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Przewodnik po rozprawie doktorskiej

4.PRZEWODNIK PO ROZPRAWIE DOKTORSKIEJ

4.1 Zalozenia i cel pracy

Wspolczesna synteza organiczna nieustannie poszukuje rozwigzan, ktére oprécz wysokiej
efektywnosci i szerokiego zakresu stosowalnosci, uwzgledniajg réwniez aspekty spoteczno-
ekonomiczne; przede wszystkim charakteryzuja sie niskimi kosztami oraz niewielkg
szkodliwoscig dla srodowiska naturalnego i czlowieka. Trend ten Jest szczeg6lnie widoczny
w katalizie, w ktérej reakcje z uzyciem komplekséw i soli metali szlachetnych m.in. palladu,
rutenu, irydu etc. prébuje si¢ zastapié¢ transformacjami katalizowanymi przez tanie
i nietoksyczne zwigzki zelaza, cynku, niklu czy kobaltu. To ambitne podejscie jest w istocie
nasladowaniem samej natury. Wymienione metale (w formie kofaktor6w) wchodzg w sktad
holoenzyméw i w spos6b wydajny i selektywny katalizujg reakcje chemiczne przy
minimalnym nakfadzie energii. Czy chemik organik moze zdecydowa¢ si¢ na odwazny krok
i zamiast opracowywaé nowe kompleksy, skorzystaé z katalizatora, ktéry natura wytworzyla
za niego? Tak, a doskonatym przykiadem takiego zwiazku jest witamina Bi».

CONH, CO,Me
CONH, LY _ COMe
~_-CONH, N\_-CO,Me
- clo,
_CONH,
CO,Me CO,Me
1 2
Witamina B, L =H,0 Monocyjanoheptametylowy ester
Kobalamina (+ Cl10,") kwasu kobyrynowego 2a

L=CN Dicyjanoheptametylowy ester
kwasu kobyrynowego 2b

Rysunek 1. Struktura witaminy B, (1) oraz heptametylowego estru kwasu kobyrynowego 2.

Jest to wysoko sfunkcjonalizowany korynoid posiadajacy kation kobaltu na +3 stopniu
utlenienia, skompleksowany wewnatrz pierécienia makrocyklicznego.'> W ustroju
biologicznym wystepuje on w formie koenzyméw, ktérych aktywnos$¢ wynika z mozliwosci
tworzenia kowalencyjnego wigzania Co-C, mogacego w odpowiednich warunkach ulegaé
rozerwaniu: a) heterolitycznemu lub b) homolitycznemu - generujac rodniki (Schemat 1).'3
Ta charakterystyczna cecha witaminy B2 oraz jej analogéw jest wykorzystywana w syntezie
organicznej, gdzie wigzanie Co-C otrzymuje sic na drodze redukcji stabilnego kationu
kobaltu(III) do nukleofilowej formy Co(I) i nastepczej reakcji z elektrofilem np. halogenkiem

' R. Banerjee Chemistry and Biochemistry of B2, John Wiley & Sons, 1999,
2'B. Kriutler, B. T. Golding, D. Arigoni Vitamin B;, and B>-Proteins, WILEY-VCH, 2008.
3 K. L. Brown Chem. Rev. 2005, 105, 2075.

%
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Przewodnik po rozprawie doktorskiej

alkilu. Dzigki temu pochodne witaminy Bi2 R, )
moga by¢ stosowane jako katalizatory Rl)\X + ek
reakcji rodnikowych,  m.in. reakcji

sprzegania, addycji do wigzania podwdjnego, X /< redukcja

migracji grup funkcyjnych itp. RliRz
Niestety  trudnoscig, ktéora  ogranicza \_,<‘ N

2
powszechne stosowanie tego zwigzku jako P

Ry
katalizatora  jest jego  hydrofilowos¢
] 1€ Y Schemat 1. Mechanizm reakcji tworzenia rodnikow

i zwigzana z nig niska rozpuszczalnos¢ katalizowanej pochodnymi witaminy Bis..

W wigkszosci  syntetycznie  uzytecznych

rozpuszczalnikow. Probg przezwyciezenia tej niedogodnosci bylo przeksztalcenie
hydrofilowej kobalaminy w hydrofobowy heptaester kwasu kobyrynowego 2, na drodze
kwasowej metanolizy.* Jest to reakcja wydajna, jednak w jej wyniku dochodzi do istotnych
zmian w strukturze katalizatora: nastgpuje odlaczenie fragmentu nukleotydowego
od czasteczki i przeksztatcenie pozycji f w ester metylowy. Ponadto, otrzymane grupy
estrowe sg mniej stabilne niz wyjsciowe amidy. Wpltyw powyzszych przemian na aktywno$¢
katalityczng, mimo ze wydaje si¢ kwestia kluczowa dla rozwoju katalizy pochodnymi
witaminy Bio, nie zostat dotad zbadany.

Dlatego tez celem mojej pracy bylo:
1. opracowanie syntezy nowych pochodnych kobalaminy (1) i okreslenie jak
zmiany w strukturze tego zwiazku wplywaja na wlasciwosci katalityczne,
2. opracowania nowych reakcji katalizowanych pochodnymi witaminy Bia.

Obecny stan wiedzy w tej dziedzinie zostal zebrany w formie obszernych artykutow
przegladowych i opublikowany na tamach czasopisma Chemical Society Reviews:

[R1]K. 6 Proinsias, M. Giedyk, D. Gryko Chem. Soc. Rev. 2013, 42, 6605;
[R2]M. Giedyk, K. Goliszewska, D. Gryko Chem. Soc. Rev. 2015, 44, 3391.

Podstawowym zaloZzeniem pracy byla potencjalna mozliwo$¢ zmiany wlasciwosci
fizykochemicznych (w tym rozpuszczalnos$ci) kobalaminy na drodze modyfikacji jej struktury
w obrebie fragmentu nukleotydowego oraz tancuchow bocznych. Zatozytem rowniez, ze taka
ingerencja bedzie miata wptyw na otoczenie koordynacyjne centralnego kationu kobaltu,
zmieniajac jego wlasciwosci redoks, a co za tym idzie, aktywnos$¢ katalityczna.

4 L. Werthemann Dissertation, ETH Ziirich, 1968.
14
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Przewodnik po rozprawie doktorskiej

4.2 Synteza i funkcjonalizacja heptaamidowych pochodnych kwasu kobyrynowego

Synteza:

W pierwszej czeSci badan skupitem si¢ na syntezie nowych pochodnych kwasu
kobyrynowego — analogu witaminy Bi» pozbawionego fragmentu nukleotydowego. Moim
celem byta modyfikacja tancuchow bocznych, a jako substrat wybratem tatwy do otrzymania
I stabilny heptametylowy ester kwasu kobyrynowego (2b). Opierajac si¢ na wstgpnych
wynikach otrzymanych przez Gryko 1 wspolpracownikow, ktorzy zaobserwowali
powstawanie tri- i tetraamidow pod wptywem dziatania nadmiaru aminy na heptaester 2D,
postanowitem opracowaé procedure aminolizy wszystkich grup estrowych, prowadzaca do
heptaamidow. Trudno$¢ podjetego wyzwania polegata w duzej mierze na koniecznosci
starannej optymalizacji warunkow reakcji, tak aby transformacji ulegato wszystkich siedem
grup. Kazde, przeciez nieuniknione, odchylenie od tej idealnej sytuacji skutkowato
powstawaniem zlozonej mieszaniny produktow, ktoére mogly wystgpowaé w formie
regioizomeréw, co czynilo proces izolacji wyjatkowo trudnym i pracochtonnym. Ponadto,
w przypadku zastosowania innych amin niz etanoloamina, obserwowalem czg$ciowe
utlenianie pozycji C8.

Tabela 1. Aminoliza c-laktonu 3.

CONHR

Me0,C ‘\\O\/COZMe
amina, DBU, benzotriazol
toluen, 50 °C
MeO,C
CO,Me CO,Me
’ c-Lakton 3 CONHR 4 CONHR
Nr Amina Czas [h] Produkt Wydajnosé [%]?
1 n-Butyloamina 48 4a 73 (62)
2 Etanoloamina 24 4b 66 (61)
3 3-Metoksypropylamina 96 4c 71 (57)
4 Metyloamina 72 4d 60°/85° (54)
5 Diglikoloamina 72 4e 9(8)
6 3-Morfolinopropyloamina 96 4f 33(-)

2 Liczby w nawiasach oznaczaja wydajnosci otrzymane z zastosowaniem NaCN/NaN3 jako katalizatorow
b uzyto roztworu MeNH/EtOH zamiast toluenu; ¢ uzyto roztworu MeNH,/MeOH zamiast toluenu

Pomimo wymienionych trudnosci badania zakonczyly si¢ powodzeniem. Zastgpienie
heptaestru metylowego kwasu kobyrynowego (2b) c-laktonem 3° wyeliminowalo problem
czesciowego utleniania pozycji C8, a opracowana metoda aminolizy w warunkach katalizy

5 M. J. Pfammatter, T. Darbre, R. Keese Helv. Chim. Acta 1998, 81, 1105.
15
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anionami cyjankowymi lub azydkowymi pozwolila otrzyma¢ heptaamidy zréznicowane pod
wzgledem rozpuszczalno$ci.[P2] Co wiecej, prowadzac dalsze badania udoskonalitem metode
poprzez zastosowanie benzotriazolu jako Katalizatora przeniesienia grupy acylowej.?
Pozwolito to poszerzy¢ zakres stosowalnosci oraz zwigkszy¢ wydajnosci reakcji (Tabela
1).[P3] Opracowang metod¢ zastosowatlem takze do syntezy heksaetanoloamidu 8
pozbawionego tancucha bocznego w pozycji d.[P5] Jako substratu uzytem 8-nor-c-amidu 7,

ktory otrzymatem zgodnie z procedurg opisang przez Gryko i wspdipracownikow (Schemat
2).

CO,Me CO,H
..\\\/C02Mc Pd(OAc), O, DMF Zn, AcOH
- PPhs, 80 °C,4.5h toluen, RT, 20 min
6, 81%
OH
OH OH
Oy NH mN—" _on
\[ HN
HN =
o MeOC” loamina, DEPC
etanoloamina,
etanoloamina, benzotriazol DIPEA, DMF
o DBU, toluen, 50 °C, 24 h RT,6h
MeO,C
/// _CO.Me
HO OH
0P NH E/\/ MeO,C 7, 80%

8, 65%

OH

Schemat 2. Synteza 8-nor-hexaetanoloamidu 8 z heptametyloestru kwasu kobyrynowego (2b).

Rozwinigciem 1 uzupelieniem omawianych badan nad aminoliza estrowych pochodnych
kwasu kobyrynowego bylo opracowanie warunkow reakcji hydrolizy tego estru.[P5]
Co prawda, heptakwas 11 byt zwigzkiem znanym i jego synteza zostata opisana w literaturze,®
jednak moje proby zastosowania tej reakcji dla pochodnych pozbawionych tancucha
w pozycji d zakonczylty si¢ niepowodzeniem. Z tego powodu, opracowatem wiasng procedure
hydrolizy. Wykazalem, ze zastosowanie roztworu wodorotlenku sodu w izopropanolu
w temperaturze  pokojowej oraz  nastgpcze  zakwaszenie  mieszaniny  kwasem
trifluorooctowym, w potaczeniu z procedurg ekstrakcji fenolowej pozwala efektywnie
przeprowadzi¢ hydrolize, minimalizujgc reakcje uboczne. Ostatecznie, otrzymalem heptakwas
11 oraz 8-nor-heksakwas 10 odpowiednio z wydajnosciami 82% i 70% (Schemat 3).

6 X. Yang, V. B. Birman Org. Lett. 2009, 11, 1499.
'S. Kurcon, K. 6 Proinsias, D. Gryko J. Org. Chem. 2013, 78, 4115.
8'S. Izumi, H. Shimakoshi, M. Abe, Y. Hisaeda Dalton Trans. 2010, 39, 3302.

16
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MeO,C

iPrOH, NaOHaq
rt, 20 h

MeO,C

CO,Me CoH CO,H

CO,Me

R=H(9) lub %" \\_-CO,Me (2b) R = H (10, 70%) lub %" \_-CO,H (11, 82%)
Schemat 3. Synteza heptakwasu 11 i 8-nor-hexakwasu 10.
Otrzymane hepta- i heksapochodne kwasu kobyrynowego zostaly poddane testom
biologicznym w grupie Martina w University of Texas, Health Science Center, a niektore

z nich (hydrofilowe amidy 4b i 8) okazaly si¢ bardzo dobrymi aktywatorami rozpuszczalnej
cyklazy guanylowej.[P2, P5]

Funkcjonalizacja:

Otrzymane zwiazki sa (poza jednym wspomnianym wyjatkiem) zupelnie nowymi
pochodnymi witaminy Bi>. Wobec obiecujacych wynikow badan biologicznych, a takze
biorgc pod uwage aktualne trendy w chemii medycznej postanowilem rozwazy¢ mozliwos¢
zastosowania zsyntezowanych analogéw jako skladnikow budulcowych w potgczeniach
hybrydowych z innymi substratami o potencjalnym dziataniu farmakologicznym np.
peptydami, porfirynami itp. W tym celu konieczna byta ich selektywna funkcjonalizacja.

Zwracajac uwage na fakt, Zze otrzymanie 1 oczyszczenie opisywanych kobinamidow jest
pracochtonne i kosztowne, opracowatem procedury funkcjonalizacji, wykorzystujac jako
zwigzki modelowe tatwe do zsyntetyzowania c-monoamidy i c,d-diamidy. W naszym zespole
wykazano, ze c-lakton 3 poddany reakcji z nadmiarem aminy ulega otwarciu dajac c-amid A,
a przy wydluzonym czasie reakcji réwniez c,d-diamid B.° Oba typy zwiazkéw posiadaja
grupe —OH w pozycji C8. Jej obecnos$¢ sprawia, ze amidy te sg wrazliwe na dziatanie
kwasow, pod wplywem ktorych odtwarza si¢ pierScien c-laktonu C. Ten z pozoru
niekorzystny proces wykorzystatem do zrdéznicowania podstawnikow w pozycjach ¢ i d, a tym
samym do funkcjonalizacji pochodnych kwasu kobyrynowego.[P1] Modelowe
przeksztatcenia c-laktonu 3 oraz otrzymanych z niego amidéw przedstawilem na Schemacie
4. Zaznaczylem na nim roOwniez otrzymane przeze mnie, sfunkcjonalizowane amidy 12 i 13.

9K. 6 Proinsias, J. L. Sessler, S. Kurcon, D. Gryko Org. Lett. 2010, 12, 4674.
17
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TFA, CH,Cl,

RNH, CH,Cl,

—_—

CO,Me

.
" ¢-Lakton 3

RNH, DEPC

o 5
N= O& RDIPEA,CHZCIZ

Otrzymane sfunkcjonalizowane
pochodne:
Noy

T

Schemat 4. Funkcjonalizacja pochodnych kwasu kobyrynowego w pozycjach c i d.

Nastepnie, opracowang metodologi¢ = wykorzystatem do syntezy pochodnych
heptaamidoéw.[P3] Metoda redukcji pier§cienia laktonu do c-kwasu znalazta zastosowanie
w syntezie heksaetanolo-c-propargiloamidu 16 (Schemat 5A). Natomiast, heksabutyloamid-c-
lakton 17 postuzyt mi jako produkt posredni do funkcjonalizacji hydrofobowego kobinamidu
4a (Schemat 5B). W tym celu poddatem go reakcji z nadmiarem etanoloaminy w dioksanie,
co doprowadzito do selektywnego otwarcia pierScienia laktonu i otrzymania amidu 18.
Produkt ten posiada grup¢ —OH przy terminalnym atomie tancucha c-amidowego, ktora moze
by¢ wykorzystana w dalszych przeksztalceniach chemicznych np. estryfikacji, alkilowaniu
itp. Ostatnim wykorzystanym przeze mnie sposobem wprowadzania grupy funkcyjnej
do struktury heptaamidow byta modyfikacja pozycji mezo heptaestru metylowego 2b
na drodze sprzegania mezo-aminy 199 z kwasem pentynowym oraz nastepczej reakcji
aminolizy (Schemat 5C).

Z punktu widzenia przysztych zastosowan, duza rdéznorodno$¢ opracowanych metod
funkcjonalizacji otwiera nowe mozliwosci syntetyczne i umozliwia wybor najbardziej
optymalnych potgczen hybrydowych omawianych zwigzkow.

K. 6 Proinsias, S. Kurcon, D. Gryko European J. Org. Chem. 2012, 2012, 154.
11 A Gossauer, K.-P. Heise, H. Gotze, H. H. Inhoffen Justus Liebigs Ann. Chem. 1977, 1977, 1480.
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Schemat 5. Synteza sfunkcjonalizowanych hydrofilowych i hydrofobowych heptaamidow 16, 18 i 21.

Wyniki opisane w tym rozdziale zostaty opublikowane w czterech artykutach naukowych:

[P1]K. 6 Proinsias, M. Giedyk, R. Loska, M. Chrominski, D. Gryko J. Org. Chem. 2011, 76,
6806;

[P2] K. 6 Proinsias, M. Giedyk, I. Sharina, E. Martin, D. Gryko ACS Med. Chem. Lett. 2012,
3, 476;

[P3]K. 6 Proinsias, M. Giedyk, L. Banach, D. Rutkowska-Zbik, D. Gryko Asian J. Org.
Chem. 2013, 2, 504;
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[P5] M. Giedyk, K. 6 Proinsias, S. Kurcon, 1. Sharina, E. Martin, D. Gryko ChemMedChem
2014, 9, 2344,

4.3 Kobalester i jego pochodne

Wszystkie opisane dotychczas pochodne nie zawieraly charakterystycznego dla witaminy Bi2
fragmentu nukleotydowego zwigzanego z piercieniem makrocyklicznym drugorzedowym
wigzaniem amidowym w pozycji f. Jego brak zmienia otoczenie koordynacyjne centralnego
atomu kobaltu i moze wpltywaé na jego wiasciwosci redoks.'>!3 Dlatego tez, w kolejnym
etapie pracy podjatem proby modyfikacji wytacznie pierwszorzedowych grup amidowych.
Jak dotad, reakcje tego typu nie zostaly opisane w literaturze.

Trudno$¢, przed ktora stanglem, polegata na konieczno$ci selektywnego przeksztalcenia
szeSciu amidow pierwszorzgdowych zlokalizowanych na koncach tancuchéw bocznych
kobalaminy, w obecnosci amidu drugorzedowego. Jak wiadomo sg to stabilne grupy, ktorych
transformacje przebiegaja zazwyczaj w drastycznych warunkach. Wyjatek stanowi metoda
opisana przez Brocchette i Myersa, w ktorej przeksztalcenie pierworzedowych amidow
westry zachodzi w tagodnych warunkach, na drodze aktywacji grupy amidowej
dimetyloacetalem dimetyloformamidu (DMF-DMA) i nastepczej alkoholizy wytworzonych
formamidyn.*!® Biorac pod uwage, ze drugorzedowe amidy powinny byé w tych warunkach
stabilne, uznatem t¢ metod¢ za obiecujacg droge przeksztalcenia kobalaminy bez naruszania

petli nukleotydowe;.

Kluczowym etapem optymalizacji warunkéw reakcji okazat si¢ dobor rozpuszczalnika.
Uzycie samego metanolu (petnigcego zaroOwno role reagenta jak i rozpuszczalnika), jak
rowniez dodatku rozpuszczalnikow takich jak DMF, DMSO, MeCN, iPrOH prowadzito
do powstawania zlozonej mieszaniny produktow. Dopiero zastosowanie nieklasycznego
uktadu metanol/heksafluoroizopropanol pozwolito mi otrzymac (z bardzo dobra wydajnoscia
72%) i w pelni scharakteryzowac heksaester-monoamid (kobalester, 22a) (Schemat 6A). Jest
to jedyna znana pochodna witaminy Bi2 z zachowanym fragmentem nukleotydowym,
wykazujaca wlasciwosci amfifilowe, rozpuszczajaca si¢ zarowno w rozpuszczalnikach
polarnych, jak i niepolarnych.

12'y. Murakami, Y. Hisaeda, T. Ozaki, Y. Matsuda Chem. Lett. 1988, 17, 469.

13D. Lexa, J. M. Saveant Acc. Chem. Res. 1983, 16, 235.

14 P, L. L. Anelli, M. Brocchetta, D. Palano, M. Visigalli Tetrahedron Lett. 1997, 38, 2367.
15T, A. Dineen, M. A. Zajac, A. G. Myers J. Am. Chem. Soc. 2006, 128, 16406.
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Schemat 6. Synteza kobalestru (22a) (A) oraz heksa(n-butylo)amidu 23 (B).

Nastepnie, korzystajac z doswiadczenia zdobytego podczas pracy nad pochodnymi kwasu
kobyrynowego (rozdzial 4.2) opracowatem metod¢ aminolizy grup estrowych prowadzaca
do heksaamidowej pochodnej witaminy Bi2 23 (Schemat 6B). Oba zwiazki (ester 22a i amid
23), poza interesujagcymi réznicami we wilasciwosciach fizykochemicznych, dostarczyty
réwniez waznych danych biologicznych. W przeciwienstwie do kobalaminy nie wiaza sie¢
one z bialkami transportujacymi: czynnikiem wewnetrznym, transkobalamina oraz
haptokoryna, co potwierdza kluczowgq role amidow pierwszorzedowych we wlasciwym
dopasowaniu witaminy Bi12 do centrum wigzacego tych bialek.

Omawiane wyniki zostaty opublikowane w czasopismie Chemical Communications:

[P4] M. Giedyk, S. N. Fedosov, D. Gryko Chem. Commun. 2014, 50, 4674.
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4.4 Whasciwosci elektrochemiczne pochodnych witaminy B12

Podczas trzymiesigcznego stazu badawczego, ktory odbywatem w zespole prof. Hisaedy na
Uniwersytecie Kiusiu, zbadatem wilasciwosci elektrochemiczne nowo otrzymanego
kobalesteru (22a) oraz poréwnatem go z heptaestrem metylowym kwasu kobyrynowego (2).
Badania metodami woltamperometrii cyklicznej oraz spektroskopii UV-Vis wykazaty
wyrazne roznice w charakterystyce redoks obu zwigzkéw. Za niewatpliwy sukces tego etapu
pracy uwazam okre$lenie mechanizméw redukcji obecnego w nich kationu kobaltu na
podstawie petnego przyporzadkowania sygnatow w widmach CV (Schemat 7). Sa to
pierwsze badania, w ktorych bezposrednio okreslono wplyw fragmentu nukleotydowego

na wlasciwosci korynoidéw w Srodowisku o obnizonej polarnosci.

(A) /,»”" 14ve (B) -1.4 Ve
rozpuszezalnik \\ OH, ‘ Kl rozpuszczalnik '$
oot >-09VE  __Cot Co¥* 04Ve co?t -y g2 -0.6V° .
- Co - Co -0 - Co 2d ~ Co se
‘N 22d ‘N 22e CN 2a CN 2¢ n
+ i i

Schemat 7. Zaproponowany mechanizm redukcji kobalestru (22a) i heptametyloestru kwasu kobyrynowego (2).
ays. Ag-AgCl

Wynika z nich, ze kobalester (22a), dzi¢ki zmniejszonemu powinowactwu do anionu

cyjankowego, moze by¢ wydajniej redukowany (przy potencjale -0.9 V vs. Ag-AgCl)

do aktywnej katalitycznie formy Co(l) (22e) niz heptaester (2). Ponadto, wykazalem

istotny wplyw wlasciwosci koordynujacych rozpuszczalnika oraz otoczenia lancuchow

bocznych na charakterystyke redoks badanych pochodnych.

Wiyniki te zostaty opublikowane w czasopismie Dalton Transactions:

[P7] M. Giedyk, H. Shimakoshi, K. Goliszewska, D. Gryko, Y. Hisaeda Dalton Trans. 2016,
DOI: 10.1039/C6DTO00355A.

4.5 Reakcje katalityczne

W oparciu 0 otrzymane wyniki potwierdzajace mozliwos¢ wydajnej redukcji kobalestru (22a)
do formy, w ktorej kation kobaltu znajduje si¢ na pierwszym stopniu utleniania,
przeprowadzitem badania nad praktycznym wykorzystaniem mojego katalizatora w syntezie
organicznej. Opracowatem metode dimeryzacji podstawionych bromkow benzylu
w warunkach promieniowania mikrofalowego (Schemat 8). Do zalet metody zaliczy¢ nalezy
bardzo kroétki czas reakcji wynoszacy 15 minut.
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N X Br kobalester (22a), NaBH, TR
= iPrOH, MW R

R =H, 4-1, 3-1, 4-NO,, 2-CN, 4-F, 3-OMe

Schemat 8. Katalizowana kobalestrem (22a) dimeryzacja podstawionych bromkéw benzylu.

Nastepnie porownatem aktywno$¢ katalizatoréw roznigcych si¢ strukturg. Otrzymane wyniki
wskazuja, ze zamiana estrow metylowych na grupy amidowe nie ma istotnego wpltywu
na wynik reakcji katalitycznej (Tabela 2, wiersz 1 1 2). Natomiast reakcja wobec zwigzku 22a
posiadajacego fragment nukleotydowy w pozycji f przebiegata znacznie lepiej od tej
katalizowanej pochodng 2b, w ktorej obie pozycje aksjalne zajmowane sg przez aniony
cyjankowe (Tabela 2, wiersz 1 i 3).[P4]

Tabela 2. Synteza bibenzylu (25) z zastosowaniem réznych pochodnych witaminy Bio.

