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STRESZCZENIE W JEZYKU POLSKIM

W ostatnich latach komputerowo-wspomagana chemia organiczna przezywa swoj
renesans, a wyzwania przed nig stojace sg wigksze niz kiedykolwiek wczesnie;j.
Btyskawicznie zmieniajace si¢ warunki klimatyczne, wyczerpywanie si¢ zasoboOw
naturalnych, a takze opdznienia w tancuchach dostaw spowodowane pandemig SARS-
CoV-2 sprawiaja, ze intensywnie poszukuje si¢ nowych, efektywnych metod syntezy
1 separacji zwiazkéw organicznych. Polegaja one m.in. na zwigkszeniu wydajnosci
1 szybkosci procesow chemicznych zaréwno poprzez opracowywanie nowych typow
reakcji chemicznych, tworzenie optymalnych plandw syntetycznych jak rowniez
konstruowanie zautomatyzowanych systemow do syntezy i separacji.

Poczatki komputerowo-wspomaganej chemii organicznej si¢gaja lat 60., w ktorych
E. J. Corey rozpoczal prace nad pierwszym programem do analizy retrosyntetycznej —
LHASA. Pomimo poczatkowego entuzjazmu zaréwno ten jak i nastepne programy nie
generowaly uzytecznych analiz i1 nie zyskaty popularnos$ci wéréd chemikoéw. Powodem
tego byla m.in. niewystarczajagca moc obliczeniowa Owczesnych komputerow i brak
odpowiednich narzedzi algorytmicznych. Sytuacja zmienita si¢ dopiero w ciagu ostatnich
kilku lat, kiedy Prof. Grzybowski wraz z zespotem opracowat najbardziej rozbudowany
program do analizy retrosyntetycznej — Chematica/Synthia™.

Poprawno$¢ analiz programu Chematica zostata potwierdzona eksperymentalnie na
przyktadzie zwigzkow o znaczeniu medycznym. Natomiast przedmiotem moich badan byto
sprawdzenie mozliwosci wykorzystania programu do analizy retrosyntetycznej oraz
syntezy laboratoryjnej zwigzkow naturalnych o wysokim stopniu skomplikowania
strukturalnego, co wykazalam na przyktadzie syntezy totalnej (R,R,S)-takamonidyny.
Wyniki te zostaty opublikowane w czasopisémie Nature?.

W drugiej czgsci moich badan skupitam si¢ na problemie automatycznej syntezy
1 separacji zwiazkow organicznych. Wykorzystujac nowy typ rotujacego reaktora opartego
0 nierdwnowagowe systemy rozpuszczalnikowe opracowatam metode zautomatyzowane;j,
selektywnej ekstrakcji zwigzkdéw organicznych, co wykazatam na przykladzie ekstrakcji
fenyloalaniny za pomoca przenosnika D2EHPA. Wyniki te zostaly opublikowane
W czasopi$mie Nature?,
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ABSTRACT - STRESZCZENIE W JEZYKU ANGIELSKIM

In recent years, computer-aided organic chemistry is experiencing its renascence and
the challenges it is facing are greater than ever before. The rapidly changing climate,
exhaustion of natural resources, as well as delays in the supply chains caused by the SARS-
CoV-2 pandemic create increased demand for new, more effective methods of synthesis
and separation of organic compounds. These methods include, inter alia, increasing the
efficiency of chemical processes via development of new types of chemical reactions,
creating optimal synthetic plans for desired compounds as well as the construction
of integrated experimental systems for automated synthesis and separation.

The beginnings of computer-assisted organic chemistry date back to the 1960s, when
E. J. Corey started his work on the first program for retrosynthetic analysis — LHASA.
Despite initial enthusiasm, both this and subsequent programs failed to generate useful
analyzes and did not gain popularity among chemists. The reason for the limite planning
prowess of these early solutions was, among others, insufficient computing power and the
lack of advanced algorithmic tools. The situation has changed dramatically during the last
few years, when Prof. Grzybowski and his team developed the most extensive program
for retrosynthetic analysis — Chematica/Synthia™,

Retrosynthetic plans generated by Chematica have been validated by experiment, in
multiple syntheses of medically-important targets. Taking an important and in many ways
a crucial step forward, the subject of my research was to investigate the possibility of using
the program for the retrosynthesis and laboratory validation of natural products with a high
degree of structural complexity — which | demonstrated by performing the key part of the
total synthesis of (R,R,S)-tacamonidine. This work was published in Nature?.

In the second part of my research, | focused on the problem of automatic synthesis and
separation of organic compounds. Using a new type of rotating reactor based on out-of-
equilibrium solvent systems held in a multilayer configuration by centripetal forces,
| developed a method of automated, selective extraction of organic compounds, which
| demonstrated on the example of phenylalanine extraction using the D2EHPA carrier. This
work was published in Nature?.
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2. Konferencje i wyklady

Konferencje

1.

XLIV OSChem, 30.04-4.05.2016, Koszuty

Referat, autor prezentujacy: ,,Dronedarone — pierwsza w historii synteza leku
zaprojektowana przez komputer”

Referat zostal nagrodzony 1. miejscem w kategorii wystapien doktoranckich.

2. XLVI OSChem, 29.04-3.05.2017, Jachranka
Poster, autor prezentujacy: ,,Automatic atom-mapping algorithm”

3. XLVIII OSChem, 28.04-2.05.2018, Karczowiska
Referat, autor prezentujacy: ,,Krok dalej w komputerowym planowaniu syntezy —
synteza totalna takamonidyny ”

4. Tth Intercollegiate Biotechnology Symposium Symbioza, 11-13.05.2018,
Warszawa
Referat, autor prezentujacy: “Syntheses of medicinally relevant targets planned by
computer and executed in the laboratory”

5. Balticum Organicum Syntheticum, 1-4.07.2018, Tallin, Estonia
Poster, autor prezentujacy: “A step further in computer-planned organic synthesis
- total synthesis of tacamonidine”

6. JCF Friihjahrssymposium, 20-23.03.2019, Bremen, Niemcy
Referat, autor prezentujacy: “The bright future of computer-planned organic
synthesis - total synthesis of tacamonidine ”

7. International Symposium on Synthesis and Catalysis, 3-6.09.2019, Evora,
Portugalia
Referat, autor prezentujacy: “The bright future of computer-planned organic
synthesis - total synthesis of tacamonidine ”

Wyklady

1. “Jaka jest przysztos¢ komputerowo-wspomaganej syntezy organicznej?”

Wyktad na zaproszenie w ramach cyklu Nowy Swiat Chemii, Warszawa,
4.06.2019
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3. Zalozenia i cel pracy

Wyzwania stojace przed wspotczesng chemig organiczng sa dzi§ wigksze niz
kiedykolwiek wczes$niej. Bedac $wiadkami wszechstronnego, intensywnego rozwoju
technologicznego i ciagtego wzrostu liczby ludno$ci oraz zwigzanego z tym nieustannego
wzrostu produkowanych odpadow, wyczerpywaniem si¢ zasobéw naturalnych
i nasilajacymi si¢ zmianami klimatycznymi, haukowcy — w tym réwniez chemicy organicy
— nie moga pozostawaé bierni wobec gwattownych zmian zachodzacych w otaczajacym
nas $wiecie. Jedne z najbardziej znanych wytycznych dotyczacych kierunku rozwoju
wspotczesne] chemii organicznej (tzw. dwanascie zasad zielonej chemii) zostaty
opracowane juz W 1998 roku przez Paula Anastasa oraz Johna Warnera®. Naleza do nich
m.in. takie zagadnienia jak minimalizacja produkcji odpaddw, redukcja ilosci uzywanych
rozpuszczalnikow (wraz ze stosowaniem ich mniej toksycznych zamiennikow) czy
optymalizacja wieloetapowej syntezy pod katem uzyskiwania jak najwigkszych
wydajnosci reakcji z jednoczesng minimalizacjg wykorzystania toksycznych lub trudnych
do usuniecia odczynnikow (np. katalizatorow opartych na metalach) oraz maksymalizacja
ekonomii atomowej calego wieloetapowego procesu syntezy*. W tak zdefiniowany nurt
zoptymalizowanego, ukierunkowanego rozwoju wspotczesnej chemii doskonale wpisuje
si¢ intensywnie rozwijana w ostatnim czasie tematyka komputerowo-wspomaganej chemii
organicznej. Zalicza si¢ do niej m.in. komputerowo wspomagane projektowanie
wieloetapowych syntez organicznych oraz automatyzacje¢ procesow syntezy
1 oczyszczania zwigzkow organicznych, ktore to zagadnienia stanowig podstawe niniejszej
rozprawy doktorskiej.

W kontek$cie powyzej opisanych wyzwan w mojej pracy doktorskiej postawilam
nastepujaca tez¢ badawcza: Wykorzystujac podejscie komputerowo-wspomaganej
chemii organicznej mozliwe jest opracowanie optymalnego planu syntezy zwiazku
organicznego o wysokim stopniu skomplikowania strukturalnego oraz jego realizacja
w laboratorium, a takze wykorzystanie nowych typoéw reaktorow opartych o
nieré6wnowagowe systemy rozpuszczalnikowe do zautomatyzowanego, selektywnego
oczyszczania zwiazkow organicznych bedacego alternatywg dla tradycyjnych metod
separacji.

Weryfikujac pierwsza czgs¢ tezy wykorzystalam stworzong w naszym zespole
platform¢ do analizy retrosyntetycznej Chematica/Synthia™. Na podstawie planu
syntetycznego w calosci wygenerowanego przez program Chematica/Synthia™
pracowatam nad synteza laboratoryjng skomplikowanego i nieotrzymanego wczesniej
zwigzku naturalnego — R,R,S-takamonidyny. Pracujac nad drugg czescig badan korzystatam
z rotujagcego reaktora opartego o nierdwnowagowe systemy rozpuszczalnikowe,
a weryfikacje postawionej tezy wykonywatam na przyktadzie selektywnego przenoszenia
zwigzkoéw organicznych za pomocg przenosnika D2EHPA.
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4. Wykaz skrotow i pojec

ACN
ASE
AD-mix o/p

BINAP
BHT
BRSM (wydajnos¢)

N-Cbhz
COD
CSA
CSF
D2EHPA
DIAD
DIBAL-H
DIPEA
DMAP
DMCyA
DMP
DMSO
DPPB
DPPD
EDG
EWG
FGI
N-Fmoc
HMPA
IBX

Im

IR

LDA
m-CPBA
MCTS
MIDA
NMO
NMP
NMR
PCE

Py
RAMP
RAPA
RSF
SAMP
SFC

Acetonitryl

Aromatyczna substytucja elektrofilowa

Komercyjnie dostgpna mieszanina reagentow do reakcji m. in.
asymetrycznego dihydroksylowania Sharplessa. Sktada si¢ z
K20s02(0OH)4, KsFe(CN)s, weglanu potasu oraz chiralnego ligandu:
(DHQ)2PHAL (AD-mix a) lub (DHQD):PHAL (AD-mix f)
2,2'-Bis-(difenylofosfino)-1,1'-binaftyl
2,6-Di-tert-butylohydroksytoluen

Wydajnos¢ obliczona z uwzglednieniem odzyskania
nieprzereagowanego substratu (ang. based on recovery of starting
material)

Karbaminian benzylowy

1,5-cyklooktadien

Kwas kamforosulfonowy

Funkcja Chemical Scoring Function

Kwas di-(2-etyloheksylo)fosforowy

Azodikarboksylan diizopropylu

Wodorek diizobutyloglinu

N,N-diizopropyloetyloamina

4-Dimetyloaminopirydyna

N,N-dimetyloaminocykloheksan

Odczynnik Dessa-Martina

Dimetylosulfotlenek

Bis(difenylofosfino)butan
N,N’-Difenylo-p-fenylenodiamina

Grupa elektronodonorowa

Grupa elektronoakceptorowa

Funkcja Functional Group Interconversion

Karbaminian 9-fluorenylometylu

Heksametylofosforamid

Kwas 2-jodoksybenzoesowy

Imidazol

Spektroskopia w podczerwieni

Diizopropyloamidek litu

Kwas meta-chloronadbenzoesowy

Heurystyka Monte Carlo Tree Search

Kwas N-metyloiminodioctowy

N-tlenek N-metylomorfoliny

N-metylopirolidon

Spektroskopia magnetycznego rezonansu jadrowego
Perchloroetylen

Pirydyna

(R)-1-amino-2-metoksymetylopirolidyna

Metoda Ring Average Proton Affinity

Funkcja Reaction Scoring Function
(S)-1-amino-2-metoksymetylopirolidyna

Chromatografia w ptynie nadkrytycznym
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SPhos Pd G2

TBAF
TBS

TEA
THF
TLC
TMHD
XPhos G3

Chlorek (2-dicykloheksylofosfino-2,6-dimetoksy-1,1-bifenylo)[2-(2-
amino-1,1-bifenylo)] palladu(ll); katalizator palladowy Buchwalda
drugiej generacji

Fluorek tetra-n-butyloamoniowy

Grupa tert-butylodimetylosililowa

Trietyloamina

Tetrahydrofuran

Chromatografia cienkowarstwowa
2,2,6,6-Tetrametylo-3,5-heptanodion

Mesylan (2-Dicykloheksylofosfino-2,4,6-triizopropylo-1,1-
bifenylo)[2-(2-amino-1,1-bifenylo)] palladu(ll);

katalizator palladowy Buchwalda trzeciej generacji
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5. Wstep teoretyczny

W maju 1997 rozegrany zostat stynny mecz szachowy pomiedzy Garrim Kasparovem
a Deep Blue — komputerem stworzonym przez IBM. Byt to pierwszy przypadek, w ktorym
komputer pokonal w grze w szachy dwczesnego mistrza w tej dziedzinie®. Niemal 25 lat
p6zniej komputery w wielu innych dziedzinach doréwnuja lub wrecz przewyzszaja
cztowieka — mowa tu nie tylko o popularnych zabawkach i grach, takich jak kostka Rubika
(obecny rekord utozenia kostki wynosi 0,38 s dla komputera vs 4,69 s dla cztowieka®) czy
gra w Go (system AlphaGo’ pokonat mistrza tej gry, Lee Sedola, w 2016 roku®), ale
réwniez o catych systemach robotycznych, do ktorych naleza autonomiczne samochody®
czy roboty Amazonal?, ktore zastepuja ludzkich pracownikow przy pracy w magazynach.

5.1. Historyczne programy do analizy retrosyntetycznej
LHASA (Logic and Heuristics Applied to Synthetic Analysis)

Wspotczesny trend do powszechnej cyfryzacji i automatyzacji nie mogt omingé
dziedziny chemii organicznej. Poczatki komputerowo-wspomaganej chemii organicznej
sicgaja lat 60., kiedy E. J. Corey rozpoczat prace nad programem do analizy
retrosyntetycznej — LHASA (znanym woéwczas jako OCSS) 4. Pomimo, ze do lat
sze$¢dziesiatych z sukcesem wykonano szereg syntez totalnych skomplikowanych
zwigzkéw naturalnych (m.in. witaminy A, kortyzonu®®, morfiny!’ czy chlorofilu'®),
wigkszo$¢ z nich opierala si¢ na glgbokim zrozumieniu chemii specyficznej klasy
zwigzkoéw, a planowanie syntezy bazowalo na podejsciu do przodu, tj. zaczynajac od
dostepnych substratow. Corey zauwazyl, ze nauczenie komputera planowania syntezy
organicznej wymaga formalizacji regut syntezy'® — zdefiniowat on wowczas podejscie do
problemu retrosyntezy oparte o logiczng analiz¢, w ktérym analiza syntetyczna danej
czasteczki rozpoczyna si¢ od koncowego produktu, krok po kroku, bez stawiania
jakichkolwiek zatozen co do poczatkowych substratow — metoda ta stata si¢ podstawg do
tworzonego przez niego programu?,

Program LHASA sktadat si¢ z kilku podmodutow. Za graficzng reprezentacje¢ struktur
chemicznych odpowiadat modut graficzny, z ktérego informacja chemiczna byta
przekazywana do modutu percepcji, modutu strategii i kontroli, modutu manipulacyjnego
oraz modutu ewaluacji'l. Modul percepcji rozpoznawal poszczegolne grupy funkcyijne,
rozgatezienia tancuchow weglowych?, pierécienie oraz elementy symetrii'?!. Pozniejsze
wersje programu posiadaty rdwniez percepcje stereochemii punktowej na atomach wegla
o0 hybrydyzacji sp® 13?2 oraz wigzania podwojnego?, wprowadzona zostata tez percepcja
wyzszego rzedu, tj. program dodatkowo analizowal narysowang strukture pod katem
obecnosci wysoko reaktywnych grup funkcyjnych 1 ich kombinacji, wzajemnie
niekompatybilnych grup funkcyjnych czy niestabilnych tautomerow®®. Z kolei modut
strategii i kontroli zawierat zbior heurystyk, ktore stanowily kluczows czgs¢ programu
LHASA — byly to ogolnie zapisane reguly chemiczne, ktore komputer stosowat do
narysowanej struktury, generujac w ten sposob jednoetapowe drzewo retrosyntetyczne'!,
W module tym znajdowaly si¢ rowniez strategie wyzszego rzgdu, ktore utatwiaty wybor
odpowiednich transformacji chemicznych, jednocze$nie ograniczajac przestrzen
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poszukiwan, co pozwalato w minimalnym chocby stopniu ograniczy¢ problem eksplozji
kombinatorycznej'®. Na podstawie heurystyk i strategii dobranych w module strategii
1 kontroli program przechodzit do modulu manipulacyjnego, ktory wykonywat wtasciwg
transformacj¢ chemiczng tworzac odpowiedni retron.

Heurystyki oraz strategie zawarte w programie LHASA zostaly stworzone przez
tworcow programu dzigki wnikliwej analizie znanych reakcji organicznych. Nalezaty do
nich m. in. heurystyki eliminujace reaktywne grupy funkcyjne na pierwszym etapie analizy,
heurystyki pozwalajagce na maksymalng redukcje iloSci pierScieni, a takze heurystyki
wyzszego rzedu: strategie topologiczne (opierajgce si¢ na koncepcji strategicznych
pierscieni®® i koncepcji strategicznych wiazan??), strategie grup funkcyjnych (m.in.
strategie wymiany grupy funkcyjnej — FGI?®, i wprowadzenie grupy funkcyjnej — FGA®S),
a takze strategie dalekiego zasiagu. Strategie dalekiego zasiggu byly catymi sekwencjami
transformacji chemicznych odpowiadajacymi konkretnym reakcjom chemicznym, do
ktorych nalezaly m.in. reakcja Dielsa-Aldera?®, annulacja Robinsona®’, redukcja Bircha,
halolaktonizacja?® czy stereoselektywna synteza olefin?® (uzytkownik wybieral jedna ze
strategii dalekiego zasiegu w przypadku, gdy uznal, Zze begdzie ona pasowata do danej

struktury?®, a nastepnie samodzielnie ocenial wygenerowane przez nig wyniki'!).

Jednym z najwazniejszych etapow rozwoju kazdego programu do analizy
retrosyntetycznej jest ocena, zarowno teoretyczna jak i laboratoryjna, generowanych przez
niego rezultatow. Niestety przez caty okres rozwoju programu LHASA nie opublikowano
zadnej syntezy wykonanej w laboratorium zgodnie z planem retrosyntetycznym
wygenerowanym przez program'*, Co prawda publikacje Coreya zawieraja przyktady
analiz retrosyntetycznych (m.in. dla alkoholu paczulowego!!, waleranonu®*?’, erytronolidu
B3 czy fragmentu modelu taksolu®#), jednak wigkszos¢ z nich jest opisana w sposéb bardzo
ogblny (tylko w nielicznych przykltadach zaproponowane sa konkretne warunki reakcji),
co znacznie utrudnia oceng ich stosowalno$ci w praktyce.

Ostatnia publikacja dotyczaca programu LHASA ukazata si¢ w roku 1997%. Przyczyn
braku kontynuacji prac nad programem jest co najmniej kilka: LHASA w gtownej mierze
opierata si¢ na wykorzystaniu strategii dalekiego zasiggu, tj. Scisle zdefiniowanych
heurystykach opisujacych poszczegolne, czesto wieloetapowe, transformacje chemiczne.
Aby podejscie takie moglo generowaé poprawne i uzyteczne reakcje chemiczne oraz ich
sekwencje program powinien posiada¢ jak najwiecej tego typu heurystyk, jednak im
wicksza jest ich ilo$¢ tym wigcej rozwigzan jest proponowanych na kazdym etapie analizy,
co szybko prowadzi do eksplozji kombinatorycznej®l. Problem ten stanowit powazne
ograniczenie rozwoju programu przede wszystkim ze wzgledu na brak odpowiednich
rozwigzan sprzetowych i algorytmicznych w tamtym okresie. Z tego powodu ilos¢ strategii
wprowadzanych do programu byta ograniczona: w roku 1994 w LHASIE obecnych byto
2100 transformacji chemicznych, co stanowi jedynie niewielki ulamek znanych reakc;ji
chemicznych (brakowato m. in. reakcji Baylisa-Hillmana)'*. Co wiecej, generowane przez
program wyniki charakteryzowaty si¢ dosy¢ niskim stopniem szczegotowosci jesli chodzi
o warunki reakcji, w wielu przypadkach pomijany byt tez problem stereo-
i regioselektywnoéci reakcji*. Nie bez znaczenia pozostaje tez fakt, ze program
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wykonywat analizy retrosyntetyczne jedynie pod ciagla kontrolg uzytkownika,
tj. sugerowal jedynie pojedyncze etapy syntezy, natomiast nie byt w stanie generowac
kilkuetapowych sekwencji reakcjil*. Konieczno$¢é manualnego prowadzenia analizy,
ograniczona baza transformacji chemicznych oraz wysokie ryzyko eksplozji
kombinatorycznej byly gtownymi czynnikami, z powodu ktéorych LHASA nigdy nie
zyskata szerokiej akceptacji w $rodowisku chemikéw?2. Mimo wszystko, podczas rozwoju
LHASA opracowany zostat szereg koncepcji i heurystyk stanowiacych podwaliny
wspoélczesnych  programow do komputerowo-wspomaganej syntezy organicznej,
a E. J. Corey w 1990 roku zostat uhonorowany nagroda Nobla za sw6j wktad w rozwoj
teorii i metodologii syntezy organiczne;j.

SECS (Simulation and Evaluation of Chemical Syntheses)

Projekt SECS powstat w 1969 roku jako odgatezienie programu OCSS-LHASA
i w pierwotnym zalozeniu miat shuzy¢ opracowaniu zagadnien komputerowo-wspomaganej
analizy retrosyntetycznej z zakresu percepcji stereochemii, reprezentacji czasteczek
w przestrzeni trojwymiarowej oraz aspektow sterycznych i elektronowych, ktérych
pierwsze wersje programu OCSS-LHASA nie braty pod uwage. SECS w niedlugim czasie
wyewoluowat do osobnego programu do analizy retrosyntetycznej i byt rozwijany przez
W. T. Wipkego na Uniwersytecie Kalifornijskim we wspotpracy z firmg Merck®,

Korzystanie z programu SECS byto podobne do uzywania LHASA — uzytkownik
rysowal strukture chemiczng celu syntetycznego, ktora byta analizowana przez program
pod katem cech strukturalnych, m.in. obecnosci grup funkcyjnych, centrow
stereogenicznych® oraz pierscieni®®. SECS sprawdzat réwniez odleglosci pomigdzy
poszczegdlnymi atomami, naprezenia wigzan i zattoczenie steryczne®®. Podstawa dziatania
SECS byly reguty reakcji chemicznych zapisywane w jezyku ALCHEM?*¥ | a kazda z nich
zawierata informacje o rdzeniu reakcji, nazwie transformacji, warunkach, a takze o zakresie
jej stosowalnosci®. Pozniejsze wersje SECS posiadaty rowniez zbior 60 grup funkcyjnych,
do ktorych przypisana byta ich odporno$¢ na poszczegdlne warunki reakcji: zasadowe,
kwasowe, utleniajace, redukcyjne, wysoko- I niskotemperaturowe, protyczne, aprotyczne,
nukleofilowe, elektrofilowe, fotochemiczne oraz warunki stosowane w reakcjach
zwiazkow organometalicznych, a takze halogenowania 1 uwodornienia. W przypadku gdy
w czasteczce znajdowala si¢ grupa funkcyjna wrazliwa na warunki proponowanej
transformacji, program sprawdzat mozliwo$¢ jej zabezpieczenia, a jesli grupa nie mogta
zosta¢  zabezpieczona  proponowana transformacja mogla zosta¢  usunigta
z dalszej analizy®*. SECS posiadat rowniez dodatkowe strategie retrosyntetyczne, ktore
byty dostepne do wyboru dla uzytkownika333” — byly to m.in. strategie dazace do szybkiego
uproszczenia struktury analizowanej czasteczki czy strategie poszukiwania symetrii dazace
do takiego rozcigcia czasteczki, aby mozna bylto ja zsyntezowa¢ z dwoéch takich samych
2938 Umozliwialy one szybsze poruszanie sie w glgb drzewa
retrosyntetycznego, co jednak odbywalo si¢ kosztem pominigcia czgsci rozwigzan.

prekursoréw

Wipke opublikowat zaledwie kilka przykltadow rezultatow generowanych przez
program SECS, m.in. przeprowadzong w spos6b manualny analiz¢ retrosyntetyczng
czasteczki grandisolu®’. Tak jak w przypadku LHASA analizy generowane przez SECS sa

https://rcin.org.pl



przedstawione w sposob ogdlny 1 poszczegdlnym etapom nie sg przypisane warunki reakcji,
syntezy te nie zostaly rowniez zrealizowane w laboratorium. SECS wykonywat analize
retrosyntetyczng w sposob manualny (kazdy kolejny etap analizy byt kontrolowany przez
uzytkownika), w zwigzku z czym generowane przez niego plany nie byty innowacyjne. Co
wigcej brakowato w nim wielu waznych transformacji chemicznych, zdarzato si¢ tez, ze
program generowat chemicznie watpliwe lub wrecz niepoprawne wyniki®e.

SYNCHEM/SYNCHEM 2

Z ograniczen manualnego podej$cia do generowania S$ciezek retrosyntetycznych
zdawat sobie sprawg H. L. Gelernter, ktory w 1968 roku zaczat prace nad programem
SYNCHEM. Program ten w zatozeniu miatl generowac cale SciezKi retrosyntetyczne
w sposob automatyczny, bez interwencji ze strony operatora3,

Po wprowadzeniu struktury produktu SYNCHEM analizowat jg pod katem obecnoS$ci
grup funkcyjnych i innych cech strukturalnych, tzw. synteméw. Kazdemu syntemowi
odpowiadal osobny rozdziat w bibliotece reakcji, ktory zawierat schematy reakcji
odpowiadajace jego syntezie®®. Podczas analizy schematy reakcji byly testowane pod
katem ich stosowalno$ci do struktury szukanego zwigzku — sprawdzana byta miedzy
innymi obecno$é niekompatybilnych grup funkcyjnych i mozliwos¢ ich zabezpieczenia®®.
Naste¢pnie program generowal zbior prekursorow, ktore byty oceniane, a najlepsze z nich
zostawaly poddawane kolejnej iteracji analizy retrosyntetycznej. Analiza byta przerywana,
gdy Sciezka retrosyntetyczna skonczyta si¢ na zwigzku komercyjnie dostepnym z katalogu
firmy Sigma Aldrich Chemical Supply Company®®. Pomimo, ze SYNCHEM posiadat
algorytm umozliwiajacy automatyczne poruszanie si¢ po drzewie retrosyntetycznym, jego
dzialanie pozostawialo wiele do zyczenia. Jego podstawe stanowila bowiem funkcja
CPMERIT, ktéra oceniata jedynie strukturalny stopien zlozono$ci wygenerowanego
prekursora: im prostszy byt wygenerowany prekursor/prekursory, tym lepsza oceng
dostawala dana transformacja. Algorytm podazat wiec dang gatezig drzewa tak dtugo, jak
dhlugo generowane byty prekursory o mniejszym stopniu skomplikowania, natomiast gdy
wykryl zwigkszenie ztozono$ci czasteczki porzucal dang galaz i w sposob losowy
przechodzit do eksploracji kolejnej gatezi®®.

Analizy retrosyntetyczne generowane przez SYNCHEM byly dalekie od ideatu. Na
przyklad, w analizie retrosyntetycznej twistanonu®® pojawia sie struktura niezgodna
z reguta Bredta, proponowana jest reakcja Dielsa-Aldera pomiedzy dwoma
nieaktywowanymi substratami, nie jest rowniez uwzgledniona stereochemia czasteczek,
ktora ma niebagatelny wpltyw na zajscie cyklizacji domykajacej ostatni pierScien
twistanonu®®. Z pomocg SYNCHEM wygenerowano réwniez analizy retrosyntetyczne
witaminy A%, eteru metylowego slafradiolu i kwasu tirandamycynowego’ — ta ostatnia
miata zosta¢ zweryfikowana w laboratorium Rineharta®®. Niestety juz przy prébach na
zwigzku modelowym okazato si¢, ze do wykonania utleniajgcego otwarcia pierScienia
furanu konieczne jest zastosowanie warunkéw, ktore nie sg kompatybilne z resztg
czasteczki®’.,

Jednym z powodéw generowania przez SYNCHEM btednych analiz byta niewielka
ilo§¢ schematow reakcji obecnych w bazie oraz niekompletna lista heurystyk im przypisana.
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Poza tym, na kazdym poziomie drzewa retrosyntetycznego rozwazany w danym momencie
prekursor byt uznawany za nowy cel syntetyczny — program nie posiadal percepcji
globalnej historii generowanej $ciezki retrosyntetycznej, w zwiazki z czym proponowane
przez niego wyniki mogly byé¢ poprawne jedynie w kontekécie lokalnym®!. Dodanie
wickszej ilosci schematow reakcji bez rozwigzania problemu poruszania si¢ po drzewie
1 szczegotowego oceniania calych sekwencji reakcji  skutkowatoby jedynie
przyspieszeniem eksplozji kombinatorycznej i prawdopodobnie nie poprawitoby
W znacznym stopniu generowanych analiz. Z powodu licznych ograniczen programu
SYNCHEM jego autorzy porzucili ten projekt i napisali program na nowo, nadajgc mu
nazwe SYNCHEM2%. Prace nad SYNCHEM2 trwaly az do poznych lat
dziewigédziesiatych®, jednak od 1977 roku nie ukazata sic zadna nowa analiza
retrosyntetyczna wygenerowana przez SYNCHEM/SYNCHEM2, co pozwala sugerowac,
ze zmiany wprowadzone do programu nie pozwolily na uzyskanie lepszych niz wcze$niej
rezultatow.

SYNSUP

Program SYNSUP zostat zapoczatkowany przez Malcolma Bersohna 1971 roku®?,
a od roku 1984 rozwijany byl we wspotpracy z japonska firma Sumitomo Chemical
Company®. SYNSUP byt programem do analizy retrosyntetycznej, ktory potrafit
generowac cate Sciezki syntezy z uwzglednieniem stereochemii w oparciu o ekspercka baze
transformacji chemicznych*#4, Do roku 2009 w bazie znajdowato sie 5900 regut reakcji,
a kazda z nich zawierata opis rdzenia reakcji oraz dodatkowych informacji opisujacych
dang reakcje: warunkow transformacji, odnos$nikéw literaturowych, szacunkowe;j
wydajnosci®®. Podczas dopasowywania reguty reakcji do konkretnej czasteczki program
sprawdzal regioselektywno$¢ 1 chemoselektywnos$¢, a nastgpnie, jesli nie napotkat
konfliktu (np. niekompatybilnych grup funkcyjnych obecnych w czasteczce), generowat
strukture czasteczki prekursora. Jezeli czasteczka ta nie byta dostepna komercyjnie i/lub
nie spetniata kryteriow koncowych zatozonych przez uzytkownika (np. kryterium
maksymalnej masy czasteczkowej substratow) program traktowal ja jako czastkowy cel
syntetyczny 1 przeprowadzat kolejng iteracje analizy. W momencie, w ktorym SYNSUP
skonczyt analizowa¢ dang gataz drzewa retrosyntetycznego wracat do poprzednich

prekursoréw i przeprowadza analize kolejnej galezi drzewa®.

