
Thermal correction to Enthalpy= 0.203542 
Thermal correction to Gibbs Free Energy= 0.150106 

Charge= 0 Multiplicity= 2 
c 3.96232800 -0.22748700 0.02902600 
c 2.72313500 0.59571600 -0.08527000 
H 2.70404100 1.39475100 0.68063500 
H 2.67767000 1.11908500 -1.07029400 
c 1.44093000 -0.24378400 0.03268000 
H 1.45521100 -1.05167700 -0.73025800 
H 1.40476900 -0.72994700 1.03046200 
0 0.30612600 0.61458500 -0.16174100 
Si -1.26904200 0.00254500 0.00065300 
c -1.55187500 -1.40173300 -1.23244800 
H -0.89272200 -2.26566900 -1.02840300 
H -2.59714700 -1.76049900 -1.17642900 
H -1.36445800 -1.06772400 -2.26982300 
c -1.54961300 -0.62229300 1.76239500 
H -1.36859000 0.17729500 2.50443300 
H -2.59321900 -0.96869600 1.88665400 
H -0.88647900 -1.47203200 2.00854900 
c -2.39330100 1.46597000 -0.37709400 
H -2.21951700 2.29952500 0.32800300 
H -2.23059900 1.84531500 -1.40262700 
H -3.45524900 1.16842600 -0.29203300 
H 4.02787700 -1.20459000 -0.46410100 
H 4.86636300 0.16580600 0.50429800 
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TD DFT calculations 

Three lowest singlet exited states for intermediate ll were calculated at TD-BP86-D3/6-31l++G(2df,p) level of 
theory including solvation (acetonitrile) with S.MD model. 

(Clli)t5(corrin)Co(Ill)-(CHz)l-OTMS- 11 (vertical excitation) 

Excitation energies and oscillator strengths: 

Excited State 1: Singlet-A 2.2335 eV 555.11 nrn f=0.0225 <S**2>=0.000 
189-> 193 -0.13359 
190 -> 192 0.31747 
191 -> 192 0.50814 
191 -> 193 -0.32300 

Total Energy, E(TD-HF/TD-DFT) = -3531.471 95770 

Excited State 2: Singlet-A 2.2995 eV 539.18 nrn f=O . 0211 <S **2>=0. 000 
189 -> 193 -0.1 3850 
190 -> 192 -0.21775 
191 -> 192 0.40684 
191 -> 193 0.49373 

Excited State 3: Singlet-A 2.3412 eV 529.57 nrn f=0.0161 <S**2>=0.000 
189 -> 192 0.1 8852 
190 -> 192 0.56898 
191 -> 192 -0.11 554 
191 -> 193 0.32439 
191 -> 194 -0.1 2033 
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Simulated UV spectrum of ll calculated for 20 excited states at TD-BP86/6-311 ++G(2df,p)level of theory 
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Geometry of the 11 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-D3/6-3ll++G(2df,p). 

E (TD-BP86-D3/6-31G(d)/SMD (MeCN)) = -3530.776482 
E (TD-BP86-D3/6-311 ++G(2df,p)/SMD (MeCN)// TD-BP86-D3/6-31G(d) )/S:MD (MeCN)) = -3531.471958 

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

0 972234 
1026142 
1.027087 
0.890414 

Charge = 0 Multiplicity = 1 
c -0.05597300 2.95315800 0.51546400 
c -125993200 3.87600000 0.78692900 
c -199762400 3.07513100 1.90783500 
c -1.55005400 1.66692400 1.61765700 
N -0.36947900 1.66558000 0.89620700 
H -3.09307800 3.17258000 1.7971 0400 
c -2.20301800 0.52747200 2 06337300 
H -3 .16008300 0.68409000 2.57039200 
c 1.16713300 3.31830700 -0.08 187300 
c -1.77739600 -0.79239700 1.90868300 
c -2.64637500 -2.00120800 2.23338800 
N -0. 57321200 -117858900 1.35501900 
c -1.58050100 -3.13648400 2.23810900 
c -0.48976600 -2.56155600 1.34147900 
c 2.22604300 2.37490400 -0.14438300 
c 3.65744300 2.72325500 -0.51844500 
N 2.11913500 1.07964200 0.18125100 
c 4.27985300 1.3302 1700 -0.88594700 
c 3.40347700 0.32734900 -0.03346700 
c 0.47318100 -3.33208 100 0.67083200 
c 1.56450100 -2.70093200 0.01437600 
c 2. 74212900 -3.38597800 -0.70763400 

62 



https://rcin.org.pl

N 1.68264000 -1.36888500 -0 05812700 
c 3.80329900 -2.22863500 -0.71135400 
c 2.93261700 -0.96386400 -0.74307600 
Co 0.54621400 0.06131100 0.37220200 
H -2 01988600 -4 05485500 1.81377100 
H 4.30699200 -2.27769300 0.27211800 
H 3.67207100 3.36061400 -1.42055500 
H 2.66746800 -0.71885500 -I. 78778200 
c -0 06985200 0.26197000 -1.45820900 
c -1.45791300 -0.35823300 -1.45747300 
H -2 09475000 0.08192200 -0.67115100 
H 0.61606800 -0.26193400 -2.14333600 
H -0 08474800 1.34616800 -1.67555700 
c 0.35610100 -4.84532400 0.70809600 
H 0.64473900 -5.29931600 -0.25278400 
H 0.99176200 -5.30085200 1.49026600 
H -0.67878000 -5.16375700 0.90717200 
c 2.27591500 -3.74673300 -2.14076100 
H 1.43119100 -4.45645500 -2.11111000 
H 1.94702300 -2.85136800 -2.69863700 
H 3 09684600 -4.22456600 -2.70482500 
c 3.34981200 -4.61818500 -0 00767800 
H 2.76733700 -5.53793400 -0.17047400 
H 4.36102300 -4.79983700 -0.41592800 
H 3.44894400 -4.45293900 1.07988200 
c 4.86374300 -2.32429600 -1.81009200 
H 5.64993400 -1.56447600 -1.66623800 
H 5.35710900 -3.31304500 -1.79555900 
H 4.42969000 -2.17526800 -2.81404300 
c 3.97404300 0.01282700 1.36360000 
H 4.94238100 -0.50980400 1.30109900 
H 4.11635900 0.93691700 1.94574300 
H 3.26313700 -0.63106400 1.91143900 
c 5.78530900 1.24408100 -0.59157900 
H 6.17799700 0.24564200 -0.85000900 
H 6.33082600 1.98568200 -1.20302500 
H 6 02715000 1.43843900 0.46550800 
c 4 05964400 1.15067000 -2.40687100 
H 4.60514700 1.94656000 -2.94582500 
H 4.43758600 0.18276100 -2.77411100 
H 2.99162700 1.23525600 -2.68139400 
c 4.32515200 3.53341800 0.61546100 
H 5.36495500 3.78363600 0.34451700 
H 3.78276400 4.48066500 0.77766300 
H 4.33483600 2.98215800 1.57016000 
c 1.39001300 4.71238000 -0.63692900 
H 0.50315600 5.07268100 -1.18271200 
H 1.62251600 5.45678900 0.14631100 
H 2.22640900 4.72428100 -1.35283700 
c -0.98382400 5.33087000 1.20464100 
H -0.69911200 5.96274400 0.35047200 
H -1.91045200 5.75884900 1.62803500 
H -0.19281900 5.40323200 1.96966500 
c -2.12434500 3.84701800 -0.50422300 
H -2.37963800 2.80856600 -0.78061300 
H -3 06413100 4.40531900 -0.33987400 
H -1.58913400 4.30847300 -1.35205300 
c -1.60470200 3.45300600 3.35478700 
H -I. 92173000 4.47957800 3.60560500 
H -2 09280400 2.76133600 4 06373000 
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Figure S4 Calrulated Gibbs free energy profile for the reaction of oxetanes with the Co(l)-corrin complex in the presence of TMSBr 
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9. NMR spectra 