©/\Br katalizator, NaBH, O O
iPrOH, M
24 PrOf, MW 25

Nr Katalizator Konwersja [%6] Wydajno$é [%]
Dicyjanoheptaester 2b 100 62
Heptametyloamid 4d 100 65

3 Kobalester 22a 100 84

Aby zweryfikowad hipoteze o pozytywnym wptywie petli nukleotydowej na przebieg reakcji
Katalitycznej, przeprowadzilem elektroliz¢ bromku benzylu w warunkach kontrolowanego
potencjalu i w obecnosci katalizatorow: kobalestru (22a) oraz heptametylowego estru kwasu
kobyrynowego (mono- 2a i dicyjano 2b) (Tabela 3).[P7] Potwierdzita ona réznice migdzy
aktywnos$cig kobalestru (22a) a dicyjanoheptaestru 2b. Jednoczesnie, wydajno$é otrzymana
W obecnosci formy monocyjano- 2a nie odbiegata od tej, osiagnigtej z uzyciem kobalestru
(22a). Na podstawie otrzymanych wynikow (W potaczniu z badaniami woltamperometrii
cyklicznej opisanymi w rozdziale 4.4) ustalitem, ze obserwowane roéznice wynikaja
z utrudnionej redukcji formy dicyjano- 2b, a w konsekwencji mniej wydajnego
generowania aktywnego katalitycznie kompleksu Co(l).

Tabela 3. Elektroliza bromku benzylu (24) w warunkach kontrolowanego potencjatu.

katalizator, MeCN O
©/\Br 1.1V vs. Ag-AgCl
24 25

Nr Katalizator Konwersja [%0] Wydajnosé [%]
Kobalester 22a 95 76
Monocyjanoheptaester 2a 88 76
Dicyjanoheptaester 2b 86 64
23
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Ponadto, badajac mozliwo$¢ wykorzystania innych elektrofili jako zrodet rodnikéw,
odkrylem nowa reakcje indukowanego S$wiatlem widzialnym C-H alkilowania
terminalnych olefin diazozwigzkami (Schemat 9).[P6] Dotychczas ten zestaw reagentow
utozsamiany byt wylacznie z cyklopropanowaniem alkenéw,'®'’ a przyktady C-H
funkcjonalizacji sprowadzaly si¢ jedynie do o,B-nienasyconych ketonéw i oksymow.181920
Gtowng trudnoscig konieczng do przezwyciezenia bylo zapewnienie warunkéw redukujacych,
ktore umozliwityby wygenerowanie aktywnej formy Co(I) przy zachowaniu niezb¢dnej
stabilno$ci diazozwiazku. Warunek ten zostal spelniony dzigki uzyciu aktywowanego cynku
oraz dodatku NH4Cl. Nastgpnie, zoptymalizowatem warunki nowo odkrytej reakcji uzywajac
1,1-difenyloetylenu (26a) jako modelowego substratu, ostatecznie otrzymujac pozadany
produkt 28a z wydajnosciag 91%. Co wigcej, w reakcji tej mozna stosowaé roOwniez bogate
w elektrony olefiny takie jak: etery enoli, enamidy oraz tioetery winylowe. Badania
mechanistyczne wykazaly, ze reakcja przebiega przez etap tworzenia niestabilnego
kompleksu kobalt-alkil i ze w reakc;ji tej Co(I) jest aktywna forma katalizatora.

k2 P COR | sbalester (22), Zn/NH,CI R
+ obalester , Zn/NH,
S
R, & N, MeCN, hv Rl)\/\COzEt
26 27 28
Przyklady otrzymanych produktéw: O
Ph Ph Fh a A
a a CO,Et
Ph)\/\COZEt Ph)\/\ CO,/Bu Ph)\/\COZ(CH2)3Ph O
28a,91% 28b, 67% 28c, 60% 28d, 68%

Ph CO,Et Ph CO,Et
28e, 73% 28f, 44% 28g, 41% 28h, 45% 28i, 77%

O\/\ ; OTBDMS NHAc a 0
CO, Bt )\/\ )\ﬁ’\ pre S COEL Ph)J\/\COZEt

Schemat 9. C-H alkilowanie terminalnych olefin za pomoca diazozwigzkow, katalizowane kobalestrem (22a).

2 przeprowadzone zostato nastgpcze uwodornienie

Powyzsze wyniki zostaty opublikowane w czasopismie Chemical Communications:

[P6] M. Giedyk, K. Goliszewska, K. 6 Proinsias, D. Gryko Chem. Commun. 2016, 52, 1389.

16 M. P. Doyle, M. A. McKervey, T. Ye, Modern Catalytic Methods for Organic Synthesis with Diazo
Compounds: From Cyclopropanes to Ylides, Wiley, NY, 1998.

17Y. Chen, X. P. Zhang J. Org. Chem. 2004, 69, 2431.

18 Z. Shi, D. C. Koester, M. Boultadakis-Arapinis, F. Glorius J. Am. Chem. Soc. 2013, 135, 12204.

195, 1. Lee, B. Ch. Kang, G.-S. Hwang, D. H. Ryu Org. Lett. 2013, 15, 1428,

20 A F. Noels, J. N. Braham, A. J. Hubert, Ph. Teyssie J. Org. Chem. 1977, 42, 1527.
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4.6 Podsumowanie

Podsumowujgc, prowadzone przeze mnie badania doprowadzily do odkrycia nowych
pochodnych witaminy Bi> oraz okre§lenia ich wiasciwosci i aktywnosci katalitycznej

W reakcjach rodnikowych. Za najwicksze osiggni¢cia badawcze uwazam:

eopracowanie metody syntezy jedynej, amfifilowej pochodnej witaminy Bi2, ktora
nazwalem kobalestrem (22a)

ezbadanie $ciezki redukcji kationu kobaltu skompleksowanego w kobalestrze (22a) oraz
porownanie jej do Sciezek innych, znanych pochodnych witaminy B12

eopracowanie metody aminolizy estrow znajdujacych si¢ na koncu lancuchow bocznych
pochodnych witaminy Bi2

eodkrycie nowej reakcji C-H alkilowania terminalnych olefin za pomoca

diazozwiazkow, a takze innych reakcji katalizowanych pochodnymi witaminy Bi2.

Badania przedstawione w niniejszej rozprawie stanowig zwarta calo$¢ i jasno demonstruja
uzyteczno$¢ pochodnych witaminy Bi» jako wydajnych i przyjaznych $rodowisku
katalizatorow. Ponadto, pozwolily one poszerzy¢ arsenat dostgpnych metod katalitycznych
w syntezie organicznej. Szczegdlng satysfakcje daje mi rowniez fakt, ze otrzymane wyniki
prowokuja do stawiania kolejnych pytan badawczych i mogg stanowi¢ podstawe dalszych,

interesujacych badan w dziedzinie chemii organiczne;j.
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Vitamin B1,: chemical modificationst
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Vitamin B, plays a key role in many metabolic processes occurring in all mammals. Over the years its
biological role has been extensively studied generating a lot of interest in the chemistry of this vital
molecule. This established a variety of new methodologies for the synthesis and analysis of new
cobalamin derivatives as well as creative purification techniques. This tutorial review summarizes all the
advancements made in this area, providing a deeper insight into vitamin B, chemistry.

Key learning points

—The nomenclature of corrinoids.

—The chemistry of vitamin B;,.

— Selective modifications of cobalamin.

— Purification and analysis of cobalamin and its derivatives.

1 Introduction

This journal is © The Royal Society of Chemistry 2013

2 Nomenclature
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Vitamin B;, catalysed reactions

Maciej Giedyk,® Katarzyna Goliszewska®® and Dorota Gryko*®

Vitamin By, (cobalamin, 1) is one of a few naturally occurring organometallic molecules. As a cofactor for
adenosylcobalamin-dependent and methylcobalamin-dependent enzymes, it plays a crucial role in biological
processes, including DNA synthesis and regulation, nervous system function, red blood cell formation, etc.
Enzymatic reactions, such as isomerisation, dehalogenation, and methyl transfer, rely on the formation and
cleavage of the Co—C bond. Because it is a natural, nontoxic, environmentally benign cobalt complex,
Received 20th February 2015 cobalamin (1) has been successfully utilised in organic synthesis as a catalyst for Co-mediated reactions.
This tutorial review concisely describes cobalamin-catalysed organic reactions that hold promise for
environmentally friendly cobalt catalysis, leaving the reader with basic knowledge and the ability to

harness the catalytic potential of this fascinating molecule.

DOI: 10.1039/c5¢cs00165§

www.rsc.org/csr

Key learning points

(1) Rationale for B;,-catalytic activity

(2) ‘Supernucleophilicity’ of cobalamin(x)
(3) Radical activity of cobalamin(u)

(4) By,-catalysed reactions

(5) Mechanisms of B;,-catalysed reactions

2 EES

1 Introduction

Nature has always been the ultimate source of inspiration for
scientists working across all disciplines. This statement certainly
applies to catalysis, where continuous effort has been invested in
mimicking and improving the function and effectiveness of
enzymes. To this end, new synthetic catalysts have been developed
and exploited to facilitate more efficient and selective transforma-
tions of organic compounds. However, many of these catalysts
are poor replicas of naturally occurring enzymes, compromised by
low stability or selectivity, high catalyst loading, or toxicity.

First isolated by Folkers and Smith in 1948, vitamin B,
(B4,, cobalamin, 1, Fig. 1) has been recognised as a cofactor for
enzymes that catalyse a range of biological processes, including
isomerisation, methyltransfers, and dehalogenation.

Cyanocobalamin
(CN)Cbl  1a

Aquacobalamin
(H,0)Cbl 1b
Methylcobalamin
MeCbl 1c

Adenosylcobalamin
AdoCbl  1d

NH,

Fig. 1 Chemical structures of cobalamin and its derivatives: cyanocobal-
amin (1a), aguacobalamin (1b), and Bj,-coenzymes: methylcobalamin (1c)

The ability of vitamin B, (1) to catalyse these thermodynami-
cally challenging reactions has attracted the attention of synthetic
chemists, which has eventually led to the discovery of new
catalytic transformations. This review highlights the application

“ Institute of Organic Chemistry, Polish Academy of Sciences, Kasprzaka 44/52,
01-224 Warsaw, Poland. E-mail: dorota.gryko@icho.edu.pl

b Faculty of Chemistry, Warsaw University of Technology, Noakowskiego 3,
00-664 Warsaw, Poland

and adenosylcobalamin (1d). Note: aquacobalamin (1b) bears a neutral
aqua ligand, which results in a positively charged molecule; therefore, it is
always accompanied by a counter-ion. For clarity, counter-ions are not
shown throughout this review.

of vitamin B;, (1) as an environmentally benign catalyst for
organic reactions; we leave enzymatic transformations aside,
because they have been reviewed elsewhere."
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ABSTRACT: The acid-sensitivity of vitamin B, derived mono- and
diamides was studied. It was found that the use of reductive ring-
opening of the lactone moiety deactivated undesired decomposition of
c-mono- and ¢,d-diamides under acidic conditions. As a result, reac-
tions gave respectively c- or d-acids which were further functionalized
via coupling with amino acids. Though mono- and diamides exhibited
acid sensitivity, they were used for the preparation of several highly
functionalized molecules showing their stability under various reaction

conditions.

&

he importance of vitamin B;,, which stems from its diversi-

fied applications, is difficult to overestimate.' It has been
investigated for many years as an oral delivery vehicle for
therapeutic agents.” ® Most of these conjugates have been
prepared via selective reactions on the cobalt center or at the
§'-hydroxy group on the ribose moiety (Figure 1).

Moreover, vitamin B, derivatives have been effectively used
as artificial enzymes and have been found to catalyze various
organic reactions.” One of the most widely investigated deriva-
tives was hydrophobic heptamethyl dicyanocobyrinate posses-
sing terminal ester groups instead of original amides and the
central cobalt atom being bound to two cyanide ligands. Hisaeda
and co-workers have recently elaborated an efficient method
for the dechlorination of di(4-chlorophenyl)trichloroethane
(DDT) mediated by heptamethyl cobyrinate perchlorate in ionic
liquids,"® which mainly led to 1,1’-(ethylidene )bis(4-chloro-
benzene) (DDO). Compounds of this type were also found to
catalyze the nucleophilic addition of an alcohol to an olefin under
mild conditions."" Moreover, to elucidate the role of potassium
ion in vitamin B, dependent enzymatic reactions Hisaeda’s
group has prepared a hydrophobic vitamin B, bearing a benzo-
18-crown-6 moiety."

For vitamin B, to realize its full potential, more eflicient
approaches toward selective modifications of both hydrophilic
and hydrophobic derivatives have to be developed. Though
various vitamin By, derivatives have already been prepared and
studied, there have been only a few reports describing selective
preparation and use of cobalamin-derived acids. Syntheses of
such compounds were usually based on vitamin B, hydrolysis
followed by partial esterification.'® These approaches are non-
selective, thus requiring laborious separation of regioisomers.
Still, acids prepared in such a way have been successfully used in
further reactions.'*"® Selective formation of c-lactone and its
reduction leading to either a carboxylic acid or an alcohol was
reported by Keese and co-workers.'® Therefore, further mod-
ifications of hydrophobic cobalamines have been rather limited

v ACS Publications ©2011 American chemical Society

Figure 1. Vitamin B,,.

to reactions occurring at the c-position. There have been a
multitude of reports detailing reactions at this site.'”"®

Recently, we have undertaken comprehensive studies directed
toward selective modifications of both hydrophilic and hydro-
phobic cobalamin derivatives.' It was shown that ring-opening
of c-lactone 1 with various primary amines led selectively to
either mono- or diamides (Scheme 1).

The goal of our research was to elaborate the vitamin B,
chemistry and to find superior approaches for the regioselective
preparation of derivatives bearing complex and diversified function-
alities. In particular, we were interested in strategies that could lead
to bifunctional molecules under very mild conditions, thus enabling
us to link a broad range of substrates to the vitamin B, core.

The studies were initiated by evaluating the acid sensitivity of
vitamin B,, derived c-mono- and ¢,d-diamides. When c-monoamides
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(CN),Cob(III)C1(n-butylamide) 3
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(CN),Cob(III)C1(ethanolamide)(-COOH) 5a
Note: The broadening of peaks in the 'H NMR spectrum made it impossible to decipher and
consequently high resolution "*C spectra could not be obtained. This was caused by the

presence of the acid group.
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(CN),Cob(III)C1(ethanolamide)(NH-Serine-OMe) 6

'H NMR (500 MHz, CD,Cl,) § (ppm); 6.86 (d, J = 6.8 Hz, 1H, 8d), 6.79 (t, J = 4.8 Hz, 1H,
7d), 5.62 (s, 1H, 10), 4.27 (dd, J = 2.9 and 3.9 Hz, 1H, 8e), 3.75 (s, 7H, 8f, 19 and -OCH3),
3.70 (s, 3H, -OCH3), 3.68 (s, 3H, -OCH3), 3.67 (s, 3H, -OCH3), 3.65 (s, 3H, -OCH3), 3.57 (s,
4H, 8f and -OCH3), 3.47-3.40 (m, 4H, 7f and 7b), 3.25-3.19 (m, 1H, 7e), 3.15-3.12 (m, 1H,
7e), 3.09 (t, J = 4.9 Hz, 1H, 13), 2.87-2.79 (m, 1H, 18), 2.67 (dd, J = 4.3 and 2.2 Hz, 1H, 3),
2.64-2.63 (m, 2H, 18a), 2.62-2.55 (m, 2H, CH3), 2.54-2.51 (m, 1H, 2b), 2.48-2.35 (m, 4H, 8b
and CH3), 2.30 (d, J = 14.6 Hz, 1H, 2b), 2.25 (s, 5H, 15a, 8 and CH3), 2.20 (s, 2H, CH>),
2.12 (s(br), 7H, 5a, 8a and CHy), 2.11-2.05 (m, 2H, CH;), 1.87-1.82 (m, 1H, CH3), 1.78 (s,
3H, 7a), 1.45 (s, 3H, 2a), 1.38 (s, 3H, 1a), 1.36 (s, 3H, 12a), 1.26 (s, 3H, 17a), 1.20 (s, 3H,
12a).

C NMR (125 MHz, CD,Cly) & (ppm); 177.1 (11), 176.9 (16), 176.4 (4), 173.8 (C=0), 173.0
(C=0), 172.8 (C=0), 172.7 (C=0), 172.5 (C=0), 172.0 (C=0), 171.9 (7c), 171.2(9), 170.8,
170.1, 163.4 (14), 161.3 (6), 107.3 (15), 103.1 (5), 91.6 (10), 83.3 (1), 74.9 (19), 62.5 (8f),
61.5 (71), 60.6 (3), 58.8 (17), 57.1 (8), 55.3 (13), 53.4 (-OCH3), 52.6 (-OCH3), 52.3 (-OCH3),
52.1 (-OCHs), 51.9 (-OCH3), 51.8 (-OCH3), 51.1 (7), 48.1 (2b), 47.0 (12), 46.3 (2), 43.6 (7e),
41.9 (7c), 39.9 (18), 33.9 (8b), 32.5, 32.3, 31.9 (12a), 31.8 (19), 30.5 (8a), 29.9, 27.3, 25.7,
25.1, 22.1 (2a), 19.6 (12a), 19.1, 18.3 (17a), 17.1 (7a), 15.6 (15a), 15.5 (5a).
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(CN),Cob(III)C1(ethanolamide)(NH-Serine-OMe)

6
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(CN),Cob(III)C1(ethanolamide)(NH-Serine-OMe)

6
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(CN),Cob(IIT)C1(ethanolamide)(NH-Serine-OMe) 6
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(CN),Cob(IIT)C1(ethanolamide)(NH-Serine-OMe) 6

ppm
40

+ 50
60
70
80
20
100
110
120
130
140
150
160
E170
180
ppm

oo
o
%
8
5

ULLAUH ISR R

S10

http://rcin.org.pl



(CN),Cob(IIT)C1(ethanolamide)(NH-Serine-OMe)
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(CN),Cob(III)C1(lactone)(diglycolamide) 8

'H NMR (500 MHz, CD,Cl,) & (ppm); 7.00 (t, J = 5.0 Hz, 1H, 8d), 5.70 (s, 1H, 10), 3.84 (d,
J =10.8 Hz, 1H, 19), 3.76-3.74 (m, 4H, -OCHj and 3), 3.69 (s, 7H, -OCH3 and 8f), 3.68 (s,
3H, -OCH3), 3.59 (s, 3H, -OCH3), 3.50-3.32 (m, 7H, 8e, 8f, 8¢ and 8h), 3.15-3.10 (m, 1H,
8e), 3.06 (dd, 1H, J = 4.5 and 1.4 Hz, 13), 2.86-2.82 (m, 1H, 18), 2.79 (d, 2H, J = 5.9 Hz, 7b),
2.70-2.65 (m, 1H, 8b), 2.63 (d, 2H, J = 6.2 Hz, 18a), 2.59-2.53 (m, 4H, 2b, 8b and CH,),
2.50-2.39 (m, 2H, 8a and CHy), 2.30 (d, 1H, J = 15.8 Hz, 2b), 2.26 (s, 3H, 15a and CH,),
2.21-2.15 (m, 7H, CH,, 5a and 8a), 2.11-2.02 (m, 3H, CHy), 1.99-1.91 (m, 1H, CHy), 1.84-
1.74 (m, 2H, CH,), 1.65 (s, 3H, 7a), 1.46 (s, 3H, 1a), 1.37 (s, 6H, 12a and 2a), 1.26 (s, 3H,
17a), 1.17 (s, 3H, 12a).

5C NMR (125 MHz, CD,CL) & (ppm); 178.9 (11), 176.8 (16), 176.0 (4), 173.7 (C=0),
173.05 (C=0), 173.01 (7c), 172.9 (C=0), 171.9 (C=0), 171.1 (C=0), 166.7 (9), 163.3 (14),
160.2 (6), 133.8 (CN), 128.0 (CN), 104.3 (5 and 15), 95.1 (8), 88.2 (10), 83.2 (1), 75.4 (19),
72.9 (8f), 69.6 (8f), 61.4 (8f), 58.7 (17), 57.1 (3), 54.0 (13), 52.6 (-OCH3), 52.1 (-OCHs),
52.0 (-OCH3), 51.9 (-OCH3), 51.8 (-OCHs), 50.4 (7), 47.8 (12), 45.9 (2), 43.3 (7b), 41.3 (2b),
39.7 (18), 39.4 (8e), 33.7 (8b), 32.9, 31.9 (18a), 31.0 (8a), 30.8 (12a), 30.4, 29.9, 29.8, 25.9,

25.0, 22.1 (1a), 19.7 (12a), 19.3 (7a), 18.5 (17a), 17.2 (5a), 16.9 (2a), 15.6 (15a).
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(CN),Cob(III)C1(lactone)(diglycolamide) 8
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(CN),Cob(III)C1(lactone)(diglycolamide) 8
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(CN),Cob(III)C1(lactone)(diglycolamide) 8
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(CN),Cob(III)C1(lactone)(diglycolamide) 8
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(CN),Cob(IIT)C1(1actone)(diglycolamide)
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(CN),Cob(IIT)C1(ethionic acid)(diglycolamide) 9

Note: The broadening of peaks in the "H NMR spectrum made it impossible to decipher and
consequently high resolution °C spectra could not be obtained. This was caused by the

presence of the acid group.
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(CN),Cob(IIT)C1(NH-Serine-OMe)(diglycolamide) 10

'H NMR (500 MHz, CD,Cl,) § (ppm); 7.02 (t, J = 4.9 Hz, 1H, 8d), 6.82 (d, J = 7.7 Hz, 1H,
7¢), 5.62 (s, 1H, 10), 4.26-4.24 (m, 1H, 7d), 3.80-3.77 (m, 1H, 19), 3.75 (s, 4H, -OCH3 and
7b), 3.71 (s, 4H, -OCHj), 3.68 (s, 4H, -OCHj and 3), 3.67 (s, 3H, -OCHs3), 3.65 (s, 3H, -
OCH3), 3.59 (s, 3H, -OCH3), 3.52-3.45 (m, 4H, 7e and 7b), 3.43-3.38 (m, 5H, 8f), 3.33-3.27
(m, 1H, 8e and 8f), 3.17-3.11 (m, 1H, 8e), 3.09-3.07 (m, 1H, 13), 2.82-2.78 (m, 1H, 18),
2.63-2.62 (m, 2H, 18a), 2.61-2.51 (m, 4H, 8a and CH,), 2.48-2.38 (m, 5H, 2b, 8b and CH,),
2.30 (d, J = 15.3 Hz, 1H, 2b), 2.25 (s, 4H, 15a, 8 and CH,), 2.20-2.07 (m, 7H, 8a and CH,),
2.05 (s, 3H, 5a), 1.87-1.81 (m, 2H, CHy), 1.78 (s, 3H, 7a), 1.46 (s, 3H, 2a), 1.38 (s, 3H, la),
1.37 (s, 3H, 12a), 1.27 (s, 3H, 17a), 1.21 (s, 3H, 12a).