Wyczerpujace przeszukiwanie drzewa retrosyntetycznego generowato ogromna ilos¢
zwigzkow prekursorowych w kazdej iteracji, konieczne wigc byto wprowadzenie metod
ukierunkowujacych wyszukiwanie. Jedng z nich byta klasyfikacja regul reakcji: najwigkszy
priorytet posiadaty m.in. reakcje enancjoselektywne i diastereoselektywne, a najnizszy —
reakcje wymiany grup funkcyjnych oraz reakcje degradacji (np. ozonoliza). Poza tym, dla
czasteczki celu syntetycznego oraz czasteczek prekursorowych liczona byla wartos¢
tzw. stopnia ztozono$ci, Szacowanego na podstawie ilosci poszczegolnych elementow
strukturalnych. Dla generowanych $ciezek liczona byla warto$§¢ sumaryczna wartosé
stopnia ztozonos$ci — jesli przekroczyta ona warto$¢ granicznag, $ciezka taka byta usuwana
z drzewa jako nieefektywna. Poza tym, przed rozpoczeciem wyszukiwania uzytkownik
ustalal tez tzw. kryteria limitujace (np. limit etapow syntezy, limit iloSci reakcji
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niestereoselektywnych lub nieregioselektywnych czy limit reakcji tworzacych wigzania na
peryferiach czgsteczki), ktore réwniez pozwalaty na ograniczenie ilosci generowanych
wynikow®. Niestety, nawet z wykorzystaniem wymienionych sposobéw redukcji
ztozonos$ci drzewa retrosyntetycznego program znajdowal zastosowanie jedynie do
prostych czasteczek — dla zwigzkoéw o wigkszej ztozonosci strukturalnej liczba mozliwych
do wygenerowania $ciezek szybko prowadzita do eksplozji kombinatorycznej. Dopiero
w 2009 roku wprowadzono selektywne wyszukiwanie opierajace si¢ na identyfikacji

strategicznych wiazan, ktore czg§ciowo rozwiazato ten problem*4*,

Przyktady analiz retrosyntetycznych wygenerowanych przez program SYNSUP
ograniczaty si¢ glownie do bardzo prostych zwigzkow, takich jak 2-chloro-3-hydroksy-5-
nitrotoluen®®, analog sacharyny*® czy chloramfenikol*’. Dopiero w 2006 roku
opublikowano analize retrosyntetyczng dla bardziej skomplikowanej struktury azaspiranu
— jest to jednoczeénie jedyna analiza zwalidowana eksperymentalnie*®. Synteza
zrealizowana w laboratorium rdzni si¢ jednak od wygenerowanego przez SYNSUP planu
kolejnoscig etapow, problematyczna okazala si¢ tez zaplanowana redukcja grup
karbonylowych. Sumaryczna wydajno$¢ calej syntezy wyniosta 3%, co jest znacznie

gorszym rezultatem niz 25% wydajnosci syntezy znanej w literaturze®,

W 2009 roku twoércy SYNSUP przyznali, ze programowi daleko jeszcze do peini
funkcjonalnos$ci®~ w generowanych $ciezkach czesto proponowane byly niewtasciwe
reakcje, program generowal podobne do siebie sekwencje reakcji, a w bazie regul
brakowato wielu transformacji*® (do roku 2010 znajdowato sic w niej niecate 6 000
reakcji)®.

Inne programy do analizy retrosyntetycznej

Opisane programy stanowia jedynie utamek opracowywanych przez lata narz¢dzi do
analizy retrosyntetycznej. Do pozostatych projektow naleza m.in. japonskie programy
AIPHOS/KOSP bazujace na automatycznie wygenerowanej bazie reakcji‘®>!, SYNLMA
P.Y. Johnsona®?, SYNGEN J. Hendricksona®®, CHIRON S. Hanessiana®*, IGOR (w ktorym
do opisu reakcji zastosowany zostat model Dugundjiego-Ugiego)® czy WODCA
rozwijana przez J. Gasteigera®. Pomimo poczatkowego entuzjazmu zaden
z wymienionych programéw nie zyskal popularnosci 1 powszechnej stosowalnosci
w Srodowisku chemikéw. Zbyt mata moc obliczeniowa dwczesnych komputerow oraz brak
odpowiednich rozwigzan algorytmicznych powodowaty, ze nie mogly one konkurowaé
z cztowiekiem 1 dla chemika organika po prostu nie byty uzyteczne w codziennej pracy.

5.2. Wspélczesne narzedzia komputerowo-wspomaganej chemii
organicznej

Wspoétczesnie komputerowo-wspomagana chemia organiczna przezywa swoje
odrodzenie. Do glownych kierunkow rozwoju tej dziedziny mozna zaliczy¢ komputerowo
wspomagang analize retrosyntetyczng (m.in. program Chematica/Synthia™575% sieci
neuronowe Seglera-Wallera®®, model Coleya-Jensena®!, program ASKCOS®*®3 oraz
ICSYNTH®* stworzony przez InfoChem® czy ChemPlanner zintegrowany z platforma
SciFinder®), komputerowo-wspomagane przewidywanie produktu danej reakcji
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chemicznej (m.in. sieci neuronowe Aspuru-Guzika®’, Coleya-Jensena®®, Schwallera™
i Drehera-Doyle’, model Lee-Schwallera’® oraz program ReactionPredictor Baldi’ego’
), a takze rozwdj zautomatyzowanych systeméw do syntezy organicznej. Do tych
ostatnich zalicza si¢ m.in. zautomatyzowane systemy do syntezy zwigzkow
polimerycznych (peptydéow’®, oligosacharydéw’’ i oligonukeotydow’®), systemy do
wysokoprzepustowej syntezy okreslonej klasy zwigzkéw na mata skalg (przeprowadzanie
reakcji w plytkach 24- i 96-dotkowych’ 8!, a nawet synteza w skali nanomolowe;j
pozwalajaca na przeprowadzenie tysigcy reakcji w jednej szarzy w plytce®® lub
w przeptywie®), a takze systemy zaprojektowane de novo na potrzeby konkretnego
laboratorium (ASKCOS®283, Chemputer®® czy platforma do iteratywnego sprzegania
pochodnych kwaséw boronowych®).

Sieci neuronowe Seglera-Wallera

Zespot M. P. Wallera opracowat program do planowania syntez organicznych oparty
o heurystyke Monte Carlo Tree Search (MCTS) i gtebokie sieci neuronowe®’. Model ten
wykorzystuje automatycznie wyekstrahowane reguly reakcji do planowania syntez
zwigzkow organicznych o znaczeniu medycznym. Pomimo, ze maszynowa ekstrakcja
regul reakcji jest rozwigzaniem szybkim, posiada niestety szereg ograniczen — w analizach
retrosyntetycznych wygenerowanych przez model Seglera-Wallera brakuje m.in. pelne;j
informacji o kontekscie chemicznym danej transformacji (m.in. o mozliwych konfliktach
reaktywnosci), nie jest uwzgledniony problem regioselektywnosci reakcji oraz ignorowana
jest stereochemia. Co prawda w przeprowadzonym przez autoréw tescie, w ktorym udziat
wzieli niezalezni doktoranci chemii, wykazano, ze plany syntetyczne generowane przez
program sg porownywalne do tych opublikowanych literaturowo. Test ten byt jednak
przeprowadzony na stosunkowo prostych celach syntetycznych, nieposiadajacych centrow
stereogenicznych, a sami autorzy wnioskuja, ze zastosowane przez nich podejscie nie
stosuje si¢ do bardziej skomplikowanych strukturalnie zwigzkow, zwlaszcza produktow
naturalnych®®,

Model Coleya-Jensena

W 2017 roku zespot K. F. Jensena opublikowal prace, w ktorej do analizy
retrosyntetycznej wykorzystane zostalo podejscie oparte o podobienstwo molekularne®:.
Opracowany model proponuje cigcia retrosyntetyczne dla zadanego celu syntetycznego
w oparciu o analogi¢ do znanych literaturowo reakcji z bazy 40000 patentdow —
wykorzystane do tego celu zostaly obliczenia podobienstwa pomigdzy produktami oraz
pomiedzy reagentami metoda Morgan2noFeat i Tanimoto. Tak jak w przypadku sieci
neuronowych Seglera-Wallera model Coleya-Jensena nie bierze pod uwage pelnego
kontekstu chemicznego danej transformacji — autorzy przyznaja, ze pracujac nad modelem
gléwng motywacjg do zastosowania podejscia opartego o podobienstwo molekularne byto
pytanie: czy podobne czgsteczki zostaly juz zsyntezowane? Niestety, analiza
retrosyntetyczna jest problemem duzo bardziej ztozonym 1 miara podobienstw reagentow
1 produktow danych transformacji chemicznych jest po prostu niewystarczajaca do
wygenerowania wiarygodnych chemicznie wynikow — czgsto wystarczy bowiem zmiana
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reakcja nie mogta zaj$¢ ze wzgledu na np. konflikt reaktywnos$ci (bardziej szczegotowa
dyskusja tego problemu w suplemencie do °°). W istocie, model proponuje
1 wstepnie ocenia transformacije ,,jeden krok w tyt” od zadanego celu syntetycznego, jednak
zaaplikowanie tej metody do pelnego, wieloetapowego procesu analizy retrosyntetycznej
wymagatoby ciagltego nadzoru chemika mogacego na kazdym etapie wytypowaé
wiarygodne chemicznie transformacje. Jednak nawet w takim wariancie kwestig
dyskusyjng pozostawac bedzie jako$¢ bazy danych, na podstawie ktorej dziata model
Coleya-Jensena. 40 000 przyktadow reakcji stanowi niewielki utamek opublikowanych
literaturowo transformacji, poza tym bazy patentowe charakteryzuja si¢ obecnoscig
wiekszej ilosci prostych reakcji — stosowalnos$¢ tego modelu do analizy retrosyntetycznej
skomplikowanych produktéw naturalnych jest wiec watpliwa.

ASKCOS

Innym programem posiadajagcym mozliwos¢ przeprowadzenia jednoetapowej analizy
retrosyntetycznej jest ASKCOS, ktory w ostatnim czasie zostat zintegrowany z platforma
do zautomatyzowanej syntezy organicznej®?%, ASKCOS bazuje na ponad 160 tysigcach
regut reakcji wyekstrahowanych maszynowo z bazy patentow US Patent Database oraz
bazy Reaxys. Algorytm do analizy retrosyntetycznej pordéwnuje strukturge celu
syntetycznego z regutami transformacji dostepnymi w bazie i proponuje odpowiednie
cigcia retrosyntetyczne jeden krok w tyl. Nastepnie informacja ta przekazywana jest do
modulu predykcji produktow reakcji, ktéory sprawdza czy istnieja warunki, ktore
umozliwiajg uzyskanie celu syntetycznego z uzyciem zaproponowanych substratow.
W kolejnym kroku, jeszcze inny modut sprawdza prawdopodobienstwo zajscia reakcji
ubocznych prowadzacych do produktow innych niz zatozony cel syntetyczny. Propozycje
analiz generowanych przez program ASKCOS zostaty poddane walidacji na przyktadzie
pictnastu prostych zwigzkéw chemicznych o znaczeniu medycznym: program
wygenerowat propozycje planéw syntetyczych, na podstawie ktorych opracowano skrypty
zawierajace procedury eksperymentalne — oprocz informacji o rodzaju proponowanych
reagentow skrypty te zostaly tez manualnie uzupetione o informacje dotyczace stezen,
ekwiwalentow oraz czasow reakcji, a takze o informacje na temat doktadnej konfiguracji
modutu robotycznego. Tak przygotowane skrypty zostaly wykorzystane do
przeprowadzenia wlasciwej syntezy przy uzyciu zautomatyzowanego, przeplywowego
systemu do syntezy organicznej®?%®. Zautomatyzowany system do syntezy ASKCOS
sktada si¢ z roznego rodzaju modutow (reaktorow i1 separatorow), ktére moga byc¢
potaczone w rdéznych konfiguracjach w zaleznosci od celu syntetycznego
i wygenerowanego dla niego planu syntezy®?%3, Do eksperymentalnego wykonania syntezy
wymagana jest jednak ingerencja chemika, ktéory manualnie wprowadza informacje
odnosnie planowanych czasoéw reakcji, a takze ekwiwalentow oraz stezen poszczegdlnych
reagentow®2%3,

ASKCOS stanowi przyktad systemu, ktory tagczy w sobie etap element komputerowej
analizy retrosyntetycznej ze zautomatyzowanym, eksperymentalnym wykonaniem planu
syntetycznego. Niemniej jednak, tak jak w przypadku wielu wspotczesnych programéw do
analizy retrosyntetycznej, podstawa predykcji ASKCOS sa automatycznie
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wyekstrahowane reguly reakcji, ktore czesto charakteryzujg si¢ niewystarczajaca
szczegblowoscig (wspomniany juz brak kontekstu chemicznego dalekiego zasiggu), a ich
stosowalnos$¢ do analizy skomplikowanych strukturalnie celow syntetycznych jest znacznie
ograniczona. W istocie, struktury zwiazkéw, na przyktadach ktorych sprawdzony zostat
program ASKCOS (m.in. aspiryna, seknidazol, lidokaina, diazepam, (S)-warfaryna czy
safinamid) nie sa skomplikowane, a wykonane przez system ASKCOS syntezy opieraja si¢
w gltéwnej mierze na prostych reakcjach (m.in. reakcje Sn2, synteza amidéw oraz imin).
Co prawda program posiada percepcje stereochemii, jednak jedyna reakcja
stereoselektywna zrealizowana zostala w syntezie (S)-warfaryny — w przypadku
pozostatych zwigzkoéw zawierajacych centra stereogeniczne, centra te znajdowaty si¢ juz
W poczatkowych substratach. Ograniczenia stosowalnosci programu ASKCOS widaé
wyraznie przy poroOwnaniu generowanych przez niego analiz retrosyntetycznych do analiz
proponowanych przez program Chematica/Synthia™. Poroéwnanie takie opublikowali
autorzy programu do analizy retrosyntetycznej ReTReK®' — do testow swojego programu
jako punkt odniesienia wykorzystali oni zbiér 15 zwigzkdéw, ktérych analizy
retrosyntetyczne opublikowane zostaty w pracach naszego zespotul®®®, Na ten zbior
odniesienia sktadato si¢ 15 planow syntetycznych wygenerowanych automatycznie przez
program Chematica/Synthia™, z ktorych 11 dodatkowo zwalidowali$my eksperymentalnie
z sukcesem przeprowadzajac syntezy w laboratorium — szczegdly znajduja sie
w publikacjach naszego zespotul®*® oraz na Rys.4 oraz Rys.5 niniejszej rozprawy.
Tworcy programu ReTReK uzyskane przez siebie wyniki poréwnali z analizami
proponowanymi przez ASKCOS dla tych samych zwigzkoéw. Co ciekawe, ani programowi
ReTRek ani ASKCOS nie udato si¢ wygenerowaé analiz retrosyntetycznych dla
wszystkich zwigzkow — ReTRek wygenerowat analizy dla 11 z 15 produktow, natomiast
ASKCOS jedynie dla 4. Co wigcej, jakos¢ wygenerowanych przez oba programy analiz
jest nieporownywalna do tej oferowanej przez program Chematica/Synthia™ — w wielu
przypadkach ReTRek i ASKCOS proponuja jedynie ostatni etap syntezy, a jesli juz
programy te wygenerowaly dluzsza niz jednoetapowa analiz¢ retrosyntetyczng czgsto
zawierala ona znaczace bledy, takie jak choc¢by konflikty reaktywnosci grup funkcyjnych,
niewykorzystywanie grup ochronnych pomimo koniecznosci ich uzycia czy wrecz
uzywanie nieistniejgcych transformacji chemicznych. Tak znaczace btedy dyskwalifikuja
te programy jako uzyteczne narzgdzia wspomagajace synteze laboratoryjng.

Chemputer

Chemputer jest modutowg platformg do syntezy organicznej opracowang przez zespot
L. Cronina, ktorej celem jest realizacja syntezy w sposdb zautomatyzowany, ale zblizony
do sposobu przeprowadzenia reakcji przez chemika w standardowym laboratorium syntezy
organiczej®3848, Platforma ta sktada sie z podmodutéw stuzacych do przeprowadzenia
reakcji (szklanych, dwuszyjnych kolb okragtodennych), ekstrakcji (rozdzielacze
z wbudowanym mieszadtem 1 czujnikiem wykrywajacym granic¢ faz miedzy
rozpuszczalnikami), filtracji (lejki Biichnera) oraz odparowania rozpuszczalnika (wyparka
prozniowa)®. Zintegrowane z podmodutami reakcyjnymi wezyki, pompy strzykawkowe
oraz zawory 6-drozne pozwalaja na dowolng konfiguracj¢ potaczen podmodutow i transfer
reagentow miedzy nimi. Platforma pracuje w oparciu o dedykowane oprogramowanie
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Chempiler, ktére generuje instrukcje dla poszczegdlnych modutow. Z wykorzystaniem
platformy Chemputer zrealizowane =zostaty kilkuetapowe syntezy chlorowodorku
difenylohydraminy, rufinamidu i sildenafilu®® — w duzej czesci zostaty one wykonane bez
interwencji czlowieka. Po stronie chemika pozostalo przygotowanie procedur
eksperymentalnych (ekwiwalenty, czas reakcji itp.) oraz nawazanie niektorych statych
substratow®. Inna wersja Chemputera zostata réwniez wykorzystana do poszukiwania
nowych reakcji za pomoca uczenia maszynowego®*®. W tej konfiguracji Chemputer
wykonywat reakcje chemiczne jednoczesnie analizujgc ich przebieg za pomocy
zintegrowanych detektorow: aparatu NMR, spekrometru mas oraz aparatu IR. Majac zbior
poczatkowych substratow system przeprowadzal eksperymenty, polegajace na losowym
,,zmieszaniu” dwoch lub trzech substratow i sprawdzeniu czy zaszta pomiedzy nimi reakcja
chemiczna. Nastepnie algorytm uczenia maszynowego analizowat wyniki 1 na ich
podstawie przewidywal reaktywno$¢ pozostaltych kombinacji substratow. Kombinacje te
zostawaly oceniane przez algorytm, nast¢pnie najbardziej rokujace byly nastepnie
wykonywane przez robota (takie podejScie pozwalato na uniknigcie niepotrzebnego
sprawdzania niereaktywnych kombinacji), a ich wyniki analizowane i dodawane do bazy
danych. Na podstawie zaktualizowanej bazy danych algorytm przechodzit do kolejne;j
iteracji predykcji 1 typowat nowych kandydatow do eksperymentow. Wytypowane przez
system reaktywne kombinacje substratow stanowily podstawe do manualnego
przeprowadzenia eksperymentdw i odkrycia czterech nowych reakcji®.

Platforma do iteratywnego sprzegania kwasow boronowych

Zespot M. D. Burke’a opracowal zautomatyzowany system do iteratywnego,
katalizowanego palladem sprzggania kwaséw boronowch zabezpieczonych za pomoca
kwasu N-metyloiminodioctowego (MIDA)®8%9%  Tak zabezpieczone kwasy boronowe
silnie wigzg si¢ z zelem krzemionkowym gdy eluentem jest mieszanina metanolu i eteru
dietylowego, natomiast tatwo jest je usungé ze zloza zmieniajgc eluent na THF.
Opracowana przez Burke’a platforma do sprzegania kwasow boronowch sktada si¢ z trzech
typow modulow, ktore w kazdym cyklu kolejno przeprowadzajg reakcje deprotekcji kwasu
boronowego, reakcj¢ sprzegania oraz oczyszczanie produktu. W zautomatyzowanym
procesie oczyszczania wykorzystana jest wspomniana juz wtasciwos¢ boranow MIDA do
selektywnego wigzania si¢ z zelem krzemionkowym: surowa mieszanina poreakcyjna jest
przenoszona na warstwe zelu krzemionkowego, a nadmiary reagentow 1 produkty uboczne
reakcji s wymywane za pomoca mieszaniny MeOH/Et,O. W kolejnym kroku nastepuje
zmiana eluentu na THF, ktory pozwala na szybka elucje¢ czystego produktu reakcji. Tak
oczyszczony zwigzek poddany zostaje kolejnemu cyklowi reakcji (tj. deprotekceji drugiego
kwasu boronowego, reakcji sprzegania i oczyszczaniu na zelu), a procedura ta jest
powtarzana az do uzyskania finalnego produktu®®. Metoda z wykorzystaniem boranéw
MIDA jest odpowiednia do sprzg¢gania wysoce niestabilnych kwaséw boronowych, gdyz
zabezpieczenie ich za pomoca MIDA znacznie zwigksza ich trwalo$¢. Co wigcej,
deprotekcja tak zabezpieczonych kwaséw boronowych moze odbywac sie¢ juz podczas
reakcji sprzggania, kiedy to aktywna forma kwasu boronowego uwalniania jest in situ
w $cisle kontrolowanych warunkach®.
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Platforma do sprzegania kwaséw boronowch jest systemem, ktory w duzej mierze
zostal zautomatyzowany. Po stronie chemika pozostaje natomiast nawazenie substratow,
przeniesienie ich do reaktora (wygladem zblizonego do pojemnikow na zel stosowanych
w chromatografii typu flash) i umieszczenie reaktora we wngtrzu robota, przy czym
procedura ta musi by¢ wykonana manualnie przed kazdym nastgpnym cyklem
reakcyjnym®. Niemniej jednak system ten oferuje duze mozliwosci syntetyczne — z jego
wykorzystaniem, za pomoca iteratywnie przeprowadzanych reakcji sprzegania, mozliwe
byto zsyntezowanie szeregu zwigzkow naturalnych i zwigzkow o znaczeniu medycznym w
skali miligramowej (m.in. ratanhiny, kwasu B-paranyrowego czy retinalu)®. Co wigce;j,
wiele kwaséw boronowych jest dostepnych komercyjnie juz w postaci estrow z MIDA, co
tym bardziej zwicksza atrakcyjnos¢ opracowanej platformy do syntezy.
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6. Szczegolowy kontekst projektu i badania wlasne

6.1. Chematica/Synthia™

Chematica jest programem do analizy retrosyntetycznej opracowanym przez zespot
Prof. Bartosza Grzybowskiego poczawszy od roku 2001 i bgdacego w chwili obecnej
jedynym programem retrosyntetycznym stosowanym na szeroka skale w Swiatowym
przemysle chemicznym (pod auspicjami firmy Sigma-Aldrich/Merck jako Synthia™), W
tym rozdziale przedstawi¢ ogoélng zasad¢ dziatania programu, a nastepnie przejd¢ do
mojego wktadu w rozwdj tego projektu opisujagc badania wiasne wchodzace w zakres
niniejszej rozprawy doktorskiej. Przy tak ztozonym projekcie niemozliwe jest szczegdtowe
opisanie wszystkich aspektow programu w jednym rozdziale — zainteresowanych szerszym
poznaniem tematu zapraszam wi¢c do zapoznania si¢ z publikacjami naszego Zespotu:
pracami przegladowymi na temat programu Chematica®’*%%, publikacjami opisujacymi
algorytmy wchodzace w sktad programu (przewidywanie produktu reakcji Dielsa-Aldera®,
selekcja optlacalnych i chemicznie zréznicowanych sekwencji reakcji sposrdd calego
drzewa retrosyntetycznego®, planowanie analiz retrosyntetycznych z ominigciem
opatentowanych sekwencji reakcji®, kombinacje taktyczne®®), a takze walidacjami
eksperymentalnymi programu®*°,

Podstawy dzialania programu

Chematica jest programem opartym o ekspercka baze danych, tj. baze danych ztozong
z regul reakcji zakodowanych przez specjalistow z dziedziny chemii organicznej. Jest
to kluczowy aspekt projektu, poniewaz W przeciwienstwic do programow
retrosyntetycznych opartych o automatycznie wyekstrahowane reguty reakcji®®®® dzieki
wiedzy eckspertow reguly zawarte w bazie programu Chematica sg wiarygodne,
uwzgledniaja szeroki kontekst chemiczny 1 umozliwiaja generowanie pelnych analiz
retrosyntetycznych nie tylko dla prostych zwiazkow, ale réwniez dla strukturalnie
skomplikowanych produktow naturalnych.

Przyktad reguty reakcji programu Chematica przedstawiony jest na Rys. 1 — reguty
zakodowane sg w notacji SMILES/SMARTS, ktora umozliwia przedstawienie struktur
chemicznych i calych reakcji w formie alfanumerycznego ciggu znakow, co pozwala na
znaczne przyspieszenie obliczen w stosunku do regut opartych np. na macierzach. Reguty
reakcji zawierajg petng informacj¢ na temat stereochemii i regiochemii danej transformacji
— na potrzeby zakodowania tak zaawansowanej chemii organicznej opracowane zostaly
dedykowane moduty STEREOFIX i REGIOFIX, ktére umozliwiaja poprawne
przeniesienie informacji stereochemicznej i regiochemicznej pomiedzy produktami
a substratami nawet dla zwiazkow posiadajacych wiele centrow stereogenicznych®®.
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[#6,#7HO0,F,CI,OHO,BHO,SH0,SnX4H0,SiX4,Ge X4H0,PX4H0];5

(X2);3 /A B A5
S + HBr NG + 3HS—C ()10
C, (H2);2 7 2
(a);10

name: "Alkylation of Thiols with Primary Bromides"

reaction SMARTS: "[#6,45&HO0,F,Cl,0HO0,BHO,SHO,5nX4H0,5iX4,GeX4HO,PX4H0: 5][CH2:2][5X2:3][c:10].[Br:7]>>
[C:2]([Br:7])[*:5]).[S:3][c:10] "

protection_conditions_code : ["WL62", "BW11" ]

protections: ["[CX4,c][SX2H]"]

incompatibilities: ["[CX4][Brl]", "[#6][N+]#[C-]", "[#6]N=C=[O0,S]", "[CX4!HO][N+]([0-])=0", "[#6]C(=O)[CI,Br,1]",
"[#6][CH]=[SX1]",  "[#6]C(=[SX1])[#6]", "[#6][S](=O)(=O)[OH]",  "[#6][SX3](=O)[OH]",  "[#6]S(=O)[Cl Br,]",
"[CX4]1[SX2][CX4]1", "[#6][SX2][SX2][#6]", "N=N", "[#6]C(=[O])OC(=[O])[#6]", "[#6]C(=O)[N]=[N+]=[N-]",

"[#6]O[OH]", "[#6]O0[#6]", "CIC=N", "[CX4,c][NX3][NH2]", "[#6]=[N+]=[N-]", "c[N+]#[N]", "[#6][Li]", "[#6][Mg][*]",
"[#6][Zn][*]", "[#6][SX2,0]C#N", "[#6][NX2]=0", "[CX3]=[CX2]=0", "[CX3]=[CX3][OH]", "[CX4][O][S](=0)(=0)[#6]",
"[CX3]([#6,#1])([#6,#1])=[NX2H]", "[OH][CX4]!@[O]", "[CX3]=[NX3+][O-] "]

typical reaction conditions: "DIPEA or other base.DCM"

references: "DOI: 10.1021/jm051010j and 10.1039/C4CC08829H (SI, page S3) and 10.1002/cmdc.201100144 and
10.1016/j.bmc.2014.11.002 and 10.1021/jm500827t"

diastereoselective: False

Rys.1. Przykladowa regula reakcji programy Chematica/Synthia™. Schemat reakcji alkilowania
aromatycznych tioli (gorny panel) wraz z zapisem tej reguty zawartym w bazie danych programu (dolny
panel). Na podstawie %°.

W najprostszym uj¢ciu, reguly reakcji zawierajg informacje, ktore wigzania zmieniajg
si¢ (sa tworzone, rozcinane 0raz zmieniaja krotno$¢) w danej reakcji wraz z informacja na
temat ich minimalnego otoczenia chemicznego wymaganego do zaj$cia reakcji. Tak
zdefiniowany rdzen reakcji jest podstawg dziatania danej reguly, nie jest natomiast
wystarczajacy do poprawnego jej dziatania. Oprocz okreslenia rdzenia reakcji zakodowane
w programie Chematica reguly zawieraja informacje o tzw. szerokim kontekscie
chemicznym danej transformacji, tj. warunkach zaj$cia reakcji (temperaturze, typie
rozpuszczalnika itd.) oraz o grupach funkcyjnych niekompatybilnych z dang transformacja
i konfliktach reaktywnos$ci (np. z reakcja Grignarda niekompatybilne bedzie nie tylko
wigkszo$¢ protycznych grup funkcyjnych takich jak kwasy karboksylowe, alkohole, tiole,
ale rowniez inne grupy funkcyjne reagujace z odczynnikami Grignarda, takie jak aldehydy
czy ketony). Program rozréznia rowniez czy dana niekompatybilna grupa funkcyjna moze
zosta¢ zabezpieczona za pomocg grupy ochronnej. Zakodowanie szerokiego kontekstu
chemicznego jest kluczowe dla poprawnego dzialania danej reguty reakcji, poniewaz
pozwala to na precyzyjne okreSlenie czy mozliwe bedzie eksperymentalne
przeprowadzenie danej reakcji dla konkretnego zwiazku (RysS. 2).

0 o)
/\)LN’O\ + Bng/\/\ E— /\)J\/\/
o | 0

OWLN,O\ + Brg” "N —¢ O~ A~
I

Rys.2. Problem kontekstowosci reakcji. Do zaj$cia reakcji Grignarda z amidami Weinreba niezbgdne
jest nie tylko okreslenie $cistego rdzenia reakcji (zaznaczonego kolorem niebieskim), ale réwniez
informacja o kontek$cie chemicznym transformacji — w dolnym przypadku reakcja nie zajdzie ze
wzgledu na obecnos$¢ grupy aldehydowej w innym miejscu czasteczki niezdefiniowanym w rdzeniu.
Szerszy opis problemu kontekstu chemicznego wraz z przyktadami dostepny jest w suplemencie do 7
i °. Na podstawie %7,
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W przypadku niektorych reakcji, nawet najbardziej precyzyjne zakodowanie
kontekstu molekularnego nie jest wystarczajace do poprawnego dziatania danej reguty. Do
takich reakcji nalezy m. in. aromatyczna substytucja elektrofilowa (ASE), w przypadku
ktorej reakcji ilos¢ mozliwych kombinacji grup EWG i EDG w pozycjach orto-, meta-,
para- jest tak duza, ze nawet dla prostego pierscienia benzenu manualne zakodowanie ich
wszystkich jest praktycznie niemozliwe®. Z tego powodu dla reakcji ASE typowanie
najbardziej reaktywnej pozycji w danym pierscieniu wykonywane jest przy uzyciu statych
Hammeta, metody RAPA (Ring Average Proton Affinity), modelu Hiickela oraz innych
regul empirycznych, przy czym roézne metody (lub ich kombinacje) stosowane sg dla
réznych typow pierscieni®. Inng reakcjg wymagajgcg dodatkowych algorytmow jest
reakcja Dielsa-Aldera, w ktorej 0 konformacji powstajagcego produktu decyduje
kombinacja efektow sterycznych i elektronowych podstawnikow obu substratow. W tym
przypadku, oprocz standardowego zapisu rdzenia reakcji i kontekstu molekularnego
transformacji, zastosowano uczenie maszynowe metoda lasow losowych, ktorego
podstawa byt zbidr kilku tysiecy reakcji Dielsa-Aldera pochodzacy z bazy Reaxys®%.

Automatyczna analiza retrosyntetyczna

Po wprowadzeniu przez uzytkownika celu syntetycznego program Chematica
sprawdza, ktore reguly reakcji zawarte w bazie sg stosowalne do zadanej struktury, tworzac
w ten sposob pierwsza generacje prekursoréw (pierwszy poziom drzewa
retrosyntetycznego, Rys.3a). Nastepnie, dla kazdego z tych prekursoréw mozliwe jest
przeprowadzenie kolejnego etapu analizy i wygenerowanie drugiej generacji prekursorow
(Rys.3b) — proces ten jest kontynuowany az do uzyskania prostych substratow
poczatkowych. W pierwszej wersji programu wybieranie zwigzkdéw prekursorowych do
kolejnych etapoéw analizy wykonywane byto manualnie przez uzytkownika, natomiast ze
wzgledu na niskg efektywno$¢ takich poszukiwan (na jeden zwigzek w drzewie
retrosyntetycznym przypada okoto 100 prekursorow®’, ktore chemik musi obejrzeé
i oceni¢) obecnie metoda ta ma znaczenie jedynie historyczne.
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Rys.3. Przyklady analizy retrosyntetycznej wykonanych przy pomocy programu Chematica.
a) Pierwsza generacja drzewa retrosyntetycznego dla epikolaktonu wykonana w trybie manualnym.
Z6tte kotko na srodku oznacza cel syntetyczny (epikolakton), a odchodzace od niego kolorowe kotka to
poszczegblne prekursory, z ktéorych mozliwe jest zsyntezowanie celu w jednym etapie. Na linii
pomigdzy celem syntetycznym a prekursorami znajduje si¢ symbol rombu, ktorego kliknigcie pokazuje
jaka transformacja prowadzi do danego prekursora/prekursoréow wraz z informacja o typowych
warunkach reakcji i przykladowymi odno$nikami literaturowymi®. b) Manualna analiza
retrosyntetyczna dla epilaktonu®’. ¢) Automatyczna analiza retrosyntetyczna dla engelheptanoksydu C.
Wygenerowane pelne analizy retrosyntetyczne posegregowane sg od najlepiej ocenionej (wedilug
kryteriow zadanych na poczatku przez uzytkownika)®® — program pokazuje tylko kilkanascie
najlepszych $ciezek, w rzeczywistosci znalezionych $ciezek jest od kilku do kilkunastu tysiecy,
w zaleznosci od celu syntetycznego i warunkow wyszukiwania. Oznaczenia kolorow: czerwony —
zwigzek komercyjnie dostepny, zielony — zwigzek znany literaturowo, fioletowy — zwigzek nieznany
literaturowo, niebieska obwédka — koniecznosé zastosowania grupy ochronne;j.