1HNMR (400 MHz, CDCh) and 13C NMR (100 MHz, CDCh); triisopropy1(2-(oxetan-2-yl)ethoxy)silane 
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1HNMR (500 MHz, CDCh) and 13C NMR (125 MHz, CDCh); 3-bromo-2-phenyl-propan-1-ol (5b) 
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1HNMR (400 MHz, CDCh) and 13C NMR (100 MHz, CDCh); 2,3-diphenylpropan-1-ol (4b) 
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1HNMR (400 MHz, CDCh) and 13C NMR (100 MHz, CDCh); 4-(1-hydroxy-3-phenylpropan-2-
yl)benzonitrile (4d) 
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1HNMR (400 MHz, CDCh) and 13C NMR (100 MHz, CDCh); 3-phenyl-2-(o-tolyl)propan-1-ol (4e) 
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1HNMR (400 MHz, CDCh) and 13C NMR (100 MHz, CDCh); 2-(1H-indol-1-yl)-3-phenylpropan-1-ol (5) 
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1HNMR (400 MHz, CDCh) and 13C NMR (100 MHz, CDCh); 2-(1-hydroxy-3-phenylpropan-2-
yl)isoindoline-1,3-dione (6) 
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1HNMR (400 MHz, CDCh) and 13C NMR (100 MHz, CDCh); 2-(4-methoxyphenoxy)-3-phenylpropan-lol 
(7) 
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1HNMR (400 MHz, CDCh) and 13C NMR (100 MHz, CDCh); 2-benzyl-3-(benzyloxy)-2-methylpropan-1-
ol(9) 
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1HNMR (400 MHz, CDCh) and 13C NMR (100 MHz, CDCh); 1-phenyl-5-((triisopropylsilyl)oxy)pentan-3-
ol (11) 
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1HNMR (400 MHz, CDCh) and 13C NMR (100 MHz, CDCh); 2-phenyl-3-(4-methylphenyl)propan-1-ol 
(4a) 
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1HNMR (400 MHz, CDCh) and 13C NMR (100 MHz, CDCh); 3-(4-methoxyphenyl)-2-phenylpropan-1-ol 
(12a) 
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1HNMR (400 MHz, CDCh) and 13C NMR (100 MHz, CDCh); 4-(3-hydroxy-2-phenylpropyl)benzonitrile 
(12b) 
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1HNMR (400 MHz, CDCh), 13C NMR (100 MHz, CDCh) and 19F NMR (376 MHz, CDCh); 2-phenyl-3-(4-
(trifluoromethyl)phenyl)propan-1-ol (12c) 
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1H NMR (400 MHz, CDCh) and 13C NMR (100 MHz, CDCh); 1-(4-(3-hydroxy-2-

phenylpropyl)phenyl)ethanone (12d) 
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1HNMR (400 MHz, CDCh) and 13C NMR (100 MHz, CDCh); methyl4-(3-hydroxy-2-
phenylpropyl)benzoate (12e) 
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1HNMR (400 MHz, CDCh) and 13C NMR (100 MHz, CDCh); 3-(4-chlorophenyl)-2-phenylpropan-1-ol 
(121) 
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1HNMR (400 MHz, CDCh) and 13C NMR (100 MHz, CDCh); 3-(4-bromophenyl)-2-phenylpropan-1-ol 
(12g) 
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1HNMR (400 MHz, CDCh), 13C NMR (100 MHz, CDCh) and 19F NMR (376 MHz, CDCh); 3-(4-
fluorophenyl)-2-phenylpropan-1-ol (12h) 
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1HNMR (400 MHz, CDCh) and 13C NMR (100 MHz, CDCh); 3-(4-(hydroxymethyl)phenyl)-2-
phenylpropan-1-ol (13) 
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1HNMR (400 MHz, CDCh) and 13C NMR (100 MHz, CDCh); 2-phenyl-3-(1-tosyl-lH-indol-5-yl)propan-
1-ol (14) 
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1HNMR (400 MHz, CDCh) and 13C NMR (100 MHz, CDCh); 3-(naphthalen-1-yl)-2-phenylpropan-1-ol 
(15) 

I 

•• ..:; ..:; 

I I 

""" "" 
h "" 

I 

' 

' 

' 
' 

,, 

' 
' 

' ' 
' 
' 

' 
' ' ' 

c.. ~ 
T TT ... ..; ... 

u u u u u u u u u u u u u u u u u u u = ~ 
fl (ppm) 

~ i 
I I 

m ~ m ~ ~ ~ rn ~ m ~ ~ ~ ~ ~ ~ ~ ~ w w o ~ 
f1 (ppm) 