5C NMR (125 MHz, CD,Cl) & (ppm); 176.77 (16), 176.73 (11), 176.3 (3), 173.9 (C=0),
173.0 (C=0), 172.9 (C=0), 172.0 (C=0), 171.8 (C=0), 170.8 (C=0), 169.9 (9), 163.6 (14),
161.3 (6), 107.0 (5), 102.9 (15), 91.8 (10), 83.2 (1), 74.9 (19), 72.9, 72.8 (8f), 69.7 (8f), 62.0
(8f), 61.4 (7e), 61.2 (7b), 58.7 (17), 56.8 (3), 56.0 (7d), 53.8 (13), 52.6 (-OCHs), 52.4 (-
OCHj3), 52.2 (-OCH3), 52.1 (-OCH3), 52.0 (-OCH3), 51.9 (-OCHs3), 51.8 (7), 47.2 (8), 47.0
(12), 46.4 (2), 42.0 (2b), 39.7, 39.6 (8e), 33.9 (18), 33.7, 32.6 (12a), 32.1, 31.8, 30.0 (8a),

29.8,28.0,25.7, 25.1, 22.1 (2a), 19.6 (12a), 18.8 (7a), 18.2, 17.1 (19), 15.6 (15a), 15.4 (5a).
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(CN),Cob(IIT)C1(NH-Serine-OMe)(diglycolamide) 10
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(CN),Cob(IIT)C1(NH-Serine-OMe)(diglycolamide)

10

22.1023
25.1040
25.6990
28.0069

29.8611
30.8103
31.8769
32.1215 :k
=

356167
337001 &
330227

83.2180 —

91.8510 —

102.9096 ——

107.0606 ——

161.3903 ——
163.6295 ——

169.9336 ——
170.8158 — =
172.0025 f
171.7971
172.8344
172.9097

COzMe

S21

http://rcin.org.pl

170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20

PPM



(CN),Cob(IIT)C1(NH-Serine-OMe)(diglycolamide)
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(CN),Cob(IIT)C1(NH-Serine-OMe)(diglycolamide) 10
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(CN),Cob(IIT)C1(NH-Serine-OMe)(diglycolamide)
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(CN),Cob(IIT)C1(2-{1-[2-(2-Hydroxy-ethoxy)-ethyl]-1H-[1,2,3]triazol-4-yl }-amide) 12
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(CN),Cob(IIT)C1(2-{1-[2-(2-Hydroxy-ethoxy)-ethyl]-1H-[1,2,3]triazol-4-yl }-amide) 12
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(CN),Cob(III)C1(ethanolamide)(2-{1-[2-(2-Hydroxy-ethoxy)-ethyl]-1H-[1,2,3]triazol-4-
yl}-amide) 15
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(CN),Cob(IIT)C1(ethanolamide)(2-{1-[2-(2-Hydroxy-ethoxy)-ethyl]-1H-[1,2,3]triazol-4-
yl}-amide) 15
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Rhodamine-2-(2-azido-ethoxy)-ethyl ester 16
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Rhodamine-2-(2-azido-ethoxy)-ethyl ester 16
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(CN),Cob(IIT)C1(2-{1-[rhodamine-2-(2-azido-ethoxy)-ethyl ester]-1H-[1,2,3]triazol-4-
yl}-amide) 17
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(CN),Cob(IIT)C1(2-{1-[rhodamine-2-(2-azido-ethoxy)-ethyl ester]-1H-[1,2,3]triazol-4-
yl}-amide) 17
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(CN),Cob(IIT)C1(N-[2-(2-amino-ethoxy)ethoxylethyl]-amide) 18

Note: Due to severe splitting of peaks in these spectra, caused by the presence of the terminal
amine, the '"H NMR spectra are very complicated, which made it difficult to obtain high

. 1
resolution *C spectra.
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(CN),Cob(III)C1(1-{2-[2-(amino-methoxy)-ethoxy]-ethylcarbamoyl }-ethyl)-carbamic
acid 9H-fluoren-9-yl methyl ester 19
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(CN),Cob(IIT)C1(1-{2-[2-(amino-methoxy)-ethoxy]-ethylcarbamoyl }-ethyl)-carbamic
acid 9H-fluoren-9-yl methyl ester 19
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(CN),Cob(IIT)C1(1-{2-[2-(amino-methoxy)-ethoxy]-ethylcarbamoyl }-ethyl)-carbamic

acid 9H-fluoren-9-yl methyl ester 19
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(CN),Cob(IIT)C1(N-{2-[2-(amino-methoxy)-ethoxy]-ethyl }-2-amino-propionamide) 20

Note: Due to severe splitting of peaks in these spectra, caused by the presence of the terminal
amine, the '"H NMR spectra are very complicated, which made it difficult to obtain high

. 1
resolution *C spectra.
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ABSTRACT: Herein, the synthesis of novel hydrophobic and hydrophilic cobinamides
via aminolysis of vitamin B, derivatives that activate soluble guanyl cyclase (sGC) is
presented. Unlike other sGC regulators, they target the catalytic domain of sGC and

show higher activity than (CN),Cbi.

KEYWORDS: vitamin By,, cobinamide, aminolysis, soluble guanyl cyclase

O ver the past decade, there has been much interest in NO-
independent soluble guanyl cyclase (sGC) activators."
sGC plays an important role in cardiovascular homeostasis,
platelet function, angiogenesis, and neurotransmission. It
operates via activation by nitric oxide (NO), which binds to
the sGC heme moiety. This induces the conversion of
guanosine triphosphate (GTP) into a second messenger cyclic
guanosine monophosphate (cGMP), resulting in physiological
effects.>® Currently, pharmacological regulation of sGC is
achieved via the use of various NO releasing organic nitrates or
nitrovasodilators such as nitroglycerin, isosorbide dinitrate, and
isosorbide-5-mononitrate. NO-releasing activators, although
effective, are known to rapidly induce tolerance and have
side-effects. Therefore, the next logical step was to explore
alternative methods of sGC regulation. 3-[S-Hydroxymethyl-2-
furyl]-1-benzylindazole (YC-1) was the first identified NO-
independent sGC regulator whose mechanism of action
requires the presence of heme.”> The discovery of YC-1 was
followed by other regulators with the same mechanism of
action, some with similar structural features, while others had a
different structure."® Later, several heme replacing sGC
activating compounds were shown to be effective regulators
of sGC both in vitro and in vivo. Despite their differences, all of
these regulators function by targeting the regulatory domain of
sGC.

Recently, we have reported that dicyanocobinamide
(CN),Cbi (Figure 1) is a novel NO-independent sGC activator
with a unique mechanism of action.” Unlike other sGC
regulators, (CN),Cbi directly targets the catalytic domain of
sGC, responsible for cGMP synthesis. Moreover, it was found
that (CN),Cbi exhibits a much higher activity than vitamin B,
itself and its cofactors adenosylcobalamine and methylcobal-

amine.

-4 ACS Publications  © 2012 American Chemical Society
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Figure 1. Hydrophobic and hydrophilic cobinamides.

The unique activation mechanism and properties of
(CN),Cbi highlight the importance of developing new
cobinamide derivatives to enhance sGC-targeting therapeutics.
(CN),Cbi possesses seven amide groups at the periphery of the
macrocycle and the central cobalt bearing two axial cyano
ligands. In our previous report, we suggested that changes in
sGC-activating properties of (CN),Cbi may be altered with
introduction of different peripheral substitutents around the
corrin  macrocycle.” Unfortunately, there are no reports
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General Information

Analytical grade solvents were used as received. 'H and '*C NMR spectra were recorded at
RT on Bruker 500 MHz or Varian 500 MHz with TMS as an internal standard. 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 resolution ESI mass spectra were recorded on a Mariner spectrometer.

UV/Vis absorption spectra were recorded in DCM on a Perkin Elmer A-25.

Note: In the case of compounds 1, 2 and 4 due to overlapping of DMSO and EtOH or pentane
peaks in the spectra the number of assigned protons is lower than the value stated in the
molecular formula.
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(CN),Cob(III)(c-hydroxy)heptakis(2-hydroxyethylamide) 1

T
HNi \

OH

c-Lactone 7 (15 mg, 0.014 mmol) was dissolved in CCl4 (1.0 mL) in a Schlenck tube under an
argon atmosphere. Ethanolamine (0.1 mL, 1.6 mmol) and Bu,N'CN" (15 mg, 0.047 mmol)
were then added. The mixture was stirred at 50°C for 24 h, after which it was diluted with
water (10 mL) and washed with DCM (3 x 50 mL). The aqueous layer was concentrated in
vacuo giving a purple residue, which was triturated with Et;O/CHCl; (50 mL, 1:1) overnight.
The crude product was purified using DCVC, 20-50% MeOH in DCM. Cobinamide 1 was
redissolved in isopropanol, filtered through glass wool and the filtrate concentrated in vacuo.
It was recrystalized from EtOH/Et,O giving a purple solid (11 mg, 61%). M.p. 224-231°C. R¢
0.42, 50% MeOH in DCM. Anal. calcd. for C¢;HgsCoN30;5 + EtOH + 2H,0: C 54.42, H
7.54, N 13.10; found: C 54.35, H 7.58, N 13.14. HRMS ESI (m/z) calcd. for CgoHgsCoN;,015
[M-CNJ* 1281.6209; found 1281.6267. UV/Vis EtOH, Amax, € (L'mol "cm™): 586 (8.43x10%),
546 (6.62x10%), 422 (2.22x10°), 369 (2.33x10%, 316 (8.05x10%), 308 (7.77.x10%), 280
(8.04x10%). "H NMR (500 MHz, DMSO-d) & (ppm): 8.24 (t, J = 5.3 Hz, 1H), 8.20 (t, J = 5.4
Hz, 1H), 7.96 (m, 2H), 7.89 (t, J = 5.5 Hz, 1H), 7.60 (t, J = 5.6 Hz, 1H), 7.37 (t, J = 5.4 Hz,
1H), 5.71 (s, 1H), 4.79 (t, J = 6.2 Hz, 1H), 4.76 (t, J = 6.2 Hz, 1H), 4.68 (m, 3H), 4.59 (t, J =
5.5 Hz, 2H), 4.52 (t, J = 5.5 Hz, 1H), 4.34 (d, J = 9.1 Hz, 1H), 3.63 (d, J = 10.3 Hz, 1H), 3.49
(t, J = 5.6 Hz, 1H), 3.46-3.44 (m, 4H), 3.40-3.90 (m, 6H), 3.27-3.24 (m, 4H), 3.15-3.06 (m,
8H), 3.03-3.00 (m, 4H), 2.93-2.87 (m, 1H), 2.76 (m, 1H), 2.36-2.31 (m, 3H), 2.24-2.21 (m,
3H), 2.19 (m, 4H), 2.16-2.13 (m, 3H), 2.09 (s, 3H), 2.04-1.97 (m, 6H), 1.80-1.71 (m, 4H),
1.49 (s, 3H), 1.43 (m, 2H), 1.34 (s, 3H), 1.29 (s, 3H), 1.22 (s, 3H), 1.15 (s, 3H), 1.07 (s, 3H).
C NMR (125 MHz, DMSO-de) & (ppm): 179.6, 178.9, 178.2, 176.1, 175.9, 174.7, 173.9,
165.4, 165.2, 105.5, 104.7, 92.3, 88.2, 85.5, 77.8, 68.2, 63.1, 63.09, 63.07, 63.04, 63.03, 62.9,
62.8, 62.7, 61.3, 58.1, 56.5, 55.9, 49.4, 49.1, 49.0, 45.0, 44.9, 44.8, 44.7, 41.9, 38.7, 36.1,
35.1,34.9,34.6,34.4, 34.1, 28.9, 28.8, 24.7, 22.7, 20.8, 20.7, 19.4, 18.6, 18.4, 18.2, 18.1.
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(CN),Cob(III)(c-hydroxy)heptakis(n-butylamide) 2

c-Lactone 7 (70 mg, 0.065 mmol) was dissoleved in CCly (5.0 mL) in a Schlenck tube under
an argon atmosphere. n-Butylamine (5.0 mL, 37 mmol) and NaN3 (75 mg, 1.2 mmol) were
then added. The mixture was stirred at 50°C for 72 h, after which it was diluted with water
(20 mL) and washed with DCM (3 x 100 mL). The aqueous layer was concentrated in vacuo
giving a purple residue, which was triturated with Et,O/CHCI; (100 mL, 1:1) overnight.
Cobinamide 2 was purified using DCVC, 2-10% EtOH in DCM. The product was
recrystalized from AcOEt/pentane giving a purple solid (66 mg, 73 %). M.p. 145-148 °C. R;
0.42, 5% EtOH in DCM. Anal. calcd. for C;5sH;2,CoN305 + 3H,0: C 62.26, H 8.92, N 12.59;
found: C 62.21, H 8.87, N 12.45. HRMS ESI (m/z) calcd. for C75sH;2,CoNj30gNa [M+Na]"
1414.8767; found 1414.8763. UV/Vis EtOH, Ama, & (L'molem™): 583 (5.39x10%), 544
(5.96x10%), 419 (2.68x10%), 368 (1.77x10%), 318 (7.79x10°), 280 (8.03x10°). 'H NMR (500
MHz, DMSO-de) & (ppm): 8.17 (t, J = 4.8 Hz, 1H), 8.13 (t, / =5.3 Hz, 1H), 7.94 (t, J=5.3
Hz, 1H), 7.82 (t, J = 5.7 Hz, 1H), 7.54 (t, J = 5.3 Hz, 2H), 7.33 (t, J = 4.4 Hz, 1H), 6.65 (s,
1H), 5.64 (s, 1H), 4.49 (d, J = 8.8 Hz, 0.8H), 4.40 (d, J = 4.4 Hz, 0.2H), 3.62 (m, 1H), 3.16-
291 (m, 16H), 2.80-2.76 (m, 2H), 2.36-2.32 (m, 2H), 2.20 (m, 2H), 2.10-1.96 (m, 9H), 1.88-
1.83 (m, 3H), 1.75-1.68 (m, 4H), 1.68 (m, 4H), 1.55-1.50 (m, 5H), 1.44-1.35 (m, 10H), 1.22-
1.16 (m, 12H), 1.08 (s, 4H), 0.99 (d, J = 6.6Hz, 1H), 0.90-0.83 (m, 16H), 0.81-0.78 (m, SH).
C NMR (125 MHz, DMSO-de) & (ppm): 176.1, 175.7, 175.3, 172.3, 172.1, 171.6, 171.0,
170.7, 170.3, 170.2, 170.1, 162.1, 157.9, 105.8, 102.2, 88.6, 84.7, 82.4, 74.6, 67.2, 67.1, 58.3,
54.9, 54.8, 52.9, 46.0, 45.9, 38.8, 38.6, 38.3, 38.2, 38.18, 38.15, 31.3, 31.2, 31.18, 31.12, 31.0,
30.9, 30.8, 30.5, 19.9, 19.8, 19.7, 19.6, 19.56, 19.50, 19.4, 19.3, 17.4, 15.9, 15.8, 15.0, 14.6,
13.7, 13.6, 13.57, 13.56.
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(CN),Cob(IID)heptakis(2-hydroxyethylamide) 4

T
e b

I

OH

Heptamethylester 3 (15 mg, 0.014 mmol) was dissolved in toluene (1.0 mL) in a Schlenck
tube under an argon atmosphere. Ethanolamine (1.0 mL, 1.6 mmol) and Bu,N'CN" (15 mg,
0.047 mmol) were then added. The mixture was stirred at 50°C for 24 h, after which it was
diluted with water (10 mL) and washed with DCM (3 x 50 mL). The aqueous layer was
concentrated in vacuo giving a purple residue, which was triturated with Et,O/chloroform (50
mL, 1:1) overnight. The crude product was purified using DCVC, 20-50% MeOH in DCM.
Cobinamide 4 was redissolved in isopropanol, filtered through glass wool and the filtrate
concentrated in vacuo. Cobinamide 4 was then recrystalized from EtOH/Et,0 and dried under
vacuum giving a purple solid (11 mg, 60%). M.p. 182-192°C. R¢ 0.48, 50% MeOH in DCM.
Anal. calcd. for C¢;HosCoN ;3014 + EtOH + 2H,0: C 55.05, H 7.63, N 13.25; found: C 54.82,
H 7.60, N 13.19. HRMS ESI (m/z) calcd. for Cs;Ho4CoN;3014Na [M+Na]" 1314.6267; found
1314.6209. UV/Vis CH30H, Amax, & (L'mol™em™): 278 (5.93x10%), 317 (6.37x10°), 367
(8.74x10%), 473 (4.23x10%), 541 (3.19x10°), 583 (3.02x10%). '"H NMR (500 MHz, DMSO-de)
o (ppm): 8.35 (t, J = 5.1 Hz, 1H), 8.31 (t, J = 5.3 Hz, 1H), 7.99 (m, 2H), 7.91 (t, J = 5.3 Hz,
1H), 7.67 (t, J = 5.3 Hz, 1H), 7.62 (t, J = 5.5 Hz, 1H), 5.64 (s, 1H), 4.83 (s(br), 2H), 4.69
(s(br), 2H), 4.61 (m(br), 3H), 4.41 (d, J = 9.3 Hz, 1H), 3.59 (m, 2H), 3.45-3.41 (m, 4H), 3.33
(m, 11H), 3.26-3.22 (m, 1H), 3.16-3.09 (m, 8H), 3.04-3.03 (m, 6H), 2.78 (s(br), 1H), 2.63-
2.56 (m, 1H), 2.46-2.37 (m, 3H), 2.30-2.25 (m, 1H), 2.18 (s, SH), 2.14 (s, 3H), 2.09-1.99 (m,
6H), 1.93-1.72 (m, 6H), 1.51 (s, 3H), 1.33 (s, s, 6H), 1.22 (s, 3H), 1.14 (s, 3H), 1.07 (m, 3H).
BC NMR (125 MHz, DMSO-de) & (ppm): 175.8, 175.7, 175.3, 172.5, 172.1, 171.6, 171 .4,
171.3, 170.7, 170.5, 169.2, 162.8, 162.3, 103.5, 101.6, 90.0, 82.4, 74.7, 64.7, 59.8, 59.79,
59.77, 59.71, 59.5, 59.1, 54.8, 54.3, 52.8, 50.4, 48.6, 46.0, 45.7, 43.6, 41.7, 41.6, 41.5, 41.4,
38.5, 35.3, 32.7, 32.1, 32.0, 31.9, 31.2, 30.8, 27.4, 25.6, 25.2, 21.5, 19.4, 18.2, 17.5, 16.1,
15.2,15.1, 14.9.
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Attempted synthesis of hydrophobic cobinamide 5 from heptamethylester 3

Heptamethylester 3 (15 mg, 0.014 mmol) was dissolved in an appropriate solvent (1.0 mL). A

catalyst and n-butylamine (1.0 mL) were then added and the mixture was stirred at an

appropriate temperature for the given time. All reactions were worked-up as described in the

synthesis of cobinamide 2.

Solvent Catalyst [eq.] Time [h] Temperature [°C] Yield [%] of 5
Toluene BwN'CN’; 0,5¢q. 24 50 -
Toluene BuysN"CN’; 0,5¢q. 72 50 -
CCl Buw,N'CN; 0,5¢q. 24 RT -
CCl, BwN'CN’; 0,5¢q. 24 50 -
CCly NaNj3 72 50 -
CCL NaN3; and NaCN 72 50 -
EtOH NaCN, excess 24 RT -
EtOH Bu,N'CN’; 0,5¢q. 24 RT -
EtOH BwN'CN'; 0,5¢q. 24 50 -
EtOH BuysN"CN’; 0,5¢q. 72 50 -
EtOH NaNj3, excess 72 50 -
MeOH BwN'CN’; 0,5¢q. 24 50 -
MeOH BwN'CN’; 0,5¢q. 48 50 -
H,O NaCN, excess 24 50 -
Brine BusN"CN’; 0,5¢q. 72 50 -

http://rcin.org.pl

S7



(CN),Cob(III)hexakis(n-butylamide)(c-lactone) 9

Cobinamide 2 (80 mg, 0.057 mmol) was dissolved in DCM (3.0 mL) and treated with TFA
(3.0 mL, 39 mmol). The mixture was stirred at RT for 1 h, after which the acid was
neutralized using NaHCOs;. The aqueous layer was washed with DCM and the combined
organic layers were washed with aq. NaCN, dried over Na,SQy, filtrated and concentrated in
vacuo. The crude product was purified using DCVC, 2-5 % EtOH in DCM. c-Lactone 9 was
recrystalized from AcOEt/pentane and dried under vacuum giving a purple solid (55 mg,
56%). M.p. 147-150°C. R 0.31, 4% EtOH in DCM. Anal. calcd. for C7;H;1;CoN ;05 +
2H,0: C 62.90, H 8.55, N 12.40; found: C 62.81, H 8.56, N 12.29. HRMS ESI (m/z) calcd.
for C70H;;1CoN;;Og [M-CN]" 1292.7944; found 1292.7944. UV/Vis CH;0H, Amax, € (L-mol
"em™): 280 (9.56x10%), 305 (7.64x10%), 317 (8.71x10%), 366 (2.82x10%), 419 (2.47x10%), 547
(8.11x10%), 856 (9.52x10%). "H NMR (500 MHz, DMSO-ds) & (ppm): 8.13 (t, J = 5.4 Hz, 2H),
7.92 (t,J =5.4 Hz, 1H), 7.85 (t, J = 5.4 Hz, 1H), 7.58 (t, / = 5.5 Hz, 1H), 7.49 (t, J = 5.5 Hz,
1H), 5.60 (s, 1H), 4.40 (d, J = 8.7 Hz, 1H), 3.64-3.60 (m, 1H), 3.29 (d, J = 6.3 Hz, 1H), 3.25
(s, 1H), 3.21-3.14 (m, 1H), 3.09-2.91 (m, 12H), 2.82 (s(br), 1H), 2.61 (d, J = 18.7 Hz, 1H),
2.38-2.35 (m, 1H), 2.26-2.16 (m, 12H), 2.07-1.92 (m, 6H), 1.88-1.67 (m(br), 4H), 1.60 (s,
3H), 1.43-1.20 (m, 35H), 1.13 (s, 3H), 1.06 (s, 3H), 0.89-0.84 (m, 12H), 0.82-0.79 (m, 6H).
BC NMR (125 MHz, DMSO-de) & (ppm): 177.7, 176.5, 175.8, 173.3, 171.8, 170.9, 170.6,
170.5, 170.3, 170.1, 164.5, 162.0, 159.5, 103.9, 103.4, 94.5, 87.0, 82.6, 75.3, 58.4, 55.2, 52.9,
49.8, 46.8, 45.8, 41.7, 38.6,38.4, 38.3, 38.2, 38.1, 35.5, 32.6, 32.2, 32.0, 31.2, 31.17, 31.5,
31.1, 30.9, 30.4, 30.0, 29.5, 26.2, 25.2, 21.6, 19.7, 19.6, 19.5, 19.3, 18.8, 17.8, 16.1, 16.0,
15.0, 13.7, 13.63, 13.60, 13.58, 13.56.
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(CN),Cob(III)hexakis(n-butylamide)(c-acid) 10

c-Lactone 9 (15 mg, 0.011 mmol) was dissoleved in a degased 15 % AcOH/toluene solution
(1.0 mL). Activated zinc (22 mg, 0.34 mmol) was added and the mixture was vigorously
stirred at RT for 30 min. The solution was neutralized using phosphate buffer (5.0 mL) and
washed with DCM. The combined organic layers were washed with aq. NaCN, dried over
Na,SO,, filtrated and concentrated in vacuo. c-Acid 10 was crudely purified using DCVC, 5-
10% MeOH in DCM, in which the most intense band was isolated. c¢-Acid 10 was
recrystalized from AcOEt/pentane and dried under vacuum giving a purple solid. R 0.47,
10% EtOH in DCM. HRMS ESI (m/z) calcd. for C7oH;;3CoN;;0g [M-CN]" 1294.8100; found
1294.8048.

c-Acid 10 was used without further purification. The broadening of peaks in the 'H NMR
spectrum made it impossible to decipher and consequently high resolution *C spectra could

not be obtained. This was caused by the presence of the acid group.
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(CN),Cob(III)heptakis(n-butylamide) 5

Cobinamide 10 (20 mg, 0.015 mmol) was dissolved in DMF (1.5 mL) under an argon
atmosphere. n-Butylamine (12 pL), DIPEA (18 uL, 0.11 mmol) and DEPC (15 uL, 0.11
mmol) were then added and the mixture was stirred at RT for 24 h. The mixture was then
diluted with DCM and washed with water. The organic layer was dried over Na,SOy, filtered
and concentrated in vacuo giving a purple residue. The crude product was purified using
DCVC, 2-10% EtOH in DCM. Cobinamide 5 was recrystalized using AcOEt/pentane and
dried under vacuum giving a purple solid (13 mg, 62%). M.p. 142-146 °C. R¢ 0.44, 5% EtOH
in DCM. Anal. calcd. for C75sH;2,CoN;307 + 2H,0: C 63.76, H 8.99, N 12.89; found: C 63.68,
H 9.07, N 12.81. HRMS ESI (m/z) calcd. for C74H;2,CoN,0; [M-CN]" 1398.8814; found
1398.8815. UV/Vis CH30H, Ama, € (L'mol:cm™): 279 (1.06x10%), 315 (9.48x10%), 368
(2.78x10%), 419 (2.75x10%), 544 (8.32x10%), 581 (9.43x10°), 940 (7.08x10°). 'H NMR (500
MHz, DMSO-d¢) & (ppm): 8.14-8.10 (m, 2H), 7.94 (t, J = 5.4 Hz, 1H), 7.84 (t, J = 5.4 Hz,
1H), 7.80 (t, J = 5.4 Hz, 1H), 7.55 (t, J = 5.4 Hz, 1H), 7.50 (t, J = 5.5 Hz, 1H), 5.65 (s, 1H),
445 (d, J = 9.0 Hz, 1H), 3.60 (d, J = 10.1 Hz, 1H), 3.47 (t, J = 5.5 Hz, 1H), 3.30 (s, 1H),
3.22-3.15 (m, 1H), 3.10-2.90 (m, 14H), 2.79 (s(br), 1H), 2.36-2.28 (m, 3H), 2.24-2.12 (m,
9H), 2.05-1.85 (m, 8H), 1.79-1.67 (m, 4H), 1.57-1.52 (m, 4H), 1.46-1.19 (m, 39H), 1.14 (s,
3H), 1.07 (s, 3H), 0.90-0.80 (m, 21H). °C NMR (125 MHz, DMSO-d¢) & (ppm): 175.9,
175.7, 1754, 172.1, 171.7, 171.6, 171.0, 170.8, 170.4, 170.2, 168.8, 162.5, 162.3, 103.8,
101.7, 82.4, 74.6, 58.2, 55.0, 48.9, 46.0, 45.8, 40.0, 39.84, 39.76, 39.7, 39.6, 39.5, 39.3, 39.2,
39.0, 38.6, 38.5, 38.33, 38.27, 38.18, 38.16, 38.1, 31.9, 31.8, 31.3, 31.18, 31.17, 31.15, 31.1,
31.0, 30.9, 21.6, 19.7, 19.59, 19.56, 19.53, 19.50, 19.4, 18.2, 17.6, 16.0, 15.0, 14.9, 13.66,
13.55, 13.62, 13.56, 13.54, 13.48
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Preparation and in vitro assay of recombinant human sGC enzyme.