Ze wzgledu na znaczacg ilos¢ regut reakcji w bazie programu Chematica (obecnie jest
ich ponad 100 000), oraz wynikajace z niej ogromne drzewa retrosyntetyczne opracowano
specjalne algorytmy pozwalajace w sposob automatyczny eksplorowac¢ najbardziej
rokujace galezie drzewa i generowaé pelne analizy retrosyntetyczne bez powodowania
eksplozji kombinatorycznej. Do algorytméw tych naleza m. in. funkcje oceniajace
prekursory na kazdym etapie, CSF (Chemical Scoring Function) oraz funkcje oceniajace
reakcje prowadzace do tych prekursoréw, RSF (Reaction Scoring Function)®”°. Do
najwazniejszych zmiennych funkcji CSF zaliczaja si¢ funkcje sprawdzajace ilo$¢ pierscieni
w czasteczce prekursora (RINGS), ilos¢ centréow stereogenicznych (STEREO), masy
(MASS) i ztozonos¢ strukturalng celu syntetycznego i jego prekursorow (SMILES_LEN),
a takze funkcje sprawdzajace czy dany prekursor jest znany literaturowo (KNOWN) i czy
jest dostepny komercyjnie (BUY). Z kolei do zmiennych funkcji RSF zaliczajg si¢ m.in.
funkcje rozpoznajace konflikty reaktywnosci (CONFLICT) 1 transformacje wymagajace
uzycia grup zabezpieczajacych (PROTECT), a takze funkcja promujaca reakcje
o prawdopodobnie wysokiej wydajnosci (YIELD)*"°. Podczas automatycznej analizy
retrosyntetycznej, w kazdej generacji sktadowe funkcji CSF i RSF s3 sumowane
pozwalajac na ocenienie danego prekursora oraz okreslenie jego pozycji syntetycznej.
Dzigki temu algorytm ma mozliwos¢ eksploracji jedynie rokujacych galezi drzewa
retrosyntetycznego, unikajac wyczerpujacego przeszukiwania drzewa i zwigzanej z tym
eksplozji kombinatorycznej. Co wigcej wagi dla poszczegolnych zmiennych funkcji CSF
i RSF moga by¢ przypisane manualnie dla kazdej analizy retrosyntetycznej, CO umozliwia
generowanie pelnych Sciezek retrosyntetycznych zgodnie z wymaganiami stawianymi
przez uzytkownika. Po ocenieniu najbardziej rokujacych gat¢zi drzewa, program generuje
petne $ciezki retrosyntetyczne prowadzace do zadanego celu syntetycznego, segregujac je
od najlepszej, tj. najlepiej spetniajacej kryteria poczatkowe (Rys. 3b).

Do innych algorytméw programu Chematica utatwiajacych efektywna, automatyczng
analiz¢ retrosyntetyczng nalezy m.in. algorytm umozliwiajacy generowanie sekwencji
najbardziej opfacalnych, chemicznie ré6znorodnych oraz promujacy sekwencje
konwergentne lub liniowe®, a takze algorytm identyfikujacy popularne cigcia
retrosyntetyczne 1 unikajacy ich wykorzystania, co pozwala na generowanie plandéw
syntetycznych omijajacych opatentowane sekwencje reakcji®. Poza tym, program
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Chematica posiada heurystyki konformacyjne® (eliminujace niemogace istnie¢ motywy
strukturalne, np. zbyt napr¢zone pierScienie), heurystyki dyskryminujace reaktywne grupy
funkcyjne®’ (pozwalajace na unikniecie ,,przeciagania” przez kilka etapéw syntezy grup
takich jak zwigzki magnezoorganiczne, izocyjaniany czy keteny) czy oraz tzw. kombinacje
taktyczne, ktore pozwalaja na znajdowanie rozwigzan pomijanych przy samym uzyciu
kombinacji funkcji CSF i RSF (sa to przede wszystkim sekwencje retrosyntetyczne,
w ktorych wymagane jest zwigkszenie skomplikowania substratu w celu przeprowadzenia
bardziej efektywnej transformacji na nastepnym etapie, np. wprowadzenie dodatkowego
wigzania podwojnego umozliwiajacego wykonanie reakcji Dielsa-Aldera)®e,

Eksperymentalna walidacja programu

Jednym z najwazniejszych etapow rozwoju kazdego programu do analizy
retrosyntetycznej jest sprawdzenie poprawnosci chemicznej generowanych przez niego
rezultatow. Z tego powodu w 2016 roku rozpoczeto wspoOtprace z firma Merck
KGaA/Sigma Aldrich, ktorej celem byla eksperymentalna walidacja przewidywan
programu Chematica na przyktadzie zwigzkéw o duzym znaczeniu medycznym: inhibitora
bialek BRD7 i BRD9 (Rys. 5a), a-hydroksyetizolamu (Rys. 5b), inhibitora kinazy ATR
(Rys. 5¢), prototypowego leku na biataczke (Rys. 5d), (S)-a-hydroksyduloksetyny (Rys.
6a) oraz 5B/6B-hydroksylurazydonu (Rys. 6b). Zwigzki te zostaty wybrane przez firmg
Merck ze wzgledu na ich wysoka warto$¢ rynkowa i/lub trudnosci w syntezie. Pierwsze
cztery syntezy zostaly wykonane przez chemikéw Sigmy-Aldrich, natomiast synteza (S)-
a-hydroksyduloksetyny oraz 53/63-hydroksylurazydonu zostaty wykonane w IChO PAN
odpowiednio przez autorke rozprawy oraz przez dr. inz. Tomasza Klucznika. Walidacja ta
okazata sie ogromnym sukcesem, poniewaz wszystkie syntezy udato si¢ przeprowadzic¢
zgodnie z planami zaproponowanymi przez program Chematica — co wigcej okazaty si¢
one lepsze i wydajniejsze niz syntezy znane literaturowo>>%. Dodatkowo, réwnolegle
przeprowadzono dwie dodatkowe syntezy: dronedaronu (Rys. 6¢, wykonana przez dr. inz.
Tomasza Klucznika®™ w IChO PAN) oraz engelheptanoksydu C (Rys. 6d wykonana przez
laboratorium prof. Mrksich’a na Uniwerystecie Northwestern). Rowniez i te syntezy
wykonano zgodnie z planami wygenerowanymi przez program Chematica. Sumarycznie,
na podstawie przewidywan programu wykonano wigc syntezy 8 zwigzkow o znaczeniu
medycznym — byt to pierwszy przypadek w historii, gdy przewidywania programu do
analizy retrosyntetycznej nie tylko byty mozliwe do wykonania w laboratorium, ale syntezy
te okazaly sie rowniez znaczaco lepsze od dotychczas znanych®®®. Wyniki tego projektu,
oprocz publikacji w czasopismie Chem®®, zostaly opisane w serii artykutow®1%° a sam
program zostatl wykupiony przez firm¢ Merck KGaA/Sigma Aldrich 1 od tamtej pory znany
jest pod komercyjna nazwa Synthia™ 101,

24

https://rcin.org.pl



@

e300 —0... o

1) Et,N, DCM O /d\l
rt, 69% N N 0
2)Chiralna "’/@L
SFC
HN-go"ci

40%

Katalizator THF/H0 o

Schreinera 4 3 0°C-rt

ZY\sozm
m
MeOOC .
DMCyA j 1) LiOH
H,N N"So
2 | NH A

CIOCHO N NOp —— [ N v R 8
NaCl(sat) ¢\ i
2 o 2 igﬁlé;’Py R ©\ 5R= NOz:] Ni-Ra,
Me0OC_~_NO, I B> 421t cl oC. Cl 6 R =NHy, = Hy THF
3 4 41% po 3 etapach

= (82:18 anti:syn)

NaCN &
Br: Q
Cl N >-ci - oTBS Nx
; ) N- 1) P,Ss, NaHCO; 4 N N
o] o 7 S 2) N,H,, EtOH 2/ i S/

= 2~NH i
: NH, EN DCM o 3)CHC(OEY), N
75% S H,50,
2) N,H,, EtOH N 57% cl
3) toluen, SiO, cl 13 po 3 etapach 14

s 25%

MeSO,Na
Nal N

cl
66% Cl
N/
PN

N~ Cl HN
15

Cl

temp wrz.

2) NaHCO, O

R I/\ O
O/\‘ \/@ ° [ j
N
‘\/2,; 7 o2 |1)SPhos Pd G2
22R=Bpin |\ B,0H 70°C o Q
23 R = B(OH), \) N/ 1) HCI, H,0
2) HCI, EtOH 1 AN
9 N cF,

2) NaHCO;

NH, o l toluen, rt 72% & ” o
N 86% 28
[j 24 X=Br HO™ Y °N [j 2
o% 7o N
N~ 25 X=CI FiC” N el l

I 2

Rys.4. Syntezy zwigzkow o znaczeniu medycznym jako eksperymentalna walidacja programu
Chematica wykonane przez chemikow Milipore-Sigma. a) Synteza inhibitora bialek BRD7 i BRD9Y;
b) Synteza a-hydroksyetizolamu c) Synteza inhibitora kinazy ATR; d) Synteza prototypowego leku na
biataczke. Oznaczenia koloréw opisane sa w podpisie do Rys. 3. Zrodto: ref.%.
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Rys.5. Syntezy zwigzkow o znaczeniu medycznym jako eksperymentalna walidacja programu
Chematica wykonane przez doktorantéow IChO PAN oraz Uniwersytetu Northwestern. a)
Wykonana przez autorke rozprawy synteza (S)-o-hydroksyduloksetyny; b) Synteza 5p/6p3-
hydroksylurazydonu wykonana przez dr. inz. Tomasza Klucznika®; c) Synteza dronedaronu wykonana
przez dr. inz. Tomasza Klucznika®; d) Synteza engelheptanoksydu C wykonana przez laboratorium
prof. Mrksich’a. Zrodto: ref.%°.
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Opisane powyzej syntezy zwigzkéw o znaczeniu medycznym nie byly jedyna
walidacja eksperymentalng programu Chematica. Od 2018 roku baza programu wcigz byta
rozwijana (ilo$¢ regut reakcji wzrosta od 50 000 do ponad 100 000), dodano tez wiele
heurystyk usprawniajacych jej dzialanie i umozliwiajacych jeszcze efektywniejsze
generowanie analiz retrosyntetycznych!. Byly to m. in. wspomniane juz heurystyki
przewidujace produkt reakcji Dielsa-Aldera®, heurystyki szacujace wydajno$é reakcjil®?,
a takze kombinacje taktyczne zawierajace cale sekwencje popularnych reakcji®.
Wprowadzono rowniez funkcje functional group interconversion (FGI, zmieniajgce labilne
grupy funkcyjne w grupy bardziej stabilne), oraz bypasses (umozliwiajace obejscie
problemu grup niekompatybilnych w przypadku obiecujgcych transformacji), a takze
reakcje tandemowe, wykonujace dwie transformacje jednoczesnie, co pozwala na
generowanie skomplikowanych sekwencji retrosyntetycznych, ktore nie mogly zostaé
znalezione za pomoca zwyktej kombinacji funkcji CSF i RSF ze wzgledu na lokalne
maksima (tj. lokalny wzrost skomplikowania syntonu w stosunku do retronu)*. Dopiero po
wprowadzeniu tych zmian program byl gotowy do jego ostatecznej walidacji
eksperymentalnej  polegajacej na  zaplanowaniu  analiz  retrosyntetycznych
skomplikowanych produktow naturalnych, ktére nastepnie mialy zosta¢ wykonane
w laboratorium. Walidacja ta odbyta si¢ na przyktadzie trzech produktéw naturalnych: (-)-
daurycyny (Rys.6a), lamellozydyny A (Rys.6b) i (R,R,S)-takamonidyny (Rys.7), z ktorych
trzeci w wickszosci wykonany zostat przez autorke i wchodzi w zakres niniejszej rozprawy
doktorskiej — wszystkie te syntezy zostaly wykonane zgodnie z przewidywaniami
programu Chematica®.
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Rys.6. Syntezy zwiazkéw naturalnych jako eksperymentalna walidacja programu Chematica.
a) Synteza totalna (-)-daurycyny wykonana przez zespot prof. Mrksich’a na Uniwerystecie
Northwestern; b) Synteza totalna lamellozydyny wykonana w IChO PAN przez dr Patrycje
Gotebiowska i dr. Oskara Popika. Oznaczenia koloréw opisane sa w podpisie do Rys. 3. Na podstawie:
ref.l.

6.1.1. Badania wlasne — synteza totalna (R,R,S)-takamonidyny

(R,R,S)-takamonidyna 90 jest zwigzkiem nalezacym do grupy alkaloidow
takmanowych wyizolowanym z rosliny T. corymbosal®. Na wybér tego zwigzku do
walidacji programu Chematica wpltyw miaty gltoéwnie dwa czynniki: po pierwsze,
takamonidyna nie zostata dotychczas zsyntezowana (wyizolowana zostata dopiero w 2015
roku'®). Po drugie, pomimo ze od najbardziej podobnej czasteczki z jej rodziny —
takamoniny — rd6zni ja tylko obecno$¢ dodatkowej trzeciorzedowej grupy hydroksylowe;j,
zmiana ta powoduje, ze znane dotychczas strategie syntezy stosowane dla takamoniny nie
s aplikowalne dla takamonidyny. Istniejace strategie nie zapewniaja bowiem niezbednej
kontroli stereochemicznej, a struktury wykorzystywanych zwigzkow przejsciowych
uniemozliwiaja kontrolowane wprowadzenie centrum stereogenicznego, z ktéorym
zwigzana jest grupa hydroksylowa — doktadny opis tych strategii znajduje si¢
w suplemencie do [P1] w sekcji S3.2.
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Plan syntezy (R,R,S)-takamonidyny wygenerowany automatycznie przez program
Chematica zostal przedstawiony na Rys.7a-b i sktada si¢ z sktada si¢ z dziesigciu etapow
(nie liczac etapow wprowadzania i usuwania grup ochronnych): hydrolizy y-heksalaktonu,
utlenienia grupy hydroksylowej do ketonowej, estryfikacji kwasu karboksylowego, reakcji
Wittiga, redukcji estru do aldehydu, asymetrycznego alkilowania Endersa, asymetrycznej
reakcji Picteta-Spenglera, wewnatrzczasteczkowego N-acylowania pierscienia indolowego
zamykajacego czwarty pierScien takamonidyny, asymetrycznego dihydroksylowania
Sharplessa oraz wewnatrzczasteczkowej reakcji alkilowania zamykajgacej ostatni pierscien.
Poczatkowo wyszukiwanie zakonczyto si¢ na 4-metyloheksanalu (pigty etap od konca,
zielone kotko oznaczone gwiazdka), ktorego synteza jest znana literaturowo'®, niestety
rozpoczyna si¢ od lotnego i draznigcego 2,3-dibromopropenu i charakteryzuje si¢ niska
wydajnoscig. Z tego powodu w programie Chematica wyszukano alternatywng synteze
4-metylenoheksenalu (Rys. 7c¢, od zwigzku 76 do zwigzku 79) rozpoczynajaca si¢ od
nietoksycznego, tatwo dostepnego y-heksalaktonu. Synteza ta zostala z sukcesem
przeprowadzona przez dr. inz. Tomasza Klucznika i wraz z asymetrycznym alkilowaniem
Endersa wchodzi w sklad jego pracy doktorskiej®®. Kolejne etapy, tj. od usuniecia
pomocnika chiralnego RAMP az do uzyskania czasteczki (R,R,S)-takamonidyny zostaty
wykonane przez autork¢ rozprawy. Szczegdtowy opis wykonanych eksperymentow
znajduje si¢ w suplemencie do pracy [P1], w sekcji S3.
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Rys.7. Automatyczna analiza retrosyntetyczna zwigzku naturalnego — (R,R,S)-takamonidyny —
wygenerowana przez program Chematica oraz jego walidacja eksperymentalna. a,b) Plan
syntetyczny dla (R,R,S)-takamonidyny wygenerowany przez program wraz z podgladem
poszczegblnych reakcji proponowanych na kazdym z etapoéw; ¢) Eksperymentalna walidacja planu
wykonana w laboratorium. Synteza poczawszy od zwigzku 82 wykonana zostata przez autorke rozprawy.
Oznaczenia kolorow opisane sg w podpisie do Rys. 3. Na podstawie: [P1].

Synteza aldehydu 84 — usuniecie pomocnika chiralnego RAMP

Pierwszym etapem syntezy totalnej (R,R,S)-takamonidyny, ktoéry wchodzi w zakres
niniejszej pracy doktorskiej jest przeprowadzona przeze mnie reakcja usuni¢cia pomocnika
chiralnego RAMP z produktow 82/82a (zwiagzki oznaczone literg ,,a” oznaczajg wariant
Z estrem t-butylowym zamiast metylowym, gdyz na tym etapie syntezy nie bylo jeszcze
wiadome, ktory z nich okaze si¢ lepszy na etapie reakcji Pictera-Spenglera i pozniejsze;j
cyklizacji czwartego pierscienia (R,R,S)-takamonidyny).

Podczas prac nad tym etapem przetestowatam rézne metody usunig¢cia pomocnika
chiralnego RAMP ze zwigzkow 82/82a, w tym standardowa procedure usunigcia
pomocnika SAMP/RAMP Endersa (przeprowadzenie zwiazku w czwartorzedows sol
amoniow3 poprzez ogrzewanie w jodku metylu oraz hydroliza powstalej soli w mieszaninie
eteru naftowego i HCI)!% oraz ozonolize. Ze wzgledu na uzyskiwanie niskich wydajnosci
reakcji oraz powstawanie trudnych do wusunigcia produktéw ubocznych, zadna
z testowanych przeze mnie metod literaturowych nie nadawata si¢ jednak do wykorzystania
w syntezie totalnej syntezy (R,R,S)-takamonidyny. Z tego powodu opracowatam
zmodyfikowang procedur¢ usunigcia pomocnika RAMP bazujaca na metodologii Endersa
— najwigkszym wyzwaniem okazata si¢ nie sama reakcja usuwania pomocnika chiralnego,
ale wydajna izolacja powstajacego aldehydu 84/84a. Przetestowatam r6zne metody izolacji
84/84a, m. in. ekstrakcj¢ z uzyciem bardziej polarnych rozpuszczalnikéw (np. DCM) czy
destylacje pod zmniejszonym ci$nieniem, jednak najwigksza wydajnos¢ uzyskalam
przeprowadzajac  wieloetapowa ekstrakcje z wykorzystaniem eteru naftowego.
W opracowane] przeze mnie metodzie podczas etapu hydrolizy czwartorzedowej soli
amoniowej, co 30 minut wymienialam warstwe eteru naftowego uzywanego do ekstrakcji
— procedurg te kontynuowatam do momentu, do ktorego aldehyd 84/84a ulegat ekstrakcji
lub ekstrakcji zaczynaty ulega¢ produkty uboczne reakcji (kontrola TLC). Po zat¢zeniu
wszystkich frakcji eterowych i dodatkowym oczyszczeniu produktow na kolumnie
chromatograficznej uzyskiwatam aldehydy 84/84a 2z wydajnoscia 35%-55%
(w zaleznosci m.in. od rodzaju estru w substracie). Sumarycznie podczas kazdego
eksperymentu wykonywatam od kilku do kilkunastu (maksymalnie 25) cykli
ekstrakcyjnych — liczba cykli ekstrakcyjnych zalezata przede wszystkim od uzytego estru
oraz skali reakcji (Rys. 8).

/_<_/ 1. Mel
N= N(:' 60°C, 2 god
ot ko
2 3N HCl/ H
O L v
>_OR OMe  eter naftowy, - x25 O// 84 R: - Me 55%.
) 30 min, rt ;
82lub82a = Tmmmmmmmmeemeeeee

Rys. 8. Zmodyfikowana przez autorke rozprawy procedura Endersa — umozliwita ona uzyskanie
aldehydu 84/84a z wydajnoscia izolacyjna 55% dla estru metylowego i 35% dla estru t-butylowego.
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Reakcja Picteta-Spenglera

Jednym z najwazniejszych etapow syntezy totalnej (R,R,S)-takamonidyny jest reakcja
Picteta-Spenglera. Poczatkowo przeprowadzajagc cksperymenty z wykorzystaniem
tryptaminy 83 i aldehydow 84/84a opieralam si¢ na warunkach literaturowych (TFA,
temperatura pokojowa lub nizsza)!®% niestety pomimo przetestowania szeregu
rozpuszczalnikow, oraz dodatku sit molekularnych za kazdym razem obserwowatam brak
konwersji. Z tego powodu zdecydowalam si¢ na przeprowadzenie tej reakcji w dwodch
etapach: (i) synteza iminy (tryptamina, aldehyd 84 lub 84a, AcOEt 77°C, sita molekularne
3A) oraz (ii) reakcja cyklizacji (TFA, DCM, 0°C). W ten sposéb uzyskiwatam mieszanine
diastereoizomerow 91 lub 91a z wydajnoscia ok. 80% (Rys. 9).

Poczatkowo reakcja Picteta-Spenglera prowadzona byta dla estru tert-butylowego 84a
ze wzgledu na wyzszag wydajnos¢ jego wprowadzenia w reakcji asymetrycznego
alkilowania jak i przewidywang wigksza diastereoselektywno$¢ reakcji Picteta-Spenglera
w obecnosci sterycznej grupy tert-butylowej w czasteczce. Przeprowadziwszy reakcje
Picteta-Spenglera w wariancie racemicznym z uzyciem aldehydu 84a uzyskatam
mieszaning diastereoizomeréw 9l1a (Rys 9a.), ktore poddatam reakcji z bezwodnikiem
Boc2O w obecnosci EtsN uzyskujac mieszaning diastereoizomerow 92a. Mieszaning t¢
poddalam probom wewnatrzczasteczkowego N-acylowania pierScienia indolowego
w warunkach zasadowych — za kazdym razem obserwowatam jednak brak konwersji (Rys
9a, gorny schemat). Udato mi si¢ natomiast przeprowadzi¢ reakcj¢ hydrolizy estru tert-
butylowego w zwigzku 84a do kwasu karboksylowego przy uzyciu TFA (Rys 9a, dolny
schemat), jednak niska wydajnos¢ tej reakcji (<10%) uniemozliwita jej efektywne
wykorzystanie w syntezie (R,R,S)-takamonidyny.
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Rys. 9. Reakcja Picteta-Spenglera: a. Reakcja Pictera-Spenglera ze zwigzkiem 84a; b. Reakcja
Pictera-Spenglera ze zwigzkiem 84 — zmiana estru t-butylowego na metylowy powodowata
spontaniczng cyklizacj¢ do pier§cienia piecioczionowego. Aby temu zapobiec opracowatam nowg
procedurg reakcji Picteta-Spenglera, w ktorej in situ przeprowadzitam kolejny etap syntezy.

Z powodu trudnosci w przeprowadzeniu reakcji wewnatrzczasteczkowego
N-acylowania pier§cienia indolowego w obecnosci grupy tert-butylowej zdecydowatam sie
na zmiang substratu z 84a na substrat 84 posiadajacy ester metylowy (byt on proponowany
przez program Chematica, Rys.7a, najnizszy panel). Substrat ten poddatam reakcji Picteta-
Spenglera w sposob analogiczny do reakcji z pochodng tert-butylowa (Rys. 9b). Pomimo,
Ze otrzymana mieszanina diastereoizomeréw 91 na ptytce TLC rozdziela si¢ na dwie
osobne frakcje, po tym etapie nie bylo mozliwe rozdzielenie izomerow za pomocag
chromatografii kolumnowej, gdyz zwiazki te ulegaly spontanicznej cyklizacji do
5-cztonowego pierscienia laktamu 95. Wykorzystujac te niespodziewang reakcje udato mi
si¢ natomiast okresli¢, ktéremu z diastereoizomerow (R,R)-95/(R,S)-95 odpowiadaja
sygnaty z TLC mieszaniny zwiazkow 91 (Rys. 9b, gorny schemat oraz Suplement do [P1],
sekcja S3).

W celu przeprowadzenia kolejnych etapow syntezy totalnej, opracowalam nowa
procedure reakcji polegajaca na wprowadzeniu grupy zabezpieczajacej CBz bez izolacji
produktu 91 (Rys.9b, dolny schemat). Otrzymany zwigzek 85 jest mieszaning
diastereoizomerow, ktorej nie da si¢ rozdzieli¢ za pomocg chromatografii kolumnowe;.
Z tego powodu mieszaning 85 poddatam in situ reakcji wewnatrzczasteczkowego
N-acylowania pierscienia indolowego. W odroznieniu od pochodnych tert-butylowych 92a
I 84a, reakcje z pochodng metylowa 85 udato mi si¢ przeprowadzic¢ szybko, w tagodnych
warunkach i z dobrg wydajnoscig (warunki po optymalizacji: tBuOK, THF, 0°C, 15 min;
(R,R)-86: 31%, (R,S)-86: 22%, wydajnosci liczone po czterech etapach syntezy, tj. od
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substratu 84), tym samym zamykajac czwarty pierscien (R,R,S)-takamonidyny (Rys. 9b,
gborny schemat). Struktury obydwu izomerow potwierdzitam za pomoca dwuwymiarowych
eksperymentow NMR (COSY, HSQCAD, HMBCAD). Dodatkowo, dla izomeru (R,R)-86
wykonano analiz¢ 2D-NOESY. Wszystkie szczegdly dotyczace analiz zwigzkow
w syntezie totalnej (R,R,S)-takamonidyny znajduja si¢ w Suplemencie do [P1], sekcja P3.

Diastereoselektywny wariant reakcji Picteta-Spenglera

Pracujac nad reakcja Picteta-Spenglera w wariancie racemicznym zauwazylam, ze
diastereoizomery (R,R)-86 oraz (R,S)-86 otrzymywatam w stosunkach réznych od 1:1
pomimo braku dodatku zewnetrznego czynnika chiralnego. Wzajemny stosunek tych
diastereoizomerow zalezal od ilosci dodawanego TFA oraz temperatury reakcji
(najwazniejsze wyniki przedstawione sg w Suplemencie do [P1] (Tabela na stronie S-73,
procedura cyklizacji-protekcji). Najkorzystniejszy stosunek izomerow ((R,R)-86: (R,S)-86
= 62:38) uzyskatam przy uzyciu 2,5 ekwiwalentow TFA oraz 5°C. Poniewaz w tym
wariancie reakcji Picteta-Spenglera w Srodowisku reakcji nie wystgpowalo zewnetrzne
zrédto chiralnosci zaobserwowana przeze mnie diastereoselektywno$¢ reakcji zalezy
najprawdopodobniej od centrum stereogenicznego znajdujgcego si¢ w substracie 84 —
w istocie, w literaturze znane sg przypadki, w ktorych w reakcji Picteta-Spenglera centrum
stereogeniczne obecne w czasteczce aldehydowego substratu promuje selektywne
powstawanie drugiego centrum?7:108,

1. NH,
a. \ _
N

H
AcOEt

O\\: O temp.wrz, 4 godz | NH

OMe 2.TFA, DCM
0°C

84 30 min 91

AcOEt N
Ox O temp.wrz, 4 godz
[

o 2.CBzCI z
EtsN NH o
DCM, rt
1godz. “ = MeO

Rys. 10. Opracowane przeze autorke rozprawy procedury reakcji Picteta-Spenglera: a. Procedura
cyklizacji-protekcji; b. Procedura protekcji-cyklizacji.

oM

84 (R.R)-86 (R.S)-86

Sprawdzajac rdzne warianty reakcji Picteta-Spenglera zmienitam réwniez kolejnosc
etapOw w przeprowadzanej sekwencji reakcji (Rys.10b). W trakcie eksperymentow
zaobserwowalam, ze powstajagca w reakcji imina cyklizuje do zwigzku 91 jedynie po
dodaniu kwasu trifluorooctowego. Okazato si¢ rowniez mozliwe przeprowadzenie reakcji
w wariancie N-acyloiminiowym poprzez dodanie CBzCl do mieszaniny poreakcyjnej —
powstajacy w warunkach zasadowych zwigzek 96 spontanicznie ulega cyklizacji dajac
mieszaning diastereoizomerow 85 bez uzycia kwasu. Po przeprowadzeniu kolejnego etapu
syntezy okazalo si¢, ze stosunek ilosciowy diastereoizomeréw (R,R)-86 i (R,S)-86 zalezy
od temperatury, w ktorej zachodzi drugi i trzeci etap sekwencji (t.j. reakcja z CBzCl
i spontaniczna cyklizacja do zwiazku 85). Najwickszy nadmiar diastereomeryczny ((R,R)-
86 : (R,S)-86 = 82 : 18) uzyskatam po obnizeniu temperatury tej rekacji do 0°C — niestety
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zmiana ta skutkowata tez spadkiem wydajnosci do 11% (suplement do [P1], tabela na
stronie S-73, procedura protekcji-cyklizacji).

Asymetryczne dihydroksylowanie Sharplessa

Kolejnym wykonanym przeze mnie etapem syntezy totalnej takamonidyny bylo
asymetryczne dihydroksylowanie wigzania egzometylenowego produktu (R,R)-86 metoda
Sharplessa — reakcj¢ t¢ przeprowadzitam w Kilku wariantach: z uzyciem komercyjnego
odczynnika AD-mix (wariant z wykorzystaniem AD-mix o i AD-mix [3) oraz bez dodatku
chiralnego ligandu (Rys. 11).

WARUNKI 87
CBz Ho OH AD-mix B 25%, (65%omcn)
N H Cbz~\ % H tBUOH/H,O (1:1) 1o e
N H rt, 3 dni
& AD-mix o
25%, (51%
AN N BUOH/H,0 (1:1) 8(10/ dBRSM)
0] . o de
N N rt, 3 dni
(R.R)-86 0 0s0, NMO
R.R)-86 87 . ] D
aceton/H,0 84%, 82% de
rt, 3 godz.

Rys. 11. Asymetryczne dihydroksylowanie metodg Sharplessa z wykorzystaniem: a. AD-mix a., b.
AD-mix [ oraz (c) bez dodatku chiralnego ligandu.

W przypadku uzycia komercyjnych odczynnikow AD-mix o/f, niezaleznie od uzytego
rozpuszczalnika oraz czasu reakcji wydajnos$¢ dihydroksylowania byta stosunkowo niska
— najlepsze rezultaty uzyskatam dla mieszaniny rozpuszczalnikow tBuOH/H20 (1:1) — po
trzech dniach wydajno$¢ wyizolowanej mieszaniny diastereoizomerow 87 wynosita 23%
(65%grsm) dla AD-mix 3 oraz 25% (51%grsm) dla AD-mix o.. Nadmiar diastereomeryczny
produktu (R,R,S)-87 wynosit 51%de w przypadku uzycia AD-mix [3 oraz 81%de
w przypadku AD-mix a. W celu otrzymania mieszaniny racemicznej diastereoizomerow
87 1 okreslenia nadmiaru diastereomerycznego reakcji dihydroksylowania przy uzyciu AD-
mix o i P, przeprowadzitam rowniez eksperyment bez dodatku chiralnego ligandu,
tj. z uzyciem OsOs4 1 NMO. Co ciekawe, w tych warunkach uzyskalam duzo wyzsza
wydajnos¢ reakcji (84%) przy duzo krotszym czasie (3 godziny zamiast 3 dni) — wynika to
prawdopodobnie z lepsze] rozpuszczalno$ci reagentdow w mieszaninie rozpuszczalnikow
aceton/H20 niz w tBuOH/H20. Okazato si¢ wowczas rOwniez, ze w wariancie bez dodatku
zewngtrznego czynnika chiralnego zaobserwowatam wysoki nadmiar diastereomeryczny
produktu (R,R,S)-86, ktory wynosit 82%de. Wyniki te wyraznie wskazuja na fakt, ze
w przypadku dihydroksylowania substratu (R,R)-86 wickszy wpltyw na stereochemie
powstajgcego centrum ma nie uzyty chiralny ligand, a dwa centra stereogeniczne (R,R),
ktore obecne s3 w substracie. Obserwacje te potwierdzaja obliczenia kwantowo-
mechaniczne wykonane przez dr. Rafata Roszaka — wynika z nich, ze koordynacja OsO4
do wigzania podwojnego od strony Si jest energetycznie faworyzowana w stosunku do
strony re 0 1,6 kcal/mol (szczegodty obliczen znajduja si¢ w Suplemencie do [P1] w sekcji
S3).
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Koncowe etapy syntezy (R,R,S)-takamonidyny

Po uzyskaniu zwigzku (R,R,S)-87 mogtam przejs¢ do przeprowadzenia koncowych
etapow syntezy (R,R,S)-takamonidyny. Nast¢pny etap syntezy polegal na wprowadzeniu
grupy tosylowej na pierwszorzedowsg grupe hydroksylowa — reakcje te przeprowadzitam
zuzyciem TSCI, trietyloaminy oraz DMAP uzyskujac produkt 88 z wydajnoscia 75% (RYys.
12a). W ostatnich dwoch etapach przeprowadzitam usunigcie grupy zabezpieczajacej
amine — karbaminian benzylowy usunetam z czasteczki przy uzyciu wodoru w obecnosci
Pd/C z wydajnosciag 44% (Rys. 12b) i bez oczyszczania produktu 97 przeprowadzitam
reakcje wewnagtrzczasteczkowego alkilowania zamykajacg ostatni pierscien (R,R,S)-
takamonidyny. Reakcje t¢ wykonatam z uzyciem trietyloaminy uzyskujac produkt —
(R,R,S)-takamonidyn¢ — z wydajnoscig 40% po dwoch etapach. Wykonane widma 1D
NMR, 2D NMR, IR, UV-VIS, HRMS oraz pomiar skrecalnosci optycznej koncowego
produktu byly calkowicie zgodne z danymi literaturowymi'® dla (R,R,S)-takamonidyny
wyizolowanej z T. corymbosa.