92 



https://rcin.org.pl

1HNMR (400 MHz, CDCh) and 13C NMR (100 MHz, CDCh); 2-phenyl-3-(4-
( (trimethylsilyl)ethynyl)phenyl)propan-1-ol (16) 
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1HNMR (400 MHz, CDCh) and 13C NMR (100 MHz, CDCh); 2-phenyl-3-(2-methylphenyl)propan-1-ol 
(17) 
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1HNMR (400 MHz, CDCh) and 13C NMR (100 MHz, CDCh); 2-phenyl-3-(3-methylphenyl)propan-1-ol 
(18) 
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1HNMR (400 MHz, CDCh) and 13C NMR (100 MHz, CDCh); 3-(benzo[dJ[1,3]dioxol-5-yl)-2-
phenylpropan-1-ol (19) 
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1HNMR (400 MHz, CDCh) and 13C NMR (100 MHz, CDCh); 6-hydroxy-5-(4-
methoxyphenyl)hexanenitrile (22b) 
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1HNMR (400 MHz, CDCh) and 13C NMR (100 MHz, CDCh); 4-(5-cyano-1-hydroxypentan-2-
yl)benzonitrile (22c) 
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1HNMR (400 MHz, CDCh) and 13C NMR (100 MHz, CDCh); 6-hydroxy-5-(2-methylphenyl)hexanenitrile 
(22d) 
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1HNMR (400 MHz, CDCh) and 13C NMR (100 MHz, CDCh); 6-hydroxy-5-(1H-indol-1-yl)hexanenitrile 
(23) 
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1H NMR (500 MHz, CDCh) and 13C NMR (125 MHz, CDCh); 5-(9H-carbazol-9-yl)-6-
hydroxyhexanenitrile (24) 
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1H NMR (500 MHz, CDCh) and 13C NMR (125 MHz, CDCh); 6-hydroxy-5-(4-
methoxyphenoxy)hexanenitrile (25) 
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1HNMR (400 MHz, CDCh) and 13C NMR (125 MHz, CDCh); 6-(benzyloxy)-5-
(hydroxymethyl)hexanenitrile (26) 
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1HNMR (400 MHz, CDCh) and 13C NMR (100 MHz, CDCh); 8-(benzyloxy)-6-hydroxyoctanenitrile (28) 
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1H NMR (500 MHz, CDCh) and 13C NMR (125 MHz, CDCh); 6-hydroxy-8-
((triisopropylsilyl)oxy)octanenitrile (29) 
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1HNMR (400 MHz, CDCh) and 13C NMR (100 MHz, CDCh); methyl6-hydroxy-5-phenylhexanoate (21) 
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1HNMR (400 MHz, CDCh) and 13C NMR (125 MHz, CDCh); benzyl6-hydroxy-5-phenylhexanoate (30) 
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1H NMR (500 MHz, CDCh) and 13C NMR (125 MHz, CDCh); 4-methoxyphenyl 6-hydroxy-5-
phenylhexanoate (31a) 
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1H NMR (500 MHz, CDCh) and 13C NMR (125 MHz, CDCh); 4-cyanophenyl6-hydroxy-5-
phenylhexanoate (31b) 
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1HNMR (400 MHz, CDCh) and 13C NMR (125 MHz, CDCh)pent-4-en-1-yl6-hydroxy-5-phenylhexanoate 
(32) 
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1HNMR (500 MHz, CDCh) and 13C NMR (125 MHz, CDCh); 2-phenyl-5-(phenylsulfonyl)pentan-1-ol (33) 
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1H NMR (500 MHz, CDCh) and 13C NMR (125 MHz, CDCh); methyl6-hydroxy-2-methyl-5-
phenylhexanoate (34) 
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1H NMR (500 MHz, CDCh) and 13C NMR (125 MHz, CDCh); methyl6-hydroxy-2,5-diphenylhexanoate 
(35) 
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1HNMR (500 MHz, CDCh) and 13C NMR (125 MHz, CDCh); pent-4-yn-1-yl6-hydroxy-5-
phenylhexanoate (36) 
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1H NMR (500 MHz, CDCh) and 13C NMR (125 MHz, CDCh); (1R,2S,5R)-2-isopropyl-5-methylcyclohexyl 
6-hydroxy-5-phenylhexanoate (37) 
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1H NMR (500 MHz, CDCh) and 13C NMR (125 MHz, CDCh); (8R,9S,13S,14S)-13-methyl-17-oxo-
7 ,8,9 ,11,12,13,14,15,16,17 -decahydro-6H -cyclopenta [a] phenanthren-3-yl 
(38) 

6-hydroxy-5-phenylhexanoate 
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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. 1H and 13C NMR spectra were recorded at 25 °C on a 

Bruker 400 MHz or V arian 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% 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 !m. 

•!• Catalyst- heptamethyl cobyrinate ((CN)(H20)Cby(OMe)7) was prepared according to the 

reported procedure on 3 gram scale[1- 3l 

•!• Thioesters was synthesized according to the reported procedure. [!J[4l 

•!• Before the reaction, zinc was activated by the following method: a) washing with I 0% 

HCI, b) grinding, c) washing with H20, EtOH and E120, d) drying in a vacuum. 

3 
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2. General synthetic procedure 

N s ... A a K "nX + ~EWG 

X= Br, Cl 
n = 3, 5, 6, 8 

(CN)(H20)Cby(OMe)7 

Zn, NH4CI, MeCN 
blue LEDs 

0 

EWG~EWG 

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 turned 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 ('A = 460 nm) for 16 h at room temperature. It was then diluted with Et20, filtered 

through the cotton wool and concentrated in vacuo. A crude product was purified using 

column chromatography. 