Full-length sGC was purified from Sf9 cells as described previously.' Enzymatic activity was
assayed using [(x—32P]GTP to [32P] c¢cGMP conversion assay. To evaluate the effect of
(CN2)Cbi or its derivatives on sGC activity, 0.5 pg sGC was preincubated for 10 min at room
temperature with indicated concentration of the tested compound in 25 mM TEA, pH 7.5, 1
mg/ml BSA, 1 mM 3-isobutyl-1-methylxanthine (IBMX), 1 mM DTT, 1 mM cGMP, 3 mM
MgCl,, 0.05 mg/ml creatine phosphokinase and 5 mM creatine phosphate. To assay the
cGMP-forming activity of treated sGC the reaction was initiated by adding 1 mM GTP/ [a-
32PIGTP (~ 150000 cpm) and incubated at 37°C for 10 minutes. The reaction was stopped by
400 pl of 100 mM zinc acetate followed by 500 ul of 120 mM sodium carbonate. Unreacted
GTP was precipitated by centrifugation and the supernatant containing cGMP was loaded
onto a 2 ml Al,O3; column. cGMP was eluted with 10 ml of 50 mM Tris pH 7.5 and the
amount of generated [32P] cGMP was calculated based on the Cherenkov counts in a beta

scintillation counter.

"Martin, E.; Berka, V.; Tsai, A.L.; Murad, F. Methods Enzymol., 2005, 396, 478-492.
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(CN),Cob(III)(c-hydroxy)heptakis(2-hydroxyethylamide)

1
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(CN),Cob(III)(c-hydroxy)heptakis(2-hydroxyethylamide) 1
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(CN),Cob(III)(c-hydroxy)heptakis(n-butylamide)

2

0.8549
0.8174
0.8769
1.0015
1.0826
1.1834
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(CN),Cob(III)heptakis(2-hydroxyethylamide)
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(CN),Cob(IID)heptakis(2-hydroxyethylamide) 4
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(CN),Cob(IIDhexakis(n-butylamide)(c-lactone)
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(CN),Cob(IIDhexakis(n-butylamide)(c-acid)

10

)
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24 2.0 16
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44 40

4.8
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Note: The broadening of peaks in the 'H NMR spectrum made it impossible to decipher and
consequently high resolution "’C spectra could not be obtained. This was caused by the presence of the

c-acid group.

Varian 400MHz, DSMO-d, at 25°C
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Abstract: A method for the synthesis
of cobinamide derivatives by aminoly-
sis of cobyrinate (CN),Cby(III)-
(OMe)4(c-lactone) is described. Reac-
tions catalyzed by a benzotriazole/1,8-
diazabicyclo[5.4.0Jundec-7-ene (DBU)
system afford heptaamides in good
yields. During aminolysis of hepta-
methyl cobyrinate hydroxylation oc-

curred at the C8 position. DFT calcu-
lations indicate that the C—H bond at
this position is the weakest and, as
such, is the easiest to break. The use
of  (CN),Cby(III)(OMe)4(c-lactone)
circumvented the problem, as the hy-
droxy group is already present at the
8 position and can be easily removed
by c-lactone reformation and subse-

quent reduction. Moreover, selective
functionalization of heptaamides at
either the ¢ or meso position was also
explored.

Keywords: aminolysis cobina-
mides - cobyrinic acid - lactones -
vitamin B,

Introduction

Dicyanocobinamide (CN),Cbi 1 (Figure 1) is a vitamin B,
derivative that has the 4-amidobutan-2-ol group at the fpo-
sition and is generated by cleavage of the dimethylbenzimi-
dazole, ribose, and phosphate moieties of vitamin B;,. Com-
pound 1 has been used for the detection of cyanide in
water, plants, and blood."! Once cyanide is bound, a signifi-
cant color change from red to violet is observed and can be
measured by UV/vis spectroscopy. Cobinamide has also
been applied in the separation of different cobalamin-bind-

OH
Figure 1. Dicyanocobinamide (CN),Cbi 1.
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ing proteins, such as transcobalamin (TC), intrinsic factor
(IF), and haptocorrin (HC), within various excreted sub-
stances from mammals and fish. For example, Greibe et al.
reported that cobinamide has a high affinity for TC and IF
proteins in zebrafish, whereas it binds weakly to HCH A
recent breakthrough by Martin and co-workers showed that
(CN),Cbi acts as an NO-independent soluble guanyl cyclase
(sGC) activator.”) Unlike other NO-independent sGC acti-
vators, including 3-[5-hydroxymethyl-2-furyl]-1-benzylinda-
zole (YC-1) and its derivatives BAY 41-2272 and BAY 41-
8543 that target the regulatory domain, (CN),Cbi binds at
the catalytic domain.

Several chemical syntheses of (CN),Cbi 1 have been de-
veloped over the years and various protocols are currently
available. The most common method relies upon treatment
of vitamin B,, with Ce®* salts in the presence of cyanides.!
This procedure requires a long reaction time and a high re-
action temperature. Brown and co-workers synthesized
(CN),Cbi 1 at room temperature by using trifluorometha-
nesulfonic acid in 85% yield.”! The most recent contribu-
tion to this area was by Zhou and Zelder, who discovered
a simple method for cobinamide synthesis by using Zn** or
Cu?* salts at high temperatures./’ Unfortunately, it is diffi-
cult to scale up such reactions.

Interestingly, particular attention has always been paid to
Cbi synthesis and never to its analogues. The only attempt
to synthesize heptaamide derivatives was by Munk,” who
used cobyrinic acid as a starting material to form hetpani-
trophenylesters, which, when reacted with synthetic amino
acids, gave the desired products. Though effective, this pro-
cedure is an unattractive four step process. To the best of
our knowledge, no attention has been paid to the possibility
of creating Cbi derivatives that have various peripheral
amide groups from inactivated cobyrinic acid derivatives.
Recently, our group undertook this challenge and devel-
oped a method for the synthesis of heptaamides from co-
byrinic acid esters.’) As our method worked well only for

© 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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(CN),Cby(III)(rn-butylamide);(8-OH) S synthesized from (CN),Cby(I1I)(OMe); 3
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(CN),Cby(III)(rn-butylamide);(8-OH) S synthesized from (CN),Cby(I1I)(OMe); 3
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(CN),Cby(III)(rn-butylamide);(8-OH) S synthesized from (CN),Cby(I1I)(OMe); 3

2D NMR COSY
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(CN),Cby(III)(rn-butylamide);(8-OH) S synthesized from (CN),Cby(I1I)(OMe); 3

2D NMR HMBC
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(CN),Cby(III)(rn-butylamide);(8-OH) S synthesized from (CN),Cby(I1I)(OMe); 3

2D NMR HSQC
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(CN),Cby(III)(rn-butylamide);(8-OH) S synthesized from (CN),Cby(I1I)(OMe); 3
NOESY 1D Experiments

Irradiate: 8-OH (6.66 ppm)

ER R

Mo BB
g ol wt v owd
o = @ e
@ . e ] T oLgl
&« g = [ L
W L

b r
[

Irradiate: 7a (1.56 ppm)

;55; b3 il
= e
. Y A i
" ket -n ™ ¥ K b
i T I Y T T I
& ¥ & B @ 3
il
]
S9

http://rcin.org.pl



(CN),Cby(III)(rn-butylamide);(8-OH) S synthesized from (CN),Cby(I1I)(OMe); 3

Table 1. Computed parameters of C-H bonds prone to oxidation: bond dissociation energy

(BDE) and energy needed for heterolytic cleavage of the bond (AE) in kcal/mol, bond orders
(B.O.), charges (Q), and bond lengths (R) in A.

Position BDE AE B.O. Qc Qu Rcu QcQu/Rcu
3 92.8 394 094 0.93 -0.08 1.105 -0.069
8 86.0 27.4 091 0.05 0.07 1.109 0.003
13 87.9 31.8 093 -0.22 0.11 1.108 -0.022
18 98.3 60.7 0.89 -0.07 0.16 1.111 -0.010
S10

http://rcin.org.pl



[
N
oo

o

anNOoocaonNaonNonNZzZzzzaonooooonoooooonoooaoonooaoaonooaaQ

BP/def2-TZVP//BP/def-SVP Total energy = -4868.048405604 a.u.
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Atomic coordinates and total energy
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8.9949694
11.9360724
7.2470987
7.3675579
7.1548983
8.4090968
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10.9725468
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13.3668978
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-1.4132848
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21.8253402
16.6426589
16.0971021
17.5813819
13.9467918
15.4979482
15.1559970
14.8635439
13.8800791
15.2424886
16.6315631
14.2331232
14.6826148
25.8830821
18.8876547
15.0170173
12.1062126
15.7991498
18.9079381
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10.8681459
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6.7476415
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7.6530241
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8.9844309

One imaginary frequency is found (-10.21 cm™)
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(CN),Cby(III)(3-methoxypropylamide),(8-OH)
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(CN),Cby(III)(3-methoxypropylamide),(8-OH)
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(CN),Cby(III)(methylamide),(8-OH)
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(CN),Cby(III)(3-morpholinepropylamide)7(8-OH)
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(CN),Cby(III)(3-morpholinepropylamide)7(8-OH)
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(CN),Cby(III)(rn-butylamide)q(c-(2-hydroxyethylamide))(8-OH) 14
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(CN),Cby(III)(rn-butylamide)s(c-(2-hydroxyethylamide))(8-OH)
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(CN),Cby(III)(n-butylamide)q(c-(2-hydroxyethylamide))(8-OH)
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(CN),Cby(III)(rn-butylamide)s(c-(2-hydroxyethylamide))(8-OH) 14

2D NMR COSY
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(CN),Cby(III)(rn-butylamide)s(c-(2-hydroxyethylamide))(8-OH) 14

2D NMR HMBC
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(CN),Cby(III)(rn-butylamide)s(c-(2-hydroxyethylamide))(8-OH)

2D NMR HSQC
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(CN),Cby(III)(c-propargylamide)
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(CN),Cby(III)(c-propargylamide) 16
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(CN),Cby(III)(2-hydroxyethylamide)s(c-propargylamide)

1.2256
1.3342
1.5107
1.5470
1.5896
1.6485
1.7165
1.8042
1.8304
1.8877
1.9631
1.9975
2.0917
2.1374
2.1882
2.2623
2.3410

22139 ——
2.4540

D

i

EtoH L

N1

2.5540
2.5810

2.7784 ——

3.0319 ——
3.0704 —/_
3.0844
3.1524

.\

3.1671
3.2195
3.2744
3.2965
3.3214
3.3621
3.4039
3.5512
3.6078
3.7904
3.9051
4.3530
4.3899

e
4.6815 —_
4.7774

N =S

7.6138
7.6498

\l

7.8964 —
7.9906 —

8.2577 —
8.4281 ——

EtOH

e

YV

WAANAY

YIAY

1.679

2.008
2.232
2.077

0.867

1.810

1.088
1.099

1.996
0.971

S29

http://rcin.org.pl

17

7.2 6.8 6.4 6.0 5.6 5.2 4.8 4.4 4.0 3.6 3.2 2.8 2.4 2.0 1.6 1.2

7.6

PPM 8.0



(CN),Cby(III)(2-hydroxyethylamide)s(c-propargylamide)
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(CN),Cby(1II)(methylamide)(c-(N-propargyl)lactam)
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(CN),Cby(1II)(methylamide)(c-(N-propargyl)lactam)
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(CN),CbydII)(10-NHCO-but-3-yn)
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(CN),CbydII)(10-NHCO-but-3-yn)
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(CN),Cby(III)(2-hydroxyethylamide);(10-NHCO-but-3-yn)
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We performed the reaction of vitamin B;, with N,N-dimethyl-
formamide dimethyl acetal for primary amide activation, and added
MeOH as a nucleophile, to afford cobalester, the first amphiphilic
cobalamin derivative. The unique combination of redox properties
and solubility represents an asset for its use as a catalyst in C-C
bond forming reactions.

Among many biologically important metals, Co, in the form of
vitamin By, (cyano-cobalamin 1), plays a unique role."” By, co-
enzymes are indispensable for catalyzing enzymatic rearrangements
(coenzyme Bj,, adenosylcobalamin) and methylation reactions
(methylcobalamin)." The special ability of vitamin By, (1) and other
corrinoids to form a Co-C bond, combined with its facility in
furnishing alkyl radicals via homolysis, has attracted the interest
of many researchers, because corrinoids can be used as catalysts for
C-C-bond forming reactions, which belong to the most challenging
processes in organic synthesis.> These catalytic reactions typically
involve alkyl-cobalt complexes, which are formed in reactions of
Co(1) species and an electrophile or a Co(n) and a radical.” The most
common chemical procedure utilizes the ‘supernucleophilicity’ of
the Co(1) species (By,s) toward alkylating agents, such as alkyl
halides. Homolysis of the Co-C bond generates a carbon-centered
radical, which can, in situ, disproportionate, abstract H®, or self-
couple. In these reactions, By, alkyl derivatives can be considered
‘reversible carriers’ of an alkyl radical.

To study the catalytic function of corrinoids in the hydrophobic
microenvironment of enzyme active sites, Hisaeda and co-workers
used cobyrinic acid derivatives as artificial enzymes. They were
successfully used for dehalogenation, rearrangement, and ring
expansion reactions.*” These corrinoids, devoid of the nucleotide

“ Institute of Organic Chemistry Polish Academy of Sciences, Kasprzaka 44/52,
01-224 Warsaw, Poland. E-mail: dorota.gryko@icho.edu.pl;
Web: http://ww2.icho.edu.pl/Gryko_group/index.html; Fax: +48 22 632 66 81
b Department of Engineering Science, Aarhus University, Denmark
1 Electronic supplementary information (ESI) available: Detailed synthetic pro-
cedures, full characterisation of new compounds, biological tests and stability
tests. CCDC 981457. For ESI and crystallographic data in CIF or other electronic
format see DOI: 10.1039/c4cc01064g

4674 | Chem. Commun., 2014, 50, 4674-4676
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loop, possess chemical and physical properties different from those
of the parent vitamin B,,. Importantly, in alkylcobalamins, the
nucleotide enhances the ease of abstraction of the cobalt-alkyl
group by an electrophile.®

We hypothesized that a hydrophobic derivative that retained the
nucleotide loop would provide a better model for such haloenzymes
and serve as better catalysts for organic reactions. This B, derivative
would require the conversion of the primary amide groups of
cobalamin into esters. Typically, transformation of primary carbox-
amides into esters entails harsh reaction conditions. Brocchetta’
and Myers,"® however, showed that primary amides can be selec-
tively activated and transformed into esters or secondary amides
under mild conditions via the formation of formamidine, which
subsequently reacts with nucleophiles (Table 1). Because the sec-
ondary amides remained intact, we reasoned that this methodology
might be promising for selective modification of the primary
amides in vitamin B, leaving the nucleotide unaffected.

Table 1 Synthesis of cobalester (3) and cobinester (5)

CONH,

COMe

CONH,

CO,Me

\_~CONH, Meo.C L~ _COMe
2% e
DMF-DMA (2)
_DMF-DMA @) _
MeOH
MeO,C.

o S\ -CONH; ¢ 1 CoMe
o

Lo e

W OR

Entry R X Substrate Product
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General Information

All solvents and chemicals used in the syntheses were of reagent grade and were used without
further purification. Tested compounds were greater than 95% chemical purity as measured by
elemental analysis. A microvave-assisted synthesis was performed using microwave oven
CEM Discover. UV-vis absorption spectra were measured on Jenway 7315 spectrometer and
Perkin Elmer A-25 at room temperature. High resolution ESI mass spectra were recorded on a
Mariner and SYNAPT spectrometer. 'H and ?CNMR spectra were recorded at rt on Bruker
500 and Varian 500 MHz instruments with TMS as an internal standard. DCVC (dry column
vacuum chromatography)' was performed using Merck Silica Gel (200-300 mesh) and Silica
Gel 90 C18 (Fluka). Thin layer chromatography (TLC) was performed using Merck Silica
Gel GF254, 0.20 mm thickness.

Partition n-octanol/water coefficient Pow was determined using standard shake-flask method.?

Concentrations were determined using UV-Vis spectroscopy.

HPLC Measurement conditions: Column: Eurospher 11 100-5 C18 250 mmx4.6 mm (Knauer)
with a precolumn; detection: UV-Vis, wavelength: A=361 nm; flow rate: 1ml/min;
pressure: 10 Mpa, Temperature: 30 °C. HPLC method:

Time [min] H,0 [%] MeCN [%)]
initial 99 1
15 30 70
15 30 70

Diffractions experiments were performed on Bruker APEX-II CCD apparatus and the

crystal structure was solved using SHELXL-97 software.
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Cobalester (3) synthesis procedure

Cyanocobalamin (1) (15.0 mg, 0.011 mmol) was dissolved
in a degased mixture of HFIP/MeOH (0.5 ml; 1:1), in a
pressure tube equipped with a stirring bar. DMF-DMA (88
ul, 0.662 mmol) was added. The reaction mixture was
vigorously stirred at 60 °C for 48 h in anaerobic
conditions. It was then diluted with DCM (30 ml) and
washed with brine (5 ml). The organic layer was

-OnP. .0 concentrated in vacuo giving a red residue. It was
E\OH dissolved in Et,O (5 ml) and precipitated with hexane (20
ml. The crude product was purified using reverse phase column chromatography (gradually
from 2.5 to 15% MeOH in water). Recrystalization from CHCls/hexane gave a red solid (11
mg; 72%). Rt 0.32, 20% MeOH in DCM/Toluene (1:1). logPow = 0.70. HRMS ESI (m/z)
calcd for CeoHosCONgO20P [M+H]" 1445.5732, found 1445.5707. UV/Vis (H20): Amax (€) =
278 (1.44x10%), 361 (2.54x10%), 549 (8.23x10%). UV/Vis (DMSO): Amax (€) = 277 (1.89x10%),
362 (2.66x10%), 547 (9.42x10%). UV/Vis (DCM): hmax (€) = 277 (1.51x10%), 361 (2.52x10%,
547 (8.65x10%). UV/Vis (1-octanol): Amex () = 276 (1.48x10%), 362 (2.58x10%), 518
(7.52x103), 550 (8.63x103) Anal. calcd. for CegHgaCoNgO2P + 3H,0: C 54.54, H 6.96, N
7.17; found: C 54.17, H 7.35, N 7.17."H NMR (500 MHz, [D4]MeOH): 6 = 7.29 (s, 1H), 7.15
(s, 1H), 6.53 (s, 1H), 6.30 (d, J = 3.1 Hz, 1H), 6.01 (s, 1H), 4.77-4.71 (m, 1H), 4.37-4.30 (m,
1H), 4.18 (t, J = 3.3 Hz, 1H), 4.15-4.10 (m, 2H), 4.06-4.03 (m, 1H), 3.86-3.81 (m, 1H), 3.78-
3.70 (m, 14H), 3.69 (s, 3H), 3.65 (s(br), 1H), 3.51-3.48 (m, 1H), 3.45 (s, 3H), 2.91-2.87 (m,
1H), 2.82-2.45 (m, 19H), 2.31-2.26 (m, 7H), 2.21-2.06 (m, 3H), 1.98-1.84 (m, 7H), 1.77-1.70
(m, 1H), 1.40 (s, 3H), 1.35 (s, 3H), 1.29-1.23 (m, 8H), 1.19-1.11 (m, 4H), 0.46 (s, 3H) ppm.
3C NMR (125 MHz, [D4]MeOH): 6 = 181.2, 180.1, 177.9, 175.1, 174.9, 174.4, 173.92,
173.90, 173.7, 173.1, 172.1, 167.12, 167.07, 143.5, 138.2, 135.6, 134.0, 131.5, 117.6, 112.6,
108.2, 105.5, 95.5, 88.1, 86.1, 83.6, 76.5, 70.7, 61.8, 60.5, 58.0, 56.1, 55.2, 52.9, 52.6, 52.4,
52.37, 52.3, 51.9, 51.7, 46.8, 43.1, 42.4, 40.6, 34.2, 33.8, 33.1, 32.7, 32.1, 31.7, 31.6, 28.7,
26.9, 26.5, 20.8, 20.6, 20.4, 20.3, 20.09, 20.06, 17.8, 17.0, 16.4, 16.1 ppm.
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Cobinester (5) synthesis procedure

CO;Me Cobinamide (4) (15.0 mg, 0.014 mmol) was dissolved in a
degased mixture of HFIP/MeOH (0.5 ml; 1:1), in a
pressure tube equipped with a stirring bar. DMF-DMA (88
ul, 0.662 mmol) was added. The reaction mixture was
vigorously stirred at 60 °C for 48 h in anaerobic
conditions. It was then diluted with DCM (30 ml) and

washed with brine (5 ml). The organic layer was

concentrated in vacuo giving a red residue. It was
dissolved in Et,O (5 ml) and precipitated with hexane (20 ml. The crude product was
dissolved in DCM, washed with NaCN,q and purified using DCVC (gradually from 2.5 to
10% EtOH in DCM). Recrystalization from AcOEt/hexane gave a purple solid (9.1 mg; 56%).
R; 0.35, 5% EtOH in DCM. HRMS ESI (m/z) caled for CssH73CoNgO14 [M—CN]" 1105.4908,
found: 1105.4904; UV/Vis (DMSO): Amax () = 316 (1.13x10%), 371 (3.07x10%), 550
(1.01x10%, 589 (1.23x10%); Anal. calcd for CssH7sCoN7014+H,0: C 58.48, H 7.01, N 8.52,
found: C 58.13, H 7.00, N 8.43. 1H NMR (500 MHz, [D6]Acetone): 6 = 7.33 (t, J = 4.0 Hz,
1H), 5.73 (s, 1H), 3.92-3.87 (m, 1H), 3.82-3.76 (m, 1H), 3.75-3.64 (m, 14H), 3.61 (s, 3H),
3.56 (s, 3H), 3.42-3.39 (m, 1H), 3.27-3.22 (m, 1H), 3.19-3.17 (m, 1H), 3.11-3.06 (m, 1H),
2.91-2.81 (m, 2H), 2.71-2.62 (m, 2H), 2.56-2.40 (m, 7H), 2.36-2.22 (m, 11H), 2.17-2.08 (m,
2H), 1.86-1.66 (m, 3H), 1.63 (s, 3H), 1.50 (s, 3H), 1.44 (s, 3H), 1.41 (s, 3H), 1.28 (s, 3H),
1.16 (s, 3H), 1.07 (d, J = 6.2 Hz, 3H) ppm. °C NMR (125 MHz, [D6]Acetone): d = 176.84,
176.83, 176.2, 174.6, 173.9, 173.3, 173.0, 172.7, 172.5, 172.4, 172.0, 171.5, 164.3, 163.5,
104.5, 103.6, 91.4, 83.6, 75.6, 67.3, 67.2, 59.2, 57.6, 55.0, 54.2, 52.4, 52.0, 51.9, 51.8, 51.7,
51.6,49.3,47.94,47.91, 47.8,47.4, 46.7, 42.8, 42.0, 40.5, 32.1, 33.6, 32.3, 32.2, 31.9, 31.89,
31.6,31.5,31.4,27.2,26.5,25.6,23.3,22.7,21.3 ppm.
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Optimization of cobalester synthesis

DMF-DMA

temperature, time,
solvent

entry | T[°C] | time [h] solvent ¢ [M] D'\["e';'?'l"p‘ CO“‘[’f/:]SiO” yield [%]

1 t 1 MeOH 0,022 3 11 0

2 45 1 MeOH 0,022 3 66 0

3 45 25 MeOH 0,022 3 100 0

4 45 01 MeOH 0,022 3 100 0

5 60 1 MeOH 0,022 3 100 0

6 60 20 MeOH 0,022 3 100 0

7 60 44 MeOH 0,022 3 100 1

8 60 68 MeOH 0,022 3 100 0

9 60 44 MeOH 0,022 10 100 0
10 | 60 68 MeOH 0,022 10 100 0
11 | 60 25 MeOH/DMF* 0,022 10 100 9
12 | 60 25 MeOH/iPrOH* 0,022 10 100 traces
13 | 60 25 MeOH/CqFs* 0,022 10 100 0
14 | 60 25 MeOH/CHaFsOH* 0,022 10 100 0
15 | 60 25 MeOH/HFIP* 0,022 10 100 61
16 | 60 25 MeOH/CH,CN* 0,022 10 100 0
17 | 60 25 MeOH/DMSO* 0,022 10 100 0
18 | 60 25 MeOH/H,0* 0,022 10 0 0
19 | 60 48 MeOH/DMF* 0,022 10 100 0
20 | 60 48 MeOH/HFIP* 0,022 10 100 72
21 | 60 72 MeOH/HFIP* 0,022 10 100 65
22 | 60 25 MeOH/HFIP* 0,089 10 100 5
23 | 60 25 MeOH/HFIP* 0,011 10 100 38
2% | 60 48 MeOH/HFIP* 0,089 10 100 0
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25 60 48 MeOH/HFIP* 0,011 10 100 54

26 60 48 MeOH/HFIP*** 0,022 10 100 1

27 60 48 MeOH/HF|P**** 0,022 10 100 25

* 1:1 (MeOH:solvent) solvent ratio was used
** equivalents per one amide group

*** 5:1 (MeOH:HFIP) solvent ratio was used
***x 1:5 (MeOH:HFIP) solvent ratio was used

Copy of chromatogram of crude reaction mixture in optimal conditions (entry 20):

[mAU] 1o

800

@
o

[-80

600
[-60

4004

Absorbance
suauoduiod

2004
f20

1815 9
2157 10

30
fmin.]