OH OH
HO TsO
a. Cbz~ H TsCl, NEt; cbzo
N3 DMAP N B
H H
DCM
N rt, 22 godz. N
N 75%
o 8: o)
87 _ _ 88
b. oy, O OH 1so QH OH
z\N LH H\N LH N\,H
H H,, Pd/C H NEts, CHCN H
—_— —_—
N AcOEt N t, 3 dni A\
N rt, 5 godz. N 40% N
L o | 0]
89 97 90

- (R,R,S)-takamonidyna

Rys. 12. Koncowe etapy syntezy (R,R,S)-takamonidyny, a. Reakcja tosylowania pierwszorzedowe;j
grupy hydroksylowej; b. Deprotekcja aminy przy uzyciu wodoru w obecno$ci Pd/C oraz reakcja
wewnatrzczasteczkowego alkilowania zamykajaca ostatni pierscien (R,R,S)-takamonidyny.
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Podsumowujgc, w ramach niniejszej pracy doktorskiej skutecznie przeprowadzitam
synteze totalng (R,R,S)-takamonidyny poczawszy od reakcji usuniecia pomocnika
chiralnego typu RAMP uzyskujac zwigzek 83, az do uzyskania koncowego produktu 90,
a wszystkie przeprowadzone przeze mnie etapy byly w pelni zgodne z przewidywaniami
wygenerowanymi przez program Chematica/Synthia™. Cato$¢ syntezy totalnej (R,R,S)-
takamonidyny (Rys.7) z uwzglednieniem etapéw wprowadzania oraz usuwania grup
ochronnych sktada si¢ z 15 etapéw: (1) hydrolizy y-heksalaktonu, (2) utlenienia grupy
hydroksylowej do ketonowej, (3) estryfikacji kwasu karboksylowego z uzyskaniem estru
metylowego, (4) reakcji ezgometylenowania Wittiga, (5) redukcji estru do aldehydu, (6)
wprowadzenia pomocnika chiralnego RAMP, (7) asymetrycznego alkilowania Endersa, (8)
utworzenia czwartorz¢dowej soli amoniowej, (9) usunigcia pomocnika chiralnego RAMP,
(10) reakcji Picteta-Spenglera, (11) wewnatrz-czasteczkowego N-acylowania pierscienia
indolowego, (12) asymetrycznego dihydroksylowania Sharplessa (13) wprowadzenia
grupy tosylowej na pierwszorzgdowa grupg hydroksylows, (14) usunigcia grupy ochronnej
CBz z grupy aminowej oraz (15) wewnatrzczasteczkowej reakcji alkilowania zamykajacej
ostatni pierscien (R,R,S)-takamonidyny. Tym samym jest to najbardziej skomplikowana
synteza totalna zwigzku naturalnego, ktora zostata w catosci zaplanowana przez komputer
i skutecznie wykonana w laboratorium. Potwierdzeniem tego faktu jest opublikowanie tej
syntezy, wraz z syntezami daurycyny oraz lamellozydyny, w czasopiSmie Nature —
publikacja ta, oznaczona jako [P1], wchodzi w sktad niniejszej rozprawy doktorskiej
i znajduje si¢ w rozdziale 9 niniejszej pracy. Publikacja ta odbita si¢ szerokim echem
w $§rodowisku chemicznym i juz w pierwszym roku po jej opublikowaniu zostata
zacytowana ponad 30 razy, w tym pracy przegladowej®® w Nature Reviews Methods
Primers autorstwa Richmonda Sarponga.

Wyniki przedstawione w niniejszym rozdziale rozprawy doktorskiej jasno pokazuja,
ze komputer jest w stanie przewidywac syntezy nie tylko prostych zwigzkow organicznych,
ale rowniez skomplikowanych produktow naturalnych. Oczywiscie predykcje programu
Chematica (aktualnie rozwijanego juz komercyjne pod nazwa Synthia™) bedg tym lepsze
im wiece] bedzie w nim regul z zakresu zaawansowanej chemii organicznej,
w szczegolnosci reakcji stereoselektywnych majacych zastosowanie w syntezach
skomplikowanych produktéw naturalnych. To z kolei zalezy bezpo$rednio od stanu wiedzy
z zakresu danej reakcji chemicznej. Czesto jednak publikowane metodologie
stereoselektywnej syntezy sg opracowane i zbadane jedynie dla stosunkowo prostych
substratow'®, a przewidzenie mozliwosci ich adaptacji do bardziej skomplikowanych
struktur czesto jest trudne lub wrecz niemozliwe. Poza tym, nierzadko liczba przyktadow
stosowania danej metodologii dla specyficznego rdzenia (czesto posiadajacego jedno lub
wiecej centréw stereogenicznych w bliskiej odlegtosci od centrum reakcyjnego) jest zbyt
do bazy programu Chematica. Oczywiscie mozliwe s3 rozwigzania alternatywne,
np. stosowanie obliczen kwantowo-mechanicznych dla poszczegdlnych reakcji w syntezie
—umozliwialyby one precyzyjng analize stanu przej$ciowego danej reakcji dla konkretnych
substratow 1 doktadniejsze przewidywanie stereochemii powstajacego produktu. Niestety
obliczenia takie sg niezwykle czasochtonne (trwaja od kilkudziesigciu minut do kilku
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godzin, w zaleznosci od struktury substratow i typu obliczen), w zwigzku z czym mogg by¢
stosowane jedynie jako filtry do juz wygenerowanych przez program syntez. Nie moga by¢
one jednak przeprowadzane podczas wyszukiwania Sciezek syntetycznych, podczas
ktorych oceniana jest ogromna liczba reakcji, z ktorych ocena kazdej trwa od
kilkudziesigciu do kilkuset milisekund. Problem ten tak naprawde¢ dotyczy kazdego
programu do retrosyntezy (niezaleznie od stosowanych w nich baz danych i algorytmow
wyszukiwania) i stanowi jedno wickszych wyzwan dla wspotczesnej komputerowo-
wspomaganej syntezy organicznej. Nie zmienia to jednak faktu, ze program
Chematica/Synthia™ w sposob jednoznaczny wykazuje niespotykang dotychczas
skuteczno$¢ 1 bezprecedensowg kreatywnos¢ w tworzeniu uzytecznych analiz
retrosyntetycznych dla skomplikowanych zwigzkéw organicznych, ktorej nie posiada
zaden inny program do analizy retrosyntetycznej. Osiggnigcie to, wraz z wynikami
opisanymi W niniejszej rozprawie, stanowi zwienczenie problemu badawczego
postawionego przez E. J. Coreya ponad 60 lat temu dotyczacego komputerowo
wspomaganej analizy retrosyntetycznej, a bedacego jednym z najwigkszych wyzwan
chemii organicznej przelomu XX 1 XXI wieku.
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6.2. Rotacyjny reaktor do automatycznej syntezy i separacji

W ostatnich latach obserwuje si¢ znaczny wzrost zainteresowania nie tylko
programami  komputerowymi  ,automatyzujacymi”’  planowanie  syntez, ale
I zautomatyzowanymi systemami robotycznymi umozliwiajacymi eksperymentalne
przeprowadzenie kilkuetapowych proceséw chemicznych bez konieczno$ci manualnej
izolacji zwiazkéw posrednich®®. Systemy te opieraja si¢ najczesciej na sekwencji
potaczonych reaktorow wsadowych!®® lub reaktorach przeptywowych®?14115  Jako ze
obydwa rozwigzania najczes$ciej wymagaja zaprojektowania i1 zbudowania instalacji
dostosowanej do konkretnego procesu chemicznego, a przeprowadzenie samej syntezy
musi by¢ $cisle kontrolowane na kazdym etapie, wcigz poszukuje si¢ nowych rozwigzan
umozliwiajacych jeszcze wigksza automatyzacje reakcji chemicznych. Z tego powodu w
grupie prof. Grzybowskiego w Institute for Basic Science w Korei Potudniowej, w ktorym
odbywatam staz w ramach doktoratu, powstal projekt rotacyjnego reaktora do
automatycznej syntezy i separacji. Opracowany rotacyjny reaktor (Rys. 13) opiera si¢ o
nierownowagowe, samoorganizujace si¢ strefy reakcyjne, w ktérych zachodzi¢ moga
wieloetapowe procesy chemiczne, w tym sekwencje reakcji chemicznych oraz procesy
separacji zwiazkdéw organicznych. W niniejszym rozdziale krotko opisze kontekst projektu,
a nastepnie przejd¢ do badan wlasnych. Wszelkie szczegoty dotyczace dziatania reaktora,
a takze wykonanych przeze mnie eksperymentéw znajdujg si¢ w pracach [P2] oraz [P3]
wchodzacych w zakres niniejszej rozprawy doktorskie;.

Pierwotng inspiracja do projektu byly tzw. kolumny gestosci, czyli wzajemnie
niemieszajace si¢ ciecze utozone warstwowo w cylindrze miarowym. Teoretycznie, jesli
w warstwach kolumny gestosci znajdowaty by si¢ rozne odczynniki chemiczne mozliwe
byloby przeprowadzenie réznych reakcji w poszczegélnych warstwach, a — zaktadajac
migracje zwigzkow organicznych z jednej warstwy do drugiej — nawet przeprowadzenie
calej sekwencji reakcji. Niestety, ze wzgledu na sity kapilarne w tradycyjnych kolumnach
gestosci warstwy sg zazwyczaj mato stabilne, a ich duza grubo$¢ znacznie wydhluza czasy
dyfuzji reagentdéw pomigdzy warstwami. Z tego powodu w laboratorium prof.
Grzybowskiego opracowalismy rotacyjny reaktor, w ktorym wzajemnie niemieszajace si¢
warstwy cieczy utozone sg nie poziomo w statycznym naczyniu, a pionowo w obracajagcym
si¢ zbiorniku reaktora. Budowa rotacyjnego reaktora przedstawiona jest na Rys. 13
(doktadny opis znajduje si¢ w suplemencie do [P2], Figure S1) — w standardowej
konfiguracji cylindryczny zbiornik reaktora jest podlaczony do elektrycznego silnika,
ktorego obracajacy si¢ wal ustawiony jest w pozycji pionowej (Ryc. 13b). Obudowa
reaktora jest metalowa, wnetrze zbiornika reakcyjnego wykonane jest z teflonu, natomiast
pokrywa zbiornika wykonana jest z przezroczystego tworzywa sztucznego (co umozliwia
wizualng kontrole eksperymentu) — na jej Srodku znajduje si¢ otwor umozliwiajacy
dodawanie cieczy. Rozpuszczalniki i reagenty mozna podawac bezposrednio do zbiornika
reaktora wlasnie przez gorny otwor (na takiej samej zasadzie jak w zwyklych reaktorach
wsadowych) lub mozna je poda¢ na wewnetrzng, boczng krawedz reaktora poprzez kanat
zaczynajacy si¢ na srodku reaktora 1 biegnacy pod jego gtowng komorg az do krawedzi
cylindrycznego zbiornika. Ten drugi sposob podawania (widoczny na Ryc. 13a) jest
niezwykle przydatny podczas podawania reagentow W trakcie eksperymentu.
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Rys.13. Rotacyjny reaktor do automatycznej syntezy i separacji. a) Zdjecie komory reaktora (od
g0ry) na poczatku eksperymentu — wprowadzenie kolejnych stref reakcyjnych poprzez otwor na $rodku
komory rotacyjnej (w momencie wykonania zdjgcia reaktor byt wiaczony i obracat si¢ z predkoscia ok.
3000 obr./min.; dla lepszego efektu wizualnego warstwy sg zabarwione barwnikami); b) Zdjecie
reaktora — rotujaca komora reaktora znajduje si¢ w lewym, goérnym rogu i jest podtaczona do silnika
(lewy, dolny rog) oraz kontrolera (po prawej); ¢) Oktadka czasopisma Nature, w ktorym opublikowana
zostala praca [P2] wchodzgca w zakres niniejszej pracy doktorskiej; zdjecie oktadkowe przedstawia
rotacyjny reaktor obracajacy si¢ z predkoscig 5400 obr./min i zawierajacy 22-warstwowy uktad
wzajemnie niemieszajacych si¢ cieczy; d) Oktadka czasopisma Nature Review Materials, w ktorym
opublikowana zostata praca [P3] wchodzgca w zakres niniejszej pracy doktorskiej; Panele a i ¢ zostaty
zapozyczone z publikacji zrédtowej [P2]. Panel b to fotografia wiasna jednego z reaktorow
znajdujacego si¢ w IChO PAN. Panel d zostat zapozyczony z publikacji zrodtowej [P3].

Ciecze mozna podawac do reaktora zar6wno w trybie statycznym (komora reaktora
nie obraca si¢) jak i dynamicznym (obracajaca si¢ komora reaktora). W pierwszym
przypadku po podaniu do reaktora niemieszajgcych si¢ cieczy utworzg one poziome
warstwy ulozone zgodnie z ich gestoscia, tj. najgestsza na dole, najlzejsza na gorze,
a nastgpnie — po wiaczeniu obrotow ok. 2 600 obr./min. — ciecze automatycznie utozg si¢
w koncentryczne warstwy, z ktorych warstwa najbardziej zewnetrzna bgdzie zawierata
najgestszg ciecz. Duzo wicksze mozliwosci daje jednak podawanie cieczy w trybie
dynamicznym — jesli ciecze dodawane sa sekwencyjnie do obracajgcego si¢ reaktora
mozliwe jest uzyskanie sytuacji, w ktérej niemieszajace si¢ parami ciecze ulozone sg
naprzemiennie (np. warstwa wodna/organiczna/wodna/organiczna itd.) — w ten sposéob
mozliwe jest uzyskanie jednoczesnie ponad 20 stabilnych warstw (Rys. 13c). Dzigki sile
odsrodkowej dziatajacej na ciecze znajdujace si¢ we wngtrzu reaktora, utworzone przez
ciecze warstwy mogg by¢ bardzo cienkie (standardowo maja one okoto kilkuset
mikrometrow grubos$ci), jednak nawet przy tak cienkich warstwach dyfuzja reagentow
pomigdzy nimi jest stosunkowo wolna. Z tego powodu opracowano system ,,mieszania” —
naprzemienne kilkusekundowe przyspieszanie i zwalnianie obrotow rotujacego cylindra
powoduje perturbacje na granicach faz miedzy poszczegdlnymi warstwami w efekcie
znacznie zwigkszajac powierzchni¢ kontaktu migdzy nimi i przyspieszajac migracje
reagentow z jednej warstwy do drugiej. Jednoczesnie, w ten sam sposob zwigksza si¢
mieszanie w obrebie kazdej z warstw, przy$pieszajac reakcje w nich zachodzace (szczegoly
zjawiska opisane sg w suplemencie do [P2], Figure S5).
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Rys.14. Syntezy wykonane w rotacyjnym reaktor do automatycznej syntezy i separacji. a) Trzyetapowa,
trojfazowa synteza estru dimetylowego kwasu 1,4-fenylenodiakrylowego; b) Trzyetapowa, trojfazowa
synteza fenacetyny; c) Czteroetapowa, czterofazowa synteza furoininanu diloksanidu. Szczegoty syntez
znajdujg si¢ w suplemencie do [P2], sekcja S5.

—\

Posiadajac mozliwo$¢ utworzenia warstw stabilnych, niemieszajacych si¢ ze sobg
cieczy w rotujacym reaktorze, a takze mozliwo$¢ mieszania w obrgbie warstw
i zwigkszania dyfuzji reagentow miedzy nimi, kolejnym etapem projektu byto wykonanie
syntez zwiazkéw organicznych w opracowanym reaktorze. Trzy z syntez (Syntaza estru
dimetylowego kwasu 1,4-fenylenodiakrylowego, fenacetyny i furoininanu diloksanidu),
wykonane przez dr. Mirostawa Dygasa przedstawione sa na Rys. 14. We wszystkich
przypadkach roztwory reagentow zostaly podane do reaktora w sposéb sekwencyjny na
samym poczagtku eksperymentow, nastgpnie znajdujacy si¢ w pierwszej warstwie
(najbardziej wewnetrznej) pierwszy substrat ulegat reakcji, ktorej produkt migrowat do
warstwy drugiej, gdzie ulegat kolejnej reakcji. Proces ten konczyt si¢, gdy zwiazek ulegat
reakcji chemicznej w ostatniej, najbardziej zewngtrznej warstwie. Dopiero wowczas
nastepowata ingerencja cztowieka, tj. zebranie koncowej warstwy i analiza otrzymanego
produktu.
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Dodawanie warstw do reaktora w trybie dynamicznym (tj. w trakcie gdy zbiornik
reaktora obraca si¢) umozliwia rowniez uzyskanie trojwarstwowego ukladu cieczy
(warstwa wodna/organiczna/wodna), w ktorym warstwy wodne posiadajg skrajnie rozne
wartosci pH, np. 1 1 14. Uktad taki umozliwia przeprowadzenie automatycznej separacji
soli zwiagzku organicznego znajdujacego si¢ w Srodkowej warstwie organicznej na
komponent kwasowy — ulegajacy ekstrakcji do warstwy zasadowej — oraz zasadowy —
ulegajacy ekstrakcji do warstwy kwasowej. Proces ten, opracowany przeze mnie i dr. inz.
Tomasza Klucznika, przedstawiony jest na przyktadzie p-nitrobenzoesanu chininy na Rys.
15.
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Rys.15. Ekstrakcja soli organicznych wykonana w rotacyjnym reaktorze do automatycznej
syntezy i separacji. a) schemat warstw w reaktorze: p-nitrobenzoesan chininy, pierwotnie
rozpuszczony w warstwie organicznej 2 (chlorobenzen/DMSO) ulega automatycznej separacji na
chlorowodorek chininy w warstwie wodnej 3 oraz p-nitrobenzoesan sodu w warstwie wodnej 1. b)
Widma *H NMR wykonane na poczatku oraz na koficu eksperymentu — w warstwie organicznej nie ma
sladu p-nitrobenzoesanu chininy. Szczegdty eksperymentu znajdujg si¢ suplemencie do [P2], w sekcji
S5.6. Cato$¢ schematu wykonana zostata na podstawie [P2].

6.2.1. Badania wlasne — automatyczna, selektywna separacja zwiazkéow
organicznych z wykorzystaniem rotacyjnego reaktora

Syntezy wykonane w rotacyjnym reaktorze (Ryc. 14) zainspirowaly mnie do
przeanalizowania mozliwosci separacji zwigzkow organicznych ze skomplikowanych
mieszanin poreakcyjnych. Podczas studium literaturowego nad roéznymi metodami
separacji moja uwage zwrocily tzw. ciekle membrany emulsyjne (LEM, z ang. liquid
emulsion membranes)*'® czyli emulsje typu kropla-w-kropli (najczesciej w uktadzie
woda/rozpuszczalnik organiczny/woda). Ciekle membrany LEM byly z sukcesem
wykorzystane m.in. w selektywnej ekstrakcji zwigzkow organicznych  (np.
aminokwasow!'6118 czy kwasu mlekowego!'®) a takze metali*?°. Niestety, membrany LEM
posiadajg szereg ograniczen, zwigzanych glownie z ich niestabilnoscig (,,cieknigcie” cieczy
przez membrany, puchnigcie kropel oraz ich koalescencja), a takze koniecznoscig
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stosowania surfaktantow i skomplikowanych rozwigzan technicznych stuzacych do
ciagtego podtrzymywania emulsjit?.

Zainspirowana membranami typu LEM opracowalam metod¢ zautomatyzowanej,
selektywnej separacji z w wykorzystaniem trojwarstwowego uktadu cieczy w rotacyjnym
reaktorze (Rys. 16). Do selektywnej ekstrakcji zdecydowatam si¢ na uzycie przenosnika
kationowego D2EHPA (kwas di-(2-etyloheksylo)fosforowy), a jako zwigzek modelowy do
ekstrakcji wybratam aminokwas — fenyloalaning. Opracowany przeze mnie system sktada
si¢ z trzech warstw (wodnej/organicznej/wodnej), w ktorych dwie warstwy wodne
posiadajg rozne wartosci pH, przyktadowo warstwa wewnetrzna posiada pH 0, natomiast
zewnetrzna 3,8 (Rys. 16a). Pomigdzy nimi znajduje si¢ cienka warstwa organiczna
zawierajagca przenosnik kationowy D2EHPA, ktory selektywnie przenosi natadowanag
dodatnio czgsteczk¢ fenyloalaniny z warstwy zewnetrznej (pH 3,8) do warstwy
wewnetrznej (pH 1). W przypadku cieklych emulsji warstwa organiczna, w ktorej
rozpuszczona jest D2EHPA, to najczeSciej prosty rozpuszczalnik weglowodorowy (np.
pentan lub heksan). W przypadku rotacyjnego reaktora konieczne bylo natomiast
znalezienie przeze mnie nowego rozpuszczalnika lub mieszaniny rozpuszczalnikow, ktora
(i) nie miesza sie z woda, (ii) posiada gestos¢ wicksza od ok. 1,1 g/em?, (iii) stanowi dobry
rozpuszczalnik dla przeno$nika DE2HPA oraz jego kompleksu z fenyloalaning. Po
przetestowaniu szeregu mieszanin rozpuszczalnikow wybor padl na mieszaning heksanu
i perchloroetylenu w proporcji ok. 4:3.

W opracowanym przeze mnie modelowym uktadzie przedstawionym na Rys.16a
zewngtrzna warstwa wodna imituje brzeczke pofermentacyjng po mikrobiologicznej
syntezie fenyloalaniny. Zawiera ona fenyloalaning, glukozg, kwas mlekowy oraz sole
nieorganiczne, a celem procesu jest selektywna ekstrakcja fenyloalaniny z zewnetrznej
warstwy 1 do wewnetrznej warstwy 3. Cel ten zrealizowatam z uzyciem przeno$nika
kationoéw D2EHPA, a mechanizm ekstrakcji jest nastepujacy (Rys.16d):

(i) w zewnetrznej warstwie 1, przy pH 3,8 fenyloalanina wystepuje w formie
sprotonowanej;

(ii) na granicy faz 1/2 sprotonowana fenyloalanina (Phe*) tworzy pare jonowg
z przenosnikiem D2EHPA;

(iii) para jonowa Phe*/D2EHPA migruje przez warstwe 2;

(iv) w momencie gdy para jonowa Phe”/D2EHPA dotrze do wewnetrznej, wodnej
warstwy 3, na granicy faz 2/3 D2EHPA wymienia Phe™ na proton, zostawiajgc
czasteczke fenyloalaniny w warstwie 3;

(V) czasteczka przenosnika D2EHPA migruje z powrotem na granicg faz 1/2, gdzie
wymienia proton na kolejng czgsteczke fenyloalaniny.

Sita napedowa opracowanej przeze mnie metody ekstrakcji jest gradient pH pomiedzy
warstwami 1 a 3, ktory w trakcie trwania eksperymentu ulega zmniejszeniu na skutek
cigglej] wymiany protonow z warstwy 1 na czasteczki fenyloalaniny z warstwy 3. Po 7
godzinach stopien ekstrakcji fenyloalaniny osigga plateau (Ryc.16c), co wigze si¢ ze
spadkiem poczatkowego gradientu pH. Niemniej jednak, w tak opracowanym ukladzie
mozliwe jest selektywne wyekstrahowanie 80% fenyloalaniny z warstwy 1, co jest
wydajnoscig porownywalng do wydajnos$ci uzyskiwanych w tradycyjnych (duzo bardziej
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skomplikowanych technicznie) systemach LEM!®, Co wigcej, w opracowanej metodzie
nie obserwowalam migracji innych zwigzkow organicznych z warstwy 1 do 3, co
potwierdzaja wykonane w czasie eksperymentu widma 'H NMR (Ryc.16b). W celu
potwierdzenia uzytecznosci opracowanej metody, eksperymenty przeprowadzitam takze na
bardziej skomplikowanej mieszaninie 12 zwigzkoéw organicznych w wodzie (Ryc. 17).
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Rys.16. Selektywna ekstrakcja fenyloalaniny z mieszaniny imitujgcej brzeczke pofermentacyjng
wykonana w rotacyjnym reaktorze do automatycznej syntezy i separacji. a) schemat warstw
w reaktorze: w kwasowej (pH 3,8) warstwie wodnej 1 rozpuszczone sa sole i zwiagzki organiczne — z tej
warstwy fenyloalanina jest selektywnie ekstrahowana za pomoca przeno$nika D2EHPA najpierw do
warstwy organicznej 2 a nastgpnie do warstwy wodnej 3; Sklad warstw: warstwa 1 (pH 3,8):
fenyloalanina (Phe, 99,1 mg, 0,6 mmol) rozpuszczona w 10 mL wodnego roztworu NaClO4-H20
zawierajacego glukoze (162,1 mg, 0,9 mmol) i kwas mlekowy (81,1 mg, 0,9 mmol); warstwa 2:
D2EHPA (0.70 ml) w mieszaninie heksanu (4 ml) oraz perchloroetylenu (3 ml); warstwa 3 (pH 0): 10
ml 1.0 M wodnego roztworu HCI; b) Widma *H NMR wykonane z warstwy 1 na poczatku eksperymentu
oraz z warstwy 3 na koncu eksperymentu — widoczne jest, ze ekstrakcji ulega jedynie fenyloalanina; C)
Wykres zaleznos$ci ilosci wyekstrahowanej fenyloalaniny od czasu; [lo§¢ fenyloalaniny w warstwie 3
byta okre$lana za pomocg widm 'H NMR; Wszystkie widma byly wykonane w DMSO-d6, a alkohol
tert-butylowy byl dodawany przed wykonaniem pomiaru jako wzorzec Wewnetrzny. d) Mechanizm
przenoszenia fenyloalaniny za pomoca przeno$nika D2EHPA. W przeprowadzanych eksperymentach
wykorzystatam réwniez zwigkszone ,,mieszanie” na granicy faz (czyli naprzemienne kilkusekundowe
przyspieszanie i zwalnianie obrotéw rotujacego cylindra). Calo§¢ schematu wykonana zostata na
podstawie [P2].
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Rys.17. Selektywna ekstrakcja fenyloalaniny ze skomplikowanej mieszaniny zwigzkow
organicznych wykonana w rotacyjnym reaktorze do automatycznej syntezy i separacji. Sktad
warstw: warstwa 1 (pH 3,8): fenyloalanina (Phe, 99,1 mg, 0,6 mmol), glukoza (216,2 mg, 1,2 mmol),
2-propanol (18,0 mg, 0,3 mmol), alkohol allilowy (69,7 mg, 1,2 mmol), kwas cholowy (2,5 mg, 0,006
mmol), kwas (1S)-(+)-10-kamforosulfonowy (1,4 mg, 0,006 mmol), kwas cytrynowy (63,0 mg, 0,3
mmol), D-(-)-kwas szczawiowy (90,0 mg, 0,6 mmol), D-(-)-ryboza (90.0 mg, 0.6 mmol), LiCl (25,4 mg,
0,6 mmol), KFxH20 (56,5 mg, 0,6 mmol) rozpuszczone w 10 mL wody zawierajacej NaClOsxH20;
warstwa 2: D2EHPA (0.70 ml) w mieszaninie heksanu (4 ml) oraz tetrachloroetylenu (3 ml); warstwa
3 (pH 0): 10 ml 1.0 M wodnego roztworu HCI; b) Widma *H NMR wykonane z warstwy 1 na poczatku
eksperymentu oraz z warstwy 3 na koncu eksperymentu. Ilo$¢ fenyloalaniny w warstwie 3 bylta
okreslana za pomocg widm *H NMR; Wszystkie widma byty wykonane w DMSO-d6, a alkohol tert-
butylowy byt dodawany przed wykonaniem pomiaru jako wzorzec Wewnetrzny. W przeprowadzanych
eksperymentach wykorzystatam rowniez zwickszone ,,mieszanie” na granicy faz (czyli naprzemienne
kilkusekundowe przyspieszanie i zwalnianie obrotow rotujacego cylindra). Cato$¢ schematu wykonana
zostata na podstawie [P2].
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Opracowana przeze mnie zautomatyzowana metoda selektywnej ekstrakcji pozwala na
efektywna, wysokowydajng separacje zwigzku organicznego ze skomplikowanej
mieszaniny poreakcyjnej. Metodologi¢ t¢ opracowatam na przyktadzie aminokwasu —
fenyloalaniny — jednak jest to jedynie utamek mozliwo$ci opracowanego Systemu do
syntezy i separacji. Po pierwsze, poprzez analogi¢ do tradycyjnych uktadow LEM, mozliwa
bedzie adaptacja opisanego powyzej systemu do ekstrakcji innych zwigzkow organicznych,
ktére moga ulec sprotonowaniu w warstwie wodnej i utworzy¢ kompleks z przeno$nikiem
kationow D2EHPA. Poza tym, zamiana przeno$nika kationéw D2EHPA na przenos$nik
anion6w (np. aminy czy czwartorzgdowe sole amoniowe stosowane w uktadach LEM)
moze umozliwi¢ tez ekstrakcje aniondéw organicznych, np. kwaséw karboksylowych,
w rotujacym reaktorze. Co wigcej, D2EHPA czy inne przenosniki kationowe (typu LIX
czy CYANEX') umozliwiajg selektywng ekstrakcje jonéw metali, co jest rowniez
mozliwe w rotujacym reaktorze (potwierdzaja to wykonane w naszej grupie wstepne
eksperymenty). Naturalng kontynuacjg projektu jest rowniez potaczenie opracowanej
przeze mnie selektywnej ekstrakcji zwigzkéw organicznych z ich synteza w tym samym
reaktorze (analogiczng do syntez przedstawionych na Rys. 14), co umozliwitoby jeszcze
wigkszy stopien automatyzacji syntezy organicznej — projekt ten wykracza jednak poza
ramy niniejszej pracy doktorskiej.

Przedstawiony powyzej system do zautomatyzowanej syntezy i separacji zwigzkow
organicznych, wraz z opracowang przeze mnie metoda selektywnej ekstrakcji, zostat
opublikowany w dwodch publikacjach, w Nature [P2], w ktorym zostal uhonorowany
oktadkg oraz w Nature Review Materials [P3] (o wskazniku cytowan 66,31), ktora to
publikacja zostala napisana na zaproszenie edytora. Opracowany system jest tez
przedmiotem patentu W02020/153739, ktorego jestem wspotautorka.
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7. Podsumowanie

W intensywnie zmieniajagcym si¢ Swiecie komputerowo- i robotycznie-wspomagana
chemia organiczna przezywa swoj renesans — fakt ten nie jest niczym zaskakujgcym biorac
pod uwage nie tylko szybkos$¢ ogdlnego rozwoju technologicznego, ale takze ogromnych
wyzwan stawianych przed naukowcami w ostatnim czasie. Zmieniajgcy si¢ klimat,
wyczerpywanie si¢ zasobow naturalnych, a takze pandemia SARS-CoV-2 blokujaca cate
globalne tancuchy handlowe powoduja, ze coraz wicksza wage przyktada si¢ do
zwigkszenia efektywnosci proceséw syntezy (zaréwno pod katem zwigkszenia wydajnosci
i szybkosci, jak rowniez zmniejszenia ilosci odpadow) oraz tworzenia zautomatyzowanych
systemow do syntezy i separacji, ktore nie tylko umozliwig przyspieszenie tych procesow,
ale bedg takze zdolne do btyskawicznej adaptacji do nowych typow reakcji (np.
w przypadku odciecia dostaw kluczowego substratu syntezy). W tym kontekscie niezwykle
istotne jest poszukiwanie nowych narzedzi z zakresu komputerowo-wspomaganej,
zautomatyzowanej chemii organicznej do syntezy zwigzkéw organicznych oraz ich
separacji, co byto celem niniejszej rozprawy doktorskie;j.

Eksperymentalna realizacja planu syntezy totalnej (R,R,S)-takamonidyny, ktorej
znaczna cz¢$¢ wchodzi w zakres niniejszej rozprawy, w sposob jednoznaczny udowadnia
zdolno$¢ komputera do generowania poprawnych analiz retrosyntetycznych dla zwigzkoéw
0 wysokim stopniu skomplikowania strukturalnego. Ponadto, opracowana przeze mnie
metoda selektywnej ekstrakcji fenyloalaniny stanowi potwierdzenie mozliwosci
wykorzystania reaktora rotacyjnego do zautomatyzowanej separacji zwigzkow
organicznych — opisane w niniejszej rozprawie rezultaty moich prac badawczych w petni
potwierdzaja wigc postawiong na poczatku teze. Co wiecej, wykonane przeze mnie badania
stanowig istotny wklad w rozwoj zautomatyzowanej chemii organicznej, zar6wno
w zakresie komputerowej analizy reakcji chemicznych oraz jej zastosowania w codziennej
praktyce laboratoryjnej, jak rowniez w zakresie robotyzacji procesow syntezy i separacji
zwigzkow organicznych. Rezultaty tych prac stanowig podstawe do dalszego rozwoju
zautomatyzowanej syntezy oraz oczyszczania réznych klas zwigzkow organicznych (np.
aminokwasow, kwasow  karboksylowych) 1 nieorganicznych  (jony metali)
z wykorzystaniem odpowiednio dobranych przeno$nikoéw molekularnych.
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M Check for updates

Training algorithms to computationally plan multistep organic syntheses hasbeena

challenge for more than 50 years'”. However, the field has progressed greatly since
the development of early programs such as LHASA', for which reaction choices at

each step were made by human operators. Multiple software platforms

5814 are now

capable of completely autonomous planning. But these programs ‘think’ only one
step atatime and have so far been limited to relatively simple targets, the syntheses of
which could arguably be designed by human chemists within minutes, without the
help of acomputer. Furthermore, no algorithm has yet been able to design plausible
routes to complex natural products, for which much more far-sighted, multistep

planningis necessary

516 and closely related literature precedents cannot be relied on.

Here we demonstrate that such computational synthesis planning is possible,
provided that the program’s knowledge of organic chemistry and data-based artificial

intelligence routines are augmented with causal relationships

718 allowing it to

‘strategize’ over multiple synthetic steps. Using a Turing-like test administered to
synthesis experts, we show that the routes designed by such a program are largely
indistinguishable from those designed by humans. We also successfully validated
three computer-designed syntheses of natural productsin the laboratory. Taken
together, these results indicate that expert-level automated synthetic planning is
feasible, pending continued improvements to the reaction knowledge base and
further code optimization.