3. Optimization studies 

5 

3.1 Background reactions 

Entry 
1 
2 

3 
4 

5 

13 

(CN)(H20)Cby(OMe)r 
Zn, NH4CI, MeCN 

blue LEDs 

Conditions 
no light 

no catalyst 
noZn 

no NH4Cl 

no Zn and NH4Cl 

4 

0 

NC~CN 
14 

Yield[%] 
22 
<5 

0 

15 

0 
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3. 2 Catalyst loading 

Entry Catalyst[ mol%] Yield (%] 

1 2.5 41 

2 

3 

5.0 

7.5 

46 

36 

Reaction conditions: olefin (0.55 mmol, 1.0 equiv.), thioester (0.45 equiv.), catalyst: 
(CN)(H20)Cby(OMe)7, Zn (3.0 eqiuv.), NH4Cl (4.5 equiv.), MeCN (2.5 mL), 16 h, blue 
LEDs 

3.3 Optimization ofthe substrates ratio 

Entry 
1 
2 

3 
4 

5 

Thioester : Olefm (14: 11) 

1.0 : 2.2 

1.0 : 3.0 

1.0 : 4.0 
2.0 : 1.0 

3.0 : 1.0 

Yield(%] 
46 

44 

50 
<10 
<10 

Reaction conditions: (CN)(H20)Cby(OMe)7 (5 mol%), Zn (3 .0 equiv. ), NH4Cl (1.5 equiv.), 
MeCN (2.5 mL), 16 h, blue LEDs 

3.4 The influence ofZn and NH4Cl amount 

Entry Zn [equiv. NH4Cl [equiv.] Yield(%] 

1 3 1.5 46 

2 6 1.5 29 

3 1.5 1.5 t races 
4 3 1 traces 

5 3 3.4 51 

6 3 4.5 64 

7 3 6 55 
8 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 

5 
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3. 5 The influence of additives 

Entry Additive Additive [equiv.] Yield[%] 
1 none 64 

2 LiCl 3 traces 

3 LiBF4 3 51 
5 HFIP 5 35 

6 DIP EA 2 25 

7 Cs2C03 2 0 
8 H20 5 52 

9 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 
5 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 

6 
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4. Mechanistic considerations 

4.1 Proposed mechanism 

x-

0 SPy 

~~ A r------o-----~-

Co(lll) yhv ;·~SPy 
-----------------

!~EWGO 

Co(ll) EW~~SPy o~:Py 

X / jzn,NH4CI 

Co(l) ./'... --..._ 1 , Jl 
EWG ~ 1fn " SPy 

Co(III)Zn' NH( 

D n 

-------~-o~
8

:~G 
0~~/"'..EWG! , \7n ._. F : 
______________________ J 

!~EWG 
EWG 

·~ G Zn, NH4CI 

O~EWG 

7 

EWG 0 EWG 

~ 
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4. 2 Experiments with deuterated reagents 

N S~ A r(' ·y lfO "5 5Br + ~CN (CN}(H20)Cby(OMeh 
V Zn, ND4CI, CD3CN 

blue LEDs 
5 13 

HHO 
N )<:HJL,~ ~CN c- ---.,- \15 'fH 

H 
14a 

H 0 
):::H Jlt~ ~CN 

NC -._.,..- \15 'fo 
H 

14c 

H
0

0 
)<:uJlt~ ~CN 

+ Ne- -._.,..- \15 'fo 
H 

14b 

H 0 
+ ):::

0 Jl, ~ ~CN 
NC -._.,..- \15 'fH 

H 

14d 

Reaction conditions: Thioester (0.45 equiv.), olefin (0.55 mmol, 1 equiv.), Zn (3 equiv.), 
ND4Cl (4.5 equiv.), catalyst (5 mol%), CD3CN (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 CD3CN was performed. The reaction was 

carried out according to the general procedure described in Section 2. 

!! 
11 

J.l u 11 u u L1 u IJj 1.4 I.J 1.1 t.l~ u 

231.14 

230 14 

229.13232.15 

209.1 6 

Scheme 1. Left) 1H 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 NH4Cl is a source of deuterium an additional experiments were performed: 

•:• reaction with NH4Cl and CD3CN: there is no trace of a deuterated product 14b, 14c, 
14d. 

•:• reaction with ND4Cl and MeCN: deuterated product 14b, 14c, 14d are observed 

8 
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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 ESI MS. 

I +01: 1,251 min from Sample 1 (TuneSompleiD) o!MT201 70721 100752.wilf (Turbo Spray) Mox. 7,2e6 q>s. 

7,2e6 211.4 

7,0e6 157,9 

6.5e6 

s.oes 

5,5e6 

5,0e6 

4,5e6 334,3 

ct~o,Nk 
[M+Ht ~ 

4,006 

3,5e6 1 ,3 

3,0e6 
411,5 

2,5e6 
375,2 

272.4 356 ,3 

2,0e6 
372 1 

1,5e6 5 • 233,3 
256,4 315,2 

1,0e6 

5,0e5 

9 
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4. 4 Mass Spectrometry studies 

+ -:::7'cN 

13 

(CN)(H20)Cby(OMe)r 
Zn, NH4CI, MeCN 

blue LEDs 

0 

NC~CN 
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 cobyrinate inMeCN 

• +01: 0 .007to 1.268 minfrcm Sar Max. 1.7e6 cps 

10e6 

95e5 

9.0e5 

85e5 

8.0e5 

7.5e5 

7.De5 

65e5 

60e5 

"' 55e5 
fr 
;i. 5.0e5 
~ 
~ 4.5e5 

4.0e5 11308 

Me02C 
35e5 

3.0e5 
63 g 

25e5 1 31 8 

2.0e5 10359 

15e5 1 37.0 

1.De5 
11 10.8 1 32.8 

5.0e4 

11004-_1108 
11336 

1045 1050 1055 1000 1005 1070 1075 1080 1085 1090 1095 1100 1105 1110 1115 11 20 1125 1130 1135 1140 
m/z,amu 

The LRMS spectrum ofthe catalyst ((CN)(H20)Cby(OMe)7) before the addition ofthe 

starting materials shows two peak that can be assigned as [M-CNt, [M-CN, H20]. The first 

group of signals corresponds to the mass of a catalyst lacking one axial ligand H20 (peaks at 

mlz 1062.0). The second group of signals (peaks at mlz 1035.9) corresponds to a catalyst 

lacking both axialligands: H20 and eN-. 