Reten. Time [min] Area [mAU.s] Height [mAU] Area[%] Height[%] WO5 [min] Peak Purity [-]

1 9,050 349,661 19,543 3,0 2,3 0,22 992
2 10,550 143,427 5,966 1,2 0,7 0,28 995
3 12,400 129,575 6,207 11 0,7 0,32 993
4 13,850 173,528 16,144 15 19 0,18 991
5 15,033 192,671 9,913 17 1,1 0,08 992
6 15,200 1393,044 89,108 12,0 10,3 0,22 990
7 16,183 8865,269 702,957 76,3 81,1 0,22 960
8 17,067 79,079 5,154 0,7 0,6 0,27 993
9 18,150 124,440 6,965 11 08 0,30 995
10 21,567 173,621 5,198 15 0,6 0,57 987
Total 11624,315 867,156 100,0 100,0

Copy of chromatogram of pure cobalester 3:

[maU] [%]

250

1633 2

200

150

Absorbance
swauoduwod

100+

1537 1

. L e

T T T T T 0
5 10 15 20 25 30
Time

Reten. Time [min] Area [mAU.s] Height [MAU] Area[%] Height[%] WO05 [min] Peak Purity [-]

1 15,367 4,064 0,240 0,2 0,1 0,28 999
2 16,333 2695,988 209,654 99,8 99,9 0,22 884
Total 2700,052 209,894 100,0 100,0
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Cyclic voltammetry measurements

Cyclic voltammograms of vitamin B;, (1) and cobalester (3) were recorded in deoxygenated
0.2 M solutions of tris buffer in deionized water (Cgiz = 1.7 MM, Ccopatester = 0.7 mM). A
three-electrode setup was used in both experiments, including glassy carbon working
electrode, Ag/AgCI reference electrode and auxiliary platinum foil (scan rate v = 10 mVs™,
Ar, 20 °C). For a better comparison, E values of the cobalt(I1l) to cobalt(Il) reduction have

been expressed as E~ versus KsFe(CN)s used as a standard in the same experimental

conditions (Eyz = 216 mV).

vitamin By, (1) cobalester (3)

Epc Epa E1/2 Epc Epa E1/2

-0.826 | -0.990 | -0.908 | -0.824 | -0.953 | -0.888

Epc Epa E1/2 Epc Epa E1/2*

-1.042 | -1.206 | -1.124 | -1.040 | -1.169 | -1.104

Cobalester

K3F6(CN)6

Ei [V]

0.216

T T T v T T
= > - e -1.2 -1.0
1.2 1.0 E/V 0.8 0.6 EIV

T T
-0.8 -0.6

Cyclic voltammogram of cobalester (3) and cobalamin (1).
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UV/Vis spectra of cobalamin (1), cobalester (3), and heptamethyl cobyrinate in DMSO

1.00 -
362 nm
0,816 5
i
0.80 - :
: Cobalester (3)
277 nm 1t — — -Cobalamin (1)
0.60 Heptamethyl Cobyrinate
<
0.40
0.20
0.00
250 300 350 400 450 500 550 600 650

A[nm]
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Binding of cobalester 3to IF and TC

The potential biological properties of this new derivative 3 were examined. We tested its
interactions with essential cobalamin transport proteins in an established competition assay,
where the fluorescent B;, conjugate served as a tracer.® Because the peripheral primary amide
groups are essential for binding to transport proteins, the biological properties of cobalester 3
were dubious. Not surprisingly, compound 3 displayed no affinity for either intrinsic factor
(IF) or transcobalamin (TC). This result directly showed that the amide groups are important
in the recognition process. However, these alterations do not preclude cobalester (3) from

becoming a powerful chemical catalyst.

Dissociation experiments were conducted as follows. 1 uM binding protein (TC or IF) was
incubated with 1.1 uM ligand (cobalester (3) or CNCbl (1)) for 10-20 min, whereupon 1.1
uM CBC was added. Increase in fluorescence upon formation of TC-CBC or IF-CBC was
followed. Span between the fluorescence of free CBC in phosphate buffer with 0.05 mg/mL
albumin and the signal of TC-CBC or IF-CBC corresponded to 100% (or 1 uM of the
fluorescing complex). No trace of protein-ligand complex was found after 5 s of incubation,
i.e. all protein was converted to the complex with CBC after this time. The dissociation rate
constants are of above 1 5%,

The equilibrium dissociation constants can be assessed as above 10 uM.

1 1
I TC-(3) + CBC r IF-(3) + CBC
08| A 08| B
= =
= - = o6
G "Mk =15 o [[k=z1sT
m i m i
Q o4t O o4t
O T
'_ —
0.2 02hH
TC-Cbl + CBC L IF-Cbl + CBC
n 1 " 1 L 0
% 20 40 60 80 100 0 20 40 60 80 100
time, s time, s

Binding cobalester (3) to TC (Fig. A) and IF (Fig.B).
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Crystallographic data and crystal structure of cobalester (3)

Formula C207H282C03N34061P3
Space group R3
a 39.7853(10)
Cell Lengths (A) b 39.7853(10)
¢ 14.0608(4)
a 90
Cell Angles (°) B 90
v 120
Cell Volume (A) 19274.6
7,7 Z:3272"0
R factor (%) 5.7
CCDC deposition number 981457

Cobalester (3) crystallized in the trigonal space group, R3. This was unusual for vitamin B,
analogs, which typically form orthorhombic crystals.*” The axial Co-CN bond length in
cobalester (3) (1.872 A) is not significantly different from that in cobalamin (1) (1.858 A).A' In
contrast, the axial Co-N bond to the purine base (2.048 A) is almost 0.04 A longer than that of
cobalamin (1) (2.011 A). The distances from the Co atom to the N atoms of the A and D rings
are shorter than those to the N atoms of the C and B rings (Co-Na 1.885 A, Co-Ng 1.921 A,
Co-Nc 1.942 A, Co-Np 1.900 A).

Crystal structure of cobalester (3) (hydrogen atoms omitted for clarity).
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Stability test

The solubility of cobalester

(3) exhibits features of both (CN)Cbl
(CN).Cby(OMe). It dissolves well in both polar (water, MeOH, DMSQO) and nonpolar
(DCM, CHClI3) solvents. In buffered solutions, the compound was stable for 3 h between pH 7

(1) and

and 2, but at pH = 10, it rapidly decomposed to carboxylic salts. pH Stability was performed

by incubating solutions of cobalester (3) in buffers of pH ranging from 2 to 12 (7x10* M) and

conversion was controlled using HPLC.

entry pH temperature [°C] time [h] conversion [%]
1 2 rt 1 0
2 2 rt 5 4
3 4 rt 1 0
4 4 rt 5 0
5 7 rt 1 0
6 7 rt 5 0
7 7 rt — UV lamp irradiation 1 0
8 7 rt — UV lamp irradiation 5 0
11 7 90 1 11
12 7 90 5 87
13 10 rt 1 80
14 10 rt 5 100
15 12 rt 1 99
16 12 rt 5 100

http://rcin.org.pl
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Optimization of benzylbromides homocoupling

©/\Br
2

NaBHy, solvent, MW

catalyst O
enry | bromide | soent | volume | | SSAWSL | NaBH. | tamperaure | time | e
[mmol] [mI]
1 0.25 iProH 1 15 2.0 120 10 19
2 0.25 iProH 15 2.0 120 15 84
3 0.25 Dioxane 1 15 2.0 120 15 traces
4 0.25 THF 1 15 2.0 120 15 -
5 025 | n-BuOH 1 15 2.0 120 15 80
6 0.25 iProH 1 1 2.0 120 15 84
7 0.25 iProH 1 05 2.0 120 15 86
8 0.25 iProH 1 0.25 2.0 120 15 42
9 0.25 iProH | 025 05 2.0 120 15 37
10 0.25 iPrOH 1 05 1.0 120 15 54
11 0.25 iPrOH 0.25 0.5 0.5 120 15 traces
12 0.25 iPrOH 0.25 0.5 1.0 120 15 traces
13 0.25 iPrOH 0.5 0.5 1.0 120 15 traces
14 0.25 iProH 1 05 2.0 90 15 84
15 0.25 iPrOH 1 05 2.0 60 15 10
16 0.25 iProH 1 - 2.0 90 15 -
17 0.25 iProH 1 05 2.0 (Orﬁfé‘gh) 15 traces
18 0.25 iProH 1 05 2.0 (Orielfé‘:t‘h) 60 58

http://rcin.org.pl
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General bibenzyl synthesis procedure

7N Br NaBH,, iPrOH

cat., microwave R!—

\_ 7/

A MW reaction vessel equipped with a stirring bar was charged with cobalester (3) (1.8 mg,
0.5 mol%) and NaBH, (19 mg, 0.5 mmol). Degased isopropanol (1.0 ml) and subsequently
appropriate benzyl bromide (0.25 mmol) were added under anaerobic atmosphere. The
reaction mixture was heated to 90 °C in a microwave reactor for 15 minutes (maximum power
300 W; ramping time not included). After cooling down to rt it was filtered through a celite
pad and the filtrate concentrated in vacuo. The crude product was purified using column

chromatography.
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Cobalester (3) - *H NMR
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Cobalester (3) - *C NMR
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Cobinester (5) - *H NMR
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Cobinester (5) - *C NMR
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Small Alterations in Cobinamide Structure Considerably

Influence sGC Activation

Maciej Giedyk,” Keith 6 Proinsias,” Sylwester Kurcon,™ Iraida Sharina,”™ Emil Martin,*® and

Dorota Gryko*™

Specially designed B-ring-modified cobalamin derivatives were
synthesized and tested as potential activators of soluble gua-
nylyl cyclase (sGC). Herein, we disclose the influence of sub-
stituents at the c¢- and d-positions in hydrophilic and hydro-
phobic cobyrinic acid derivatives on their capacities to activate

Introduction

Soluble guanylyl cyclase (sGC) is a heme protein that in re-
sponse to NO stimulation catalyzes the conversion of guano-
sine triphosphate (GTP) into cyclic guanosine monophosphate
(cGMP), an important cellular secondary messenger. From
a structural point of view, sGC is a heterodimer composed of
two subunits, a and 3, each having a multidomain organiza-
tion with three distinct functional domains: an N-terminal
heme-binding/regulatory domain, a central signal transducing/
dimerization domain, and a C-terminal catalytic domain." Ac-
tivation of sGC by endogenous NO, a ligand for the enzyme'’s
prosthetic heme group, elevates cellular cGMP levels, affecting
a wide range of physiological processes such as vascular ho-
meostasis, vasorelaxation, angiogenesis, neurotransmission,
and platelet function.*® Therefore, sGC is an important drug
target, especially for the treatment of such cardiovascular dis-
eases as angina pectoris, heart failure, and pulmonary hyper-
tension.”” While various NO-dependent and -independent
pharmacological sGC activators are being developed,®'” they
all target the same heme-binding domain. Hence, new strat-
egies for sGC regulation that are not focused on the heme
domain must be explored.

It was recently reported that dicyanocobinamide ((CN),Cbi)
and its derivatives can directly activate sGC by targeting sites
outside the heme-binding region.""¥ Introduction of other
hydrophilic amides to the peripheral side chains dramatically
improves sGC activation. Hydrophobic cobinamide analogues
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sGC. The presence of the amide group at c-/d-position in co-
byrinic acid derivatives strongly influence the level of sGC acti-
vation. Removal of the d-position altogether has a profound
effect for hydrophobic compounds. In contrast, little differen-
ces were observed in hydrophilic ones.

display a more modest maximal activation, but in contrast
show an improved ECs, value, providing insight into the differ-
ence between hydrophilic and hydrophobic cobalamins.

The exact binding site for cobinamide and its derivatives re-
mains unknown. In-depth structure-activity relationship stud-
ies will generate approaches and tools suitable for identifica-
tion of new sGC binding sites. It is therefore an inspiring task
to carefully investigate this novel mode of sGC activation. The
main goal of this report is to disclose the influence of substitu-
ents at the ¢- and d-positions of cobyrinic acid derivatives on
their capacities to activate sGC, highlighting the role that sub-
stituents at these specific locations play in sGC binding or acti-
vation.

Results and Discussion
Chemistry

We recently reported the selective synthesis of novel cobina-
mide derivatives starting from heptamethyl cobyrinate (1).'*™
A small library of various heptaamides was obtained, among
which hydrophilic product 2, bearing seven ethanolamide resi-
dues, displayed the highest activity toward sGC (Scheme 1).
The replacement of ethanolamide groups with other aliphat-
ic amides led to decreased biological activity, suggesting the
importance of terminal hydroxy groups. It was also shown that
the presence of an OH group at the d-position influences the
activation of sGC. It was therefore apparent that the B-ring of
the corrinoid, within which substituents ¢ and d are located,
plays an important role in binding the enzyme active site. We
decided to scrupulously study this relationship by selective
modifications at certain positions of the parent molecule.
Substituents at ¢- and d-positions are perhaps the easiest to
modify, and their alteration represents a useful means for func-
tionalization of cobalamin derivatives.">™'” Our research group
recently developed a method for removal of the d side chain
from heptamethyl cobyrinate (1)."¥ Palladium-catalyzed cleav-

ChemMedChem 2014, 9, 2344-2350 2344
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General Information

All solvents and chemicals used in the syntheses were of reagent grade and were used without
further purification. Tested compounds were greater than 95% chemical purity as measured by
elemental analysis. A microvave-assisted synthesis was performed using microwave oven
CEM Discover. UV-vis absorption spectra were measured on Jenway 7315 spectrometer and
Perkin Elmer A-25 at room temperature. High resolution ESI mass spectra were recorded on a
Mariner and SYNAPT spectrometer. *H and **CNMR spectra were recorded at rt on Bruker
500 and Varian 500 MHz instruments with TMS as an internal standard. Elemental analyses
were obtained from the Institute of Organic Chemistry PAS. 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.

c-Lactone 11 and c-acid 12 were synthesized according to literature procedures.™

Heptamethyl cobyrinate 1 was obtained from vitamin By,.[?

S2
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(CN),-8-nor-Cby(111)(OH)s 6

CF;CO,°

HO,C

N

CO,H

CO,H

Hexaamethyl ester 5 (30 mg, 0.028 mmol) was dissolved in iPrOH (2 mL). NaOHgyq (2 mL, 4
mol/L) was then added and the mixture was stirred at rt for 20 h after which it was acidified
with TFA (2 mL). PhOH/DCM solution was added (1:1, 10 mL) and the mixture was washed
with water. Organic layer was diluted 10 times with Et,O and extracted with freshly added
water (10 ml). Aqueous layer was then washed with DCM and concentrated in vacuo. Phenol
extraction procedure was repeated twice. Hexaacid 6 was recrystalized from iPrOH/acetone
giving a red solid (20 mg, 70%): mp: 183 °C; UV/Vis (EtOH): Amax (€)=522 (7.40x10°), 492
(7.81x10%), 402 (4.13x10%), 354 (2.29x10%), 272 nm (1.07x10%); HRMS-ESI (m/z) [M-H,0]"
calcd for Cy3Hs5CoNsOg2: 892.3179, found: 892.3165; Anal. calcd. for CssHs7CoF3NsO;s: C
52.79, H5.61, N 6.84, found: C 52.83, H 5.69, N 6.68.

Note: Broadening of peaks in the *H NMR spectrum, caused by the presence of the -CO,H
groups, made it impossible to decipher and consequently high resolution *H or **C spectra

could not be obtained.
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(CN)2-8-nor-be(I | |)(N HCH2CH20H)6 8

Following the reported procedure,® product 8 was isolated as a purple solid (11 mg, 65%):
Ri=0.24 (MeOH/DCM 40%); *H NMR (500 MHz, [D6]DMSO0): §=8.42 (t, J=5.9 Hz, 1H),
8.38 (t, J=5.5 Hz, 1H), 8.10 (t, J=5.5 Hz, 1H), 7.96 (t, J=5.5 Hz, 1H), 7.89 (t, J=5.5 Hz, 1H),
7.60 (t, J=5.5 Hz, 1H), 5.56 (s, 1H), 4.90-4.82 (m, 2H), 4.67 (bs, 3H), 4.55 (bs, 1H), 4.37 (d,
J=8.7 Hz, 1H), 3.69 (d, J=17.8 Hz, 1H), 3.60 (d, J=10.5 Hz, 1H), 3.48-3.35 (m, 13H
including residual Et,0), 3.26-3.00 (m, 14H), 3.83-3.73 (m, 2H), 2.66-2.61 (m, 1H), 2.45-
2.34 (m, 3H), 2.31-2.24 (m, 1H), 2.23-2.13 (m, 9H), 2.10-1.97 (m, 5H), 1.91 (bs, 1H), 1.82-
1.71 (m, 3H), 1.66-1.58 (m, 2H), 1.49 (s, 3H), 1.33 (s, 3H), 1.30 (s, 3H), 1.22 (s, 3H), 1.13 (s,
3H), 1.11-1.03 ppm (m, 9H including residual Et,0); **C NMR (125 MHz, [D6]DMSO):
0=175.7, 175.5, 175.3, 172.4, 171.29, 171.25, 170.7, 170.6, 169.3, 167.8, 164.1, 162.5, 102.9,
101.5, 82.4, 74.9, 64.8, 62.0, 59.81, 59.76, 59.7, 59.5, 58.0, 56.0, 55.0, 52.8, 48.2, 46.0, 45.9,
45.0,42.0, 41.8, 41.6, 41.54, 41.49, 40.0, 39.83, 39.76, 39.7, 39.6, 39.5, 39.3, 39.2, 39.0, 38.5,
35.5, 32.2, 32.0, 31.0, 30.8, 25.4, 23.7, 21.7, 19.3, 18.5, 17.7, 16.0 ppm; UV/Vis (MeOH):
Amax (€)=578 (8.83x10%), 538 (7.75x10%), 367 (2.53x10%), 308 (9.43x10°), 276 nm (1.10x10%);
HRMS-ESI (m/z) [M+Na]" calcd for CsgHgsCoN1,0O1oNa: 1199.6540, found: 1199.5634;
Anal. calcd. for CsgHgsCoN1201, + 5H,0: C 53.07, H 7.56, N 13.26, found: C 53.05, H 7.46,
N 13.22.
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(CN),-7,8-nor-Cby(I11)(OMe)s 10

CO,Me

COMe CO,Me

(15 mg, 0.015 mmol) was dissolved in decalin (1 mL) in a MW test tube equipped with a
stirring bar. It was degassed using vacuum-argon procedure and placed in microwave reactor.
All manipulations were carried out in anaerobic conditions, in the darkness. The reaction
mixture was heated to 210 °C (150W) for 5 minutes (ramping time not included). After
cooling down to r.t. it was treated with degassed glacial acetic acid (3 mL) and zinc dust (600
mg, 9.2 mmol). The reaction mixture was vigorously stirred for 2 minutes at r.t., filtered
through a celite pad and washed with MeOH/DCM (5%) solution. It was neutralized with
NaHCOgz,q and organic layer was washed with NaCNgq, dried over Na,SO,, filtered, and
concentrated in vacuo. Compound 10 was then purified using DCVC, 0-5% MeOH in DCM.
Recrystalization from benzene/pentane gave a red solid as a mixture of two epimers (4.9 mg,
35%): Ri=0.31 (MeOH/DCM 6%); UV/Vis (DCM): Amax (€)=276 (7.23%10%), 313 (6.55%10),
370 (1.83x10%), 546 (6.04x10%), 586 nm (7.29x10%); HRMS-ESI (m/z) [M—CN]" calcd for
C6Hs1CON5010: 904.3907, found: 904.3911; Anal. calcd for C47Hg3CONgO19+2H,0: C 58.38,
H 6.98, N 8.69, found: C 58.72, H 6.87, N 8.31.

It was impossible to obtain a clear and precise *H NMR spectra and a **C spectrum was not
recorded because the compound exists as a mixture of epimers and additionally splitting of

peaks caused by the labile cyano ligand was observed.
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(CN),Cby(111)(c-NHCH,CH,0OH)(OMe)s 13

CO,Me

CO,Me

Following the reported procedure,'® product 13 was isolated as a purple solid (37 mg, 80%):
R=0.55 (EtOH/DCM 10%); mp: 113 °C; *H NMR (500 MHz, [D6]Acetone): 6=7.18 (t, J=5.2
Hz, 1H), 5.77 (s, 1H), 3.86 (d, J=10.2 Hz, 1H), 3.74-3.70 (m, 8H), 3.65 (s, 3H), 3.64 (s, 3H),
3.60 (s, 3H), 3.56 (s, 3H), 3.44-3.40 (m, 2H), 3.24-3.19 (m, 2H), 3.10-3.05 (m, 1H), 2.93-2.80
(m, 4H), 2.66-2.42 (m, 9H), 2.36-2.27 (m, 5H), 2.26-2.18 (m, 3H), 2.17-2.09 (m, 6H), 1.87-
1.79 (m, 5H), 1.66-1.58 (m, 1H), 1.54 (s, 3H), 1.45 (s, 3H), 1.42 (s, 3H), 1.33 (s, 3H), 1.19
ppm (s, 3H); *C NMR (125 MHz, [D6]Acetone): 6=176.7, 176.5, 174.2, 173.9, 173.24,
173.16, 173.0, 172.61, 172.58, 170.4, 164.1, 162.2, 107.5, 103.2, 92.0, 83.7, 75.5, 61.5, 61.3,
59.5, 59.2, 57.6, 54.1, 52.5, 52.07, 52.06, 51.9, 51.8, 51.63, 51.58, 47.5, 47.4, 47.0, 43.73,
43.71, 43.6, 42.4, 40.4, 34.1, 32.9, 31.9, 31.8, 31.5, 31.4, 30.3, 30.1, 30.0, 29.8, 29.7, 29.5,
29.3, 26.6, 26.5, 25.6, 22.7, 19.7, 19.2 ppm; UV/Vis (DCM): Amax (£)=589 (9.44x10%), 549
(7.68x10%), 372 (2.38x10%), 315 (8.42x10°%), 229 nm (2.95x10%); HRMS-ESI (m/z) [M+Na]*
calcd for CssH76CoN7O14Na: 1140.4688, found: 1140.4691; Anal. calcd. for CssH76CoN7O14:
C 59.08, H 6.85, N 8.77, found: C 59.30, H 7.03, N 8.53.
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(CN),Cby(l11)(c-lactone)(d-NHCH,CH,OH)(OMe)s 15

CO;Me o)

CO,Me CO,Me

Following the reported procedure,'® product 15 was isolated as a purple solid (56 mg, 54%):
R~=0.55 (EtOH/DCM 10%); mp: 130 °C; *H NMR (500 MHz, [D6]Acetone): §=6.88 (t,
J=5.2 Hz, 1H), 5.77 (s, 1H), 3.95 (d, J=9.4 Hz, 1H), 3.95 (d, J=9.2 Hz, 1H), 3.74 (s, 3H),
3.71-3.64 (m, 10H), 3.58 (s, 3H), 3.40-3.37 (m, 2H), 3.253 (t, J =5.5 Hz, 1H), 3.12-3.09 (m,
2H), 3.07 (s, 1H), 2.94-2.89 (m, 2H), 2.84-2.80 (m, 1H), 2.72-2.65 (m, 2H), 2.63-2.44 (m,
6H), 2.42-2.22 (m, 11H), 2.20-1.15 (m, 1H), 2.12-2.07(m, 2H), 1.91-1.79 (m, 3H), 1.76 (s,
3H), 1.53 (s, 3H), 1.47 (s, 3H), 1.45 (s, 3H), 1.32 (s, 3H), 1.17 ppm (s, 3H); *C NMR (125
MHz, [D6]Acetone): $=179.3, 177.2, 176.6, 174.1, 173.28, 173.27, 173.1, 173.0, 172.6,
172.0, 167.2, 163.9, 161.2, 105.0, 104.9, 95.8, 88.6, 83.8, 76.1, 61.9, 61.7, 59.3, 57.7, 54.3,
52.5, 52.1, 52.0, 51.8, 51.7, 51.0, 48.2, 46.7, 43.3, 43.1, 43.0, 42.93, 42.90, 41.9, 40.4, 34.0,
33.0, 32.6, 32.0, 31.4, 30.9, 30.6, 30.3, 30.1, 30.0, 29.8, 29.7, 29.5, 29.3, 26.5, 25.5, 23.3,
22.6, 19.8 ppm; UV/Vis (DCM): Amax (€)=592 (1.20x10%), 553 (1.02x10%), 369 (3.15x10%,
318 (9.97x10%), 230 nm (3.74.x10%); HRMS-ESI (m/z) [M+Na]* calcd for Cs4H7,CoN;O14Na:
1124.4367, found: 1124.4398; Anal. calcd. for CssH72CoN;O.4: C 58.85, H 6.58, N 8.90,
found: C 58.77, H 6.81, N 8.67.
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(CN),Cby(111)(c-acid)(d-NHCH,CH,OH)(OMe)s 16

CO;Me
COzH

CO,Me

CO,Me

Following the reported procedure,® product 16 was crudely purified and used as a purple
solid without further purification. HRMS-ESI (m/z) [M-CN]" calcd for Cs3H74CONgOua:
1077.4595, found: 1077.4596.