Because purely data-oriented artificial intelligence (Al) approaches are
not adequate to plan syntheses of complex targets (see Methods for
discussion), we have long been developing a hybrid expert-Al system,
called Chematica (or Synthia)®*'*-%, Although Chematica has been
effective in the design of syntheses that lead to high-value, medici-
nally relevant targets (validated by experiment®%°), its extension to
complex natural products—for which the space of synthetic options
to explore is orders of magnitude larger (Fig. 1)—has been challeng-
ing, and has required numerousimprovements. Since the publication
of ref.?, the program has been taught an additional roughly 50,000
mechanism-based reaction rules (it now knows more than 100,000),
especially stereoselective and scaffold-directed transformations (see
Extended DataFig.1a and discussionin Methods). The applicability of
these high-quality? rules to specific retrons has been further fine-tuned
by the addition of various filters (Extended Data Fig. 1b), which evalu-
ate site- or regio-selectivity, by using either machine-learning® or
quantum-chemistry methods’, and estimate reaction yields*®*?, Sets
of heuristic rules gauge whether synthons are prone to (unwanted)
sidereactions and rearrangements®® (Extended Data Fig. 1c), whereas
molecular-mechanics-derived heuristics help to evaluate the ability

of select classes of synthons to cyclize”. During synthesis planning,
decisions about each subsequent reaction move can be made by either
heuristic or best-in-class neural-network (Extended Data Fig. 1d) scor-
ing functions®. The exploration of synthetic space is guided by mul-
tiple beam-like searches performed simultaneously (Extended Data
Fig.1le), some that search ‘wide’ (to suggest diverse chemistries) and
others that search ‘deep’ (to trace pathways to available substrates
in the shortest possible time). In our experience, this search strategy
worked more effectively for complex targets than did either standard
A*8? or Monte Carlo tree-search’®" algorithms, which we also tested.
Finally, iflarge numbers of viable pathways are found to formacomplex
graph of solutions, then this graph is searched by another algorithm,
which back-propagates from substrates to the product and, in doing
so, assigns realistic cost estimates by which the pathways are ranked
(seeref. 2 for details).

With these additions, Chematica began to find routes to some
natural products, but produced no results (or only roundabout and
unremarkable routes) for others, even when it knew all the individual
reactions fromwhich aviable synthesis could have been constructed.
These problems were presentirrespective of the scoring function used,
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4
H,, Raney Ni
DPPA, PPh, 1) Pd(dppf)Cl, €
o} NP DEAD Cs,C04 \OH 1) TBAF OH
12 2) I, PPh
N3 \/K/ 10 I\/‘\foj\ _)_z 3 TBso\Ioj\
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8
NaBH,
o OH
o A0 Aco 14 aco II\,)\/
H,N
z 13
_ OH o
(+)-DET 1) VinMgBr =~
/ BzCl, EtzN 1) DMP
TBSo/wfoH Ti(O-Pra _ TBSO L(\ 1850~ K\OB Cul, DMS _ omes 1 _ oTBS
BuOOH OH 2) TBSCI oTBS
16 FBu 2) K,COs 19 )EtN
3 TBSCN
LITGMM
OH oTBS OTBS oTBS oTBS

oTBS Bf VieBr M
Ho BH, L2 1BSO . K»COs TBSO N - TBSO MeBr Mg g0
TBSO. o OTBS OTBS ors des
55 HO . BzO 05

methyl acrylate

Gl
HO. OH 1) PhSeCN
; PBuj
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TBSO 2) H,0;
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e
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L2
Score: Elegance:
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Path 14/40
o
Cp,TiCl OO
= i /\M coon on F
o~ AlMe;
1 2 coon (X O
2 L OMe
1
HO OH OTBS TBSO OTBS
o oTBS
j@i TeSO D[ o To 1) 3, 9-BBN-H, THF M
rldlne = P
HO OH  imidazole TBSO ores P TBSO OTBS 2) PACly(dppf), KsPO; TBSO
3 4 5 6 L1, SnCl,
-78°C
oTBS
1) i-PrBr, Mg TBSO 1n,
then ZnCl,
2) PACl,(MeCN),
L2 otBs 8
1) LIHMDS
2) p-TsN3 o)
O\/(L HO \\
TBSO ¥ B
hv, MeOH 1) TBAF DIBAL
2) p-TSOH o\/o »
TBSO
ores 12 (+)-Taiwaniaquinol A
Score: Elegance:
Path 15/40
Ti(OiPr),, o) o
oH ‘ fBSCI, oH L-(+)-DET, oH ' N 6L, VL o
B imidazole B tBUOOH = 4, iPrNEt, = iPrNEt, H
/\/\7 = [ [
2 Z /v\<c\) /A/\<C\) = o
= = = = COO0l =
OH oTBS oTBS \4)?\ oTBS i OTBS OH
1 2 3 Cl 5 6 7
L1 0
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o o AcZO TBAF o
-
NmN : 5 )J\© 5
Q Y@' @ \[( Y 10 OH OH OTBSOH
Ri= Gl
CIpey, Ph
Score: Elegance:
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Path 16/40

1) CHI,, CrCl
OH CCl,, PPh, OH ) CHI5, CrCl, i :<< N/_\N :
\)\/OH - WCI TBSO o 7S el
1 2 3 ZRIBAR 4 cu'Fg‘*E HG-I
\(
HO._ HO.__ s \l
H g z : 2, K,CO! 0 oTBS
: : I, PPh : » KoCO3 g e
TBSO” g CHOU o, A otes OOk o A oms 2 . g A _oms— =G )
5 O Ph 6 AlMe, 7 imidazole 8 o 9
N CoTms
H Ph 1) TBAF
L 2) HG-II
OH cl cl cl
I,, PPh o 0 w0 WOH
2 3 14, Pd(dppf)Cl; O >< Nal o >< acetone o] AD-mix o o ‘
imidazole o O Cs,C04 Qe g pTSOH ‘1o 0804
Uk OH OH OH or
Io) P @ 13 12 1 10
P
e 4, Pd(dppf)Cl, o
Cs,CO,
- OIP Ho0, HCI i &
: ; 0 20, OH
“, NS -
i ™ 2
o o’ Methyl Monate C 18 © 0
17
Score: Elegance:
Path 17/40
OMe
o o) 0 OMe o) OMe o)
| 2,3,In 4 0 4 '
Ti(OE), HN™ “tBu 5, NaH N™ “tBu (2] “tBu 1) TBAF
= =
TBSO = = 2) DWP
1 TBSO TBSO
o
1l
HZN/S “Bu 4 o 6 N/_\ al
Br/WHLOMe :‘<< K o 9, Pd(OAc),,
N 5 Ri= Gl DABCO
e oy, P NH.
2
OMe OMe
Pdj(dba)s, 1) Boc,0,
P(tBu)sHBF, DMAP
KOH, H,0 Cy,NMe 1) LiTMP 2) HCI, H,0
2) NH,CI (aq) 3) HCHO,
NaBH;CN
\
Lysergic Acid 12 Boc
Score: Elegance:
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Path 18/40

o)
2, [Ir(cod)Cl,], (R)-BINAP, 4, DCC, Q»N/_\N
m-NO,BzOH, Cs,CO; Ccl OH DMAP G-Il cl 0 Ye
P - . | RI= Gl
| OH cipoy, Ph
X S ¥s
1 3 5 6 P
2
1) Xc, nBuli then 7 4 )'L/
¢ NBULIhen 7 a1pg oTBS oTBS =
\)CL 2) LDAthen 8 PPh, CBr, 1) Mg Ho
Cl OH Br AN
7 3) LiAlH, 2) 11, Ly, 12
9 10 CuBr-SMe,
- o 1) 9-BBN-H
CHN— e 2) 6, Pd(OAc),, CsOH
Bn (0] 11
—— o 1) 14, Li, CuCN then 13 o
OTBS
8 s 14 Penicitide A 2) AcOOH, Bry,
. e NaOAc, AcOH QTBS T
NMe, PPh; .,
: ‘OH 3) TBAF
Fe “Pph,
i1 13
Score: Elegance:
Path 19/40
nBuLi OH hyomp .
then 3 2) 2, NaHMDS _— N Ho. Me
//\/\OH - // 72 P
7 1 4 10 =

1) PhgP, I, imidazole

P*Phyl
2) PhP

1) DMP

NaCIO,,
NaH,PO,

Br - > Br - Br
H ¢} OH

8 OH ' 2) HCHO, EtCO,H °
pyrrolidine

10
L2 @ o
EES TN

;»

6 Lo 7
7,DCC P
DMAP =

o 5
Br
o

‘QN/_\N\Q ° 1
ch

Ru=

av 5 HG-II HGAI

~
Pd/CaCO;,
quinoline [PdCl(allyl)]»

5, Cul, L, >
- 5 et
Hz Cs,C0, B 49 g
Chatenaytrienin-2 o
Score: Elegance:
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Path 20/40

o) 1) X¢1. NBuLi then 1

W 2)2,Mg CBra, PPh;
c
1 3) LiAlH, /V\ﬂ/ W

[o]

Xe1 2
HN o Br
Ph
Cp,TiCl,, ByHg, HO PPhs I, |
UTBS AlMe, UTBS it Naoh UTBS imidazole OTBS
5 6 7 8
1)TsNH2NH2
1) X¢2, pTsOH O3 MeCOH 2) Mes,Mg, LiCl
O 2)LDA, Mel W then NaBH, W then 4
PN R e
)J\ 3)LDA, 10 Cl
9 4)pTsOH o M 12 \r‘\( 13 14
TCT 1
X
c2 = )OL Nal
3 5 1) Xc3, NBuLi then 16
fo) HN™ O
/Nﬁ\< / . )—/ o 2) LDA then 15
o o 10 M4 X 16 | Ng
17 3) DIBAL-H
= 15
1) Xcp, pTSOH
(0] 2) LDA, Mel OTBS 1) TsNH,NH, OTBS 1) TBAF
A — " S _—
3)LDA, 8 : 2) Mes,Mg, LiCl : 2) CBr,,
4) pTsOH fo) 18 = then 4 PPh, 20
1) PPhy
2) PhLi, 17
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Score: Elegance:
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Path 21/40

OMe

. O

Br

2, CuCl, 1) [IrCi(cod)];,
2,6-dtbp 4, Bi(OTf), dtbpy, B,Pin,
N N 2) 6, KOH,
1 A 3 H PACl,(dppf)
BF. 0o
OMe I
Penol :
MeO 4 6 OMe Br t+-BuO.
8
(o] OMe O,N OMe
05" L et
— >(dpp
pelne o
OMe
t-BuO -
HN Q o O tBuO
)y, o O
HO \ O | 1)BClL ) AcOH, tBuONO ON
N 2) 14, DABCO TMSN3 1) NBS
15 MeO \ 0 «~—————Me0 — \
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HO OH| 4 o O O O
\// OMe
a>N Cl
HO 17 4 MeO
Dictyodendrin B
Y 2 1 Oute
Score: Elegance:
Path 22/40
OH © cl o 3,PPhy ¢ 0O cl |
[ PPhs, CCl, l DEAD LDA PH H,, PdiC ' Nal OH
K oMe ——> OMe OoMe ———> A _— E—
OH OH OW o o o)
(o]
1 2 4 0 o [¢) 7 0
OH
3
PACl,(dppf) (COC),, DMSO \k
)J\N M L
L1 /]\
Cp,TiCly, 1) Mel, Bypin,,
A|Me3 = MeOK, CuCl, L1 PPh, CBr,
= -_— —
2) NaBOj-4H,0
13
1) PPh,
2) nBuLi
then 11
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K3PO, pTsOH
o) Okinonellin B 2) nBuLi
18 then I,
o)
Score: Elegance:
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Path 23/40

Me
1) Cul — Me Me
o0 1)L1,Zn(0ThH,, It ) cul, I 2
| EtsN, 2 MeMgBr N\ I,, DMAP, N\
2) K,CO; 18-C-6 or or i : °© K,CO © |
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L1 5 0 6 0
1 3 4
o 1) 8, nBuLi then 7 o o PPh; I,
Qﬁ 2) LiHMDS then 10 0s o _imidazole \/\‘)k
cl xn
OMe
7 3) NaOMe, MeOH OMe e NaBH, 13
o) 11
12 4, Pd(dppf)Cl,

HN o 10 M
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-— OH
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o
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Score: Elegance:

Path 24/40
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o OBz 1) 0sO, NMO OBz OMP" 2
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o = o

= (o] _— i
HO'
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3 ] | 5 O‘ 6 TS
Ph Ph
4
\VMgBr

OBz OBz
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Score: Elegance:
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Path 25/40

OH Br 9 o
Br 1) LDA T™SCI, o
then DMF Nal O 1) NsC, Et3N OMe 1) HCI,AICl; Nal o
2) NaBH, o o 2) 5,CsF 2) pTsOH,
9 o L _ HO heat
% o) le] Cl |
1 2 3 4 o o 6 7
MeO/U\/U\OMe
5
8,13, OtBu
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fo) ! Pd(OAc) ne ' ?
DHP, : g / J
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Score: Elegance:
Path 26/40
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o CrCh AIBN W P(OEt) /\/\/\) OEt
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en
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o 1) LIOH, H,0 o
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. PR ! s 3)7, EtN 6
7
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M \/YY \/\‘/Y - A
cl 3) LiAlH, 2) PhBr, L1, L2, 1
9 o 13 NiBr,-glyme, 14
o/[L 10 MgBr CsHCO,, hv OAc 16, [Ir(cod)Cl],,
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Path 27/40

A 0 ; NMe,
DMF, MeO MeO MeO OH ! - |
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3 3) 2 /) : )]\ 7, Cul Ny
\/S“BUS \ : Cl MgBr
MeO : 8 9
4 MeO 5 ; 6 , ~ ~
' N
MeMgBr, L1,
-BBN- 15
11, ZnCl, CuBr-Me,S /‘\/ 1) NaOH /'\/ 1) 9-BBN-H
—_— A Z
S Ph)ko/\/\Br )J\ TBDPSO TBDPSO
|1 iy 2) TBDPSCI 2) H,0, NaOH
Ph” “Br 12 NMe; PCy, 14
10 E
Fe PCy,
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w&\ 1) 18, pTsOH /'v\/?w 1) 9, nBuLi then 16
D B TBDPSO |
HO N 2) TBAF TBDPSO " X 2)Hel
F HO, OH
A / —
S
@I 1) 5, TCF 18 Nt
FONE | 2) 19 WREE
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Score Elegance:
Path 28/40
Br OH Br
1) 6,7, pTsOH
1) BuzMgLi ) BoHg PPh;, CBry 2) nBuLi, then 5
2) 2,NiCl,, 2) H,0, NaOH 3) pTsOH
OMe dppp OMe OMe
1 3 4 5
1) BBrg OH MeMgBr 0
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OMe OMe
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Path 29/40
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1 e
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Score: Elegance:
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Path 30/40

OMe

OMe
Br 5 Br
1) CpyZrCly, AlMe
S then I, 1) 3,BBN-H 1) TBAF | L1, TsNH,, :
S -
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OTBS
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R
CO L1
o, L
P
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MeO 07 NHTF
C \ OO /‘Tf\“" 1) 7, Pd(dppf)Cl,
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- -,

2) BBrg then 9
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Score: Elegance:
Path 31/40
o) 0 0
(COBr), 3, Pd(PPh;),Cl,
’ [, ‘ 0O — o]
HO Br XS
1 2 3 | 4
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1) Ni(dppp)Cly, . tBuOK,
DIBAL-H {BUOK " DMPU
\\\/\/CI
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1) LDA _4
2) Me,S0,
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N
H
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Solidagolactone
Score: Elegance:
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Path 32/40
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pyridine ®
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—- —i —i— .
HO TBSO B TBSO 7
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OH TMmsCl P >[“S.co g7 >‘ws//
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{ P(Ad),Bu 1) Xc, Ti(OEt), A = 1) HCl
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Score: Elegance:
Path 34/40
Br
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Score: Elegance:
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Path 35/40
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5
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3 dh L 9
\ch
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Path 36/40
o LDA then 2 Cro3
OMe
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7
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HO
N/_\N 14 o j
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o 13 12
Score: Elegance:
Path 37/40
/N\ /N N
4 / 0
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No OMe = — = 6 _
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M 2 A'LN>_S" 7,KHMDS O 8
MeO OMe Ph then 8
(NS~ OMe
OH " V\c[f o
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Path 38/40

OH e} HO
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3 4 5 6
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Ri= Gl
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Score: Elegance:
Path 39/40
(R)-2, TiCl, OH O 1) TBSOTf, OTBS O (S)-2, TiCl,, OTBS OH O s
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1 N
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Score: Elegance:
Path 40/40
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Score: Elegance:
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ANSWER KEY

Source

Score

Elegance

Path 01: Yohimbine Org. Lett. 10, 745-748 (2008).
Path 02: Laurencin Org. Lett. 1,2029-2032 (1999).
Path 03: Emetine Designed by Chematica
Path 04: Erythrococcamide A Designed by Chematica

Path 05:

Chromane from K. Spinosa

Designed by Chematica

Path 06:

Centrolobine

Org. Lett. 14, 4758-4761 (2012).

Path 07: Galbulin Tetrahedron Lett. 55, 6324—-6327 (2014).
Path 08: Callyspongiolide Designed by Chematica

Path 09: Callyspongiolide Designed by Chematica

Path 10: Imperanene Org. Lett. 3, 3021-3023 (2001).

Path 11: Kanamienamide J. Org. Chem. 82, 11262-11268 (2017).
Path 12: Seimatopolide A European J. Org. Chem. 2012, 4910-4913 (2012).
Path 13: Thailanstatin A Designed by Chematica

Path 14: Taiwaniaquinol A Designed by Chematica

Path 15: Cleistenolide J. Org. Chem. 75, 2389-2394 (2010).

Path 16: Methyl Monate C Designed by Chematica

Path 17: Lysergic Acid J. Org. Chem. 78, 10885-10893 (2013).
Path 18: Penicitide A Designed by Chematica

Path 19: Chatenaytrienin-2 J. Org. Chem. 84, 12216-12220 (2019).
Path 20: Botryococcene Designed by Chematica

Path 21: Dictyodendrin Angew. Chem. Int. Ed. 54, 5451-5455 (2015).
Path 22: Okinonellin B Designed by Chematica

Path 23: Chlorantolide A Designed by Chematica

Path 24: Kweichowenol A Synlett. 30, 383-386 (2019).

Path 25: Linoxepin Angew. Chem. Int. Ed. 52, 5305-5308 (2013).
Path 26: Phenalamid A2 Designed by Chematica

Path 27: Zearalenone Bioorg. Med. Chem. 21, 5271-5274 (2013).

Path 28: Nimbiol Designed by Chematica

Path 29: Nimbiol Designed by Chematica

Path 30: Ferruginol Angew. Chem. Int. Ed. 57, 2115-2119 (2018).
Path 31: Solidagolactone J. Am. Chem. Soc. 137, 660-663 (2015).
Path 32: Heptelidic acid Designed by Chematica

Path 33: Aurantioclavine Org. Lett. 12, 2004—-2007 (2010).

Path 34: Aplysin Designed by Chematica

Path 35: Miyakosyne A Designed by Chematica

Path 36: Calvine Synlett. 2006, 0487-0489 (2006).

Path 37: Apiosporic acid J. Org. Chem. 77, 4491-4495 (2012).

Path 38:

Carvotanacetone

Designed by Chematica

Path 39:

Kurzilactone

Synthesis (Stuttg). 44, 1365-1372 (2012).

Path 40:

Kurzilactone

Designed by Chematica

SUM:

AVERAGE (=SUM/20):
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Mw Heavy Chiral Hetero Aliphatic Total Total rings
Atoms Atoms -atoms rings rings + Chiral atoms
Path 01: Yohimbine | 456,5 34 5 6 3 6 11
Path 02: Laurencin | 355,3 21 4 4 1 1 5
Path 03: Emetine | 480,6 35 4 6 3 5 9
Path 04: Erythococcamide A | 343,4 25 1 5 2 8 4
Path 05: Chromane from K. Spinosa | 358,5 26 1 4 1 2 3
Path 06: Centrolobine | 312,4 23 2 3 1 3 5
Path 07: Galbulin | 356,5 26 3 4 1 3 6
Path 08: Calyngospiolide | 628,6 41 6 8 1 2 8
Path 09: Calyngospiolide | 628,6 41 6 8 1 2 8
Path 10: Imperanene | 330,4 24 1 5 0 2 3
Path 11: Kanamienamide | 492,7 35 4 7 1 1 5
Path 12: Seimatopolide A 328,4 23 4 5 1 1 5
Path 13: Thailanstatin A | 535,6 38 9 10 3 3 12
Path 14: Taiwaniaquinol A | 344.,4 25 3 4 3 4 6
Path 15: Cleistenolide | 362,3 26 3 8 1 2 b
Path 16: Methyl Monate C | 342,4 24 6 6 1 1 7
Path 17: Lysergic Acid | 268,3 20 2 4 2 4 6
Path 18: Peniticide A | 314,5 22 5 4 1 1 6
Path 19: Chatenaytrienin-2 | 512,8 37 1 2 1 1 2
Path 20: Botryococcene | 466,8 34 6 0 0 0 6
Path 21: Dictyodendrin | 742,7 54 0 13 0 8 8
Path 22: Okinonellin B | 400,6 29 4 4 1 2 6
Path 23: Chlorantolide A | 264,3 19 2 4 2 2 4
Path 24: Kweichowenol A | 424,4 31 4 7 2 4 8
Path 25: Linoxepin | 364,3 27 1 6 4 6 7
Path 26: Phenalamid A2 | 491,7 36 4 4 0 1 5
Path 27: Zearalenone | 318,4 23 1 5 1 2 3
Path 28: Nimbiol | 272,4 20 2 2 2 3 5)
Path 29: Nimbiol | 272,4 20 2 2 2 3 5)
Path 30: Ferruginol | 300,5 22 2 1 2 3 5
Path 31: Solidagolactone | 302,5 22 4 2 3 3 7
Path 32: Heptelidic acid | 280,3 20 4 5 3 3 7
Path 33: Aurantioclavine | 226,3 17 1 2 1 3 4
Path 34: Aplysin | 295,2 17 3 2 2 3 6
Path 35: Miyakosine A | 428,7 31 3 2 0 0 3
Path 36: Calvine | 239,4 17 2 3 2 2 4
Path 37: Apiosporic acid | 224,3 16 5 3 2 2 7
Path 38: Carvotanacetone | 364,4 26 3 6 1 1 4
Path 39: Kurzilactone | 286,3 21 2 4 1 2 4
Path 40: Kurzilactone | 286,3 21 2 4 1 2 4
Human (average) 360,2 25,95 2,55 4,70 1,50 2,95 5,50
Machine (average) 390,0 27,50 3,80 4,50 1,50 2,15 5,90

Figure S1. Statistics of natural products used as targets in chemical Turing test.




P01

P02 P03 P04 P05 P06 PO7 P08 POS P10 P11 P12 P13 P14 P15 P16 P17 P18 P19 P20

Path 1 2 0 5 0 5 1 5 0 3 7 8 9 10 8
Path 2 2 2 0 5 8 7 2 4 0 9 0 9 1 0 2
Path 3 2 7 0 5 8 3 6 2 1 4 1 8 8 10 7
Path 4 6 8 0 5 9 5 8 1 1 7 8 3 1 0 2
Path 5 5 10 10 5 5 5 8 7 0 2 7 8 1 0 9
Path 6 7 1 10 5 4 2 9 4 1 8 3 9 10 0 5
Path 7 3 2 10 5 8 8 7 7 1 3 0 9 0 10 10
Path 8 3 1 0 3 5 7 2 0 3 2 0 2 0 0 3
Path 9 2 8 0 5 3 4 9 0 2 7 0 9 9 10

Path 10 3 1 10 5 5 8 2 8 3 5 1 9 9 0 7
Path 11 7 1 0 5 5 7 3 1 3 5 0 3 2 07 9
Path 12 4 7 0 5 3 2 7 3 7 1 9 0 8
Path 13 2 8 3 2 4 8 0 3 2 6 9 8 10 2
Path 14 6 1 10 5 0 1 1 0 2 2 9 2 8 0 9
Path 15 5 1 10 5 7 3 8 5 1 4 8 9 1 0 1
Path 16 2 8 10 5 0 8 9 8 4 5 10 9 10 07 8
Path 17 8 1 10 5 4 2 8 8 3 3 4 5 5 07 8
Path 18 8 7 10 5 2 8 7 8 3 3 0 10 9 10 5
Path 19 8 1 10 5 9 7 5 3 5 0 8 2 0 3
Path 20 6 8 10 4 5 2 7 1 2 7 0 2 9 0 9
Path 21 3 1 10 5 0 5 5 0 7 5 9 2 0 0 7
Path 22 7 9 10 5 6 2 7 5 2 7 8 9 10 0 2
Path 23 5 8 5 5 7 8 2 3 7 4 10 9 10

Path 24 3 1 10 5 5 7 7 8 5 9 8 10 0 0 2
Path 25 6 9 5 5 3 8 5 2 7 5 9 0 0 8
Path 26 3 2 10 5 3 2 8 0 2 5 0 2 9 10 8
Path 27 2 8 10 5 8 5 3 1 2 6 0 2 0 10 6
Path 28 2 2 0 5 7 5 2 1 3 5 5 9 9 0 8
Path 29 4 8 10 5 2 2 1 2 3 8 5 1 0 3
Path 30 2 2 0 5 3 5 2 1 2 4 2 2 1 0 8
Path 31 3 1 5 5 5 3 7 6 2 1 9 2 0 5
Path 32 1 8 10 5 6 3 3 1 3 2 2 9 8 0 4
Path 33 4 1 0 5 0 2 8 0 2 4 < 2 1 0 1
Path 34 8 1 10 5 5 5 7 5 2 9 8 4 9 10 5
Path 35 5 7 5 5 2 8 1 2 5 9 10 9 0 6
Path 36 2 8 5 8 5 5 7 7 8 8 1 0 7
Path 37 8 1 10 5 7 8 7 5 2 3 9 0 0 10 3
Path 38 5 8 10 5 6 6 8 7 4 3 8 10 7 0

Path 39 3 2 0 5 5 5 4 7 2 5 0 0 0 10

Path 40 7 0 0 5 5 2 8 1 7 3 0 0 0 10

Figure S2. Human vs. Machine scores assigned by all experts who took the Synthesis Turing
Test. Literature pathways are highlighted in red, pathways designed by Chematica are
highlighted in blue. Red-on-red or blue-on-blue = correct classification; “Hard to tell” scores
of 5 are in gray font. Since the test was timed, some experts did not provide answers within the

3 min time limit. One expert completed half of the test (first 20 pathways).

S-26

https://té&.org.pl




4
3
3
7
6
6
3
7
5
2
7
2
1
7
7
3
6
6
9
2

6
4

8

7

6
8
D)
2

8

6

8
3
3

7

7
7
2

4
2

8
8
8
6
8
5
1
9

10

10

Path 1

Path 2

Path 3

Path 4

Path 5

Path 6

Path 7

Path 8

Path 9
Path 10
Path 11

Path 12
Path 13
Path 14
Path 15
Path 16
Path 17
Path 18
Path 19
Path 20
Path 21
Path 22
Path 23
Path 24
Path 25
Path 26
Path 27
Path 28
Path 29
Path 30
Path 31
Path 32
Path 33
Path 34
Path 35
Path 36
Path 37
Path 38
Path 39
Path 40

Figure S3. Elegance scores assigned by all experts who took the Synthesis Turing Test.

Literature pathways are highlighted in red, pathways designed by Chematica are highlighted in

blue. Red-on-red or blue-on-blue = correct classification; “Hard to tell” scores of 5 are in gray

font. Since the test was timed, some experts did not provide answers within the 3 min time limit.

One expert completed half of the test (first 20 pathways).
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Average

4,25 2,68 5,88 5,00 4,85 515 5,20 4,65 2,75 5,20 3,45 6,47 2,65 4,50 4,50 3,70 6,00 5,68 4,58
for human

Average 445 5,75 647 4,75 4,95 4,15 6,60 2,55 2,55 4,50 515 6,50 6,70 550 4,50 4,90 7,50 5,63 il
for machine
Average

elegance in 4,85 5,58 594 1,85 4,50 535 4,35 4,60 6,35 4,60 3,85 2,00 4,05 4,05 580 5,15 6,40 3,26 4,55
human

Average
elegance in 5,45 5,90 5,31 2,60 4,30 590 4,75 5,25 6,80 4,75 4,40 2,00 3,65 4,20 5,40 545 6,25 3,25 4,75
machine

# of human
predicted as 6 4 10 0 7 7 10 7 3 7 6 12 4 5 5 5 12 11 121
machine

# of human
predicted as 13 15 7 0 7 6 9 7 16 8 13 6 15 9 5 15 8 6 165
human

# of machine
predicted as 9 7 6 3 6 11 4 14 19 10 8 7 5 7 6 11 5 6 144
human

# of machine
predicted as 7 13 11 0 7 5 16 4 1 6 1 12 15 11 4 9 15 8 155
machine

# of hard to tell

5 0 0 37 13 1 1 8 1 9 2 2 1 8 0 0 0 4 102
(5 & no answer)

Figure S4. Statistics of individual experts and averages and sums for the entire Test (right

column).
1,0

0,9 y =0,000079x + 0,533588
08 R?=0,000267

0,7

06 |® °®

0 20 40 60 80 100

Hinpex

Figure S5. Statistics of Turing test responders. Vertical axis plots the area under the curve,
AUC, values as in the main-text Figure 2¢. H-indices were retrieved from Web of Science Core
Collection (www.webofknowledge.com) accessed July 10, 2020. This plot is also included as

an inset in Figure 2c.
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S2. Synthesis of Dauricine.

S2.1. Details of Chematica’s output for the Dauricine pathway.

Name: lodination of romatic compounds. Name: Syntnesis 01 aryl ethers. from aryl odkdes
Calculated yieid: good Calculated yield: moderate

Typical condiions: 2 or ather iodinating agent & 5. NIS Typical condtions: CuBr.Cs2C03 ACH

Mustrative Reference: DOL 10.103%C5SCO09E4B and Bustrative Reference: 10.1055/5-0021-1280110 AND
10.1016] tetiet 2005 05 117 and 10.1007/s11178-005-0256-1 10.1080/00357511 2014 903421 AND 10.1055/5-0034-1375570

Classification Protecting Groups

T RS | —

phenols 2. Methoxymethyl Ether

3. Benzyl Ether

Name: Swern Oxidation Name: Stereoselective Fictet - Spengler Reaction Hame: Reductive akylation of amines
Calculated yield: moderate Cakulated yiek: good Calculated yield: good

Typical conditons: oxaly chioride DISO.DCH NMe3.-40C Typical condiions: acid. Chiral catalyst Typical conditions: formaldehyde NaBHICN
Wustrative Reference: nul musirative Reference: DOt 10.1021/8046259p or DOE Bustratve Reference: 10.1021/4800204a024 ang

10,1016/ tet 2007 05.110 or DOL 10_1002/8nie 201008071 10,1016/ tetiet 2007 08 092 and 101018/ jnorgbio 2015.01.005 and
10.1018/ tet 2014.05.108

Navigate | Mavigate

Figure S6. Details of Chematica’s output for the synthesis of Dauricine; the figure
complements main-text Figure 3. Expansion of each reaction node provides, inter alia, reaction
miniature, name of the reaction, general class of reaction conditions, and most relevant literature
references with specific conditions. Protecting groups proposed for the O-arylation step are

shown in the blue-border sub-window on the upper-right.
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S2.2. Synthetic details.

All reactions were carried out under an argon atmosphere in oven-dried glassware with
magnetic stirring. Solvents used in reactions were purified by passage through a bed of activated
alumina.>! Reagents were purified prior to use unless otherwise stated following the guidelines
of Perrin and Armarego.5? Purification of reaction products was carried out by flash
chromatography on Biotage Isolera 4 systems with Ultra-grade silica cartridges. Visualization
was accomplished with UV light. Infrared spectra were recorded on a Bruker Tensor 37 FT-IR
spectrometer. '"H NMR spectra were recorded on AVANCE III 500 MHz w/ direct cryoprobe
(500 MHz) spectrometer and are reported in ppm using solvent as an internal standard (CDCls
at 7.26 ppm). Data are reported as (ap = apparent, s = singlet, d = doublet, t = apparent triplet,
q = quartet, m = multiplet, br = broad; coupling constant(s) in Hz; integration). Proton-
decoupled *C NMR spectra were recorded on an AVANCE I1I 500 MHz w/ direct cryoprobe
(126 MHz) spectrometer and are reported in ppm using solvent as an internal standard (CDCl3
at 77.16 ppm). Accurate masses were obtained using an Agilent 6120A LC-TOF MS. Optical
rotations were measured on a PerkinElmer Model 341 Polarimeter with a sodium lamp. Optical
rotatory dispersion (ORD) measurements were taken on a Jasco J-815 Circular Dichroism (CD)

Spectropolarimeter.
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OH
"

|
4-(2-hydroxyethyl)-2-iodophenol (2)
A solution of 12 (5.00 g, 36.2 mmol) and KI (6.01 g, 36.2 mmol) in 1:1 H2O:EtOH (240 mL)
was added slowly to 4-(2-hydroxyethyl)phenol (9.18 g, 36.2 mmol) dissolved in 40%
dimethylamine solution (32 mL). The reaction mixture was allowed to stir at room temperature
for 5 h after which the reaction was neutralized with 2 M HCI and extracted into AcOEt (3 x
100 mL). The combined organic layers were washed with sat. ag. NaS203 solution (aq.) (2 x 50
mL) and brine (1 x 50 mL). The resulting organic layer was dried over NaxSOs, filtered, and
concentrated under reduced pressure yielding light brown oil. The resulting oil was dissolved
in hot H20, cooled, and filtered yielding 4-(2-hydroxyethyl)-2-iodophenol (2, 5.35 g, 56%), a
white crystalline solid (mp = 102—-104°C). Analytical data matched those reported in
literature.S3
TH NMR (500 MHz, CDCl3) 8 7.53 (d, J=2.0 Hz, 1H), 7.09 (dd, J= 8.3, 1.8 Hz, 1H), 6.90 (d,
J=8.3 Hz, 1H), 5.52 (s, 1H), 3.82 (t, /= 6.6 Hz, 2H), 2.76 (t, J = 6.4 Hz, 2H).
13C NMR (126 MHz, CDCl3) 6 153.6, 138.4, 132.7, 130.8, 115.0, 85.8, 63.6, 37.7.
HRMS (ESI) calcd for [CsHolO2 +H+H20]": 282.9831, found: 283.177.
IR (ATR) v = 3448, 3076, 1419, 1037, 1002, 812, 704 cm".