10 
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4.4.2 The reaction before light irradiation 

3.9e6 
12436 

3.8e6 

3.6e6 

C::O,Me 
3.4e6 

3.2e6 

~ MeO.C 
30e6 

28e6 M.O,C MeOoC 

26e6 

24e6 MeO.C 

~ 
a. 
u 

22e6 1 5.6 

;,;. 2.0e6 

~ 
E 1.8e6 

1.6e6 

1.4e6 

12e6 1062.0 
1085 

10e6 

80e5 
1081 9 1214.6 

60e5 
1145.8 

40e5 1 80 1 18 2 7 5 

6.6 
1328 3 

2.0e5 
1229.7 253 5 

1020 1040 1000 1000 1100 1120 1140 1160 1180 1200 1220 1240 1260 1280 1300 1320 1340 
rrJz , arnu 

The LRMS spectrum of the reaction mixture recorded before light irradiation indicates the 

presence a alkyl-cobalt complex A (peaks at mlz 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 

5.8e6 

56e6 

5.4e6 

52e6 

5.0e6 

4 8e6 

4.6e6 

4.4e6 

42e6 

4.0e6 

38e6 

3.6e6 

3 4e6 

3.2e6 

3 0e6 

2.8e6 

26e6 

2.4e6 

22e6 

2.0e6 

18e6 

16e6 

1.4e6 

12e6 

1.0e6 208.3 

80e5 

2.0e5 

0 ~~ 
NC~SN 

221.2 
229 3 

244.3 

2633 

2853.._ 288 4-290.2 

2 .3 

5.3 
2 6. 

89 2 

.--292.2 

63 

319.3 

After 15 minutes of light irradiation, adduct C is formed (peaks at mlz 263.3) confirming that 

alkyl radical generates prior acyl radical. 

12 
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4.4.4 The LRMS spectrum recorded after 20 minutes of light irradiation 

4 .9e6 

4. 

4 . 

4 . 

3. 

3. 

2. 

2. 

1. 

1. 

1. 

8. 

6. 

19 

CN 

[M+H]+ 

After 20 minutes of light irradiation, adduct E is formed (peaks at mlz 1189.0 [M+Ht). 

13 
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4. 5 Kinetic studies 

The MS analyses were performed using LC-20 HPLC pump (Shimadzu, Japan) used 

as solvent delivery system and Rheodyne 7725i injection valve with 20111 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 100 111 of the 

reaction mixture were transferred into vial filled with 5 m! 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 

f!l/min. 

The mass spectrometer operated in positive ion mode with the capillary voltage set to 5. 5 k V. 

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: mlz 1062.5, mlz 1080.5, mlz 1036.5, mlz 

1244.5 (compound A), mlz 1188.5 (compound E), mlz 263.0 (protonated ion of compound C), 

mlz 288.0 (protonated ion of compound 5), mlz 229.0 (ion of compound 14+Na). For the 

peaks that appeared on the counts per second ( cps) vs. time graph the peak areas were 

quantified for individual ions (compounds). The peak area vs. time graphs (Figures I - 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. TI1e scan rate for a typical experiment was 100 m V ·s- 1. TI1e solution of 

thioester (3.0·10-3 M) and n-Bu4NCl04 (0.1 M) in dry MeCN was deaerated by Ar gas 

bubbling before the measurement, and the cyclic voltammetry was carried out under an Argas 

atmosphere at room temperature. The E112 value of the ferrocene- ferrocenium (Fe/Fe+) in 

MeCN was +0.45 V vs. Ag/ AgCI with this setup. 

4.6.2 Cyclic Voltammograms 

S-pyridin-2-yl 6-bromohexanetbioate 

<' & .. IV"· AaiAgOJ PO C1(ufd) 

S-pyridin-2-yl6-bromobexanethioate + (CN)(HzO)Cby(OMe)7 

., 
Erlt N ~ 1 . .. gl.ll.gCII M10 ( lltd) 
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5. Scope and characterization of new compounds 

S-pyridin-2-yl 4-bromobutanethioate (4) 

N s~ r('Y 11 Br 

V o 

1H NMR (400 MHz, CDCb, 25 °C): 8 8.65-8.60 (m, lH, Ar-H), 7.75 (td, 3
JH-H ~ 7.7, 2.0 Hz, lH, 

Ar-H), 7.61 (dt, 3
JH-H ~ 7.8, LO Hz, lH, Ar-H), 7.30 (ddd, 3

JH-H ~ 7.5, 4.9, Ll Hz, lH, Ar-H), 3.47 

(t, 3JH-H~ 6.4 Hz, 2H, CH,), 2.91 (t, 3
JH-H ~ 7.1 Hz, 2H, CH,), 2.26 (p, 3JH-H~ 6.7Hz, 2H, CH,) ppm. 

13C NMR ( 100 MHz, CDCb, 25 °C): 8 195.4, 15 L 1, 150.5, 137.2, 130.2, 123.6, 42.2, 32.1, 27.9 ppm. 

HRMS (ESI): m/z calcd for [C,HlOBrNOS+Nat: 281.9564 [M+Na]\ found: 281.9550. 

Hygroscopic compound_ 

S-pyridin-2-yl 6-bromohexanethioate (5) 

NS~ r("Y 11 Br 

V o 

1H NMR (400 MHz, CDCb, 25 °C): 8 8.61 (ddd, 3
JH-H ~ 4.8, 1.9, 0.8 Hz, lH, Ar-H), 7.72 (td, 

3
JH-H ~ 7.7, L9 Hz, lH, Ar-H), 7.60 (dt, 3

JH-H ~ 7.9, LO Hz, lH, Ar-H), 7.29-7.26 (m, lH, Ar-H), 

3.39 (t, 3
JH-H ~ 6.7 Hz, 2H, CH,), 2.71 (t, 3

JH-H ~ 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. 

13C NMR (100 MHz, CDCb, 25 °C): 8 196.2, 15 L5, 150.4, 137. 1, 130.1, 123.5, 43.9, 33.2, 32.3, 27.4, 

24.5 ppm. 

HRMS (ESI): m/z calcd for [CnH,,BrNOS+Nat: 309.9877 [M+Na]\ found 309.9865. 

Elemental analysis calcd. (%)for CnH,,BrNOS: 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-yl 9-bromononanethioate (6) 

N s~ 
r(·~ n \-}~ Br 
V o s 

'H NMR (400 MHz. CDCh. 25 °C): 8 8.61 (ddd. 3Ju.u ~ 4.9. 2.0. 0.9 Hz. lH. Ar·H). 7.73 (td. 
3Ju.u ~ 7.7. 2.0 Hz. lH. Ar·H). 7.61 (dt, 3Ju.u ~ 8.0. 1.1 Hz. lH. Ar·H). 7.30-7.27 (m. lH. Ar·H). 