Note: Broadening of peaks in the *H NMR spectrum, caused by the presence of the -CO,H
groups, made it impossible to decipher and consequently high resolution *H or **C spectra

could not be obtained.
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(CN),Cby(111)(c,d-NHCH,CH,OH),(OMeg)s 17

OH

CO,Me CO,Me

Following the reported procedure,'® product 17 was isolated as a purple solid (9 mg, 60%):
R=0.43 (EtOH/DCM 10%); mp: 127 °C; *H NMR (500 MHz, [D6]Acetone): §=7.06 (t,
J=5.1 Hz, 1H), 7.86 (t, J=5.1 Hz, 1H), 5.86 (s, 1H), 3.92 (d, J=9.9 Hz, 1H), 3.77-3.68 (m,
9H), 3.65 (s, 3H), 3.64 (s, 3H), 3.56 (s, 3H), 3.44-3.37 (m, 4H), 3.27-3.20 (m, 2H), 3.12-3.07
(m, 3H), 2.97-2.87 (m, 3H), 2.84-2.81 (m, 1H), 2.66-2.60 (m, 2H), 2.58-2.43 (m, 6H), 2.35 (s,
3H), 2.27-2.12 (m, 12H), 1.89-1.82 (m, 2H), 1.80-1.77 (m, 4H), 1.51 (s, 3H), 1.46 (s, 3H),
1.42 (s, 3H), 1.34 (s, 3H), 1.19 ppm (s, 3H); *C NMR (125 MHz, [D6]Acetone): §=177.1,
177.0, 176.7, 174.2, 173.6, 173.5, 173.20, 173.17, 173.0, 172.6, 170.4, 164.0, 162.5, 107.2,
103.3, 92.2, 83.8, 75.6, 62.0, 61.8, 61.5, 61.4, 60.1, 59.3, 57.6, 54.1, 52.5, 52.1, 52.0, 51.8,
51.69, 51.67, 47.4, 47.3, 46.9, 43.7, 43.11, 43.08, 42.3, 40.4, 34.1, 33.3, 32.9, 32.3, 31.9, 31.8,
31.1, 30.3, 30.1, 30.0, 29.6, 29.5, 29.3, 28.5, 26.2, 25.4, 23.3, 22.6, 19.6 ppm; UV/Vis
(DCM): Amax (€)=590 (1.03x10%), 550 (8.59x10%), 371 (2.72x10%), 316 (9.30x10%), 229 nm
(3.42x10%); HRMS-ESI (m/z) [M+Na]" calcd for CsgHoCoNgO1sNa: 1169.4945, found:
1169.4946; Anal. calcd. for CssH79CoNgO14 + H,0: C 57.72, H 7.01, N 9.62, found: C 57.55,
H 7.10, N 9.56.
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(CN),Cby(111)(d-NHCH,CH,OH)(OMe); 18

CO,Me

CO,Me CO,Me

Following the reported procedure,! product 18 was isolated as a purple solid (19 mg, 63%):
R~=0.55 (EtOH/DCM 10%); mp: 125 °C; *H NMR (500 MHz, [D6]Acetone): §=6.79 (t,
J=5.1 Hz, 1H), 5.82 (s, 1H), 3.94 (d, J=9.0 Hz, 1H), 3.75-3.73 (m, 4H), 3.69-3.65 (m, 13H),
3.56 (s, 3H), 3.45 (t, J=5.1, 1H), 3.37 (t, J=5.7, 2H), 3.21 (t, J=5.0 Hz, 1H), 3.12-3.04 (m,
2H), 2.91-2.79 (m, 3H), 2.71-2.64 (m, 2H), 2.62-2.42 (m, 6H), 2.35-2.29 (m, 4H), 2.28-2.07
(m, 10H), 1.97-1.81 (m, 4H), 1.66 (s, 3H), 1.50 (s, 3H), 1.46 (s, 3H), 1.41 (s, 3H), 1.31 (s,
3H), 1.16 ppm (s, 3H); °C NMR (125 MHz, [D6]Acetone): 6=177.3, 176.7, 176.5, 174.2,
1735, 173.2, 173.1, 173.0, 172.7, 171.4, 164.5, 163.9, 104.6, 103.3, 91.7, 83.7, 75.6, 62.0,
61.9,59.1,57.7,55.9, 54.2, 52.5, 52.0, 51.94, 51.91, 51.8, 51.7, 48.9, 47.4, 46.6, 43.09, 43.06,
42.9, 41.9, 40.3, 34.2, 33.0, 32.8, 32.3, 32.0, 31.4, 31.2, 30.3, 30.1, 30.0, 29.8, 29.7, 29.5,
29.3, 28.8, 26.3, 25.5, 23.3, 22.6, 19.7, 19.4 ppm; UV/Vis (DCM): Amax (€)=589 (1.00x10%),
547 (8.48x10%), 371 (2.60x10%), 315 (9.13x10°%), 229 nm (3.35x10%; HRMS-ESI (m/z)
[M+Na]* calcd for CssH76CoN;OsNa: 1140.4680, found: 1140.4703; Anal. calcd. for
CssH76CoN7014: C 59.08, H 6.85, N 8.77, found: C 58.79, H 6.81, N 8.63.
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(CN),-7,8-nor-Cby(111)(OMe)s 10
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(CN),Cby(111)(c-NHCH,CH,OH)(OMe)s 13
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Cobalester, a natural nontoxic vitamin B3, derivative, was found to
catalyse unusual olefinic sp? C—H alkylation with diazo reagents as
a carbene source instead of the expected cyclopropanation.

Diazocarbonyl compounds are important and useful reagents in
organic chemistry due to their ease of integration into numerous
chemical transformations under mild conditions." Particularly,
they are utilised in cyclopropanation, direct insertion into sp*
C-H, aromatic sp” C-H, and sp C-H bonds as well as heteroatom-H
bonds.>” Until recently, C-H functionalisation was mainly achieved
with Rh and Cu catalysts,'? along with other group 11 metals.®
Nowadays, methodologies avoiding the use of harmful and
toxic reagents have attracted a lot of attention with Fe,” Co,*°
and Cr'' being recognised as valuable catalysts.

In this regard, vitamin B, (1, Cbl, cobalamin, Fig. 1), being a
natural, environmentally benign Co-complex, bears advantages
over other transition metal compounds. Its catalytic properties are
inherently connected with the ability to form alkyl derivatives via
Co(n) and Co(i) reduced forms.'* To date, ‘supernucleophilicity’ of
the Co(1) species (B1,s) and radical character of the Co(u) form (B;,r)
have been investigated in numerous chemical reactions, such as
dehalogenation, additions to activated alkenes, functional group
migration, dimerisation, cyclopropanation and cyclopropane
ring opening.” In 2004 Chen and Zhang reported that the
reaction of styrenes with ethyl diazoacetate (EDA) in the presence
of (HO)Cbl led to cyclopropane derivatives (Scheme 1).*

Their proposed mechanism suggests that the reaction involves
the formation of Co(u) species that when reacted with EDA
generates a C-centred alkylcobalamin radical. On the other hand,
carbene complexes, formed via reaction of diazo compounds with
metal salts, including cobalt, are known to trap nucleophiles
and insert into C-H bonds.’® On this basis, we questioned

Institute of Organic Chemistry Polish Academy of Sciences, Kasprzaka 44/52,

01-224 Warsaw, Poland. E-mail: dorota.gryko@icho.edu.pl;
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i Electronic supplementary information (ESI) available: Details of optimization
and mechanistic studies, and spectroscopic data for all new compounds. See DOI:
10.1039/c5¢cc07363d

This journal is © The Royal Society of Chemistry 2016
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Maciej Giedyk, Katarzyna Goliszewska, Keith ¢ Proinsias and Dorota Gryko*

1 R = NH,, vitamin B4, Cbl
2 R = OMe, cobalester, Cble

Fig. 1 Structure of vitamin By, and cobalester.

whether and how diazo reagents, those of electrophilic character,
would react with ‘supernucleophilic’ B;,s. We presumed that
the reaction should provide alkylcobalamins that upon heating
or light irradiation would generate radicals that could either
disproportionate, abstract H®, or self-couple.

Our recent investigations into vitamin B;,-catalysed dimer-
isation of benzyl bromides led us to use newly developed
cobalester (2, Cble(III)) as a catalyst for the designed reaction.'®
Firstly, EDA was reacted with cobalester (2) in the presence of
a reducing system (Zn/NH,CI) to prove the formation of hypo-
thesised alkylcobalamin. Indeed, mass spectrometry analysis (ESI
MS) of the reaction mixture showed a peak at 1506.8 corresponding
to the desired alkylcobalester (see the ESIt). Following this observa-
tion, EDA was reacted with 1,1-diphenylethene (3) in the presence
of Cble (2) under light irradiation (Scheme 2, Table 1, entry 3).

cobalamin Co(l),_ )<LCOzMe
v CO,Me Zhang's work

/& * f
X Ny Y
cobalester Co(l) )\/\
X CO,Me

this work
Scheme 1 Functionalisation of olefins with EDA.

Chem. Commun., 2016, 52, 1389-1392 | 1389



http://crossmark.crossref.org/dialog/?doi=10.1039/c5cc07363d&domain=pdf&date_stamp=2015-11-29
http://dx.doi.org/10.1039/c5cc07363d
http://pubs.rsc.org/en/journals/journal/CC
http://pubs.rsc.org/en/journals/journal/CC?issueid=CC052007
http://pubs.rsc.org/EN/content/articlepdf/2016/cc/c5cc07363d

Electronic Supplementary Material (ESI) for ChemComm.
This journal is © The Royal Society of Chemistry 2015

Electronic Supplementary Information

for

Cobalt(l)-catalyzed CH-alkylation of terminal olefins, and beyond

Maciej Giedyk, Katarzyna Goliszewska, Keith 6 Proinsias and Dorota Gryko*

http://rcin.org.pl



Table of Contents

1. General information S4

2. Description of general synthetic procedures S5

3. Optimization studies S6

4. Mechanistic considerations S9

4a.  Proposed Mechanism S9
4b.  EPR spectroscopy S10
4c.  Experiment with deuterated reagents S11
4d.  Cobalester (2)-catalyzed saturation of double bonds S12
4e.  Verification of cyclopropane-intermediate mechanism S12
4f. Mass spectrometry studies S13

4g.  Background experiment for reactions of OTMS- and OTBDMS-protected
ketones 9 and 11 S16
5. Scope S17
6. References S23
7. 'Hand *C NMR spectra S24
Ethyl 4,4-diphenylbutanoate (5a) - ‘H NMR S24
Ethyl 4,4-diphenylbutanoate (5a) — *C NMR S25
t-Butyl 4,4-diphenylbutanoate (5b) - *H NMR S26
t-Butyl 4,4-diphenylbutanoate (5b) — *C NMR S27
3-Phenyl-n-propyl 4,4-diphenylbutanoate (5c) - *H NMR S28
3-Phenyl-n-propyl 4,4-diphenylbutanoate (5c) — *C NMR S29
4,4-Diphenylbutanoic acid (5d) - *H NMR S30
4,4-Diphenylbutanoic acid (5d) — **C NMR S31
Ethyl 4,6-diphenyl-6-methylheptanate (5¢) — *H NMR S32
Ethyl 4,6-diphenyl-6-methylheptanate (5¢) — *C NMR S33
Ethyl 4-phenylbutanoate (5f) — *H NMR S34
Ethyl 4-phenylbutanoate (5f) — *C NMR S35
Ethyl 4-(4-fluorophenyl)butanoate (5g) — *H NMR S36
Ethyl 4-(4-fluorophenyl)butanoate (5g) — **C NMR S37
Ethyl 4-(4-methoxyphenyl)butanoate (5j) — *H NMR S38
S2

http://rcin.org.pl



Ethyl 4-(4-methoxyphenyl)butanoate (5j) — **C NMR

Ethyl 4-(3-methoxyphenyl)butanoate (5k) — *H NMR

Ethyl 4-(3-methoxyphenyl)butanoate (5k) — **C NMR

Ethyl 4-(2-methoxyphenyl)butanoate (51) — *H NMR

Ethyl 4-(2-methoxyphenyl)butanoate (51) — **C NMR

Ethyl 3-(cyclopentyl)propionate (5n) — 'H NMR

Ethyl 3-(cyclopentyl)propionate (5n) — *C NMR

Ethyl 4,4-di(2-methylphenyl)but-3-enoate (50) — *H NMR

Ethyl 4,4-di(2-methylphenyl)but-3-enoate (50) — *C NMR

Ethyl 4-oxo-4-phenylbutanoate (10) — *H NMR

Ethyl 4-oxo0-4-phenylbutanoate (10) — **C NMR

Ethyl 4-phenyl-4-(tert-butyldimethylsiloxyl)but-3-enoate (12) — *H NMR
Ethyl 4-phenyl-4-(tert-butyldimethylsiloxyl)but-3-enoate (12) — 1D NOESY
Ethyl 4-phenyl-4-(tert-butyldimethylsiloxyl)but-3-enoate (12) — *C NMR
E- and Z- Ethyl 4-phenyl-4-(N-acetylamine)but-3-enoate (14a) — 'H NMR
E- and Z- Ethyl 4-phenyl-4-(N-acetylamine)but-3-enoate (14a) — *C NMR
Ethyl 4-phenyl-4-(N-acetylamine)butanoate (14b) — *H NMR

Ethyl 4-phenyl-4-(N-acetylamine)butanoate (14b) — *C NMR

Ethyl 4-(phenylthio)butanoate (16) — *H NMR

Ethyl 4-(phenylthio)butanoate (16) — *C NMR

S3

http://rcin.org.pl

S39
S40
S41
S42
S43
S44
S45
S46
S47
S48
S49
S50
S51
S52
S53
S54
S55
S56
S57
S58



1. General Information

v All solvents and chemicals used in the syntheses were of reagent grade and were used
without further purification. High resolution ESI mass spectra were recorded on a Mariner
and SYNAPT spectrometer. 'H and >CNMR spectra were recorded at rt on Bruker 400 and
Varian 600 MHz instruments with TMS as an internal standard. EPR spectrum was recorded
on Magnettech MS200 spectrometer. Thin layer chromatography (TLC) was performed using
Merck Silica Gel GF254, 0.20 mm thickness.

v" ND,Cl used in deuterium experiment contained 98 atom% of deuterium.

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

with two LED light bulbs (300 Lm; warm light).

Emission spectrum of the LED light bulbs used:

200

2
o
s
s
=

x

f2u)

350 400 450 500 550 600 550 700 750 s00 [nm)

v Cobalester (Cble 2) was synthesized according to the reported procedure on 1 g scale.'

<

-OTBDMS-Protected ketone 11 was synthesized according to the reported procedure.’

v' Enamide 13 was synthesized according to the reported procedure.’

v In all reactions activated Zn powder was used. Activation process comprised: 1)
washing with 10% HCI, 2) grinding, 3) washing with water, MeOH and Et,O, 4) drying in

vacuo.
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2. Description of general synthetic procedures

Representative procedure for C-H functionalization of olefins:

Zn/NH,CI, cobalester
MeCN, hv

(2)
RN * NF COEt > R/\“’J\r\cozEt

A reaction vessel equipped with a stirring bar was charged with cobalester (2) (14 mg, 2
mol%), Zn (196 mg, 3.0 mmol) and NH4CI (90 mg, 1.7 mmol). Degassed MeCN (5.0 mL)
was added and then the reaction mixture was vigorously stirred in anaerobic conditions until
cobalester (2) was fully reduced (color change was observed from red to green).
Subsequently, an olefin (0.5 mmol) and ethyl diazoacetate (156 pl, 1.5 mmol) were added and
the reaction was irradiated with visible light from LEDs (300 Lm; warm light). Progress of
the reaction was monitored using thin layer chromatography (TLC). When the reaction was
completed, it was diluted with Et;,O (20 mL), filtered through the cotton wool and

concentrated in vacuo. The crude product was purified by flash chromatography (SiO5).

Representative procedure for hydrogenation step:

. H, Pd/C, EtOH
R X*"Nco,Et

- R/\/\COZEt

Crude olefin was dissolved in EtOH (5.0 mL) and hydrogenated in a flow of hydrogen in the
presence of Pd/C (30 mg) at room temperature for 2 h. The reaction mixture was filtered,
washed with EtOH and concentrated in vacuo. The crude product was purified by flash

chromatography (SiO,).

S5
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3. Optimization studies

Ph CO,Et Ph Ph
/§+ W - = +
Ph X
N, Ph CO,Et Ph CO,Et
3a 4a 5a

1. Background reactions

Entry Light Temperature [°C] Conversion [%] Yield [%] 4a:5a ratio

1 - RT 63 34 1:14
2 LED 15 78 28 1:26
3 LED - 94 74 1:26
4 - 42 94 65 1:13
5 - 60 86 68 1:15

Reaction conditions: Ph,CCH, (0.5 mmol), EDA (3 equiv.), Zn (3 equiv.), NH,CI (3.4 equiv.), catalyst
2 (1 mol%), MeCN (2.5 mL), 18 h

2. Optimization of the solvent

Entry  Solvent Additive Conversion [%] Yield [%]

1 MeCN - n.d. 71
2 Dry MeCN - 85 63
3 Dry DMF - 56 15
4 Dry MeOH - 16 9
5 MeCN H,0 (1 equiv.) 82 46
6 THF H,O (1 equiv.) 80 58
7 Acetone  H,0O (1 equiv.) 74 49

Reaction conditions: Ph,CCH, (0.5 mmol), EDA (3 equiv.), Zn (3 equiv.), NH,CI (3.4 equiv.), catalyst
2 (1 mol%), 18 h, light: 2x300 Lm LED warm light

3. The influence of an amount of NH,ClI

Entry NH.CI [equiv.] Conversion [%] Yield [%]  4a:5a ratio

1 1.1 12 10 n.d.
2 2.2 90 48 n.d.
3 3.4 94 74 27:1
4 4.9 95 70 n.d.
5 5.6 85 63 n.d.

Reaction conditions: Ph,CCH, (0.5 mmol), EDA (3 equiv.), Zn (3 equiv.), NH,CI, catalyst 2 (1 mol%),
MeCN (2.5 mL), 18 h, light: 2x300 Lm LED warm light

S6
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4. Optimization of reaction time

Entry Time [h] Conversion [%] Yield [%0]

1 3 34 12
2 6 53 30
3 18 94 74

Reaction conditions: Ph,CCH, (0.5 mmol), EDA (3 equiv.), Zn (3 equiv.), NH,CI (3.4 equiv.), catalyst
2 (1 mol%), MeCN (2.5 mL), light: 2x300 Lm LED warm light

5. Optimization of EDA equivalents

Entry EDA [equiv.] Conversion [%] Yield [%0]

1 2.0 95 34
2 3 94 74
3 4.0 93 48

Reaction conditions: Ph,CCH, (0.5 mmol), EDA, Zn (3 equiv.), NH,CI (3.4 equiv.), catalyst 2 (1
mol%), MeCN (2.5 mL), 18 h light: 2x300 Lm LED warm light

6. Determination of the optimal concentration

Entry Solvent[mL] Conversion [%] Yield [%0]

1 1 98 56
2 2.5 94 74
3 5 82 42

Reaction conditions: Ph,CCH, (0.5 mmol), EDA (3 equiv.), Zn (3 equiv.), NH,CI (3.4 equiv.), catalyst
2 (1 mol%), MeCN, 18 h light: 2x300 Lm LED warm light

7. The influence of a catalyst loading on the alkylation reaction

Entry Catalyst 2 [% mol] Conversion [%] Yield [%] 4a:5a ratio

1° 0 33 3 n.d.
2 0.5 61 7 n.d.
3 1 94 74 27:1
4 2 97 80 3:1
5P 2 91 86 3.7:1
6 3 99 76 4:1
7 5 100 91 6:1

Reaction conditions: Ph,CCH, (0.5 mmol), EDA (3 equiv.), Zn (3 equiv.), NH,CI (3.4 equiv.),
catalyst 2, MeCN (2.5 mL), 18 h light: 2x300 Lm LED warm light; [a] 5.6 equiv of NH,CI

was used; [b] 5 mL of MeCN was used
S7
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8. Determination of the optimal amount of Zn

Entry Zn[equiv.] NH.CIl[equiv.] Conversion [%] Yield [%] 4a:5a ratio

1 0.9 3.4 50 38 2:1
2 1.8 3.4 93 85 2:1
3 3 3.4 91 86 3.7:1
4 6 3.4 99 91 5:1
5 6 2.2 91 80 8:1
6 6 11 90 79 13:1

Reaction conditions: Ph,CCH; (0.5 mmol), EDA (3 equiv.), Zn, NH4CI, catalyst 2 (2 mol%), MeCN (5
mL), 18 h light: 2x300 Lm LED warm light

9. Thermally induced reactions

Entry Light Temperature [°C] Conversion [%] Yield [%] 4a:5a ratio

1 LED - 99 91 1:50
2 - 42 80 76 1:1.8
3 - 60 90 62 1:25

Reaction conditions: Ph,CCH, (0.5 mmol), EDA (3 equiv.), Zn (6 equiv.), NH,CI (3.6 equiv.), catalyst
2 (2 mol%), MeCN (5 mL), 18 h light: 2x300 Lm LED warm light
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4. Mechanistic considerations

4a. Proposed Mechanism

: r : ¢ CO,Et
N2\vCO2Et Co3+ HZC/ 2 o

hv [H+] 18 hv A /&
CN ' eh
l m " 3a
LS

2 17 19
Ph
Vil Ph)‘\/\CO Et
H\ v B %
Ph
l Ph CO,Et
: Co3+: \1/\/ Vi
1 Vil 3+

2 Co
Ph
hv 20 )\/\
Ph j’h\/\ Ph CO,Et
N 5a
Ph)\/\COZEt Xl Ph CO,Et
4a

5a
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4bh. EPR spectroscopy

Ph Ph

Zn/NH,Cl, cobalester (2) M
Ph/K * N/\ CO,Et > Ph CO,Et

3a MeCN, hv 4a

35000 [au]

30000
25000

20000

15000
10000

5000

0 [mT]
329 330 331 332 333 334 335 336 337 338 339

EPR spectra of the reaction mixture was recorded at 9,3 GHz, after 15 min of stirring;

spin trap: N-tert-Butyl-a-phenylnitrone;
central magnetic field: 333 mT,;

sweep width: 7,9mT;

modulation amplitude: 0,06 mT;

microwave strength: 6,3 mW,

sweep time: 30s;

number of scans: 16

The experiment revealed the presence of radicals in the reaction mixture, suggesting radical

mechanism of the reaction.
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4c. Experiment with deuterated reagents

/1 Ph H D Ph H H
Zn/ND,CI, cobalester (2)
* N COE 4 - N + X
Ph N 2 CD4CN, hv Ph CO,Et Ph CO,Et
3a H H 4

| ratio: 0.78 : 0.22 |

Conditions: substrate (0.5 mmol, 1.0 equiv.), EDA (1.5 mmol, 3 equiv.), cobalester 2 (2
mol%), Zn (6 equiv.), ND4CI (3.4 equiv.), CD3CN (5 mL), light, 18 h

16 634 632 630 628 626 6.24 6.22 620 428426424422 420418416414412410408 406404 3.243223203.183.163343.123.10 308306 30430

To prove the hypothesis of external proton incorporation at the a-position to the ester group,
the experiment with ND4CI in CD3CN was performed. The integration 1.22 for the signal at
3.14 ppm demonstrates that deuterated product is present, though in the mixture with
protonated species (which can be explained by the presence of moisture), in 0.78 : 0.22 ratio.
This result supports the proposed mechanism, in which alkylated cobalester 18 forms from the
reaction of nucleophilic Co(l) species 17 with EDA.
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4d. Cobalester (2)-catalyzed saturation of double bonds

Zn/NH,CI

cobalester (2)
X N X N
CO,Et Ph CO,Et CO,Et Ph COQEt

MeCN, hv

| ratio: 4 : 1 | \ratlo 14:1 |
| |

Conditions: cobalester 2 (2 mol%), Zn (6 equiv.), ND4ClI (3.4 equiv.), MeCN (5 mL), light, 18
h

The mixture of unsaturated product 4a and byproduct 5a (ratio 4:1) was treated with
cobalester (2) in reductive conditions and irradiated with light. After 18 h composition of the
mixture changed to 1.4:1 showing that hydrogenation of olefin 4a can occur after the desired

C-H functionalization, during the reaction.