OH

|
2-(4-(benzyloxy)-3-iodophenyl)ethan-1-0l (3): 4-(2-hydroxyethyl)-2-iodophenol 2 (4.3 g,
16.3 mmol) was dissolved in EtOH (50 mL) with BnCl (2.84 mL, 24.4 mmol) and K2COs3 (3.38
g, 24.4 mmol), and heated to 80 °C. The mixture was allowed to stir at this temperature for 12
h. Upon completion, the reaction mixture was cooled to room temperature, the solids were
filtered off, and the solution was concentrated under reduced pressure. The crude product was
purified via column chromatography using 1:1 AcOEt:hexanes, isolating the spot with Rr=0.42
in 1:1 AcOEt:hexanes solution. The fractions were concentrated yielding 3 (5.31 g, 99%), a
white, chalky powder (mp = 66—67 °C).

'TH NMR (500 MHz, CDCl3) 8 7.68 (d, J = 1.8 Hz, 1H), 7.50 (d, J= 1.2 Hz, 1H), 7.48 (d, J =
1.3 Hz, 1H), 7.40 (d, J= 7.3 Hz, 1H), 7.38 (d, /= 6.7 Hz, 1H), 7.35-7.30 (m, 1H), 7.13 (dd, J =
8.4,2.2 Hz, 1H), 6.80 (d, J = 8.4 Hz, 1H), 5.14 (s, 1H, br), 3.82 (t,J = 6.6 Hz, 2H), 2.77 (t, J =
6.4 Hz, 2H).
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I3C NMR (126 MHz, CDCls) 8 155.9, 139.9, 136.6, 133.3, 130.1, 128.6, 127.9, 127.1, 112.8,
87.1,71.0, 63.5, 37.8.

HRMS (ESI) calcd for [C1sH15102+Na]": 376.9998, found: 377.0015.

IR (ATR) v = 3253, 2852, 2632, 1490, 1255, 1024, 693 cm.

HO
OH

OBn
2-(4-(benzyloxy)-3-(4-(2-hydroxyethyl)phenoxy)phenyl)ethan-1-ol (4)

Benzyl-protected 4-(2-hydroxyethyl)-2-iodophenol 3 (4.00 g, 11.3 mmol) was dissolved in
NMP (9 mL) with 4-(2-hydroxyethyl)phenol 1 (2.34 g, 16.9 mmol), Cs2CO3 (7.36 g, 22.6
mmol), Cul (2.15 g, 11.3 mmol), and 2,2,6,6-tetramethylheptane-3,5-dione (4.71 mL, 22.6
mmol) under Ar atmosphere. The reaction flask was covered in foil and heated to 120 °C. The
mixture was allowed to stir at this temperature for 48 h before cooling to room temperature and
diluting with AcOEt (50 mL). After passing crude mixture through a Celite plug, the mixture
was washed with sat. aq. NH4Cl solution (1 x 300 mL), extracted with AcOEt and H20 and
washed with brine (2 x 300 mL). The combined organic layers were dried over Na2SOx, filtered
and concentrated under reduced pressure. The crude product was purified via column
chromatography using 95:5 CH:Cl2:MeOH, isolating the spot with Rf = 0.26 in 9:1
CH2Cl2:MeOH solution. The fractions were concentrated under reduced pressure yielding diol
4 (2.3 g, 56%), viscous copper-colored oil.

'TH NMR (500 MHz, CDCl3) & 7.30-7.27 (m, 1H), 7.25-7.23 (m, 1H), 7.19 (dd, J = 7.0, 1.6
Hz, 2H), 7.15 (d, J = 8.6 Hz, 2H), 6.98-6.94 (m, 2H), 6.93—-6.88 (m, 3H), 5.07 (s, 2H), 3.85 (t,
J=6.5Hz, 2H), 3.81 (t,J = 6.5 Hz, 2H), 2.84 (t,J = 6.3 Hz, 2H), 2.78 (t, /= 6.3 Hz, 2H).

I3C NMR (126 MHz, CDCIs) 8 156.9, 149.1, 145.5, 136.9, 132.3, 132.3, 130.0, 128.4, 127.8,
127.1,125.2,122.2, 117.1, 115.5, 71.0, 63.8, 63.6, 38.4, 38.3.

HRMS (ESI) calcd for [C23H2404+Na]": 387.1598, found: 387.1564.

IR (ATR) v= 3311, 2867, 1607, 1266, 1212, 1013, 808, 695 cm.
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\o N

OBn

2-(4-(benzyloxy)-3-(4-(2-oxoethyl)phenoxy)phenyl)acetaldehyde (5)

This procedure was adapted from a literature.5? Dess-Martin periodinane (4.33 g, 10.2 mmol)
was added to an oven-dried 100 mL flask with a stir bar, followed by CH2Cl2 (25 mL). The
flask was sealed, put under Ar atmosphere and cooled to 0 °C. Diol 4 (1.550 g, 4.25 mmol)
dissolved in CH2Cl2 (20 mL) was added and the reaction was stirred for 15 min at 0 °C before
warming to room temperature. The vessel was permitted to stir for 2 h. The reaction was
subsequently quenched with sat. ag. NaHCOs3 solution (50 mL) and the organic and aqueous
layers were separated. The aqueous layer was extracted with CH2Cl2 (2 x 30 mL), and the
combined organic layers were washed with brine (1 x 50 mL). The resulting organic layer was
dried over Na2SOs, filtered, and concentrated under reduced pressure. The crude product was
purified via column chromatography using 1:1 AcOEt:hexanes, isolating the spot with Rf=0.51
in 1:1 AcOEt:hexanes solution. The fractions were concentrated under reduced pressure
yielding dialdehyde 5 (998 mg, 65%) as pale yellow oil.

'TH NMR (500 MHz, CDCl3) 6 9.74 (t, J = 2.3 Hz, 1H), 9.72 (t, J= 2.3 Hz, 1H), 7.29-7.27 (m,
1H), 7.25-7.23 (m, 2H), 7.20-7.16 (m, 3H), 7.14 (d, J = 8.6 Hz, 2H), 7.02 (d, J = 8.3 Hz 1H),
6.95 (d, J=8.5 Hz, 3H), 6.92 (d, /= 2.0 Hz, 1H), 5.08 (s, 2H), 3.66 (d, J=2.3, 2H), 3.61 (d, J
=2.1, 2H).

I3C NMR (126 MHz, CDCls) 6 199.4, 199.1, 157.5, 149.8, 145.5, 136.6, 130.8, 128.4, 128.0,
127.9, 127.0, 126.2, 125.7, 125.3, 123.0, 117.4, 115.6, 70.9, 49.8, 49.6.

HRMS (ESI) calculated for [C23H2004 +H+H20]":379.1631, Found: 379.2396.

IR (ATR) v = 2810, 2734, 1720, 1453, 1266, 1214, 733, 695 cm™..
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(8)-N-(3,4-dimethoxyphenethyl)-4-methylbenzenesulfinamide ((S)-7)

n-BuLi (8.8 mL, 22 mmol) in hexanes (2.5 M) was slowly added to a solution of 3,4-
dimethoxyphenylamine (3.6 g, 20 mmol) in THF (180 mL) at —78°C. The reaction mixture was
allowed to warm to room temperature and was then added to a solution of (/R,2S,5R)-(S)-
menthyl-p-toluenesulfinate (5.9 g, 20 mmol) in THF (20 mL). The reaction stirred for 1 h at
room temperature and was then quenched with aq. Na2HPO4 (100 mL, 1 M), and extracted with
AcOEt (3 x 100 mL). The resulting organic layer was washed with brine (1 x 200 mL), dried
over NazSOu, filtered, and concentrated under reduced pressure. The crude product was purified
via column chromatography using 1:1 AcOEt:hexanes, isolating the spot with R¢= 0.25 in 1:1
AcOEt:hexanes solution. The fractions were concentrated under reduced pressure yielding
amine (S)-7 (5.20 g, 81%) as light yellow-orange oil. Analytical data matched those reported
in literature.5*5°

[a]p? +62.2 (¢ 0.8, acetone);

'TH NMR (500 MHz, CDCl3) & 7.48 (d, J = 8.3 Hz, 2H), 7.23 (d, J = 7.6 Hz, 2H), 6.74 (d, J =
8.0 Hz, 1H), 6.66 (dd, J = 8.6, 2.1 Hz, 1H), 6.61 (d, J= 1.3 Hz, 1H), 4.06 (t, J= 5.7 Hz, 1H),
3.81 (s, 3H), 3.80 (s, 3H), 3.34-3.27 (m, 1H), 3.06-2.98 (m, 1H), 2.71 (t, /= 6.5 Hz, 2H), 2.36
(s, 3H).

I3C NMR (126 MHz, CDCls) & 149.0, 147.7, 141.2, 141.1, 130.9, 129.5, 125.9, 120.8, 112.0,
111.3,55.9, 55.8,42.3, 36.5, 21.3.

HRMS (ESI) calcd for [C17H21NO3S +Na]™: 342.1098, found: 342.1133.

IR (ATR) v = 2395, 1515, 1235, 1028, 725 cm™..
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=0

N
MeO
OMe
o

OMe
(—)-1-(4-(benzyloxy)-3-(4-(((6,7-dimethoxy-2-(p-tolylsulfinyl)-1,2,3,4tetrahydroisoquino-
lin-1-yl)methyl)phenoxy)benzyl)-6,7-dimethoxy-2-(p-tolylsulfinyl)-1,2,3,4-tetrahydroiso-
quinoline ((+)-SI-1)

Under Ar atmosphere dialdehyde 5 (100 mg, 0.277 mmol) was dissolved in CH2Cl2 (1 mL) and
added to amine (5)-7 (400 mg, 1.25 mmol) and activated 4 A MS (100 mg) under Ar atmosphere.
The reaction mixture was cooled to =78 °C and BF3-OEt2 (230 pL, 1.80 mmol) was slowly
added. The resulting reaction mixture was permitted to stir for 1.5 hour at —78 °C. The reaction
was quenched via slow addition of 1:1 EtsN:MeOH solution (500 uL) then concentrated under
reduced pressure. The crude mixture was purified via flash column chromatography using 1:1
AcOEt:hexanes, isolating the spot with Rr=0.45 in 2:3 AcOEt:hexanes solution. The fractions
were concentrated under reduced pressure yielding tetrahydroisoquinoline (+)-SI-1 (90.0 mg,
33%) as a shimmery pale yellow-tinted oil (appt. dr >20:1, by 'H NMR).

[a]p? +27.8 (¢ 0.12, acetone);

"H NMR (500 MHz, CDCl3) 6 7.44 (dd, J = 8.3, 3.9 Hz, 4H), 7.31-7.27 (m, 2H), 7.25-7.17
(m, 6H), 6.87 (m, 2H), 6.77-6.73 (m, 2H), 6.60 (dd, J = 8.2, 2.1 Hz, 1H), 6.52 (d, J=10.2 Hz,
2H), 6.45 (d, J= 1.5 Hz, 1H), 6.02 (d, J = 13.5 Hz, 2H), 5.06 (s, 2H), 4.56 (t, /= 7.0 Hz, 1H),
4.52 (t, J=17.0 Hz, 1H), 3.81 (s, 3H), 3.79 (s, 3H), 3.54 (s, 3H), 3.53 (s, 3H), 3.50-3.40 (m,
2H), 3.16-3.06 (m, 2H), 3.06-2.98 (m, 2H), 2.95-2.83 (m, 3H), 2.76 (dd, J= 13.2, 7.8 Hz, 1H),
2.62-2.59 (m, 1H), 2.58-2.55 (m, 1H), 2.38 (s, 6H).

I3C NMR (126 MHz, CDCls) 8 156.9, 149.2, 147.7, 147.7, 146.6, 145.1, 141.1, 141.0, 140.5,
136.9, 132.1, 131.8, 130.9, 130.8, 130.6, 129.4, 129.4, 129.4, 128.6, 128.5, 128.5, 128.4, 128.4,
127.9,127.8,127.1,127.0, 127.0, 126.9, 126.3, 126.2, 126.2, 125.6, 125.5, 123.0, 116.6, 115.0,
111.5,111.5,110.1, 109.9, 70.9, 57.5, 57.3, 55.9, 55.8, 55.8, 55.5,43.2,43.2,41.2, 41.1, 28.6,
28.6,21.4,21.4.

HRMS (ESI) calculated for [Cs7HssN20sS2 +Na]": 985.3498, found: 985.3537.

IR (ATR) v = 2932, 2359, 2341, 1610, 1506, 1464, 1371, 1269, 1246, 1226, 1169, 1115 cm™..
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NH

MeO
OMe
O

ZT

OMe

(—)-1-(4-(benzyloxy)-3-(4-(((6,7-dimethoxy-1,2,3,4-tetrahydroisoquinolin-1-yl)methyl)-
phenoxy)benzyl)-6,7-dimethoxy-1,2,3,4-tetrahydroisoquinoline ((—)-8)
Tetrahydroisoquinoline (+)-SI-1 (40 mg, 0.042 mmol) was dissolved in EtOH (1 mL) and the
solution was cooled to 0 °C. Once at that temperature, conc. HC1 (140 puL) was added dropwise.
After stirring for 10 min at 0 °C, sat. ag. K2COs solution was added (2.1 mL). Following
extractive workup with AcOEt (2 x 3 mL), the crude organic solution was concentrated via
reduced pressure and purified viea flash column chromatography with 85:10:5
EtOAc:MeOH:NH4OH, isolating the spot with Rf= 0.35 in 85:10:5 AcOEt:MeOH:NH4OH.
The fraction was concentrated under reduced pressure yielding tetrahydroisoquinoline (—)-8
(26.0 mg, 92%) as a light yellow oil.

[a]p? —41.3 (¢ 0.12, MeOH);

"TH NMR (500 MHz, CDCI3) & 7.31-7.27 (m, 3H), 7.25-7.22 (m, 2H), 7.19 (d, J= 9.2 Hz, 2H),
7.0-6.94 (m, 3H), 6.92 (d, J = 8.8 Hz, 2H), 6.66 (s, 1H), 6.59 (s, 1H), 6.57 (d, J= 3.1 Hz, 2H),
5.10 (s, 2H), 4.15 (dd, J= 8.9, 4.1 Hz, 1H), 4.11 (dd, J= 8.9, 4.1 Hz, 1H) 3.86 (s, 3H), 3.83 (s,
3H), 3.78 (s, 3H), 3.24-3.16 (m, 3H), 3.09 (dd, J=13.8, 4.4 Hz, 1H), 2.97-2.84 (m, 4H), 2.80—
2.65 (m, 4H).

I3C NMR (126 MHz, CDCls) 8 156.9, 149.1, 147.5, 147.1, 147.0, 145.6, 137.0, 132.7, 130.4,
130.1,130.1, 128.4,127.8, 127.2, 127.1, 127.0, 126.9, 125.6, 122.5, 120.7, 117.2, 115.5, 118.8,
111.8,109.4,71.0, 56.9, 56.8, 56.0, 56.0, 55.9, 41.9, 41.9, 40.9, 40.6, 29.4, 29.3.

HRMS (ESI) calcd for [C43H46N206+H]": 687.3478, found: 687.3425.

IR (ATR) v= 3854, 3745, 3629, 2361, 2340, 2160, 2050, 1979, 1700, 1653, 1559, 1517, 1457,
1419, 1259, 1237, 1143, 1026, 668, 652, 605 cm’".
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N
MeO
OMe
’
OBn O
MeO

OMe
(—)-0O-benzyl Dauricine ((—)-9):

37% aq. formaldehyde solution (87 uL) was added to tetrahydroisoquinoline (—)-8 (20 mg, 29
pmol) dissolved in CH2Cl2 (0.5 mL) and reaction mixture was allowed to stir at room
temperature for 1 h. Sodium triacetoxyborohydride (123 mg, 0.582 mmol) was added. After
stirring for 30 min at room temperature, the reaction was quenched with sat. aq. NaHCO3
solution (1.5 mL). Following extractive workup with AcOEt (2 x 2 mL), the crude organic
solution was concentrated via reduced pressure and purified via flash column chromatography
with 85:10:5 AcOEt:MeOH:NH4OH, isolating the spot with Rf = 0.50 in 85:10:5
AcOEt:MeOH:NH4OH. The fraction was concentrated under reduced pressure yielding (—)-O-
benzyl Dauricine ((—)-9) (15.0 mg, 72%) as a colorless oil.

[a]p? —61.6 (c 0.05, MeOH);

'"H NMR (500 MHz, CDCl3) 6 7.31-7.27 (m, 2H), 7.25-7.21 (m, 3H), 7.01 (dd, J = 8.4, 1.6
Hz, 2H), 6.89 (d, J = 8.3 Hz, 1H), 6.82—6.76 (m, 4H), 6.53 (d, /= 1.5 Hz, 2H), 6.06 (d, J= 3.7
Hz, 2H), 5.06 (s, 2H), 3.82 (s, 3H), 3.81 (d, J = 5.3 Hz, 3H), 3.69 (t, /= 5.9, 1H), 3.64 (t,J =
6.1 Hz, 1H), 3.55 (s, 3H), 3.53 (d, J=3.0 Hz, 3H), 3.23-3.10 (m, 3H), 3.09-3.03 (m, 1H), 2.87—
2.69 (m, 6H), 2.62-2.58 (m, 1H), 2.57-2.55 (m, 1H), 2.53 (s, 3H), 2.49 (s, 3H).

13C NMR (126 MHz, CDCls) § 156.7, 148.8, 147.3, 146.4, 146.4, 145.2, 137.1, 133.7, 133.7,
130.7,128.4,127.7,127.0, 126.0, 126.0, 123.1, 116.6, 115.2, 115.2,111.2, 111.0, 110.9, 110.9,
71.1, 65.0, 64.7, 55.8, 55.7, 55.6, 55.5, 47.0, 46.8, 42.7, 40.6, 40.4, 25.5, 25.5.

HRMS (ESI) calcd for [CasHsoN206+H]": 715.3778, found: 715.3731.

IR (ATR) v=3812, 3722, 3666, 2936, 2611, 2286, 2241,2217,2199, 2184, 2161, 2149, 2071,
1608, 1504, 1463, 1256, 1124, 1103, 739, 608 cm’'.
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N
MeO
OMe
O
OH
MeO

OMe
(—)-Dauricine ((—)-10)

(—)-O-benzyl Dauricine ((—)-9) (6.00 mg, 8.4 umol) was dissolved in MeOH (300 uL) and the
solution was degassed with an Ar balloon for 10 min, followed by the addition of Pd(OH)2 (0.8
mg, 6 umol). The reaction mixture was degassed via the freeze-pump-thaw method (3x),
charged with Hz balloon, and permitted to stir for 10 h at room temperature. Upon completion,
as determined by TLC, the reaction was diluted with MeOH (1 mL), filtered through a pipette
Celite plug, concentrated under reduced pressure, washed with hexanes (2 mL), and dried to
afford (—)-Dauricine ((—)-10) (5.10 mg, 97%) as a colorless oil.

[a]p?® —96.3 (¢ 0.04, MeOH);

CD (c 1.78 mM, MeOH) Aexs7 —15.77 mdeg, Ae23s —60.80 mdeg;

TH NMR (500 MHz, CDCI3) & 7.04 (d, J = 8.7 Hz, 2H), 6.93 (d, J = 8.2 Hz, 1H), 6.84-6.78 (m,
3H), 6.57 (d, J = 10.6 Hz, 1H), 6.51 (s, 1H), 6.06 (d, J = 30.5 Hz, 2H), 3.84 (s, 3H), 3.80 (s,
3H), 3.71 (m, 1H) 3.63 (m, 1H), 3.61 (s, 3H), 3.60 (s, 3H), 3.23-3.09 (m, 3H), 3.03 (m, 1H),
2.87-2.67 (m, 6H), 2.55 (m, 2H), 2.52 (s, 3H), 2.49 (s, 3H).

I3C NMR (126 MHz, CDCls) 8 155.0, 147.4, 147.3, 146.5, 146.3, 145.6, 142.8, 135.1, 131.0,
126.1,125.9,120.4,117.3,115.6, 111.2, 111.2, 110.9, 110.9, 64.7, 55.8, 55.7, 55.6, 55.6, 46.9,
46.8,42.7,40.6,40.4, 25.5, 25.3.

HRMS (ESI) caled for [C3sH4aN206+H]™: 625.3278, found: 625.3269.

IR (ATR) v = 3323, 2279, 2243, 2184, 2166, 2160, 2076, 2055, 2041, 2031, 2018, 1989 cm.

Analytical Data match natural (—)-Dauricine (purchased from AdooQ® Bioscience):

[a]p? —107.8 (¢ 0.04, MeOH); CD (c 1.78 mM, MeOH) Acxs7 —16.02 mdeg, Aexs —64.81
mdeg;

TH NMR (500 MHz, CDCI3) & 7.04 (d, J = 8.3 Hz, 2H), 6.93 (d, J = 8.5 Hz, 1H), 6.84-6.78 (m,
3H), 6.58 (d, /= 11.8 Hz, 1H), 6.08 (d, J=30.01, 2H), 3.84 (s, 3H), 3.80 (s, 3H), 3.70 (t, J =
6.5 Hz,1H) 3.63 (m, 1H), 3.61 (s, 3H), 3.60 (s, 3H), 3.21-3.09 (m, 3H), 3.03 (dd, J=8.7, 5.4
Hz, 1H), 2.85-2.69 (m, 6H), 2.56 (m, 2H), 2.52 (s, 3H), 2.48 (s, 3H).
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I3C NMR (126 MHz, CDCls) 8 155.0, 147.3, 147.3, 146.5, 146.3, 145.6, 142.8, 135.1, 131.0,
129.0,126.1,125.9,120.4,117.3,115.6,111.2,111.2,110.9, 110.9, 64.7, 55.8, 55.7, 55.6, 55.6,
46.9,46.8, 42.7,42.6, 40.6, 40.3, 25.5, 25.3.

HRMS (ESI) calcd for [Cs7HssN20sS2 +H]"™: 625.3278, found: 625.3278.

IR (ATR) v = 3437, 2930, 2349, 2285, 2190, 2161, 2138, 2104, 2050, 2036, 2023, 1998 cm.
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S2.3. Raw spectroscopic data.

OH

OH

T 7o

- o~ o
o o o =]
— - o =]

T T T T T T T T T T T T T T T T T T T
9.5 9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 35 3.0 5 2.0 15 1.0 0.5
8 (ppm,

OH
|
OH
n T om <
n <+ © ® o © ) )
) 0 N O L ~ N ©
n Mmoo om — n o) N
— - - — £ © o
VoS | I I |
| | | ! |
‘ ‘ I)\ h ‘
n l 1
T T T T T T T T T T T T T T T T T T T 1
190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 -1

& (ppm,

Figure S7. 'H NMR (top) and *C NMR (bottom) of compound 2.

S-40

https://i@h.org.pl



OH

OBn

Fooz

Fo00'2

/460
260
€60

Mm:

fz61

fs60

0.5

3.5 3.0 2.5 2.0 15 1.0

4.0

4.5

90 85 80 75 70 65 6.0 5.5

9.5

.0

3 ppm,

OH

OBn

92°2E—

6v'€9—

660L—

20°28—

08211—

90221

mm.RH/
Nu.wﬁw
B.oﬂx
ﬁm.mﬂ\
vw.om\

S8'6€T

16'SST—

180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10

190

8 ppm,

S-41

Figure S8. 'H NMR (top) and '*C NMR (bottom) of compound 3.
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Figure S9. 'H NMR (top) and '*C NMR (bottom) of compound 4.
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Figure S14. 'H NMR (top) and *C NMR (bottom) of compound (—)-9.
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purchased from AdooQ® Bioscience.
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—— Synthetic (-)-dauricine
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Figure S17. Optical Rotatory Dispersion (ORD) spectra for natural (—)-Dauricine (blue dotted
line) and synthetic (—)-Dauricine (blue solid line) taken in MeOH at ¢ 1.78 mM. Agx at A= 287

and A= 235 selected as minima.
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Figure S18. Supercritical fluid chromatography (SFC) trace for natural (—)-Dauricine.

Column: Chiralpak IC-3, mobile phase: 10% MeOH in COz, flow rate = 2.5 mL/min, 210 nm:
3.72 min.
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S3. Synthesis of Tacamonidine.

S3.1. Structure of Tacamonidine vs Tacamonine.

a H b OH
H H
H H
AN N
N ¢ N 6}
Tacamonine Tacamonidine

Figure S19. The structure of a) Tacamonine vs. b) Tacamonidine. Although the structures
differ only by the presence of tertiary hydroxyl group in Tacamonidine, such difference

completely changes their synthetic strategies (see Section S3.2)
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S3.2. Existing syntheses of Tacamonine.

a) Fukumoto, 1994 (lit. S6.57))

o o o o =/ 1. MsCl, E/
1. TiCly, EtzN _ : Et;N :
)L (HCHO)s, )L W LiBH, m 2. LiBr
(o) N — > O N * _— e
\ < 2. TBDMSCI \{ 38% OH OTBS 95% Br OTBS
Et;N, DMAP Bn oTBS over
Bn .
3 steps 1. tryptamine
2. HO,C
64% ot
DCC, DMAP
1. AcOH
1. POCl3 2. MsCl, EtzN
/ 2. NaBH;CN 3. L|Br W
N 7, |\I\ 8
v, N -
3. MeONa 4. (TMS)3S|H /\\\
Ow 9% AIBN OTBS
’ - diastereoisomeric
mixture? COOEt

“
diastereoisomeric /
mixture?

b) Lounasmaa, 1995 (lit. S8 )

1. LIAH,, 92% 1. Hydrolysis
2. TsCl, Py, 80% / of nitrile
. »

.............
3. NaCN, 95%

2.Ring-closing (O
acylation

H

1.m-CPBA
2. TFAA

NaBH, ] NOH
-— N—", N —
AcOH y 529
MeOH 0 / o

= + regioisomer -
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c) Lounasmaa, 1998 (lit. 59)

P20s TFA
—_—
_
@2 17% (2) 23%
(E) 26% (E) 35%
LiAIH,
B ] 98%
HCI NaOMe
/ A I MeOH 1.TsCl, Py
N—", - N—7, _N -~ <«——— HN
NS A% HNU 2. NaCN, DMF
° ’ “ 57%
H HO
d) Lesma, 1999 & 2001 (lit. 10511
O3, HO (o} e} le)
Z Amano PS lipase MeOH?DCM AGCO,, A
oH————— ~ OAc — 5 ' . ’
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e) lhara, 2000 (lit. 12 )

COCI 1. TBDMSOTf
1. Ref. to:
Ets;N Lounasmaa,
Eta e 1998

......... /,,,

2. Ph3P CHCO,Me 2. BH3 THF o
40% 40% MeO, c“ “
CO,Me _ H

f) Tse-Lok Ho, 2002 (lit. 8'3)

1. POCl
1. Formaldehyde,
><:>_< benzene e // MeOH

_—
) T o 2 NaBH4 NH 2 emHCl, H
HN CICO,Et 85% ELO
HN - g3 39% MeMg|
o THF

o) 55% o
]\/o k/

LDA TsOH
1. NaBH, n-BuONO HN HC(OMe);
- - <
42% H 7%

2. TsCl, Py H
69%

Ref. to:
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HO

g) Chang, 2003 (lit. $'4)
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—> —_—

HN -/ Q

5 N 2. Na-Hg, N
0 _NH /\’HLOEt 90%
j/ Ts
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h) Chang, 2003 (lit. $15)
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j) Padwa, 2008 (lit. $17)
0
EtO,C
/\ﬁ | o) ’ \H)I\C' \ N °
= N N N, N ;\
—_— —_— > %\’?

Ru (1)
90%

1. Mgl,
2. Dess Martin
80%

1. LiAIH, N //
JE— “_~N
2. Nalo, o
63% “,

Figure S20. Literature syntheses of Tacamonine. Although our target differs from Tacamonine
only by the presence of a tertiary alcohol stereocenter, the presented syntheses of Tacamonine

cannot be easily adapted to Tacamonidine for the following reasons:

a) Fukumoto 1994; The strategy suffers from low stereocontrol and poor yield at the last step.
By introduction of additional hydroxyl group, generation of stereocenters would be even more
difficult to control, especially during the reduction of enamine. In this reaction replacing proton
with more steric, protected hydroxyl group would cause covering one side (previously less
hindered) of the enamine and promote reduction from the second, undesirable, side.

b) Lounasmaa 1995; Presented synthesis already starts from a complex substrate containing
stereocenter next to the ethyl group. At this stage, it is impossible to incorporate hydroxyl group
in a stereocontrolled manner.

¢) Lounasmaa 1998; Adaptation of this synthesis would require stereoselective
monohydroxylation of a double bond and subsequent protection of the formed hydroxyl group.
d) Lesma 1999&2001; Stereodifferentiation of stereocenters from substrate’s racemic mixture
was performed enzymatically — in this case, the enzyme acylated only one hydroxyl group in
the diol. Application of this enzymatic method to Tacamonidine would require starting from
triol, or triol with protected tertiary hydroxyl group. Reactivity and selectivity of this enzyme

against modified substrate is unknown.
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e) Thara 2000; The structure of the substrate used does not allow for the introduction of
hydroxyl group.

f) Tse-Lok Ho 2002; Adaptation of this synthesis would require stereoselective
monohydroxylation of a double bond and subsequent protection of the formed hydroxyl group.
g) Chang 2003; The structure of the substrate used does not allow for the introduction of
hydroxyl group.

h) Chang 2003; During reduction of imide to amide, double bond that could be used to
introduce hydroxyl group is also reduced.

i) Tse-Lok Ho 2008; This strategy is based on the use of a symmetric, seven-membered ring
substrate. Addition of a hydroxyl group to this substrate desymmetrizes it, which makes this
methodology much more difficult to adapt — using the asymmetric substrate with additional
hydroxyl group in the thionation-reduction sequence, reaction would have to occur selectively
on the carbonyl group with hydroxyl group in alpha position. That kind of stereoselective
thionating agents are not known.

j) Padwa 2008; To adapt this strategy to Tacamonidine, carboxylic acid would have to have a
protected tertiary hydroxyl group in acid’s alpha position. Such substrate is not commercially
available or readily makeable — its synthesis requires using Davis’ methodology®'®
(stereocontrolled synthesis of tertiary alcohols in alpha position to esters) which suffers from
low yields and poor enantiomeric excess, or preparing the substrate by longer synthesis using

S19

Seebach methodology>"”. Moreover, replacing proton with more steric, protected hydroxyl

group could affect the stereoselectivity of H2/PtO2 reduction by covering the previously less

hindered side of the molecule.
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S3.3. Literature synthesis of aldehyde 14.

Y

1. EtMgBr,
Br 1. LICH,CH=NCgH4 Br NiClx(dppp),
2. H* H,0 reflux, 22h
¢¢l\v/8r - OMe
3. H*, MeOH, 2. 15% tartaric acid
CH(OMe)s, OMe rt, 72h
rt, overnight

Figure S21. Literature synthesis>?’ of aldehyde 14
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Name: Ester hydrolysis
Calculated yield: moderate

Typical condtions: NaOH.MeOH Reflux

Bustrative Reference: nul

Name: Witig reaction
Calculated yieid: moderate

Typical conditions: THF

Bustrative Reference: nul

Name: Stereoselective Pictet - Spengler Reaction

Calculated yield: good #7

Typical condtions: acid. Chiral catalyst

Bustrative Reference: DOE 10.1021/ja046259p or DOL
10.1016/3et 2007.05.110 or DOL 10.1002/anie. 201008071

Name: Parinh-Doering Oxidation
Calculated yield: good

Typical condiions: pyridinium sulfonate.NPr3.DMSO

Hustrative Reference: null

Name: Aldehyde Formation
Calculated yield: good

Typical condtions: DIBAL soivent e.9. DCM
Hustrative Reference: 10.1039/C39940000483 and

10.1039/C3CC47867J and 10.1021/000222a054 and
10.1021/a9934908 and 10.1021/09024262

Navigate

Name: N-acylation of aromatic nitrogen
Calculated yieid: good

Typical condtions: 1).(COCI)2 2) E3N.DMAP

Hustrative Reference: 10.1016/ tetlet 2013.04.010

S3.4. Details of Chematica’s output for the Tacamonidine pathway.