3.39 (t. 3Ju.u ~ 6.8 Hz. 2H. CH,). 2.69 (t, 3Ju.u ~ 7.4 Hz. 2H. CH,). 1.84 (p. 3Ju.u ~ 7.0 Hz. 2H. CH,). 

1.72 (p. 3Ju.u ~ 7.5 Hz. 2H, CHz). 1.44- 1.30 (m. 8H. CHz) ppm. 

13C NMR ( 100 MHz. CDCh. 25 °C): 8 196.5. 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 calcd for [C,,HzoBrNOS+Nat: 352.0347 [M+Na]\ found 352.0337. 

Elemental analysis calcd. (%)for c,,HzoBrNOS: c. 50.91. H. 6.10. N. 4.24; found: c. 50.91. H. 6.26. 

N. 4.21. 

S-pyridin-2-ylll-bromoundecanethioate (7) 

N s,_/'LY...,. 
r(·~ JJ OR Br V 0 B 

'H NMR (400 MHz. CDCb. 25 oq: 8 8.61 (dd. 3Ju.u ~ 5.3. 1.3 Hz. lH. Ar·H). 7.73 (td. 3Ju.u ~ 7.7. 

1.9 Hz. lH. Ar·H). 7.62- 7.60 (m. lH. Ar·H). 7.30- 7.26 (m. lH. Ar·H). 3.39 (t, 3 Ju.u ~ 6.9 Hz. 2H. 

CH,). 2.69 (t. 3Ju.u ~ 7.5 Hz. 2H. CH,). 1.84 (p. 3Ju.u ~ 6.9 Hz. 2H. CH,). 1.72 (p. 3Ju.u ~ 7.5 Hz. 2H. 

CH,). 1.29 (m·s. 12H) ppm. 

13C NMR ( 100 MHz. CDCb. 25 °C): 8 196.5. 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 calcd for [C"H,,BrNOS+Nat: 380.0660 [M+Na]\ found 380.0647. 

Elemental analysis calcd. (%)for C"H,,BrNOS: c. 53.63. H. 6.75. N. 3.91; found: c. 53.89. H. 6.85. 

N. 3.85. 
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S-pyridin-2-yl 6-chlorohexanethioate (8) 

NS~ 
r(·~ u cl 
V o 

'H NMR (400 MHz, CDCh, 25 °C): 8 8.61 (ddd, 'Ju.u ~ 4.8, 1.9, 0.9 Hz, lH, Ar-H), 7.73 (td, 

3Ju.u ~ 7.7, 1.9 Hz, lH, Ar-H), 7.60 (dt, 3Ju.u ~ 7.9, 1.0 Hz, 1H, Ar-H), 7.28 (ddd, 3Ju.u ~ 7.5, 4.8, 1.2 

Hz, lH, Ar-H), 3.53 (t, 3Ju.u ~ 6.6 Hz, 2H, CHz), 2.72 (t, 3Ju.u ~ 7.4 Hz, 2H, CHz), 1.84- 1.70 (m, 

4H), 1.58- 1.48 (m, 2H, CH,) ppm. 

13C NMR (lOO MHz, CDCh, 25 °C): 8 196.2, 151.5, 150.4, 137.1, 130.1, 123.5, 44.6, 43.9, 32.2, 26.2, 

24.6ppm. 

HRMS (ESI): m/z calcd for [CnH,,CINOS+Nat: 266.0382 [M+Na]\ found 266.0378. 

Elemental analysis calcd. (%)for CnH,,CINOS: C, 54.20, H, 5.79, N, 5.75; found: C, 53.95, H, 5.89, 

N, 5.91. 

S-pyridin-2-yl 5-bromodecanethioate (9) 

NS~ 0 0 Br 

'H NMR (400 MHz, CDCh, 25 oq: 8 8.62 (ddd, 3Ju.u ~ 4.8, 2.0, 0.9 Hz, lH, Ar-H), 7.74 (td, 3Ju.u ~ 

7.7, 1.9 Hz, lH, Ar-H), 7.61 (dt, 3Ju.u ~ 7.9, 1.1 Hz, lH, Ar-H), 7.28 (ddd, 3Ju.u ~ 7.6, 4.8, 1.2 Hz, lH, 

Ar-H), 4.04-3.96 (m, lH), 2.78-2.68 (m, 2H), 2.06- 1.96 (m, lH), 1.92- 1.75 (m, 5H), 1.52- 1.55 

(m, 1H), 1.44-1.40 (m, lH), 1.34- 1.25 (m, 4H), 0.89 (t, 3Ju.u ~ 6.9 Hz, 3H) ppm. 

13C NMR (100 MHz, CDCh, 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 (ESI): m/z calcd for [C15H23BrNOS+Ht: 344.0684 [M+H]\ found 344.0677. 
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S-pyridin-2-yl 4-(bromomethyl)benzothioate (10) 

r[sr 
r(Nys~ 
V o 

'H NMR (400 MHz, CDCh, 25 oq: 8 8.68 (dd, 3Ju.u ~ 4.8, 1.0 Hz, lH, Ar-H), 7.99 (d, 3Ju.u J ~ 8.3 

Hz, 2H, Ar-H), 7.79 (td, 3Ju.u ~ 7.6, 1.9 Hz, 1H, Ar-H), 7.73-7.71 (m, lH, Ar-H), 7.51 (d, 3Ju.u ~ 8.3 

Hz, 2H, Ar-H), 7.34 (ddd, 3Ju.u ~ 7.4, 4.8, 1.3 Hz, lH, Ar-H), 4.51 (s, 2H, CH,) ppm. 

13C NMR (100 MHz, CDCh, 25 °C): 8 188.7, 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 calcd for [CuH10BrNOS+Nat: 329.9564 [M+Na]\ found 329.9558. 