4e. Verification of cyclopropane-intermediate mechanism

Ph Ph ZNnINH,CI Ph
Rh(OAc), /VCOZEt cobalester (2)
Za —_— - ¥ NS
+ CO,Et
Ph Ny 2 Ph MeCN. hv Ph CO,Et
3a 4a

Substituted cyclopropane was synthesized using standard rhodium-catalyzed approach.* It
was subsequently subjected to our model, cobalt-catalyzed reaction conditions. No conversion
was observed (cyclopropane species was recovered), thus excluding cyclopropane-

intermediate pathway from the considered reaction mechanism.
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4f. Mass spectrometry studies

1) Composition of reaction mixtures were studied using LR mass spectrometry

Ph Ph
/& N Zn/NH,CI, cobalester (2) )\A
Ph N2/ CO,Et MeCN, hv Ph CO,Et
3a 4a
2965 14199
2,8e5
A "
26e81 : PhWCOZEt
2,405 _ +H*
2,2e51 N*\\
N
2,0e5
1
1,85
& 16e5- 17198
2
5 taes
N 1.2e51 14217
1,0e5
8,0e4
’ .
6,0e4 - 1781,1
4,0e4
1507,8 k
2041 13877 1417.5? /1472&“,149@ 1541,0., 1552,6.1557,7 1508,4 1614,3 16330 ki

- - - - - . i 0 i Uil o stttk i i B bl
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Initially, only the catalyst and the catalyst-product complex was observed suggesting high
reaction rate for the alkylation of the catalyst with EDA and subsequent reaction with olefin.
Presumably hydrocobaltation is the slowest step and after 6 h , when the concentration of

EDA decreases, the interaction between the catalyst and olefin 5 becomes competitive.
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LR ESI spectrum shows peak at 1718.9 corresponding to the catalyst alkylated with product

4a. We assume that initially formed unsaturated product can undergo hydrogenation catalyzed
by cobalester (2).
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LR ESI experiment revealed that upon treatment of the reduced catalyst 17 with only EDA,
alkylated cobalester 18 is formed (peaks at 1506.8 and 1538.8). Hence, vitamin B,
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derivatives can be alkylated with diazocompounds. Subjecting EDA to standard reaction

conditions results in dimers, trimers etc. formation.

4)
Ph
1. Zn/NH,CI, cobalester (2), MeCN, hv
Ph/& " NP COsEt g TEMPO, 1 h
3a
1603,0
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1,65+ H
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|
1,2e5 (/N 1718.3
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o
4
-

7
_17407 17987 16281
0f

.........
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When TEMPO was used as a radical scavenger, a cobalester-product-TEMPO adduct was
observed, which further supports the radical mechanism.

4q. Background experiment for reactions of OTMS- and OTBDMS-protected ketones 9 and
11

(0] 0]

)J\ Zn/NH,4CI, cobalester (2) )k/\
Ph + N CO,E X~ ph CO,Et

MeCN, hv

Standard conditions: substrate (0.5 mmol, 1.0 equiv.), EDA (1.5 mmol, 3 equiv.), cobalester 2
(2 mol%), Zn (6 equiv.), NH4CI (3.4 equiv.), MeCN (5 mL), light, 18 h
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In order to prove that the presence of double bond is necessary for C-H functionalization at
the a-position, the reaction of acetophenone with EDA was performed. The reaction led only
to the recovery of ketone, thus excluding the mechanism proposed by Gutsche and Hillman.”

5. Scope and analytical data for newly synthesized compounds

Ethyl 4,4-diphenylbutanoate (5a)°

Ph

Ph)\/\002Et

Anal. calcd for C1gH»005: C 80.56, H. 7.51, found: C 80.66, H 7.59

HRMS ESI calcd for C1gH200, [M+H]" 268.1463, found: 268.1461

'H (400 MHz, CDCly): & = 7.31-7.23 (m, 8H), 7.20-6.97 (m, 2H), 4.10 (q, J = 7.1 Hz, 2H),
3.94 (t, J = 8.2 Hz, 1H), 2.43-2.35 (m, 2H), 2.30-2.24 (m, 2H), 1.23 (t, J = 7.2 Hz, 3H) ppm.°
3C NMR (100 MHz, CDCls): & = 173.4, 144.2, 128.5, 127.9, 126.3, 60.3, 50.6, 32.8, 30.6,
14.2 ppm.

t-Butyl 4,4-diphenylbutanoate (5b)

Ph

Ph)\/\COZ(t—Bu)

Anal. calcd for C5oH240,: C 81.04, H. 8.16, found: C 80.91, H 8.15

HRMS ESI calcd for CoH240,Na [M+Na]* 319.1667, found: 319.1674

'H (400 MHz, CDCls): 6 = 7.29-7.22 (m, 8H), 7.19-7.15 (m, 2H), 3.92 (t, J = 7.9 Hz, 1H),
2.36-2.31 (m, 2H), 2.19-2.15 (m, 2H), 1.43 (s, 9H) ppm.

3C NMR (100 MHz, CDCly): & = 172.8, 144.3, 128.5, 127.9, 126.3, 80.15, 50.5, 34.0, 30.8,
28.1 ppm.
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3-Phenyl-n-propyl 4,4-diphenylbutanoate (5c)

Anal. calcd for CysH260,: C 83.76, H. 7.31, found: C 83.85, H 7.26

HRMS ESI calcd for CsH260,Na [M+Na]* 381.1830, found: 381.1832

'H (400 MHz, CDCls): & = 7.28-7.22 (m, 10H), 7.18-7.13 (m, 5H), 4.05 (t, J = 6.5 Hz, 2H),
3.93 (t, J = 7.8 Hz, 1H), 2.64 (t, J=7.7 Hz, 2H), 2.38 (q, J=7.6 Hz, 2H), 2.26 (t, J = 7.5 Hz,
2H), 1.92 (m, 2H) ppm.

3C NMR (100 MHz, CDCls): & = 173.4, 144.2, 141.2, 128.6, 128.5, 128.4, 127.9, 126.4,
126.1, 63.8, 50.6, 32.8, 32.3, 30.7, 30.3 ppm.

4,4-Diphenylbutanoic acid (5d)°

Ph

Ph)\/\COZH

'H (400 MHz, CDCl3): & = 11.25 (s(br), 1H), 7.29-7.22 (m, 8H), 7.19-7.15 (m, 2H), 3.94 (t, J
= 7.6 Hz, 1H), 2.42-2.36 (m, 2H), 2.33-2.29 (m, 2H) ppm.°
13C NMR (100 MHz, CDCls): § = 179.7, 143.9, 128.6, 127.8, 126.4, 50.4, 32.5, 30.3 ppm.

Ethyl 4,6-diphenyl-6-methylheptanate (5e)

ﬁih
Ph CO,Et

Anal. calcd for CyH»30,: C 81.44, H. 8.70, found: C 81.34, H 8.82

HRMS ESI calcd for CyH,50, [M+H]" 324.2089, found: 324.2095

'H NMR (400 MHz, CDCls): & = 7.26-7.09 (m, 8.9H, overlapping with CHCl5), 6.97-6.94 (m,
2H), 4.04-3.96 (m, 2H), 2.38-2.30 (m, 1H), 2.12-1.97 (m, 2H), 1.95-1.82 (m, 2H), 1.91-1.65
(m, 2H), 1.24 (s, 3H), 1.16 (t, J = 7.1 Hz, 3H), 1.11 (s, 3H) ppm.

3C NMR (100 MHz, CDCl3): & = 173.5, 149.1, 145.9, 128.2, 127.9, 127.8, 125.9, 125.8,
125.4, 60.1, 51.3, 42.2, 38.4, 34.0, 32.4, 30.7, 28.3, 14.2 ppm.
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Ethyl 4-phenylbutanoate (5f)’

'H NMR (400 MHz, CDCls): & = 7.31-7.25 (m, 2H), 7.21-7.16 (m, 3H), 4.13 (q, J = 7.2 Hz,
2H), 2.65 (t, J = 7.8 Hz, 2H), 2.32 (t, J = 7.6 Hz, 2H), 1.96 (quin, J = 7.6 Hz, J = 7.5 Hz, 2H),
1.25 (t, J = 7.1 Hz, 3H) ppm.’

3C NMR (100 MHz, CDCls): & = 173.5, 141.4, 128.5, 128.4, 125.9, 60.2, 35.1, 33.7, 26.5,
14.2 ppm.

Ethyl 4-(4-fluorophenyl)butanoate (5g)°

/©/\/\CozEt
F

'H NMR (400 MHz, CDCls): § = 7.13 (dd, J = 8.5, 5.5 Hz, 2H), 7.01 — 6.92 (m, 2H), 4.13 (q,
J=7.1Hz, 2H), 2.62 (t, J = 7.6 Hz, 2H), 2.30 (t, J = 7.4 Hz, 2H), 1.94 (m, 2H), 1.25 (t, J =
7.1 Hz, 3H). ppm.2

13C NMR (100 MHz, CDCls): & = 173.3, 162.5, 160.1, 137.03, 137.00 129.8, 129.7, 115.2,
115.0, 60.3, 34.3, 33.5, 26.6, 14.2 ppm.

Ethyl 4-(4-methoxyphenyl)butanoate (5j)®

/©/\/\002Et
MeO

'H NMR (400 MHz, CDCls): & = 7.11-7.07 (m, 2H), 6.85-6.80 (m, 2H), 4.12 (q, J = 7.1 Hz,
2H), 3.78 (s, 3H), 2.59 (t, J = 7.6 Hz, 2H), 2.30 (t, J = 7.7 Hz, 2H), 1.92 (quin, J = 7.6 Hz, J =
7.5 Hz, 2H), 1.25 (t, J = 7.2 Hz, 3H) ppm.?

3C NMR (100 MHz, CDCls): & = 173.5, 157.9, 133.5, 129.4, 113.8, 60.2, 55.2, 34.2, 33.6,
26.8, 14.2 ppm.
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Ethyl 4-(3-methoxyphenyl)butanoate (5k)®

MeO
e @MC%H

'H NMR (400 MHz, CDCls): § = 7.21-7.16 (m, 1H), 6.79-6.72 (m, 3H), 4.12 (g, J = 7.2 Hz,
2H), 3.79 (s, 3H), 2.63 (t, J = 7.8 Hz, 2H), 2.32 (t, J = 7.3 Hz, 2H), 1.95 (quin, J = 7.6 Hz, J =
7.4 Hz, 2H), 1.25 (t, J = 7.2 Hz, 3H) ppm.®

3C NMR (100 MHz, CDCls): 6 = 173.4, 159.7, 143.1, 129.3, 120.9, 114.2, 111.3, 60.2, 55.1,
35.2,33.7, 26.4, 14.2 ppm.

Ethyl 4-(2-methoxyphenyl)butanoate (51)®

OMe

'H NMR (400 MHz, CDCls): & = 7.20-7.09 (m, 2H), 6.90-6.81 (m, 2H), 4.12 (q, J = 7.1 Hz,
2H), 3.81 (s, 3H), 2.66 (t, J = 7.7 Hz, 2H), 2.32 (t, J = 7.8 Hz, 2H), 1.92 (quin, J = 7.6 Hz, J =
7.5 Hz, 2H), 1.25 (t, J = 7.2 Hz, 3H) ppm.?

3C NMR (100 MHz, CDCls): & = 173.7, 157.5, 130.0, 127.2, 120.4, 110.2, 60.1, 55.2, 34.0,
29.5, 25.1, 14.2 ppm.

Ethyl 3-(cyclopentyl)propionate (5n)°

: /—CO,Et

'"H NMR (400 MHz, CDCls): & = 4.11 (q, J = 7.2 Hz, 2H), 2.30 (t, J = 7.8 Hz, 2H), 1.81-1.44
(m, 9H), 1.24 (t, J = 7.2 Hz, 3H), 1.15-1.02 (m, 2H) ppm.®
13C NMR (100 MHz, CDCls): & = 174.0, 60.1, 39.7, 33.7, 32.4, 31.2, 25.1, 14.2 ppm.
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Ethyl 4,4-di(2-methylphenyl)but-3-enoate (50)

O N-"co,Et

Anal. calcd for CyoH2,0,: C 81.60, H 7.53, found: C 81.53, H 7.43

HRMS ESI calcd for CxoH2,0,Na [M+Na]* 317.1517, found: 317.1513

'"H NMR (400 MHz, CDCly): & = § 7.22-7.06 (m, 8H), 5.96 (t, 7.2 Hz, 1H), 413 (q, J = 7.2
Hz, 2H), 3.08 (t, J = 7.4 Hz, 2H), 2.32 (s, 3H), 2.09 (s, 3H), 1.25 (t, J = 7.1 Hz, 3H) ppm.

3C NMR (100 MHz, CDCls): & = 171.8, 143.6, 141.7, 139.2, 136.3, 135.6, 130.9, 130.5,
130.4, 129.8, 127.4, 127.0, 125.5, 124.7, 60.6, 35.3, 21.0, 19.9, 14.2 ppm.

Ethyl 4-oxo-4-phenylbutanoate (10)*

o]
Ph)vcozEt
'H NMR (400 MHz, CDCls): & = 8.00-7.94 (m, 2H), 7.58-7.52 (m, 3H), 4.15 (q, J = 7.2 Hz,
2H), 3.30 (t, J = 7.1 Hz, 2H), 2.74 (t, J = 7.2 Hz, 2H), 1.25 (t, J = 7.2 Hz, 3H) ppm.’°
3¢ NMR (100 MHz, CDCl3): 6 = 198.1, 172.8, 136.6, 133.1, 128.6, 128.0, 60.6, 33.4, 28.3,
14.2 ppm.

Ethyl 4-phenyl-4-(tert-butyldimethylsiloxyl)but-3-enoate (12)

OTBDMS
Ph” "> Co,Et
Anal. calcd for C1gH2305Si: C 67.46, H. 8.81, found: C 67.48, H 8.73
HRMS ESI calcd for C1gH2503NaSi [M+Na]* 343.1705, found: 343.1707
'H NMR (400 MHz, CDCls): & = 7.47-7.43 (m, 2H), 7.31-7.25 (m, 3H, overlapping with
CHCls3), 5.29 (t, J = 7.0 Hz, 1H), 4.16 (q, J = 7.2 Hz, 2H), 3.25 (d, J = 7.1 Hz, 2H), 1.27 (t, J
=7.1 Hz, 3H), 0.98 (s, 9H), -0.06 (s, 6H) ppm.
13C NMR (100 MHz, CDCl3): & = 172.1, 151.6, 139.0, 127.92, 127.90, 126.2, 103.0, 60.5,
31.9,25.8,18.3, 14.3, -4.1 ppm
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Ethyl 4-phenyl-4-(N-acetylamine)but-3-enoate (14a)
NHAC
Ph” "o, Et

as a mixture of E/Z stereoisomers with restricted rotation of the C-N amide bond

Anal. calcd for C14H17NO3: C 68.00, H 6.93, N 5.66, found: C 68.14, H 6.98, N 5.43

HRMS ESI calcd for C14H:yNO3Na [M+Na]* 270.1106, found: 270.1111

'"H NMR (400 MHz, CDCls): & = 7.49-7.22 (m, 5H), 7.24 (br s, 0.4H), 6.93 (br s, 0.1H), 6.64
(br's, 0.5H), 6.52 (t, J = 8.0 Hz, 0.5H), 6.02 (t, J = 7.4 Hz, 0.1H), 5.94 (t, J = 7.2 Hz, 0.4H),
4.21-4.08 (m, 2H), 3.28 (d, J = 7.4 Hz, 0.2H), 3.20 (d, J = 7.1 Hz, 0.8H), 3.04 (d, J = 7.8 Hz,
1H), 2.16 (s, 1.2H), 2.04 (s, 1.5H) 1.73 (s, 0.3H), 1.30-1,23 (m, 3H) ppm.

3C NMR (100 MHz, CDCls): & = 172.0, 171.9, 168.2, 137.3, 136.7, 136.5, 128.9, 128.7,
128.5, 128.4, 125.9, 116.0, 110.0, 61.0, 60.7, 34.2, 34.0, 24.5, 23.5, 14.2 ppm

Ethyl 4-phenyl-4-(N-acetylamine)butanoate (14b)

NHAc
Ph CO,Et
Anal. calcd for C14H19NO3: C 67.45, H 7.68, N 5.62, found: C 67.33, H 7.48, N 5.50
HRMS ESI calcd for C14H19NO3Na [M+Na]* 272.1263, found: 272.1265
'H NMR (400 MHz, CDCl3): & = 7.37-7.23 (m, 5H, overlapping with CHCI3), 6.01 (d, J = 4.2
Hz, 1H), 4.98 (g, J = 8.3 Hz, 1H), 4.11 (g, J = 7.2 Hz, 2H), 2.41-2.26 (m, 2H), 2.21-2.03 (m,
2H), 1.97 (s, 3H), 1.24 (t, J = 7.2 Hz, 3H) ppm.
13C NMR (100 MHz, CDCly): & = 173.6, 169.3, 141.5, 128.8, 127.6, 126.5, 60.6, 53.2, 31.3,
30.8, 23.4, 14.2 ppm

Ethyl 4-(phenylthio)butanoate (16)*
Ph\s/\/\COZEt

'H NMR (400 MHz, CDCls): & = 7.36-7.25 (m, 4H), 7.20-7.15 (m, 1H), 4.12 (g, J = 7.2 Hz,
2H), 2.96 (t, J = 7.0 Hz, 2H), 2.45 (t, J = 7.2 Hz, 2H), 1.96 (quin, J = 7.4 Hz, J = 7.3 Hz, 2H),
1.25 (t, J = 7.2 Hz, 3H) ppm.**

3C NMR (100 MHz, CDCls): & = 172.9, 136.1, 129.4, 128.9, 126.0, 60.4, 33.0, 32.9, 24.4,

14.2 ppm.
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7. 'H and **C NMR spectra

Ethyl 4,4-diphenylbutanoate (5a) - *H NMR
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Ethyl 4,4-diphenylbutanoate (5a) - *C NMR
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t-Butyl 4,4-diphenylbutanoate (5b) - *H NMR

Fod PUS 0.
Pt

odHes1—

§1e
Ll'zi
81
61'7— Sy
1€ —
£6°7

sz'zf

95

06°¢
L6'EF S
t76'€/

CO,(t-Bu)

Ph

Ph

SI'L
LrL
61'L

tT'L
iy — == g
ST'L

9z'L
L'l
62'L

S26

http://rcin.org.pl

Foot |

16°1
61'8

0.0

L Rl

S

40



t-Butyl 4,4-diphenylbutanoate (5b) - *C NMR
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3-Phenyl-n-propyl 4,4-diphenylbutanoate (5c) - *H NMR
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3-Phenyl-n-propyl 4,4-diphenylbutanoate (5c) — **C NMR
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4,4-Diphenylbutanoic acid (5d) - *H NMR
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4,4-Diphenylbutanoic acid (5d) — *C NMR
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Ethyl 4,6-diphenyl-6-methylheptanate (5¢) — *H NMR
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Ethyl 4,6-diphenyl-6-methylheptanate (5¢) — *C NMR
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Ethyl 4-phenylbutanoate (5f) - *H NMR
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Ethyl 4-phenylbutanoate (5f) — *C NMR
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Ethyl 4-(4-fluorophenyl)butanoate (5g) — *H NMR
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Ethyl 4-(4-fluorophenyl)butanoate (5g) — *C NMR
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Ethyl 4-(4-methoxyphenyl)butanoate (5j) — *H NMR
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Ethyl 4-(4-methoxyphenyl)butanoate (5j) — **C NMR

e Pl —

CO,E

LL9T—

P9 EE~

£T e

£CSS—

MeO

0z'09—

08°¢TT—

SE'6Tl—
IS€El—

68'LS1—

SELl—

S39

http://rcin.org.pl

30 20 10

40

100 90 80 70 60

110

130

140

160

170



Ethyl 4-(3-methoxyphenyl)butanoate (5k) - *H NMR
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Ethyl 4-(3-methoxyphenyl)butanoate (5k) — *C NMR
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Ethyl 4-(2-methoxyphenyl)butanoate (51) - *H NMR
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Ethyl 4-(2-methoxyphenyl)butanoate (51) - *C NMR
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Ethyl 3-(cyclopentyl)propionate (5n) — *H NMR
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Ethyl 3-(cyclopentyl)propionate (5n) — **C NMR
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Ethyl 4,4-di(2-methylphenyl)but-3-enoate (50) — *H NMR
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Ethyl 4,4-di(2-methylphenyl)but-3-enoate (50) — *C NMR
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Ethyl 4-oxo-4-phenylbutanoate (10) - *H NMR
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Ethyl 4-oxo-4-phenylbutanoate (10)
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Ethyl 4-phenyl-4-(tert-butyldimethylsiloxyl)but-3-enoate (12) — *H NMR
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Ethyl 4-phenyl-4-(tert-butyldimethylsiloxyl)but-3-enoate (12) — 1D NOESY
Upon irradiation of the vinyl proton, the interaction with aromatic proton in -orto position was
observed, thus proving the Z configuration of the compound.
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Ethyl 4-phenyl-4-(tert-butyldimethylsiloxyl)but-3-enoate (12) - *C NMR
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E- and Z- Ethyl 4-phenyl-4-(N-acetylamine)but-3-enoate (14a) - *H NMR
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E- and Z- Ethyl 4-phenyl-4-(N-acetylamine)but-3-enoate (14a) — *C NMR
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Ethyl 4-phenyl-4-(N-acetylamine)butanoate (14b) — *H NMR
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Ethyl 4-phenyl-4-(N-acetylamine)butanoate (14b) — *C NMR
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Ethyl 4-(phenylthio)butanoate (16) — *H NMR
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Ethyl 4-(phenylthio)butanoate (16) — *C NMR
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Electrochemistry and catalytic properties
of amphiphilic vitamin B,, derivatives in

nonaqueous media+t

M. Giedyk,® H. Shimakoshi,*® K. Goliszewska,? D. Gryko*® and Y. Hisaeda*®

The reduction pathway of cobalester (CN)Cble, an amphiphilic vitamin B, derivative, was investigated in

organic solvents under electrochemical conditions and compared with mono- and dicyanocobyrinates.

The redox characteristics were determined using cyclic voltammetry and spectroelectrochemical

methods. The presence of a nucleotide moiety in Bi,-derivative impedes the in situ formation of

dicyano-species thus facilitating the (CN)Cof(in) to Cof(i) reduction. The (CN)Cble shows stepwise reduction
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Introduction

Vitamin By, (cyanocobalamin 1) is a highly functionalised organo-
metalic complex comprising a corrin ring with the central
cobalt cation and peripheral amide chains as shown in Fig. 1.
As a cofactor for B;,-dependent enzymes it plays an important
role in the normal functioning of mammalian organisms.””
Inspired by nature, scientists successfully employed cyano-
cobalamin (1) and its derivatives as catalysts in organic synthesis,
due to their ability to form and selectively cleave Co-C bonds.®
The scope of B;,-catalyzed reactions is continuously expanding,
now including such processes as dehalogenation, addition to
double bonds, ring expansion, C-H functionalization etc.

The catalytic properties of vitamin B,, derivatives rely on
redox chemistry of the central cobalt cation with the reduction
of Co(m) to active Co(u) or Co(r) forms being critical.'® There-
fore, the understanding of their electrochemistry becomes an
essential element for the rational design and successful appli-
cation of By,-catalyzed reactions.

Even though the natural, nontoxic, and stable cyanocobal-
amin (1) may appear as an ideal catalyst, it suffers from low

“Institute of Organic Chemistry Polish Academy of Sciences, Kasprzaka 44/52,

01-224 Warsaw, Poland. E-mail: dorota.gryko@icho.edu.pl;
http://ww2.icho.edu.pl/gryko_group

bDepartment of Chemistry and Biochemistry, Graduate School of Engineering,
Kyushu University, Fukuoka, 819-0395, Japan.

E-mail: shimakoshi@mail.cstm. kyushu-u.ac.jp, yhisatcm@mail.cstm. kyushu-u. ac.jp
tElectronic supplementary information (ESI) available: Details of mechanistic
studies, spectroscopic data of (CN)Cble (2), [(CN)Cby]'ClO,~ (3), and
hexa(n-butyl)cobalamin (12). See DOI: 10.1039/c6dt00355a

This journal is © The Royal Society of Chemistry 2016

to Col) via (CN)Co(i). The reduction of (CN)Co(i)/Co() was found to depend on cyanide-solvent
exchange equilibrium with weakly coordinating solvents and bulky peripheral chains promoting intact
(CN)Coli) species existence. The studied complexes were also utilized as catalysts in bulk electrolysis of
benzyl bromide affording bibenzyl in very good yield.

: 2 ) _CO,Me
o
MeO,C L

7
<N:©< = Co**

[NH
|
o OHOIEO on CN
|
0Py = Co®*

IS (¢] H C ; L = solvent Monocyano cobyrinate 3
“oH N

(+CIoy)
1 R=NH,, Cyanocobalamin (CN)Cbl L=CN
2 R =0Me, Cobalester (CN)Cble
12 R = NH(n-Bu), Hexa(n-butyl)cobalamin

[(CN)Cby]*CIO

Dicyano cobyrinate 4
(CN).Cby

Fig. 1 Structures and abbreviations of vitamin B;, derivatives.

solubility in synthetically useful organic solvents such as
DCM, MeCN, THF etc. Hence, modification of its structure
is commonly performed giving access to more lipophilic
derivatives."" For example, the synthesis and utilization
of heptamethyl cobyrinates (e.g. monocyanocobyrinate 3)
have been well established."*” An alternative approach
was recently reported by Gryko et al who synthesized
cobalester ((CN)Cble, 2) - a derivative possessing six ester
groups on the periphery of the corrin ring with the nucleotide
fragment intact that displays good solubility both in aqueous
and in organic media."® A direct comparison of derivatives
with and without the nucleotide loop became thereby
possible.
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Cyclic voltammetry of (CN)Cble (2) upon addition of cyanide

) (CN)Cble (8) (CN)Cble + CN- (5 eq.)