Name: Synthesis of esters from diazomethanes.
Calculated yield: moderate #3

Typical condtions: THF.rt
Bustrative Reference: 10.1021/0401377a AND

10.1016/ tetlet 2013.04.079 AND 10.1016/4.bmc1 2003.12.037 AND
10.1016/ bmc.2009.10.036

| Navigate

Name: Enders SAMPRAMP akylation
Calculated yield: moderate

Typical condtions: 1). SAMP or RAMP. cat acid.reflux 2) LDA.0C 3).
halide. -100C to rt 4) 03.0CH

Hustrative Reference: DOL 10.1016/50040-4020(02)00080-7 and
10.1055/5-2002-34949

| Navigate

Name: Sharpless Asymmteric Dinydroxylation

Calculated yield: moderate #9

Typical conditions: AD-mix alpha. 0504 solvent

Nustrative Reference: DOE 10.1021/800214a053 and
10.1021/0000362003

a0 . ~ T X )
PO &y o % ‘gi

Navigate | Navigate Navigate

Name: Akylation Secondary Amines #1 0 Typical conditions for this reaction suggest the following warnings:
Calculated yiek: moderate

Typical condtions: O(PPh3)2 [Ru(p-cymene)CR]2 MW heat

Wustrative Reference: 10.1021/0102521a

Classification Protecting Groups Classification Protecting Groups

1. Methyl Ester 1.t-Butyl Carbamate

H

(g‘r as-e
f —
N

/
carboxyls 2. Benzyl Ester PUgA = "{"” amines 2. N-Benzoyl
A
e
3. N-Dimethyithiophosphinyl

Figure S22. Details of Chematica’s output for the synthesis of Tacamonidine; the figure
complements main-text Figure 4. Expansion of each reaction node provides, inter alia, reaction
miniature, name of the reaction, general class of reaction conditions, and most relevant literature
references with specific conditions. Separate sub-windows specify protecting groups proposed
for reactions involving nodes surrounded by blue halos — here, protecting groups proposed for
the Enders alkylation and lactamization steps are shown in the blue-border sub-windows on the

lower-right.
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S3.5. Synthetic details.

Reagents and solvents were purchased from commercial sources (Sigma-Aldrich, ABCR,
POCH, Chempur). All reagents were used without further purification unless otherwise noted.
Flash column chromatography was performed using Merck silica gel 60 (230-400 mesh, 40-63
um). Reactions were monitored using Macherey-Nagel silica gel 60F254 aluminium plates and
Merck silica gel 60F254 aluminium plates. TLC’s were visualized by UV fluorescence (254 or

365 nm), iodine vapors or cerium-molybdate stain (Hanessian's stain).

All solvents were dried using appropriate molecular sieves (3 or 4 A). Solvents used for more
humidity-sensitive reactions (THF, Et2O, DCM, MeOH) were additionally distilled according

1

to literature procedures®?! and kept in Schlenk tubes under inert gas. In the following

experimental procedures, these solvents are described as “dry”.

Phosphate buffer was prepared according to the following procedure. To prepare 100 mL of
buffer: 13.8 g NaH2PO4 x 2 H20 and 4 g Na2HPO4 x 12 H20 was added to the flat-bottomed
flask. Then, 100 mL of deionized water was added and the solution was stirred for 30-40
minutes until the salts were dissolved completely. The pH was measured with pH-meter
(Seven2Go, Metler Toledo) and, if necessary, it was adjusted to pH 5.3 by adding H3PO4 (85%)
or NaOH (solid). Thus prepared buffer is stable up to 3-4 weeks at room temperature.

NMR spectra were collected on a Bruker 400 MHz Avance III spectrometer or Varian VNMRS
600 MHz spectrometer at room temperature. Chemical shifts (8) were reported in parts per
million (ppm) relative to residual solvent peaks rounded to the nearest 0.01 (ref: CHCI3 ['H:
7.26, 13C: 77.2]). Coupling constants (J) were reported in Hz to the nearest 0.1 Hz. Peak
multiplicity was indicated as follows: s (singlet), d (doublet), t (triplet), q (quartet), qi (quintet),

sx (sextet) and m (multiplet).

HRMS spectra were recorded on AutoSpec Premier (Waters) or MaldiSYNAPT G2-S HDMS

(Waters) spectrometers and are given in m/z.

UV-VIS spectra were recorded on Varian UV-VIS Cary 1E spectrometer.
IR spectra were recorded on FTIR Jasco 6200 spectrometer.

Optical rotation was recorded on Jasco P-2000 polarimeter.

Enantiomeric/diastereomeric excess was measured using chiral HPLC, column OD-H Daicel

Chiralcel, apparatus: Jasco PU-2089PLUS, detector: Jasco MD-2010PLUS.
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6. RAMP,

|
O -OH 3 MeOH, HoSO, 0s_ O 5. DIBAL-H, 3AMS,
1. NaOH, Hzo,quam [o] 3AMS, 65°C, 16h DCM, DCM/CHCI, ,N 15
_Toceh T 95% _95°C,1h rt, 5.5h E
—_ e = —‘-
2 NaOCl, phosphate 4. MePPh,Br, Tesw 88% OMe
buffer pH=5.3, 12 BUOK, EGD, 00% 1
. 24h  quant 35°C, dh 7.15,LDA, THF, -10°C, 6h
: ' then 16, -100°C to t, 16h
61%, 96% de
10A. 19, 3A MS, EtOAc, 80°C, 4h
i 'y s i 8 M | I
Cbz~y 11, tBUOK, THF TFA, DCM, 10°C, 30min eoec(nﬁgn N N
nA_= 0°C, 15min CbzCl, TEA, DCM, rt, 1h Pildhilael Y
— E
N [ 24 70% Ho 10B. 19, 3A MS, EtOAG, 80°C, 4h > S’,NSﬁC' Som
20 |" CbzCl, TEA, DCM, 0°C, 1h 55%
N Nop COOMe A: 76%; B: 31%
A: 58:42 (R,R)/(R,S)-21 of (R,R)(R,S)-20 mixture
B: 82:12 (R,R)/(R,S)-21
12. 0504, NMO oH OH
acetone/H,0 TsO 14. Hy, PdIC, H |20
. 3h 13.TsCl, DMAP,  Cbz~y \ H EtOAGc, h
84%, 82% de TEA, 1t, 22h H . 4h
e L

75%

Figure S23. Scheme of Tacamonidine synthesis (same as in main-text Figure 4).
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A

o}
4-Oxohexanoic acid (12)

A round-bottom flask was charged with NaOH (3.8 g, 87.61 mmol) and distilled water (80 mL).
After dissolution of NaOH, y-hexalactone 11 (10.0 g, 87.61 mmol) was added via syringe and
the reaction mixture was stirred at 70°C overnight (~16 hours). Then, water was removed in
vacuo to obtain white solid (13.5 g), which was used in the next step without drying and further

purification.

Solid obtained in the first step (13.5 g, 87.61 mmol) was dissolved in phosphate buffer (730
mL, pH = 5.3, see above for buffer preparation details). Then, while stirring vigorously, a 10%,
aqueous solution of NaOCI (134 mL) was added. The reaction mixture was stirred at room
temperature for 24 hours. The reaction mixture was then divided into two equal portions and to
each of them H3PO4 (85% in water) was added dropwise (while stirring) until pH = 3.6 was
achieved. After acidification with H3POa4, each portion of reaction mixture was immediately
extracted with AcOEt (4 x 250 mL). It is important to note that the extraction must be carried
out immediately after acidification of the reaction mixture. Otherwise, under acidic conditions,
acid 12 spontaneously cyclizes which results in decreasing the reaction yield and complicates
the purification procedure. After extraction, combined organic phases were dried over
anhydrous MgSOs and filtered. The solvent was removed in vacuo to obtain pure product 12 as

white crystals (11.34 g, 100%).

'H NMR (400 MHz, CDCl3) § 9.64 (s, 1H), 2.75 (dd, J = 9.6, 3.9 Hz, 2H), 2.66 (dd, J= 9.8, 4.1 Hz,
2H), 2.50 (q, J = 7.3 Hz, 2H), 1.10 (t, J = 7.4 Hz, 3H).

3C NMR (101 MHz, CDCI3) § 209.3, 178.5, 36.3, 35.8, 27.8, 7.7.

HRMS: (m/z): caled for C¢H1003, [M+H]+, 130.0635; found 130.0630.
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o]

/\[(\)J\OMe

o}
Methyl 4-oxohexanoate (SI-2)

The round-bottom flask was charged with 4-oxohexanoic acid 12 (11.97 g, 91.97 mmol), 3A
molecular sieves (2 g) and dry MeOH (62 mL). With vigorous stirring, H2SO4 (0.98 mL, 18.39
mmol) was added dropwise, and the flask was equipped with reflux condenser capped with a
rubber septum. The system was then purged with nitrogen and the balloon with nitrogen was
set at the top of the reflux condenser. The reaction was stirred overnight (~16 hrs.) at 65°C.
After reaction completion (monitoring by TLC, developing stain: iodine), the reaction mixture
was cooled down to room temperature and the molecular sieves were filtered off. Aqueous,
saturated solution of NaHCOs3 (100 mL) was added to the filtrate and the aqueous phase was
extracted with Et20 (4x100 mL), dried over anhydrous MgSOs4 and filtered. Due to the volatility
of the product, it was purified by flash column chromatography using low-boiling solvents
(mobile phase: n-pentane:Et20, 3:1) which were later carefully removed in vacuo (500 mbar,

22°C) to obtain product SI-2 as yellowish liquid (12.62 g, 95%).

TH NMR (400 MHz, CDCls) & 3.70 (s, 3H), 2.75 (t, J = 6.6 Hz, 2H), 2.62 (t, J = 6.5 Hz, 2H),
2.50 (q, J= 7.3 Hz, 2H), 1.10 (t, J= 7.4 Hz, 3H).

13C NMR (101 MHz, CDCl3) § 209.3, 173.2, 51.7, 36.6, 35.8, 27.7,7.7.

HRMS: (m/z): calcd for C7H1203Na, [M+Na]+, 167.0684; found 167.0678.

o}

/\”/\)J\ OMe

Methyl 4-methylenehexanoate (13)
Procedure with tBuOK

The oven-dried Schlenk tube was charged with fBuOK (1.45 g, 12.95 mmol), the tube was
tightly fitted with septum and the inert atmosphere was established. Dry Et2O (10 mL) was
added and the solution was stirred for 15-20 minutes at room temperature. In the meantime, the
other oven-dried Schlenk tube was charged with PhsPMeBr (4.62 g, 12.95 mmol), the tube was
tightly fitted with septum, argon atmosphere was established, and dry Et2O (20 mL) was added.
The solution of BuOK in Et2O was transferred to the Schlenk tube with PhsPMeBr via

nitrogen-purged cannula — the reaction mixture immediately turned bright yellow. The reaction
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mixture was stirred at room temperature for 2 hours and then methyl 4-oxohexanoate SI-2
(0.912 g, 6.33 mmol) diluted with 2 mL of dry Et2O was added. The reaction was stirred for
another 4 hours at 35°C. Reaction progress was monitored by TLC (developing stain: iodine);
after reaction completion, the reaction mixture was gently poured onto aqueous, saturated
solution of NH4Cl (80 mL), water phase was extracted with Et2O (4x70 mL), combined organic
phases were dried over MgSOs4 and filtered. Due to the volatility of the product, filtrate was
slowly concentrated under reduced pressure (550 mbar, 22°C) and pre-purified by the flash
column chromatography (pentane:Et20, 10:1 - pentane:Et20, 4:1). Fractions containing
product were combined and carefully concentrated under reduced pressure to obtain 1.047 g
solution of the product in Et2O/n-pentane mixture. The exact quantity of obtained product was
calculated based on the "H NMR spectra — 0.810 g product (90%) was obtained. Product was

used in the next step without further purification.
Procedure with nBuLi

The oven-dried Schenk tube was charged with PhsPMeBr (6.90 g, 19.32 mmol) and tightly
fitted with septum, and the inert atmosphere was established. Dry Et20 (45 mL) was added, the
solution was stirred for 20 minutes at room temperature and #BuLi (1.6 M in hexane, 12.07
mL, 19.32 mmol) was slowly added. While adding nBuLi, reaction mixture changed from
colorless to bright yellow and then to orange. The reaction was stirred for 1 hour at room
temperature and then methyl 4-oxohexanoate SI-2 (1.83 g, 12.88 mmol) diluted with 2 mL of
dry Et2O was added. Immediately after adding 4-oxohexanoate, precipitation was observed and
a thick solid formed. Meanwhile, the mixture changed its color to dark brown and then to light
beige. The reaction was monitored using TLC (developing stain: iodine) and after 20 minutes
of stirring at room temperature, no traces of starting material were observed. Reaction was
quenched by addition of H20 (25 mL) and aqueous, saturated solution of NH4ClI (25 mL); water
phase was extracted with Et2O (3x50 mL), combined organic phases were dried over MgSO4
and filtered. Due to the volatility of the product filtrate was slowly concentrated under reduced
pressure (550 mbar, 22°C) and pre-purified by flash column chromatography (n-pentane:Et2O
=10:1 = pentane:Et20 = 4:1). Fractions containing product were carefully concentrated under
reduced pressure to obtain 3.19 g solution of the product in Et2O/pentane mixture. The exact
quantity of obtained product was calculated based on the "H NMR spectra — 1.48 g of product

13 (81%) was obtained. Product was used in the next step without further purification.
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(R)-N-(2-(methoxymethyl)pyrrolidin-1-yl)-4-methylenehexan-1-imine (15)
Reduction of methyl ester to aldehyde

The round-bottom flask was charged with methyl 4-methylenehexanoate 13 (1.41 g, 9.928
mmol) and DCM (22 mL) and argon atmosphere was established. The reaction mixture was
cooled down to -100°C and DIBAL-H (1 M in DCM, 9.9 mL, 9.93 mmol) was added dropwise.
The reaction was stirred at -100°C for 30 minutes, after which the reaction froze. The flask was
put outside the bath and warmed with a heater. When reaction mixture became a liquid again,
it was put back into a -100°C cooling bath and the reaction was carried at this temperature for
another 30 minutes. Then, aqueous, saturated solution of NH4ClI (13 mL) was added, the cooling
bath was removed and the reaction was stirred for another 40 minutes. Another portion of
aqueous, saturated solution of NH4Cl (13 mL) was added and the aqueous phase was very gently
extracted with CHCI3 (4x25 mL) — otherwise, intensive shaking would lead to the formation of
thick, inseparable emulsion. Combined organic phases were dried over MgSOs4 and filtered.
Due to the volatility of the aldehyde 14, the solvents were not removed and whole solution was

used in the next step.
Hydrazone formation

To the solution of aldehyde 14 in DCM/CHClI;3 from previous step, 3A molecular sieves were
added, inert atmosphere was established and RAMP (1.332 mL, 9.93 mmol) was added via
syringe. The reaction mixture was stirred for 5.5 hours at room temperature and was monitored
by TLC (product detection: UV, A =254 nm). After completion of the reaction, molecular sieves
were filtered off and the solvents were removed in vacuo. The residue was then purified using
flash column chromatography (hexane:AcOEt, 4:1) to yield 1.954 g (88%) of hydrazone 15 as

a colorless liquid.

H NMR (400 MHz, CDCL3) § 6.66 (t, J = 5.4 Hz, 1H), 4.76 (s, 2H), 3.59 (dd, J = 8.3, 3.0 Hz,
1H), 3.52 — 3.26 (m, 6H), 2.74 (q, J = 8.4 Hz, 1H), 2.39 (m, 2H), 2.27 — 2.19 (m, 2H), 2.07 (q,
J=7.4Hz, 2H), 2.01 — 1.85 (m, 3H), 1.80 (d, 1H), 1.05 (t, J= 7.4 Hz, 3H).

13C NMR (101 MHz, CDCl3) 8 150.6, 138.5, 108.0, 104.3, 74.9, 63.5, 59.2, 50.5, 34.2, 31.4,
28.8,26.6,22.2,12.4.

HRMS: (m/z): calcd for Ci3H2sN20 [M+H]+, 225.1967; found 225.1960.
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Methyl (R)-3-((((R)-2-(methoxymethyl)pyrrolidin-1-yl)imino)methyl)-5-methylenehepta-
noate (17)

The oven-dried Schlenk tube was purged with argon and charged with dry THF (14 mL) and
iPr2NH (0.806 mL, 5.75 mmol). The reaction mixture was cooled down to -70°C and nBuLi
(1.6 M in hexane, 3.32 mL, 5.31 mmol) was added dropwise. The reaction was stirred at -70°C
for 5 minutes and then it was moved to -10°C cooling bath. The mixture was stirred at -10°C
for another 55 minutes and the solution of hydrazone 15 (0.993 g, 4.426 mmol) in dry THF (7
mL) was added — the reaction turned yellow. The reaction mixture was stirred at -10°C for
another 6 hours. Then, it was cooled down to -100°C and methyl bromoacetate 16 (1.257 mL,
13.28 mmol) was added dropwise — the reaction turned orange. The mixture was allowed to
warm to room temperature overnight. Next day, the solvents were removed in vacuo and the
residue was purified by the flash column chromatography (hexane:AcOEt, 8:1 -
hexane:AcOEt, 4:1) to yield 0.806 g (61%, 96.43% de) of compound 17 as orange oil.

'H NMR (400 MHz, CDCls) § 6.57 (d, J= 4.7 Hz, 1H), 4.82 (d, J = 1.5 Hz, 1H), 4.77 (s, 1H), 3.67 (s,
3H), 3.57 (dd, J=9.0, 3.4 Hz, 1H), 3.45 — 3.26 (m, 6H), 3.03 — 2.91 (m, 1H), 2.71 (dd, J= 16.5, 8.2 Hz,
1H), 2.53 (dd, J = 15.6, 8.3 Hz, 1H), 2.42 (dd, J = 15.6, 5.7 Hz, 1H), 2.27 (dd, J = 14.0, 7.3 Hz, 1H),
2.15 (dd, J = 14.1, 7.9 Hz, 1H), 2.07 (q, J = 7.5 Hz, 2H), 1.99 — 1.75 (m, 4H), 1.05 (t, J = 7.4 Hz, 3H).

13C NMR (101 MHz, CDCl3) & 173.3, 148.5, 138.9, 110.4, 74.6, 63.3, 59.2, 51.3, 49.8, 40.5,
37.2,36.6,28.4,26.6,22.0, 12.2.

HRMS: (m/z): caled for CisH20N203 [M+H]+, 297.2178; found 297.2171.

(0]

OMe
Methyl (R)-3-formyl-5-methyleneheptanoate (18)

A round-bottom flask was charged with compound 17 (1.16 g, 3.917 mmol) and methyl iodide
(7.5 mL). The reaction was stirred overnight (~16 hrs.) at 60 °C. Then, methyl iodide was
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removed under vacuum. Brown oil (containing salt and trace amounts of methyl iodide) was
then hydrolyzed using HCI (3N, 32.8 mL) and simultaneously extracted with petroleum ether*
(160 mL). The two-phase reaction mixture was vigorously stirred for 30 minutes and then
phases were separated. Another portion of petroleum ether (80 mL) was added to the aqueous
phase and the mixture was stirred for 15 minutes. Then, the phases were separated again. The
procedure was repeated 25 times, until the traces of product could not be detected in the
extracting solution using TLC (developing stain: cerium-molybdate stain). Combined organic
layers were dried over MgSOQs, filtered, and the solvents removed in vacuo. The remaining oil
was purified by the flash column chromatography (n-pentane:Et20, 5:1) to yield 0.398 g (55%)
of aldehyde 18 as yellow oil.

*It is important to note that changing extraction solvent to more polar one — etc. DCM — results

in extracting residues of RAMP auxiliary, from which the aldehyde 18 is inseparable.

'H NMR (400 MHz, CDCL3) § 9.77 (s, 1H), 4.91 (s, 1H), 4.81 (s, 1H), 3.70 (s, 3H), 3.07 — 2.98
(m, 1H), 2.69 (dd, J = 16.9, 8.1 Hz, 1H), 2.55 (dd, J = 14.5, 6.3 Hz, 1H), 2.46 (dd, J= 16.9, 5.0
Hz, 1H), 2.16 (dd, J = 14.5, 8.7 Hz, 1H), 2.07 (dd, J = 14.6, 7.1 Hz, 2H), 1.08 (t, J = 7.4 Hz,
3H).

3C NMR (101 MHz, CDCl3) § 202.6, 172.3, 146.8, 111.4, 51.8, 45.6, 35.3, 32.6, 28.2, 12.1.

HRMS: (m/z): calcd for CioHi603Na [M+Na]+, 207.0997; found 207.0996.
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(R,R)-21 (R,S)-21

Benzyl (3aR,4R)-4-(2-methylenebutyl)-6-0x0-1,2,3a,4,5,6-hexahydro-3 H-indol[3,2,1-
de][1,5]naphthyridine-3-carboxylate ((R,R)-21)

Benzyl (3a8,4R)-4-(2-methylenebutyl)-6-0x0-1,2,3a,4,5,6-hexahydro-3H-indol[3,2,1-
de][1,5]naphthyridine-3-carboxylate ((R,S)-21)

Pictet-Spengler reaction

In the first step of the Pictet-Spengler reaction, aldehyde 18 reacts with tryptamine to form
imine. Imine can be then treated with acid to form product SI-3 (Cyclisation-protection
procedure, Figure S24a) or it can be directly treated with CbzCl to form activated imine SI-4,
which undergoes spontaneous cyclisation (Protection-cyclisation, Figure S24b). In both
procedures, an inseparable mixture of isomers (R,R)-20 and (R,S)-20 is formed. In the next
step, after ring-closing acylation, isomers (R,R)-21 and (R,S)-21 can be efficiently separated
by flash column chromatography.
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a. Cyclisation-protection procedure

NH,
N

1. CbzCl (4 eq)

- AcOEt, H TEA (1 eq)
(R) OMe reflux, 12 h o

- > DCM, tt, 20 )\

< 2. acid, DCM 30 min

X0 © 0% NoMe

inseparable mixture
of isomers

b. Protection-cyclisation procedure

NH,
N

spontaneous
AcOEt, H cyclisation H
(R) OMe reflux, 12 h B _— » o
z > S 20 )\
< 2. CbzCl
\\O 0 St4 )\ O OMe
18 ° OMe inseparable mixture
of isomers

tBuOK
THF
_

15 min, 0°C )H )H
(R,R)-21 (R,S)-21

Figure S24. Pictet-Spengler reaction performed via cyclisation-protection (a) or protection-

cyclisation (b) procedure, and the follow-up ring-closing acylation (¢).
Cyclisation-protection procedure:

A round-bottom flask was charged with tryptamine 19 (0.086 g, 0.543 mmol), aldehyde 18
(0.100 g, 0.543 mmol), 3A molecular sieves (0.300 g) and dry AcOEt (2 mL). The flask was
equipped with reflux condenser capped with a rubber septum, the system was then purged with
nitrogen and the balloon with nitrogen was set at the top of the reflux condenser. The reaction
was stirred for 4 hours at 77 °C. Then, molecular sieves were filtered off and AcOEt was
removed in vacuo. The residue was dissolved in dry DCM (2 mL), inert atmosphere was
established, the reaction mixture was cooled down to 10°C and TFA (0.135 mL, 1.357 mmol)
was added dropwise — the mixture turned green. The mixture was stirred for 30 minutes at 10°C
(monitored by TLC, detection of product: UV, A =254 nm and A = 365 nm) and quenched with
aqueous saturated solution of NaHCO3 (2 mL). Aqueous phase was extracted with DCM (3x15
mL), combined organic phases were dried over MgSOa, filtered and the solvents were removed

in vacuo. The crude product was used in the next step without further purification*.

*Purification by flash column chromatography (AcOEt as mobile phase) results in spontaneous

formation of a five-member lactam ring (Figure S25).
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Figure S25. Spontaneous formation of five-member lactam rings as byproducts of the Pictet-

(R,R)-SI-5 (R,S)-SI-5

OMe

Spengler reaction.
Cyclisation-protection procedure - CBz protection

The residue from the first step was dissolved in dry DCM (2 mL), inert atmosphere was
established and the reaction mixture was cooled down to 0°C. CBzCl (0.330 mL, 2.172 mmol)
and TEA (0.075 mL, 0.543 mmol) were added subsequently and the reaction was stirred at
room temperature for 1 hour (monitored by TLC, detection of product: UV, A = 254 nm and
A =365 nm). The reaction was quenched with water (10 mL), aqueous phase was extracted with
DCM (3x15 mL). Combined organic phases were dried over MgSQu, filtered, and the solvents
were removed in vacuo. The crude residue was pre-purified using the flash column
chromatography (hexane:AcOEt, 5:1) to yield 0.191 g (76%) inseparable mixture of isomers
(R,R)-20 and (R,S)-20 as pale yellow solid. Obtained solid was used in the next step without

further purification.
Cyclisation-protection procedure - ring-closing acylation

The mixture of isomers from the previous step (0.191 g, ~0.414 mmol) was dissolved in dry
THF (4 mL) and inert atmosphere was established. The reaction mixture was cooled down to
0°C and a solution of fBuOK (0.046 g, 0.414 mmol) in THF (3 mL) was added dropwise — the
mixture turned bright yellow. The mixture was stirred for 15 minutes (monitored by TLC,
detection of product: UV, A =254 nm and A = 365 nm). After completion of the reaction, silica
gel was added to the reaction mixture and the solvents were removed in vacuo. Purification by
flash column chromatography (hexane:AcOEt, 10:1 = hexane:AcOEt, 3:1) afforded 0.0718 g
of (R,R)-21 (31% over 4 steps) and 0.051 g of (R,S)-21 (22% over 4 steps).
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Protection-cyclisation procedure:

A round-bottom flask was charged with tryptamine 19 (0.044 g, 0.274 mmol), aldehyde 18
(0.050 g, 0.274 mmol), 3A molecular sieves (0.150 g) and dry AcOEt (1 mL). The flask was
equipped with reflux condenser capped with a rubber septum, the system was then purged with
nitrogen and the balloon with nitrogen was set at the top of the reflux condenser. The reaction
was stirred for 4 hours at 77°C. Then, molecular sieves were filtered off and AcOEt was
removed in vacuo. The residue was dissolved in dry DCM (1 mL), inert atmosphere was
established, the reaction mixture was cooled down to 0°C and CBzCl (0.167 mL, 1.096 mmol)
in DCM (1 mL) was added dropwise. The mixture was stirred for 1 hour at room temperature.
It was then quenched with water (10 mL). Aqueous phase was extracted with DCM (3x15 mL),
combined organic phases were dried over MgSOs, filtered, and the solvents were removed in
vacuo. The crude residue was pre-purified using the flash column chromatography
(hexane:AcOEt, 5:1) to yield 0.039 g (31%) inseparable mixture of isomers (R,R)-20 and
(R,S)-20 as pale yellow solid. Obtained solid was used in the next step without further

purification.
Protection-cyclisation procedure - ring-closing acylation

The mixture of isomers from previous step (0.039 g, ~0.08 mmol) was dissolved in dry THF (1
mL) and inert atmosphere was established. The reaction mixture was cooled down to 0 °C and
a solution of /BuOK (0.01 g, 0.08 mmol) in THF (2 mL) was added dropwise — the mixture
turned bright yellow. The mixture was stirred for 15 minutes (monitored by TLC, detection of
product: UV, A = 254 nm and A = 365 nm). After completion of the reaction, silica gel was
added to the reaction mixture and the solvents were removed in vacuo. Purification by flash
column chromatography (hexane:AcOEt, 10:1 - hexane:AcOEt, 3:1) afforded 0.0197 g of
(R,R)-21 (17% over 3 steps) and 0.0048 g of (R,S)-21 (4% over 3 steps).
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Compound (R,R)-21

'H NMR (400 MHz, CDCL3) § 8.43 (d, J = 7.1 Hz, 2H), 7.49 (m, 2H), 7.46 — 7.32 (m, 14H),
5.32 (s, 2H), 5.26 (d, J = 11.6 Hz, 4H), 4.82 (s, 2H), 4.67 (d, J = 11.2 Hz, 2H), 4.62 (s, 2H),
3.08 — 2.94 (m, 4H), 2.85 (d, J = 2.5 Hz, 4H), 2.81 (s, 2H), 2.78 — 2.70 (m, 2H), 2.15 (dd, J =
13.9, 3.1 Hz, 2H), 1.98 — 1.81 (m, 4H), 1.61 (t, J = 12.9 Hz, 3H), 0.96 (t, J = 7.4 Hz, 6H).

BC NMR (101 MHz, CDCl3)  167.0, 155.8, 147.1, 136.4, 134.9, 131.2, 128.9, 128.64, 128.3,
128.1, 124.8, 124.1, 118.1, 116.5, 116.2, 111.2, 67.6, 52.5, 42.7, 36.8, 34.1, 28.2, 21.5, 12.1.

HRMS: (m/z): caled for C27H28N203Na [M+Na]+, 451.1998; found 451.1989.
Compound (R,S)-21

H NMR (400 MHz, CDCls) § 8.37 (d, J= 7.6 Hz, 1H), 7.51 — 7.29 (m, 8H), 5.28 (s, 2H), 5.07
(s, 1H), 4.85 (s, 1H), 4.83 — 4.48 (m, 2H), 2.94 (d, J = 16.0 Hz, 2H), 2.71 (s, 2H), 2.50 (s, 2H),
2.35 (m, 1H), 2.05 (m, 3H), 1.02 (t, J = 7.0 Hz, 3H).

13C NMR (101 MHz, CDCl3) 8 167.7, 156.8, 147.4, 136.4, 134.8, 133.6, 129.4, 128.6, 128.3,
128.0, 124.7,124.2, 118.2, 116.2, 114.9, 110.5, 67.9, 54.4, 41.3, 39.5, 38.4, 28.4,22.2, 12.2.

HRMS: (m/z): caled for C27H28N203Na [M+Na]+, 451.2178; found 451.2161

Optimization of Pictet-Spengler reaction.

Cyclisation-protection procedure

Total yield Products
Nr Acid Temp. [°C] ((R,R) a_nd (R,S)-21 (R,R)-26 : (R,S)-21
mixture)
1 TFA (2.5 €eq) 10 53% 58 :42
2 TFA (2.5 €eq) 5 32 % 62 :38
3 TFA (2.5 €eq) 0 46 % 50: 50
4 TFA (1.75 eq) 0 34 % 48 : 52
5 TFA (1.3 eq) 0 31 % 32:68
Protection-cyclisation procedure

none 25 42 % 45 : 55

none 0 20 % 82:18

none -40 24 % 55:45
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Benzyl (3aR,4R)-4-((S)-2-hydroxy-2-(hydroxymethyl)butyl)-6-0x0-1,2,3a,4,5,6-
hexahydro-3H-indol[3,2,1-de][1,5|naphthyridine-3-carboxylate (22)

Procedure with AD-mix o,

A round-bottom flask was charged with compound (R,R)-21 (0.145 g, 0.341 mmol), AD-mix
a (0.450 g), -BuOH (1.3 mL) and H20 (1.3 mL). The reaction mixture was stirred at room
temperature for 3 days, and then Na2SOs (2.6 g) was added and the reaction was stirred for
another 1.5 hours. Silica gel was added to the mixture, the mixture was then evaporated to
dryness and purified by flash column chromatography (hexane:AcOEt, 2:1 = 100% AcOEt) to
yield mixture of diastereoisomers 22 (0.037 g, 23%, 65%Bsrsm, 81% de).

Procedure with AD-mix 3

Procedure with AD-mix [ was performed analogously to the procedure with AD-mix a. Mixture

of diastereoisomers 22 was obtained with 51% de.
Procedure with OsO4

Compound (R,R)-21 (0.0545 g, 0.127 mmol) was dissolved in acetone (0.6 mL), then OsO4
(0.450 g, 0.0039 mmol), NMO (0.023 g, 0.191 mmol) and H20 (0.4 mL) were added. The inert
atmosphere was established, the reaction mixture was stirred at room temperature for 3 hours,
and then Na2SO3 (1.0 g) was added and the reaction was stirred for another hour. Solvents were
evaporated to dryness and crude product was then purified by flash column chromatography
(hexane:AcOEt, 2:1 = 100% AcOE?) to yield mixture of diastereoisomers 22 (0.0495 g, 84%,
82%de).

'H NMR (400 MHz, CDCl3) & 8.45 — 8.39 (m, 1H), 7.50 — 7.31 (m, 8H), 5.27 (s, 2H), 5.10 (d,
1H), 4.64 (d, 1H), 3.31 (dd,3H), 3.10 (d, 3H), 2.95 (d, 1H), 2.84 (d, 1H), 2.74 (d, 1H), 1.43 (dd,
2H), 1.12 (dd, 1H), 0.75 (dt, 3H).

13C NMR (101 MHz, CDCls) 8 167.6, 156.0, 136.4, 134.9, 131.2, 128.8, 128.6, 128.4, 128.4,
128.3, 124.8, 124.1, 118.1, 116.5, 74.3, 67.7, 66.6, 53.1, 42.8, 39.8, 32.7, 30.1, 28.3, 21.3, 7.6.

HRMS: (m/z): caled for C27H30N20s5Na [M+Na]+, 485.2052; found 485.2037.
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Benzyl (3aR,4R)-4-((S)-2-hydroxy-2-((tosyloxy)methyl)butyl)-6-0x0-1,2,3a,4,5,6-
hexahydro-3H-indol[3,2,1-de][1,5|naphthyridine-3-carboxylate (23)

To a round-bottom flask mixture 22 (0.036 g, 0.079 mmol) was added and inert atmosphere
was established. DCM (0.2 mL) and solution of DMAP (0.002 g, 0.0157 mmol) and TsCl
(0.030, 0.158 mmol) in DCM (0.5 mL) were added sequentially. TEA (0.0330 mL, 0.237 mmol)
was added dropwise via syringe and the reaction mixture was stirred at room temperature for
22 hours. Crude reaction mixture was then purified by flash column chromatography
(hexane:AcOEt, 2:1 - hexane:AcOEt, 1:1 ->100% AcOEt) to yield mixture of
diastereoisomers 23 (0.0367 g, 75%, 99%Bsrsm) as an orange solid.