Elemental analysis calcd. (%)for c,,H10BrNOS: 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) 

'H NMR (400 MHz, CDCh, 25 °C): 8 8.67 (ddd, 'Ju.u ~ 4.9, 1.9, 0.9 Hz, lH, Ar-H), 8.03-8.01 (m, 

lH, Ar-H), 7.99 - 7.96 (m, lH, Ar-H), 7. 79 (td, 3 Ju.u ~ 7.6, 1.9 Hz, lH, Ar-H), 7. 74 - 7. 71 (m, lH, 

Ar-H), 7.76-7.74 (m, lH, Ar-H), 7.50 (t, 3Ju.u ~ 7.8 Hz, lH, Ar-H), 7.34 (ddd, 3Ju.u ~ 7.4, 4.9, 1.3 

Hz, lH, Ar-H), 4.64 (s, 2H, CH,) ppm. 

13C NMR (100 MHz, CDCh, 25 °C): 8 188.9, 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 calcd for [CuH10CINOS+Nat: 286.0069 [M+Na]\ found 286.0063. 

Elemental analysis calcd. (%)for CuH10CINOS: 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-yl2-(3-bromoadamantanyl)ethanethioate (12) 

'H NMR (500 MHz, CDCh, 25 oq: 8 8.63 (dd, 3Ju.u ~ 4.7, 1.1 Hz, lH, Ar-H), 7.75 (td, 'Ju.u ~ 7.7, 

2.0 Hz, lH, Ar-H), 7.62- 7.61 (m, lH, Ar-H), 7.29 ( ddd, 3 Ju.u ~ 7.6, 4.8, 1.1 Hz, lH, CH), 2.52 (s, 2H 

CH,), 2.25 - 2.32 (m-s, 6H, CH,), 2.17 (m, 2H), 1. 74- 1.61 (m, 7H, CH,) ppm. 

13C NMR(125 MHz, CDCh, 25 °C): 8193.8, 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 calcd for [CnH21BrNOS+Nat: 388.0347 [M+Na]\ found 388.0333. 

Elemental analysis calcd. (%)for CnHzoBrNOS: C, 55.74, H, 5.50, N, 3.82; found: C, 55.68, H, 5.46, 

N, 3.71. 

4-oxododecanedinitrile (14) 

NC 
CN 

'H NMR (400 MHz, CDCh, 25 oq: 8 2.77 (t, 'Ju.u ~ 7.1 Hz, 2H, CH,), 2.56 (t, 'Ju.u ~ 7.1 Hz, 2H, 

CHz), 2.44 (t, 3Ju.u ~ 7.4 Hz, 2H, CHz), 2.32 (t, 3Ju.u ~ 7.1 Hz, 2H, CHz), 1.67- 1.57 (m, 4H, CHz), 

1.48- 1.39 (m, 2H, CH,), 1.35- 1.23 (m, 4H, CH,) ppm. 

13C NMR (100 MHz, CDCh, 25 °C): 8 206.0, 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 calcd for [C,,H"N,O+Nat: 229.1317 [M+Na]\ found 229.1314. 

Elemental analysis calcd. (%)for C,,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~ 
ll CN 
0 

'H NMR (400 MHz, CDCh, 25 oq: 8 2.78 (t, 'Ju.u ~ 7.1 Hz, 2H, CH,), 2.57 (t, 'Ju.u ~ 7.1 Hz, 2H, 

CH,), 2.48 (t, 'Ju.u ~ 7.2 Hz, 2H, CH,), 2.34 (t, 'Ju.u ~ 7.1 Hz, 2H, CH,), 1.71- 1.58 (m, 4H, CH,), 

1.50- 1.39 (m, 2H, CHz) ppm. 

13C NMR (100 MHz, CDCh, 25 °C): 8 205.5, 119.5, 118.9, 41.9, 37.8, 28.0, 25.1, 22.6, 17.0, 11.4 

ppm. 

HRMS (ESI): m/z calcd for [ClOH,,N,O+Nat: 201.1004 [M+Na]\ found 201.1003. 

Elemental analysis calcd. (%)for ClOH,,N,O: C, 67.39, H, 7.92, N, 15.72; found: C, 67.28, H, 8.14, 

N, 15.65. 

4-oxopentadecanedinitrile (19) 

NC~CN 
0 6 

'H NMR (400 MHz, CDCh, 25 oq: 8 2.78 (t, 'Ju.u ~ 7.2 Hz, 2H, CH,), 2.57 (t, 'Ju.u ~ 7.2 Hz, 2H, 

CH,), 2.44 (t, 'Ju.u ~ 7.4 Hz, 2H, CH,), 2.32 (t, 'Ju.u ~ 7.1 Hz, 2H, CH,), 1.69- 1.56 (m, 4H, CH,), 

1.48- 1.39 (m, 2H, CHz), 1.32- 1.25 (m, 10H, CHz) ppm. 

13C NMR (100 MHz, CDCh, 25 °C): 8 206.2, 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 calcd for [C"H,,N,O+Na t: 271.1786 [M+Na ]\found 271.1778. 

Elemental analysis calcd. (%)for C"H,,N,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..._/'.../"o(y..,_/"'-
- rr nA - eN 

0 8 

'H NMR (400 MHz, CDCb, 25 oq: 8 2.78 (t, 3Ju.u ~ 7.2 Hz, 2H, CHz), 2.58 (t, 3Ju.u ~ 7.1 Hz, 2H, 

CH,), 2.44 (t, 3Ju.u ~ 7.4 Hz, 2H, CH,), 2.33 (t, 3Ju.u ~ 7.1 Hz, 2H, CH,), 1.69- 1.59 (m, 4H, CH,), 

1.48- 1.39 (m, 2H, CH,), 1.32- 1.26 (m, 14H, CH,) ppm. 

13C NMR (100 MHz, CDCb, 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 calcd for [CnH28N,O+Nat: 299.2099 [M+Na]\ found 299.2093. 

Elemental analysis calcd. (%)for CnH28NzO: C, 73.87, H, 10.21, N, 10.13; found: C, 73.97, 10.35, 

N,9.98. 

4-oxo-8-pentylundecanedinitrile (21) 

NC 

CN 

'H NMR (500 MHz, CDCb, 25 °C): 8 2.79 (t, 3Ju.u ~ 7.1 Hz, 2H), 2.58 (t, 3Ju.u ~ 7.2 Hz, 2H), 2.46 (t, 

3Ju.u, J ~ 7.2 Hz, 2H), 2.36-2.28 (m, 2H), 1.64- 1.58 (m, 4H), 1.51- 1.44 (m, lH), 1.31- 1.23 (m, 

10H), 0.91-0.86 (m, 3H) ppm. 