(CN)Cble + CN- (1 eq.) (CN),Cby

(CN)Cble + CN- (2 eq.) I 10 pA

-2 -1,6 -1,2 -0,8 -0,4 0 0,4 0,8

(CN)Cble + CN- (5 eq.) V us. Ag-AgCl

-2 -1,6 -1,2 -0,8 -0,4 0 0,4 0,8
V vs. Ag-AgCl

Cyclic voltamperometry spectra of (CN)Cble (2) upon addition of external cyanide
(BusN*CN") (A) and comparison between [(CN),Cble]” and (CN),Cby (B).

Conditions: 1.0 mM MeCN solutions of: cyanocobalester (2) and (CN),Cby (4); All
solutions contained 0.1 M Bu;N*CIO, and measurements were carried out at room

temperature under a nitrogen atmosphere using GC working electrode and Pt counter

electrode; sweep rate: 0.1 V/s.
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Cyclic v voltammetry of (CN)Cble (2) upon addition of benzyl bromide

(8) J— |

ISO LA

-1,9 -1,5 -1,1 -0,7 -0,3 -1 -0,9 -0,8 -0,7 -0,6 -0,5

V vs. Ag-AgCl V vs. Ag-AgCl

Cyclic voltamperometry spectra of (CN)Cble (2) upon addition of benzyl bromide (10 eq.)
When the scan was reversed at -0.95 V vs. Ag-AgCl (B), no reversible wave was observed.

This implies that once Co(l) species is generated, it rapidly reacts with the electrophile

J's

3+ -1.1ve Cod* Co*
Sl (A B
N

N
stable at -0.95 V

forming cobalt-carbon bond:

sS4
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Cyclic voltammetry measurements of (CN)Cble (2) and cyanocobalamin (1) in aqueous
solution®
Results presented belowe were published in supplementary information of reference 1:

Cyclic voltammograms of vitamin Bj, (1) and cobalester (2) were recorded in deoxygenated
0.2 M solutions of tris buffer in deionized water (Cg12 = 1.7 MM, Ccopatester = 0.7 mM). A
three-electrode setup was used in both experiments, including glassy carbon working
electrode, Ag/AgCI reference electrode and auxiliary platinum foil (scan rate v = 10 mVs™,
Ar, 20 °C).

Cobalester

EIV T e i eIV T

Cyclic voltammogram of cobalester (2) and cobalamin (1).

Im. Giedyk S. N. Fedosov and D. Gryko, Chem. Commun., 2014, 50, 4674.
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Comparison of redox potentials

for (CN)Cble (2), cobyrinate 3 and 4 and cyanocobalamin (1)

E [V vs. Ag-AgCl]

i?] i }r? }r? i2n 2 2 1
MeCN | MeCN | MeCN | MecN | mecn | MTHF inH0 1 inH0
(CN)Co**/(CN)Co** 0.4 - - -0.9 -0.9 -0.9 -1.0 -1.0
(solvent)Co?*/Co* -0.6 - 0.6 n.d. n.d. n.d. n.d. n.d.
(CN)Co?*/Co* -1.4 -1.4 - -1.4 - -1.4 - -
[(CN),Co*'1/(CN)Co?* -1.2 -1.2 - - -/-1.28 - n.d. n.d.
Co'/(solvent)Co?* -0.6 0.7 -0.6 -0.6 -0.7 -0.5 -0.8 -0.8
(CN)Co?*/(CN)Co** 0.3 0.4 - 0.3 -05 0.3 n.d. n.d.
(solvent)Co?*/(solvent)Co®* 0.6 - 0.6 0.4 0.3 0.5 n.d. n.d.

% a reduction at this potential was observed when 5 eq. of cyanide was added
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ESI MS analysis of benzyl bromide dimerization reaction mixture

g

Co** *+H
|
O,ClI

Cod* *+H |+ BuyNCIO,
|
04Cl -

.....................................................

1300 1400 1500 1600 e 1800 1800 2000 100 2200 0 mi

Reaction mixture was analyzed (after 15 min) using ESI MS in the dark. It indicated facile
formation of cobalt-benzyl intermediate with m/z = 1609.2.
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UV-Vis controlled electrolysis of (CN)Cble (2) in MeCN

0,55 ——— O min

-1.0 V vs Ag-AgCl ———— 2min

0,45 (GC working electrode)

0,05
300 350 400 450 500 550 600 650

UV-Vis controlled electrolysis of monocyano cobyrinate 3 in MeCN

|
Co* —_ 0.7V
0,4 (I;N Co*
—_— =09 V°
— -1.0 V°
0,3
-1.4v@
@ ys. Ag-AgCl
0,2
0,1
0
300 350 400 450 500 550 600 650 nm
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'H NMR spectra of hexa(n-butyl)cobalamin (12) in CD;OD
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3C NMR spectra of hexa(n-butyl)cobalamin (12) in CD;0D
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'H NMR spectra of hexa(n-butyl)cobalamin (12) in de-DMSO
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Streszczenie w jezyku polskim

7.STRESZCZENIE W JEZYKU POLSKIM

Witamina Bi> nalezy do grupy skladnikow odzywczych,
niezb¢dnych do prawidtowego funkcjonowania organizmoéow
wszystkich ssakow. Wystepuje ona w ustroju biologicznym
mezo w formie koenzymow, a ich aktywnos$¢ wynika z obecnos$ci

kowalencyjnego wigzania Co-C, ktore w odpowiednich

o ﬁ) o L_COR warunkach ulega rozerwaniu stajac si¢ zrodtem rodnikow. Ta
Ty ¢ R=NH, charakterystyczna cecha witaminy Bi2, w polgczeniu z jej
N Witamina By, . ;. . . . r
“"EOHO (kobalamina)  NI€tOKSycznoscia, sprawia, ze moze by¢ ona wykorzystana
-OM)IIL\O /P R = OMe jako nowoczesny katalizator reakcji rodnikowych.
Y :\ Kobalester i
OH Celem moich badan byla synteza nowych pochodnych

kobalaminy, okreslenie jak zmiany w strukturze tego zwiazku wplywaja na jego
wlasciwosci katalityczne oraz opracowanie nowych reakcji katalizowanych pochodnymi
witaminy Bi2.

W pierwszej czes$ci badan opracowatem metode aminolizy grup estrowych znajdujacych sie
na zewnatrz pierScienia heptaestru metylowego kwasu kobyrynowego, otrzymujac pochodne
heptaamidowe, zréznicowane pod wzglgdem struktury i wihasciwosci fizykochemicznych.
Nastepnie, zwigzki te poddatem selektywnej funkcjonalizacji w pozycjach ¢ lub mezo
W sposob umozliwiajacy projektowanie dalszych polaczen hybrydowych. Wykorzystujac
opracowang metodologi¢ otrzymatem réwniez 8-nor-heksaamid oraz analogiczny heksakwas.

Drugi obszar badan stanowily modyfikacje pierwszorzedowych grup amidowych obecnych
w kobalaminie, bez naruszania fragmentu nukleotydowego znajdujacego si¢ w pozycji f.
W ich wyniku udalo mi si¢ opracowa¢ wydajng metod¢ przeksztalcenia amidow w estry
metylowe, na drodze aktywacji grupy amidowej dimetyloacetalem dimetyloformamidu
I nastepczej metanolizy wytworzonych formamidyn. Otrzymany zwigzek, ktory nazwalem
kobalestrem, jest jedyng znana pochodna witaminy Bi12 z zachowanym fragmentem
nukleotydowym, ktéra wykazuje wlasciwosci amfifilowe i rozpuszcza si¢ zarowno
w rozpuszczalnikach polarnych, jak i niepolarnych. Kobalester, jak i otrzymana z niego
heksbutylokobalamine scharakteryzowatem metodami elektrochemicznymi oraz okreslitem
mechanizm redukcji centralnego kationu kobaltu w warunkach aprotycznych.

Ukoronowaniem prowadzonych przeze mnie badan bylo odkrycie nowej, indukowanej
swiattem reakcji C-H funkcjonalizacji olefin diazozwiazkami. Proces ten, zamiast typowego
cyklopropanowania, prowadzi z bardzo dobrymi wydajnosciami do produktow C-H
alkilowania, a zakres jego stosowalnosci obejmuje rowniez alkeny podstawione grupami
elektronodonorowymi. Ponadto, opracowatem procedury dimeryzacji bromkow benzylu
w warunkach elektrolizy i promieniowania mikrofalowego.
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Streszczenie w jezyku angielskim / Abstract in English

8.STRESZCZENIE W JEZYKU ANGIELSKIM / ABSTRACT IN ENGLISH

COR Vitamin B2 is a complex biomolecule of vast importance
‘\ COR - - . .

> ., for normal functioning of all mammalian organisms. Its
various forms play the role of coenzymes and posess
meso covalent Co-C bond that can be selectively cleaved,

ROC . becoming a source of radicals. This characteristic feature,
p ! é\/COR together with its nontoxicity, renders vitamin Biz a useful
o] : . .
ﬁ) ¢ catalyst for radical reactions.
NH N R=NH,
Vi in B . . .
\\\.-[OHOb Ccommns The goal of my studies was to synthesize new cobalamin
| (6] . . . . .
Ofor R OMe derivatives and determine how do alterations in the
“oH Cobalester molecular structure influence their catalytic properties.

I also aimed to develop new organic reactions catalyzed
by vitamin Ba2 derivatives.

At the first stage of my work | have established a method for the aminolysis of ester groups
which are present at the periphery of the corrin ring in heptamethyl cobyrinate. A small
library of heptaamides was obtained with diversified structure and physicochemical
properties. They were subsequently functionalized at ¢ and meso positions allowing for
further conjugation. Aminolysis and hydrolysis reactions were also used for the synthesis
of 8-nor-hexaamide and 8-nor-hexaacid derivatives.

Another part of my research focused on the modification of the primary amide groups present
in cobalamin, leaving the nucleotide fragment at f position intact. As a result, | developed
an efficient method for the transformation of these amides into ester groups by the activation
of amide group with dimethylformamide dimethylacetal and subsequent methanolysis. The
desired compound (cobalester) is the only amphiphilic vitamin Bi, derivative possessing
a nucleotide loop intact, being soluble in both polar and nonpolar solvents. Along with its
hexaamide derivative, it was fully characterized by electrochemical means and the mechanism
of the reduction of the central cobalt atom was determined.

Finally, | have discovered a new, light-induced, cobalester-catalyzed reaction of olefins with
diazo compounds, leading to unexpected sp? C-H alkylation instead of the usual
cyclopropanation. Moreover, procedures for benzyl bromide homocoupling in electrolytic
or microwave conditions were developed.

In summary, my studies demonstrate the usefulness of vitamin Biz derivatives
as efficient, environmentally benign catalysts in organic synthesis. They also provide
tools for modifying their structure, allowing to adjust catalyst properties for desired
application.
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Oswiadczenia autorow publikacji

9.OSWIADCZENIA AUTOROW PUBLIKACJI?!
mgr inz. Maciej Giedyk
O$wiadczam, ze méj wkiad w powstanie ponizszych publikacji polegat na:

1.M. Giedyk, H. Shimakoshi, K. Goliszewska, D. Gryko, Y. Hisaeda Dalton Trans. 2016,
DOI: 10.1039/C6DT00355A ,,Electrochemistry and Catalytic Properties of Amphlphlhc
Vitamin B2 Derivatives in Nonaqueous Media”

Wspdlopracowatem koncepcje badan, zsyntezowalem czg$¢ substratow oraz wykonafem
wszystkie eksperymenty. Dane eksperymentalne poddaiem analizie oraz wyciggnglem wnioski
dotyczgce zakresu i mechanizmu obserwowanych przemian. Nastgpnie przygotowalem
manuskrypt wraz z opisem czesci eksperymentalnej.

2. M. Giedyk, K. Goliszewska, K. 6 Proinsias, D. Gryko Chem. Commun. 2016, 52, 1389-
1392 ,,Cobalt(I)-Catalysed CH-Alkylation of Terminal Olefins, and Beyond”

Wspélopracowalem koncepcje i metodyke badan, wykonalem wszystkie eksperymenty majgce
na celu wyjasnienie mechanizmu reakcji oraz przedstawilem ich interpretacje. Ponadto
przeprowadzilem synteze substratow 11 i 13, a takze wykonalem cze$¢ eksperymentow
majgcych na celu zbadanie zakresu stosowalnosci i ograniczeri metody, otrzymujgc zwiqgzki
5a,b,c,dn,o, 10, 12, 14a, 14b, 16. Uczestniczylem takze w przygotowaniu manuskryptu.

3.M. Giedyk, K. 6 Proinsias, S. Kurcon,, I. Sharina, E. Martin, D. Gryko ChemMedChem
2014, 9, 2344-2350 ,,Small Alterations in Cobinamide Structure Considerably Influence
sGC Activation”

Zaplanowalem i wykonatem wigkszosé syntez chemicznych wydzielajqc zwigzki 6, 7, 8, 13, 15,
16, 17 i 18 oraz przeprowadzilem interpretacje wynikow chemicznych i biologicznych.
Obracowakm metodg pelnej hydrolizy heptaestru 1 i heksaestru 5 do odpowiednich kwaséw.
Bralem takze czynny udziat w pisaniu manuskryptu.

4. M. Giedyk, S. N. Fedosov, D. Gryko Chem. Commun. 2014, 50, 4674-4676
,»An Amphiphilic, Catalytically Active, Vitamin Bi2 Derivative”

Wspdlopracowatem koncepcje¢ i metodykg badarn. Zaplanowalem i wykonalem synteze
wszystkich zwigzkow przedstawionych w manuskrypcie, w tym opracowalem metode syntezy
kobalestru (3) i kobinestru (5). Nastepnie otrzymane zwigzki poddalem peinej analizie oraz

21 Numeracja zwigzkéw wymienionych w tym rozdziale odnosi si¢ do numeréw znajdujacych si¢ w '
oryginalnych publikacjach.
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Oswiadczenia autoréow publikacji

przeprowadzitem interpretacje wynikéw chemicznych i biologicznych. Otrzymane wyniki

przygotowatem w formie manuskryptu.

5.K. 6 Proinsias, M. Giedyk, L. Banach, D. Rutkowska-Zbik, D. Gryko Asian J. Org. Chem.
2013, 2, 504-513 ,,Selectively Modified Cobyrinic Acid Derivatives”

Zaplanowatem i wykonatem wigkszo$¢ syntez chemicznych, otrzymujgc zwiqzki 4, 5, 8, 9, 10,
11, 14, 16, 17, 20 i 21, ktdre nastepnie poddatem pelnej analizie oraz przeprowadzitem
interpretacje wynikéw (w tym peine przyporzgdkowanie sygnatow NMR korynoidu
na podstawie widm 2D NMR). Bralem takie wudzial w przygotowywaniu czegsci
eksperymentalnej do manuskryptu.

6. K. 6 Proinsias, M. Giedyk, I. Sharina, E. Martin, D. Gryko ACS Med. Chem. Lett. 2012, 3,
476-479 ,Synthesis of New Hydrophilic and Hydrophobic Cobinamides as NO-
Independent sGC Activators”

Zaplanowatem i wykonatem wszystkie syntezy chemiczne, a otrzymane zwigzki 1, 2, 4, 5, 9 i
10 poddatem peinej analizie. Bralem réwnie: udzial w interpretacji wynikéw badari

biologicznych oraz przygotowaniu czesci eksperymentalnej do manuskryptu.

7.K. 6 Proinsias, M. Giedyk, R. Loska, M. Chrominski, D. Gryko J. Org. Chem. 2011, 76,
6806-6812 ,,Selective Modifications of Hydrophobic Vitamin B2 Derivatives at ¢- and d-
Positions”

Przeprowadzitem wieloetapowq synteze chemiczng prowadzqcq do amidowych pochodnych

10i 12 wraz z oczyszczeniem i poddaniem zwigzkéw petnej analizie.

8.M. Giedyk, K. Goliszewska, D. Gryko Chem. Soc. Rev. 2015, 44, 3391-3404
,,Vitamin B2-Catalyzed Reactions”

Zgromadzitem i dokladnie zapoznatem si¢ z aktualng literaturq naukowq dotyczgcq
opisywanego zagadnienia, a nastgpnie zaplanowaltem ksztattu manuskryptu. Bratem takze

czynny udzial w jego pisaniu.

9.K. 6 Proinsias, M. Giedyk, D. Gryko Chem. Soc. Rev. 2013, 42, 6605-6619 ,,Vitamin Bi2:
Chemical Modifications”

Zgromadzitem i dokiadnie zapoznalem sig¢ z aktualng literaturqg naukowq dotyczgcq

opisywanego zagadnienia. Bratem takze czynny udzial w pisaniu manuskryptu.
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Os$wiadczenia autoréw publikacji

prof. dr hab. Dorota Gryko
Oswiadczam, ze mGj wkiad w powstanie ponizszych publikacji polegal na:

1.M. Giedyk, H. Shimakoshi, K. Goliszewska, D. Gryko, Y. Hisaeda Dalton Trans. 2016,
DOI: 10.1039/C6DT00355A ,,Electrochemistry and Catalytic Properties of Amphiphilic
Vitamin B2 Derivatives in Nonaqueous Media”

Wspdiopracowalam koncepcje badan i przeprowadzilam korekte manuskryptu.

2. M. Giedyk, K. Goliszewska, K. 6 Proinsias, D. Gryko Chem. Commun. 2016, 52, 1389-
1392 ,,Cobalt(I)-Catalysed CH-Alkylation of Terminal Olefins, and Beyond”

Wspdlopracowalam koncepcje badan, uczestniczylam w planowaniu eksperymentow
i interpretacji wynikow, a takze pisaniu manuskryptu.

3.M. Giedyk, K. 6 Proinsias, S. Kurcofi, I. Sharina, E. Martin, D. Gryko ChemMedChem
2014, 9, 2344-2350 ,,Small Alterations in Cobinamide Structure Considerably Influence
sGC Activation”

Wspdlopracowatam koncepcje badan i zaplanowalam czg$¢ eksperymentéw, a takie
interpretowalam ich wyniki. Przeprowadzitam korektg manuskryptu.

4 M. Giedyk, S. N. Fedosov, D. Gryko Chem. Commun. 2014, 50, 4674-4676
,,An Amphiphilic, Catalytically Active, Vitamin B2 Derivative”

Wspdlopracowalam koncepcje badan, interpretowalam ich wyniki, a takie pisatam

5.K. 6 Proinsias, M. Giedyk, L. Banach, D. Rutkowska-Zbik, D. Gryko Asian J. Org. Chem.

2013, 2, 504-513 ,,Selectively Modified Cobyrinic Acid Derivatives”

Wspdlopracowatam koncepcje badan, interpretowalam ich wyniki, a takie pisalam
manuskrypt.

6.K. 6 Proinsias, M. Giedyk, 1. Sharina, E. Martin, D. Gryko ACS Med. Chem. Lett. 2012, 3,
476-479 ,Synthesis of New Hydrophilic and Hydrophobic Cobinamides as NO-
Independent sGC Activators”

Wspdlopracowalam koncepcje badan, interpretowalam ich wyniki, a takze pisatam
manuskrypt.
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7.K. 6 Proinsias, M. Giedyk, R. Loska, M. Chrominski, D. Gryko J. Org. Chem. 2011, 76,
6806-6812 ,,Selective Modifications of Hydrophobic Vitamin B, Derivatives at c- and d-
Positions”

Wspdlopracowatam koncepcje badan, interpretowalam ich wyniki, a takze pisatam
manuskrypt.

8.M. Giedyk, K. Goliszewska, D. Gryko Chem. Soc. Rev. 2015, 44, 3391-3404
., Vitamin Bi,-Catalyzed Reactions”

Opracowatam koncepcje przeglgdu i uczestniczytam w jego pisaniu.

9.K. 6 Proinsias, M. Giedyk, D. Gryko Chem. Soc. Rev. 2013, 42, 6605-6619 ,,Vitamin Bi:
Chemical Modifications”

Opracowalam koncepcje przeglgdu i uczestniczylam w jego pisaniu.
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Keith 6 Proinsias, PhD
I hereby declare that my contribution to below mentioned publications is as follows:

1. M. Giedyk, K. Goliszewska, K. 6 Proinsias, D. Gryko Chem. Commun. 2016, 52, 1389-
1392 ,,Cobalt(I)-Catalysed CH-Alkylation of Terminal Olefins, and Beyond”

I performed the synthesis and purification of compounds 5g,h,i and I was involved in the
optimization studies. I also participated in correcting of the manuscript.

2.M. Giedyk, K. 6 Proinsias, S. Kurcon, I. Sharina, E. Martin, D. Gryko ChemMedChem
2014, 9, 2344-2350 ,,Small Alterations in Cobinamide Structure Considerably Influence
sGC Activation”

I participated in writing the manuscript and interpreting biological data.

3.K. 6 Proinsias, M. Giedyk, L. Banach, D. Rutkowska-Zbik, D. Gryko 4sian J. Org. Chem.
2013, 2, 504-513 ,,Selectively Modified Cobyrinic Acid Derivatives”

I participated in establishing the methodology of presented studies and writing the

manuscript. I was also involved in performing optimization studies.

4.K. 6 Proinsias, M. Giedyk, I. Sharina, E. Martin, D. Gryko ACS Med. Chem. Lett. 2012, 3,
476-479 ,Synthesis of New Hydrophilic and Hydrophobic Cobinamides as NO-
Independent sGC Activators”

I participated in establishing the methodology of presented studies and in writing the

manuscript.

5.K. 6 Proinsias, M. Giedyk, R. Loska, M. Chrominski, D. Gryko J. Org. Chem. 2011, 76,
6806-6812

I participated in establishing the methodology of presented studies and in writing the

manuscript. I also performed modifications in position d.

6.K. 6 Proinsias, M. Giedyk, D. Gryko Chem. Soc. Rev. 2013, 42, 6605-6619 ,,Vitamin Bi>:
Chemical Modifications”

Iwas involved in planning and writing the manuscript.
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mgr inz. Katarzyna Goliszewska
Oswiadczam, ze mdj wklad w powstanie ponizszych publikacji polegat na:

1. M. Giedyk, H. Shimakoshi, K. Goliszewska, D. Gryko, Y. Hisaeda Dalton Trans. 2016,
DOI: 10.1039/C6DT00355A ,,Electrochemistry and Catalytic Properties of Amphiphilic
Vitamin B2 Derivatives in Nonaqueous Media”

Otrzymalam i oczyscitam heksa(n-butylo)kobalamine (12).

2. M. Giedyk, K. Goliszewska, K. 0 Proinsias, D. Gryko Chem. Commun. 2016, 52, 1389-
1392 ,,Cobalt(I)-Catalysed CH-Alkylation of Terminal Olefins, and Beyond”

Przeprowadzitam czes¢ reakcji majgcych na celu zbadanie zakresu stosowalnosci
i ograniczen metody; konkretnie wydzielitam i oczyscitam zwigzki Se fj kI, m. Uczestniczylam

takze w przygotowaniu opisu czesci eksperymentalnej.

3. M. Giedyk, K. Goliszewska, D. Gryko Chem. Soc. Rev. 2015, 44, 3391-3404
,,Vitamin Bj;-Catalyzed Reactions”

Zgromadzilam aktualng literature dotyczqcq opisywanego zagadnienia oraz uczestniczytam

w edycji manuskryptu.
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prof. Yoshio Hisaeda
I hereby declare that my contribution to below mentioned publications is as follows:
1. M. Giedyk, H. Shimakoshi, K. Goliszewska, D. Gryko, Y. Hisaeda Dalton Trans. 2016,

DOI: 10.1039/C6DT00355A ,Electrochemistry and Catalytic Properties of Amphiphilic
Vitamin B, Derivatives in Nonaqueous Media”

I supervised the electrochemical studies. I was also involved in correcting the manuscript.
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Hisashi Shimakoshi, assoc. prof.
I hereby declare that my contribution to below mentioned publications is as follows:

1. M. Giedyk, H. Shimakoshi, K. Goliszewska, D. Gryko, Y. Hisaeda Dalton Trans. 2016,
DOI: 10.1039/C6DT00355A ,.Electrochemistry and Catalytic Properties of Amphiphilic
Vitamin B, Derivatives in Nonaqueous Media”

I planned initial electrochemical experiments and supervised their execution. I was also
involved in writing the manuscript.
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Iraida Sharina, PhD
I hereby declare that my contribution to below mentioned publications is as follows:

1. M. Giedyk, K. ¢ Proinsias, S. Kurcon, 1. Sharina, E. Martin, D. Gryko ChemMedChem.
2014, 9, 2344-2350 ,,Small Alterations in Cobinamide Structure Considerably Influence
sGC Activation”

[ performed biological studies.

2. K. 6 Proinsias, M. Giedyk, I. Sharina, E. Martin, D. Gryko ACS Med. Chem. Lett. 2012, 3,
476-479 ,Synthesis of New Hydrophilic and Hydrophobic Cobinamides as NO-
Independent sGC Activators”

[ performed biological studies.
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Iraida Sharina, PhD

Assistant Professor,

University of Texas Health Science Center in Houston
McGovern Medical School
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Emil Martin, PhD
[ hereby declare that my contribution to below mentioned publications is as follows:

1. M. Giedyk, K. 6 Proinsias, S. Kurcon, 1. Sharina, E. Martin, D. Gryko ChemMedChem.
2014, 9, 2344-2350 ,.Small Alterations in Cobinamide Structure Considerably Influence
sGC Activation”

[ performed biological studies and participated in their interpretation. I was also involved in
writing the biological part of the manuscript.
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