13C NMR (125 MHz, CDCb, 25 °C): 8 205.8, 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 calcd for [C10HzoNzO+Nat: 285.19439564 [M+Na]\ found 285.1937. 
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4-(3-(3-cyanopropyl)phenyl)-4-oxobutanenitrile (22) 

NC CN 

'H NMR (400 MHz, CDCh, 25 °C): 8 7.84-7.77 (m, 2H, Ar-H), 7.46-7.44 (m, 2H, Ar-H), 3.37 (t, 

3
JH·H ~ 7.2 Hz, 2H, CH,), 2.86 (t, 3

JH·H ~ 8.0 Hz, 2H, CH,), 2.77 (t, 3
JH·H ~ 7.2 Hz, 2H, CH,), 2.35 (t, 

3JH·H~ 7.0 Hz, 2H, ea), 2.01 (p, 3
JH·H ~ 7.1 Hz, 2H, CHz) ppm. 

13C NMR (100 MHz, CDCh, 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 calcd for [C,,H,,N,O+Nat: 249.1004 [M+Na]\ found 249.1001. 

Elemental analysis calcd. (%)for C,,H,,N,O: C, 74.31, H, 6.24, N, 12.38; found: C, 74.18, H, 6.15, 

N, 12.13. 

4-oxo-4-<v-tolyl)butanenitrile (23)151 

NC~ 
0 

1H NMR (400 MHz, CDCI,, 25 °C): 8 7.84 (d, 3
JH·H ~ 8.3 Hz, 2H, Ar-H), 7.28 (d, 3

JH·H ~ 8.0 Hz, 2H, 

Ar-H), 3.34 (t, 3
JH·H ~ 8.5 Hz, 2H, CH,), 2.75 (t, 3

JH·H ~ 8.5 Hz, 2H, CH,), 2.42 (s, 3H, CH,) ppm. 

5-(3-bromoadamantanyl)-4-oxopentanenitrile (24) 

NC 

1H NMR (400 MHz, CDCh, 25 °C): 8 2.75 (t, 3
JH·H ~ 7.1 Hz, 2H, CHz), 2.54 (t, 3

JH·H ~ 7.1 Hz, 2H, 

CH,), 2.32-2.13 (m, lOH, CH,), 1.69- 1.56 (m, 6H, CH,) ppm. 

13C NMR (100 MHz, CDCh, 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 calcd for [C15HzoBrNO+Nat: 332.0626 [M+Na]\ found 332.0612. 

Elemental analysis calcd. (%)for C"HzoBrNO: 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)161 

o, 

1H NMR (500 MHz, CDCI,, 25 °C): 8 3.66 (d, 3
JH·H ~ 4.1 Hz, 6H, CH,), 2.70 (t, 3

JH·H ~ 6.5 Hz, 2H, 

CH,), 2.57 (t, 3
JH·H ~ 6.5 Hz, 2H, CH,), 2.43 (t, 3

JH·H ~ 7.4 Hz, 2H, CH,), 2.28 (t, 3
JH·H ~ 7.5 Hz, 2H, 

CHz), 1.61-1.52 (m, 4H, CHz), 1.31-1.25 (m, 6H, CHz) ppm. 

13C NMR (125 MHz, CDCh, 25 °C): 8 208.9, 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-tert-butyl 4-oxododecanedioate (26) 

~0 
0 

1H NMR (400 MHz, CDCI,, 25 °C): 8 2.64 (t, 3
JH·H ~ 6.6 Hz, 2H, CH,), 2.47 (t, 3

JH·H ~ 6.8 Hz, 2H, 

CHz), 2.41 (t, 3
JH·H ~ 7.5 Hz, 2H, CHz), 2.17 (t, 3

JH·H ~ 7.5 Hz, 2H, CHz), 1.61- 1.48 (m, 4H, CHz), 

1.43 (s, 9H, CH,), 1.42 (s, 9H, CH,), 1.28- 1.25 (m, 6H, CH,) ppm. 

13C NMR (100 MHz, CDCh, 25 °C): 8 209.2, 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 calcd for [C,,H,,O,+Nat: 379.2460 [M+Na]\ found 379.2454. 

Elemental analysis calcd. (%)for C,,H,,O,: C, 67.38, H, 10.18; found: C, 67.24, H, 10.24. 

1,10-bis(phenylsulfonyl)decan-3-one (27) 

Pho.s 
so2Ph 

0 

1H NMR (500 MHz, CDCh, 25 °C): 8 7.87 (d, 3
JH·H ~ 8.0 Hz, 4H, Ar-H), 7.67-7.60 (m, 2H, Ar-H), 

7.57-7.52 (m, 4H, Ar-H), 3.35 (t, 3
JH·H ~ 8.0 Hz, 2H, CH,), 3.04 (t, 3

JH·H ~ 8.0 Hz, 2H, CH,), 2.84 (t, 

3
JH·H ~ 7.5 Hz, 2H, CH,), 2.37 (t, 3

JH·H ~ 7.3 Hz, 2H, CH,), 1.70- 1.63 (m, 2H, CH,), 1.51- 1.43 (m, 

2H, CH,), 1.33 - 1.27 (m, 2H, CH,), 1.23 - 1.18 (m, 4H, CH,) ppm. 

13C NMR (125 MHz, CDCh, 25 °C): 13C NMR (400 MHz, CDCh, 25 °C): 8 205.9, 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 calcd for [C22H,,O,S,+Nat: 459.1276 [M+Na]\ found 459.1273. 

Elemental analysis calcd. (%)for c,,H,,O,S,: C, 60.53, H, 6.46; found: C, 60.72, H, 6.39. 
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S-pyridin-2-yl6-chlorohexanethioate (8) 
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4-oxododecanedinitrile (14) 
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4-oxodecanedinitrile (18) 
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4-oxopentadecanedinitrile (19) 
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4-oxoheptadecanedinitrile (20) 
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4-oxo-8-pentylundecanedinitrile (21) 
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4-(3-(3-cyanopropyl)phenyl)-4-oxobutanenitrile (22) 
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4-oxo-4-(p-tolyl)butanenitrile (23) 
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5-(3-bromoadamantan-1-yl)-4-oxopentanenitrile (24) 
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dimethyl4-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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