'H NMR (400 MHz, CDCls) § 8.41 (d, 1H), 7.73 (dd, 2H), 7.50 — 7.29 (m, 9H), 7.26 (d, 1H),
5.27 (d, 2H), 5.08 (s, 1H), 4.64 (d, 1H), 3.87 — 3.78 (m, 1H), 3.78 — 3.60 (m, 1H), 3.11 (dd,
3H), 2.92 (s, 1H), 2.80 (s, 1H), 2.70 (s, 1H), 2.43 (d, 3H), 1.45 (d, 2H), 1.12 — 0.86 (m, 2H),
0.67 (dt, 3H).

3C NMR (101 MHz, CDCl3)  167.3, 167.2, 156.0, 155.9, 145.1, 136.4, 136.2, 134.83, 132.4,
132.2,131.0, 129.9, 128.8, 128.6, 128.6, 128.4, 128.3, 128.3, 128.2, 128.0, 127.9, 124.9, 124.1,
124.1,118.1, 118.1, 116.5, 116.4, 73.9,73.7,73.1, 72.6, 67.9, 67.8, 53.0, 52.9, 42.8, 42.7, 39.6,
38.9,32.9,31.3,30.3,27.9, 21.6,21.3, 7.8, 7.4.

HRMS: (m/z): caled for C3aH3sN207NaS [M+Na]+, 639.2141; found 639.2134
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(R,R,S)-Tacamonidine (25)

CBz removal

The round-bottom flask was charged with mixture of diastereoisomers 23 (0.0769 g, 0.124
mmol), the flask was equipped with a rubber septum and inert atmosphere was established.
Then, the septum was removed, Pd/C (0.155 g) and dry AcOEt (4.5 mL) were added
sequentially. The reaction mixture was then purged with hydrogen for 5 minutes and was stirred
under hydrogen for 4 hours at room temperature. After completion of the reaction (monitoring
by TLC), Pd/C was filtered off on a Biichner funnel. The filtrate was concentrated under
reduced pressure and used directly in the next step without further purification.

Ring-closing alkylation

The round-bottom flask was charged with crude mixture 24 from the previous step, inert
atmosphere was established, and MeCN (3.5 mL) and TEA (0.431 mL, 3.1 mmol) were added
sequentially. The reaction was stirred at room temperature for 3 days and purified by flash
column chromatography (AcOEt:MeOH, 10:1) to yield (R,R,S)-Tacamonidine 25 (0.015 g,

40%) as a white powder. Spectroscopic and physical data matched the reported literature®.

'H NMR (400 MHz, CDCls) & 8.39 (dd, J= 7.0, 1.2 Hz, 1H), 7.48 — 7.42 (m, 1H), 7.38 — 7.28
(m, 2H), 4.42 — 4.34 (m, 1H), 3.42 (ddd, J= 14.0, 11.6, 5.8 Hz, 1H), 3.29 (dd, J= 14.0, 6.3 Hz,
1H), 3.05 (dd, J = 17.1, 5.2 Hz, 1H), 2.85 (m, 2H), 2.65 (dd, J = 17.1, 2.2 Hz, 1H), 2.57 (ddd,
J=16.9, 5.6, 2.5 Hz, 1H), 2.43 (dd, J = 11.2, 2.1 Hz, 1H), 2.32 (d, J = 11.2 Hz, 1H), 1.69 —
1.64 (m, 1H), 1.39 — 1.33 (m, 2H), 0.85 (m, 4H).

13C NMR (101 MHz, CDCls3) 8 167.2, 134.5, 130.5, 129.7, 124.5, 124.0, 118.1, 116.3, 112.8,
69.8, 53.7,52.8, 50.4, 38.8, 35.8, 32.5, 30.0, 16.8, 6.8.

HRMS: (m/z): calcd for C19H23N202 [M+H]+, 311.1760; found 311.1749.

UV (MeCN) Amax(Abs) 198.00 (1.6052), 240.67 (0.8804), 268.33 (0.4656), 294.33 (0.2123)

nm
IR (dry film) vmax 3391, 2925, 1702, 1451, 1381, 1327, 1133, 1100, 1026, 750, 505, 440 cm™!

[a]%p (c 0.12, CHCl3) +62.8
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S3.6. Alternative route of obtaining aldehyde 14.

As compounds SI-2 and 13 are volatile, alternative route of obtaining aldehyde 14 (Figure S26)
was also developed. It includes the use of benzyl ester instead of methyl one, which facilitates

purification of intermediates.

BnOH, o o)
o DMAP. MePPh,Br, DIBAL-H, |
DCC nBuLl DCM
OH —_— OBn —— > Lﬂ/\)
DCM, rt Et20 rt, 20min
12 18h 58% sI-7 14

84%

Figure S26. Alternative route of obtaining aldehyde 14.

o)
/\H/\)J\O
o
Benzyl 4-oxohexanoate (SI-6)

The round-bottom flask was charged with 4-oxohexanoic acid 12 (3.21 g, 24.65 mmol), DMAP
(0.602 g, 4.93 mmol) and DCM (50 mL). The flask was capped with a rubber septum, the inert
atmosphere was established and the reaction mixture was cooled down to 0°C. Then, the flask
was opened, DCC (6.103 g, 29.58 mmol) was added, and inert atmosphere was established
again. Benzyl alcohol (5.10 mL, 49.30 mmol) was added dropwise, the reaction mixture was
allowed to warm to room temperature, and then it was stirred for 18 hours. In the course of the
reaction thick, brown sludge was formed. The sludge was filtered off on the Biichner funnel
with a Celite pad and washed with DCM. The filtrate was concentrated under reduced pressure
and was purified by the flash column chromatography (hexane:AcOEt = 7:1) to yield product SI-
6 (4.57 g, 84%) as yellowish oil.

'H NMR (400 MHz, CDCl3) & 7.45 — 7.30 (m, SH), 5.14 (s, 2H), 2.76 (dd, J = 9.8, 3.9 Hz, 2H),
2.67 (dd, J = 9.6, 3.8 Hz, 2H), 2.49 (q, J = 7.3 Hz, 2H), 1.09 (t, J = 7.3 Hz, 3H).

3C NMR (101 MHz, CDCl3) § 209.3, 172.7, 135.9, 128.5, 128.2, 66.5, 36.6, 35.9, 28.1, 7.8.

HRMS: (m/z): caled for Ci13Hi1603, [M+H]+, 220.1099; found 220.1092.
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/\”/\)J\O/\©
Benzyl 4-methylenehexanoate (SI-7)

The oven-dried Schlenk tube was charged with PhsPMeBr (9.29 g, 25.88 mmol) and tightly
fitted with septum, and inert atmosphere was established. Dry Et2O (70 mL) was added, the
solution was stirred for 20 minutes at room temperature and #BuLi (1.6 M in hexane, 15.55
mL, 24.89 mmol) was added slowly — while adding nBuLi, the reaction mixture changed from
colorless to bright yellow and then, orange. The reaction was stirred for 1 hour at room
temperature and then benzyl 4-oxohexanoate SI-6 (4.38 g, 19.91 mmol) diluted with 2 mL of
dry Et2O was added. Immediately after adding 4-oxohexanoate, precipitation was observed, a
thick solid was formed, and the reaction mixture changed color to dark brown and then to light
beige. The reaction progress was monitored using TLC (developing stain: iodine) and after 20
minutes of stirring at room temperature, no traces of starting material were observed. Reaction
was quenched by addition of aqueous, saturated solution of NH4Cl (80 mL), water phase was
extracted with Et20 (3x70 mL). Combined organic phases were dried over MgSOs4 and filtered.
The filtrate was slowly concentrated under reduced pressure (550 mbar, 22°C) and pre-purified
by the flash column chromatography (pentane:Et2O = 10:1 - pentane:Et2O = 4:1). Fractions
containing product were combined and carefully concentrated under reduced pressure to obtain
solution of the product in Et2O/pentane mixture. The quantity of the obtained product was
calculated based on the '"H NMR spectra — 2.53 g product (58%) was obtained. Product was
then reduced with DIBAL (analogically to the procedure of obtaining methyl 4-

methylenehexanoate 14 described earlier) without further purification.
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S3.7. Determination of diastereomeric excess after alkylation reaction.

Enantiomeric excess of the alkylation product was measured by comparison of product (R,R)-
17 obtained by a standard procedure (Figure S27a) with the mixture of products (R,R)-17 and
(S,R)-17. Product (S,R)-17 was obtained according to the following procedure (Figure S27b).

OMe MeO (R)

a

R 1. LDA /\3
X, N 2 o

L”/\/\N/ Br\)LOMe O

15 (RR)17

61% OMe

MeO~ 7. (S) Meo— N\
b OMe y 1. Mel
/ ,3 60°C, RAMP, /\3
“,(S) 1. LDA N _ten 3A MS

- - |
X /D 2. 9 s T & “oom S
N HLOME H , 5h rt, 5h
- r -\( 5% o 68%
(S,9)17 ()18

619% : OMe (S,R)- 17

OMe

Figure S27. Synthesis of compounds: a) (R,R)-17 and b) (S,R)-17.

Meo%
WN/ N
:\fo

Methyl (8)-3-((((R)-2-(methoxymethyl)pyrrolidine-1-yl)imino)methyl)-5-methylene-
heptanoate ((S,R)-17)

To the solution of aldehyde ($)-18 (0.0753 g, 0.409 mmol) (obtained analogically to the
aldehyde 18 described in S2.5) in DCM (1.5 mL) 3A molecular sieves were added, inert
atmosphere was established and RAMP (0.055 mL, 0.409 mmol) was added via syringe. The
reaction mixture was stirred for 16 hours at room and monitored by TLC (detection of product:
UV, A =254 nm). After completion of the reaction, molecular sieves were filtered off and the
solvents were removed in vacuo. The residue was then purified by the flash column
chromatography (hexane:AcOEt, 10:1 = hexane:AcOEt, 7:1) to yield 0.0819 g (68%) of (S, R)-

17 as a colorless oil.
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Retention Time [min]
#IPeak Mame | CH | tR [min] | Area [pV-sec] | Height [wV] | Area% | Height% | Quantity | NTP Resolution | Symmetry Factor | Warning
‘IlUnI-:.nown 5 5.533 370571 47193 1788  2.037 n/al 12342 3745 1.317]
ZlUnknnwn 3 6.3204 20389794 2269572 98.214 97.963 M/ A 12967 M/A 1.468

Figure S28. Chromatogram of compound (R,R)-17 (column: OD-H Daicel Chiralcel, mobile phase:
2% iPrOH + 98% hexane, wavelength: 230nm, flow rate: 1.0ml/min).
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Chromatogram
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# | Peak Name | CH | tR [min] | Area [uV'sec] | Height [uV] | Area% I Height% | Quantity | NTP Resolution | Symmetry Factor | Warning
1|unknown 5 5.560) 6610629 786119 81 .361‘5' 84.373 N/AL 12002 3.745 1.468
AUnknown 5 6.400f 1513969 145605 18.63‘1I 15.627] N/A] 10756 NA 1.577

Figure S29. Chromatogram of compound (S, R)-17 (column: OD-H Daicel Chiralcel, mobile phase:
2% iPrOH + 98% hexane, wavelength: 230nm, flow rate: 1.0 ml/min).
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Chromatogram
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Figure S30. Comparison of chromatograms for compounds (R,R)-17 (red) and (S,R)-17 (blue).
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S3.8. Determination of diastereomeric excess after dihydroxylation reaction.

Diastereomeric excess of compound (R, R,S)-22 was determined by performing dihydroxylation
procedures using chiral ligands (both AD-mix a and AD-mix ) and in non-chiral conditions
using OsO4 (see Section S3.5. for procedure details). Chromatograms (Figures S31-S34) show

that in all cases compound (R,R,S)-22 is obtained in excess.

Chromatogram

1) [TK_8_DIOL_RRR - CHY|

40000
AD-mix o

20000

Intensity [pV]

-20000

0.0 5.0 10.0 150 20.0 25.0
Retention Time [min]

Channel & Peak Information Table

Chromatogram Name TK_8_DIOL_RRR-CH5
Sample Name
Channel Name 250.0nm
# I Peak Name | CH | tR [min] | Area [uV-sec] | Height [uV] | Area% | Height% | Quantity | NTP | Resolution | Symmetry Factor | Warning
IIUnknOWr’I 5 17.133 5481747 60833 90.712 93.427 N/AL 939 1.607| 1.181
ZIUnknowr'l 5 21.867) 561295 4280) 9.288) 6.573 N/A} 568 N/A} 1.530)

Figure S31. Chromatogram of mixture 22 after reaction with AD-mix a (column: OD-H Daicel

Chiralcel, mobile phase: 20% iPrOH + 80% hexane, wavelength: 250nm, flow rate: 1.0 ml/min).
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Chromatogram

3 [TK_7_DIOL RRS - CHY|

100000

H AD-mix

50000

Intensity [pV]

0.0 5.0 10.0 15.0 20.0 25.0 30.0 35.0 40.0 45.0
Retention Time [min]

Channel & Peak Information Table

Chromatogram Name TK_7_DIOL_RRS-CH5
Sample Name
Channel Name 250.0nm
# I Peak Name | CH | tR [min] | Area [uV-sec] | Height [uV] | Area% | Height% | Quantity | NTP I Resolution | Symmetry Factor | Warning
IIUnkﬂown 5 16.200) 11359677 136191 75.693] 80.870) N/A 935' 3.170) 1.341
ZIUnkm)Wﬂ 5 24.093 3647831 32217 24.307 19.130) N/A} |082I N/A] 1.502

Figure S32. Chromatogram of mixture 22 after reaction with AD-mix 3 (column: OD-H Daicel
Chiralcel, mobile phase: 20% iPrOH + 80% hexane, wavelength: 250nm, flow rate: 1.0 ml/min).
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Channel Name 250.0nm

Figure S33. Comparison of chromatograms for mixture 22 after reaction with AD-mix a and AD-

mix f3.
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Sample Name
Channel Name 250.0nm
# | Peak Name | CH | tR [min] | Area [Vsec] | Height [uV] | Area | Heights |Quantity| NTP | Resolution | Symmetry Factor | Waming
unknown | 5 | 17021 2622315 265461 o0sse| 92208 w704 3.033| 1297
2funknown 5 | 2556 2638097 2244 9141 7794 w110 N/A| 1481

Figure S34. Chromatogram of mixture 22 after reaction with OsO4 (column: OD-H Daicel

Chiralcel, mobile phase: 20% iPrOH + 80% hexane, wavelength: 250nm, flow rate: 1.0

ml/min).
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S3.9. Additional notes on the stereoselective Pictet-Spengler reaction.

Although catalytic asymmetric Pictet-Spengler reaction is well demonstrated, many
literature studies*!22-52* do not include examples in which a chiral center is already present
in the starting material. On the other hand, there are multiple examples of natural-product
or medicinal-chemistry syntheses in which outcomes of Pictet-Spengler depend on the
stereodirecting effect of the scaffolds and stereocenters present3>>528, Although such a
stereodirecting effect was observed in our synthesis, we also performed additional
experiments using external chirality sources. First, we tried Hiemstra’s methodology®**,
which uses N-sulfenyl tryptamine and a chiral BINOL catalyst. Using the model aldehyde
in Figure S35a, we adapted the methodology by reversing the equivalent ratio of the
reagents — in the original paper, the authors used a fivefold excess of the aldehyde over
tryptamine, which would not be a desirable approach in our synthesis in which aldehyde
substrate is made in 7 steps. Although this model reaction worked under such adapted
conditions, the experiment with the “real” aldehyde 14 did not yield any product and only

unreacted starting material and decomposition products were observed (Figure S35b).

(o]
|
Ph Ph
a >LPh 0.33eq
CF\{TN_S cat. H1(rac) \ NH

N 3A MS, BHT (cat.)
H toluene, 0°C

(o}
I
Ph Ph
b V—ph 1
_ CO,Me
\ HN=S cat. (S)-H2
»  degradation
N 3A MS, BHT (cat.)

H toluene, 0°C

Iz

Figure S35. Application of Hiemstra’s methodology>** to the Pictet-Spengler reaction
in the synthesis of (R, R,S)-tacamonidine using a model aldehyde (panel a) and aldehyde
14 (panel b) — see text for details.

We also tested the approach with a chiral auxiliary using the Koomen’s procedure*!. In
the original procedure, the reaction was carried out at -78 °C, although when we applied
these conditions to aldehyde 14 and tryptamine with chiral auxiliary (p-
tolylsulfinyltryptamine S1, the same as in the original paper), no reaction was observed

—we only retrieved aldehyde 14. When temperature was increased to -60 °C and reaction
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was allowed to proceed for 3 days, we obtained a mixture of diastereoisomers SI-8
(Figure S36) in ~ 20% yield (low yield might be explained by the degradation of p-
tolylsulfinyltryptamine, which was also reported in Koomen’s original paper upon
temperature increase). The LC-MS analysis revealed, that one of the diastereoisomers
was obtained in only slight excess (ratio of diastereoisomers was ~ 59 : 41 with the
excess of undesired (R,S)-SI-8 diastereoisomer). Interestingly, when auxiliaries of both
chiralities were tested, (R,S)-SI-8 diastereoisomer was obtained in excess in both cases
(when the opposite chiral auxiliary was used, the ratio of diastereoisomers was ~ 73 :
27). These observations point to and emphasize the stereodirecting effect of the
scaffold— i.e., the stereocenter present at the alpha position of the aldehyde 14 has a

greater influence on the emerging stereocenter than the stereocenter present in the chiral

auxiliary.
Tol
/
N’S.\ :
N\ OH
N (s)-s1
(R) OMe A (5)-81 or B: (R)-S1 H
/\H/\::I CSA, -60°C Tol
DCM, CHCI SI-8 /
14 3 OMe N’S‘"'u :
A: (R,R)-SI-8/(R,S)-SI-8 = 41:59 A\ OH
B: (R,R)-SI-8/(R,S)-S1-8 = 27:73 N (RISt

Figure S36. Application of Koomen’s methodology 5* to the Pictet-Spengler reaction
in the synthesis of (R R,S)-tacamonidine. Tryptamine with both (S)- and (R)- p-

tolylsulfinyltryptamine auxiliary was used — see text for details.

We note that the above results prompted us not to use Jacobsen’s methodology (given
that a covalently-bound chiral auxiliary was not able to “overcome” stereodirecting
effect of the scaffold, we assumed that a coordinating catalyst would be even less likely

to do so).
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S3.10. Raw spectroscopic data.

"H NMR (400 MHz, CDCL) 3 9.64 (s, 1H). 278 — 271 (¢, 2H), 2.66 (¢, 2H), 2.50 (q. 2H). 1.10 (¢, 3H).
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Figure S37. '"H NMR (top) and *C NMR (bottom) spectra of compound 12 (CDCl3).
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Figure S38. 'H NMR (top) and '*C NMR (bottom) spectra of compound SI-2 (CDCl3)
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HNMR (400 Mz, CDCL) & 745 — 7.30 (m, SE), 5.14 (s, 2H). 2.76 (t, 25, 2.67 (t. 2H). 2.49 (q, 2H), 1.09 (t, 3H).
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Figure S39. 'H NMR (top) and '*C NMR (bottom) spectra of compound SI-6 (CDCl3).
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Figure S40. 'H NMR (top) and *C NMR (bottom) spectra of compound 15 (CDCl3).

S-91

https://tGh.org.pl



pO'T
S0T
£0TA
8011
081+
8914
06 T+
1611
£6'11
6T
6 T+
GE T
961
(T4
b0z
a0z
80z
01’z
£T'T
sT'Z
a1’z
81z
¥Z 2]
a7z

-

i

e

62'C
OF'C

£
2%
05'Z
25T
S
95'
04T

477 (s, 1H), 3.67 (=, 3H). 3.57 (dd. 1), 343 — 326 (m, 6H), 3.03 — 281 (m, 1E), 271 (m. 1H), 2.53 (dd. 1H), 242 (dd, 1H). 227 (dd, 1E), 2.15 (dd_ 1K)

960
M 80T

3.8 3.6 34 32 3.0 28 26 24 22 20 18 16 14 1.2 1.0 0.8 06

f1 (ppm)

54 5.2 5.0 48 46 44 42 40

bl
o

6.56,21.96,

T¢CT—

26T~
959~
8€'8¢—

T9'SE,
6lees
vS'0p"
£8'6p~
0€'15-
ST'85—
£EE9—

8
=
|

31.30, 4083, 40.54, 37.19. 36.61, 28.38,

m

P OTT—

120 110 100 90 80 70 60 50 40 30 20 10
f1 (ppm)

130

S-92

https://itG#h.org.pl

o

]

i

cH
!
o]

CH,

n
g
I
N
0

7328 148.30, 138.85, 110.43, 74.56, 63.33, 30.18

=
N

-1
-
3 P~
¥
CHa

CH»>

|J oot L

6.8 6.6 64 6.2 60 58 56

‘CNMR (101 MEz. CDCL) & 1
&
[l
[
T
|

H NME (400 MHz, CDCL) & 6.
90 4H).

]

oo

k3

e

J

7.0

160 150 140

170

Figure S41. '"H NMR (top) and *C NMR (bottom) spectra of compound 17 (CDCl3).

180



"H NMR (400 MEz, CDCL) § 9.7 (s, 1H), 491 (s, 15), 4.81 (s, 1H), 3.70 (s, 3E), 3.07— 2.98 (m, 1H), 2.69 (dd, 1E), 2.55 (dd, 1K), 2.46 (dd Hz, 15, 2.16 (dd, 1H), 2.07 (bq, 2H), 1.08 (¢, 3.

491
~4,81

3.70

8 3
—_ 5 —
T T T T T : T T T : T T r T T
10.0 9.5 9.0 8.5 8.0 7.5 6.0 4.5 4.0 3.5 3.0 2.5 2.0 15 10
'CNMR. (101 MEz, CDCL) & 202.55, 172.30, 146.82, 11135, 51.75, 45.60. 35.31, 32.58, 2823 12.08.
u % [ )
[ry] o (4] 0 — 00 N [oe]
ol ol g — M~ M el =
a s — — oo ™
~J — — — [V I Mmoo el —
| | (. A |
0
Hac/\r\i/\n/ \CHa
CH, = O
0
(]
I I
I
|
1
i I} o | ] N L "
T T T T T T : T T T T T T : T T T
210 200 190 180 170 160 150 140 110 80 50 40 30 20 10 0 -10
f1 (ppm)

Figure S42. 'H NMR (top) and *C NMR (bottom) spectra of compound 18 (CDCl3).
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Figure S43. 'H NMR (top) and *C NMR (bottom) spectra of compound (R,R)-21 (CDCl3).
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Figure S44. 'H NMR spectrum of compound (R,R)-21 (d-toluene, 70 °C).
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Figure S45. COSY of (R,R,)-21 (d-toluene, 70 °C).
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Figure S46. HSQCAD of (R,R)-21 (d-toluene, 70 °C, 1*C internal projection).
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Figure S47. HMBCAD of (R,R)-21 (d-toluene, 70 °C, '3C internal projection).
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Figure S48. 2D NOESY spectrum of compound (R,R)-21 (d-toluene, 70 °C).
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"H NMR (400 MHz, CDCL) & 8.37 (d, 1H). 7.51 — 7.29 (m. 8ED), 3.28 (s. 2H), 5.07 (d. 1H), 4.83 (s, 15, 4.85 — 448 (m, 2K, 2.94 (d, 2K, 2.71 (s, 2H), 2.30 (s, 2K, 2.35 (. 1H). 2.03 (s, 3E). 102 (¢, 3H).
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Figure S49. 'H NMR (top) and '*C NMR (bottom) spectra of compound (R,S)-21 (CDCl3).
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Figure S50. '"H NMR (top) and *C NMR (bottom) spectra of compound (R,R)-SI-5 (CDCI3).
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1D MORSY

Sample Mame:
BM-E394-K2-f1 CEDE

Data Collected on:
Varian-MMR-vIErs600

Archive directory:

Sample directory:

PidPile: BM-B394-K2-f1 C6D6-HOBSY1D

Pulse Sequence: NOESYID
solvent: cdell correlation
Data collected on: Feb § 2018

2.709

Figure S51. NOE spectrum of compound (R,R)-SI-5 (CDCIls3). There is no NOE correlation

between the protons marked red.
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Figure S52. "H NMR (top) and '*C NMR (bottom) spectra of compound (R,S)-SI-5 (CDCI;3).
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Figure S55. 'H NMR (top) and '3C NMR (bottom) spectra of compounds 23 (CDCI3).
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Figure S56. 'H NMR (top) and '*C NMR (bottom) spectra of (R,R,S)-Tacamonidine 25
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Figure S58. COSY of (R,R,S)-Tacamonidine 25 (d-DMSO).
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Figure S59. HSQCAD of (R,R,S)-Tacamonidine 25 (d-DMSO, '*C internal projection).
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Figure S60. HMBCAD of (R,R,S)-Tacamonidine 25 (d-DMSO, '*C internal projection).
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Figure S61. 2D-NOESY of (R,R,S)-Tacamonidine 25 (d-DMSO); the coupling between -OH

group and proton H2.7ppm is circled.
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Figure S62. Selected NOE’s of (R,R,S)-Tacamonidine 25 (d-DMSO); the coupling between

-OH group and corrected proton H27ppm is circled. The atom numbering and structure

conformation follows the one proposed in*®.
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Figure S63. MS spectrum of (R, R,S)-Tacamonidine 25.
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Figure S64. IR spectrum (dry film) of (R,R,S)-Tacamonidine 25.
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Figure S65. UV-VIS spectrum (MeCN) of (R,R,S)-Tacamonidine 25.
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Figure S66. Optical rotation measurement of (R,R,S)-Tacamonidine 25: [a]*°p (c 0.12,
CHCl3) +62.8.
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Figure S67. Difference between the chemical shifts of the carbon atoms of natural®® and
prepared Tacamonidine 25 (CDCIl3). The x-axe represents the carbon number while y-axe
represents the difference of § *C in ppm between natural Tacamonidine (6Ty) and 25,
A(625 — 8Ty) . The atom numbering and peak assigment follows the one proposed in *¢. All
peaks of obtained 25 are within +£0.15 ppm of natural Tacamonidine.

Atom o Isolated 0 Prepared Tacamonidine 0 Prepa?e.d
number Tacamonidine 3¢ (CDCl) Tacamonidine
(d-DMSO)
3 436 dt(6.1,2) 442 _434m 4355
5 3.28 dd (14.2, 6.4) 3.42 ddd (14.0, 11.6, 5.8) 3.24m
3.41(14.2,11.7,5.5) 3.29 dd (14.0, 6.3) 3.16 m
6 2.86 m 2.85m 2.45
2.56 ddd (16.9, 5.5,2.5) | 2.57 ddd (16.9, 5.6, 2.5 Hz) 277m
9 7.45 dd (6.8, 1.5) 7.48 —7.42 m 7.46 dd
10 730td (7.3, 1.5)
= 73447319 738-7.28m 7.22-727m
12 838dd (7.1, 1.5) 839 dd (7.0, 1.2) 8.17 m
14 2.83 m 2.85(17.1,2.2) 2.70 m
5 0.87t(13.2) 0.85m 0.6t
1.66 ddd (13.2, 4.6, 2) 1.69—-1.64m 1.48 dd
17 2.20*dd (17.2,2.2) 2.65ddd (16.9, 5.6, 2.5) 2.45m
3.04 dd (17.2, 5.4) 3.05dd (17.1, 5.2) 3.17
18 0.86 ¢ (7.6) 0.84 m 0.72 ¢
1.36 m 1.39-133m
19 136 m 139-1.33m L1354
. 231d(11.2) 232d(112) 2.114d
2.42dd (11.2,2) 2.43dd (11.2,2.1) 2.36d

Figure S68. Comparison of chemical shifts of the proton atoms of natural and prepared (R,R,S)-
Tacamonidine 25. The atom numbering and peak assignment follows the one proposed in .

* The chemical shift of one of the protons 17 (2.20 ppm) listed in main text of ref *® does not
correspond with the raw spectrum provided in the Supplementary Information to this very same
paper — according to that raw 'H NMR spectrum the authors provide in their SI, this proton has
a shift around 2.6 — 2.7 ppm, as in our experiments.
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S3.11. Possible adaptations of Chematica’s Tacamonidine strategy to other members of

alkaloid families of Eburnamines, Vincamines and Tacamans.

Eburnamonine CO,Me

H

S=0
N

COQMS OH
MeO,C HO N
Vincamine H Eburnameine OTBS
AN
(@]
Tacamonidine
(@)
A\
TBSO N
Apovincamine H N Tacamonine MeO,C
AN
g Q
HO I OTBS
Eburnamine MeO,C

Figure S69. Adaptations of the strategy applied to the Tacamonidine to other members of
alkaloid families of Eburnamines, Vincamines and Tacamans. Flexibility of Chematica’s
strategy derives from the broad spectrum of the easily accessible (via Enders methodology®*°)
aldehydes with tertiary or quaternary stereocenters. After installation of the first stereocenter,
another one is formed during the Pictet-Spengler reaction with tryptamine. Independent

stereocenter formation opens access to all stereoisomers.
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S3.12. Alternative syntheses of Tacamonidine proposed by Chematica.
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Figure S70. Illustration of diverse syntheses. Examples of alternative syntheses of
Tacamonidine found by Chematica upon constraining the searches to avoid the Pictet-Spengler
cyclization. In this exercise, the program was allowed to run overnight. Color coding of the
nodes is the same as in the main-text Figure 3. For pathway details, see screenshots in Figures
S72-S74. For instance, the synthetic plan for tacamonidine in panel a (and Figure S71)
commences with Friedel-Crafts acylation of tryptamine, followed by chiral hydrazine-
controlled alkylation of the ketone>*°, Sharpless’ dihydroxylation,>*! and reduction of the cyclic
imine®3? setting all stereocenters for the molecule (subsequent steps assemble the remaining

rings). The alternative syntheses in panels b, ¢ and Figures S72, S73, respectively, rely on
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3

chiral amine formation (controlled by Ellman’s sulfonamide) via addition®® of an

34 of acyclic ketimine. We note

organometallic reagent derived from 2-iodoindole or reduction
that in b, indole addition to chiral sulfinylimine requires the formation of a dianion®**, or
introduction of N-protecting group 5**53*, In both plans, remaining stereocenters are formed via
alkylation of an enolate controlled by an Evans-type auxiliary (see 53537 for a similar
application of this methodology) and Sharpless’ asymmetric dihydroxylation. Finally, in the
pathway in panel d (and Figure S74) starting from 2-allylaniline, the 6-5-6 ring system is
achieved in a single step via a copper-catalyzed carboamination of the alkene (see 5*® for the
applicability of this reaction to similar scaffolds). This route's key step is an intramolecular

conjugate addition 33%5% followed by late-stage indoline and alkene oxidations (see Figures

S75, S76 for further details and discussion concerning conformational effects).
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S,

Name: Friedel-Crafts Acylation
Calculated yield: good

Typical conditions: 1(COCI)2.Lewis Ackd.solvent

llustrative Reference: 10.1021/01800752v

)@©~ o

Name: Synthesis of imines from Ketones
Calculated yield: good

Typical condtions: MS4A/MgSO4 .DCM or other solvent

Nustrative Reference: DOL 10.1021/a710981b

Name: N-acylation of aromatic nitrogen
Calculated yield: good

Typical conditions: 1).(COCI)2 2).Et3N.DMAP

Hustrative Reference: 10.1016/jtetlet 2013.04.010

Name: Enders SAMP/RAMP alkylation
Calculated yield: good

Typical conditions: 1). SAMP or RAMP.cat acid.reflux 2).LDA.0C 3).
halide. -100C to rt 4) 03.0CM

lustrative Reference: DOL 10.1016/50040-4020(02)00080-7 and
10.1055/5-2002-34949
Protection: Indc
ction OUn

(
xction: NH2

Name: Enantioselective reduction of imines
Calculated yield: good

Typical conditions: chiral Ru.complex.H2

llustrative Reference: 10.1002/chem.200902289 and
10.1039/b600496b

5 5

ction

ction

- @(_JCCr

Name: Sharpless Asymmeric Dinydroxylation
Calculated yield: moderate

Typical conditions: AD-mix beta.0sO4.solvent

llustrative Reference: DOL 10.1021/ja00214a053 and
10.1021/000036a003

Navigate

Name: N-akylation of amines by aicohols
Calculated yield: moderate

Typical conditions:
DCM.2266

#6

1-piperidinol.
acetate

lustrative Reference: DOL 10.1021/0201351a

RT.Na(ac

Navigate

— )

Figure S71. Details of Chematica’s synthesis of Tacamonidine from Figure S70a.
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Name: Ozonolysis
Calculated yield: moderate

Typical conditions: 03.MeOH.CH2CI2.PPh3 or Me2S.low temperature

Bustrative Reference: nul

)@@ -
N;C/

Name: Synthesis of acid chlorides from carboxylic acids
Calculated yield: moderate

Typical conditions: oxalyl chioride.or.SOCR

Hustrative Reference: 10.1002/adsc.200303011 and 10.3390/50500714
Protection: COOH

Name: Synthesis of akyl chiorides from aidehydes
Calculated yield: good

Typical conditions: In03.chloroform.SiMe2C!

Mustrative Reference: DOL 10.1021/a0283246

53@*501@

Name: Chiral auxilary directed akylation of enolates
Calculated yield: good

Typical conditions: 1.Chiral auxiliary (Oppolzer's,Evans' or Seebach's) or
ephedrine 2. LDA then electrophile Auxiiary removal DIBAL.DCM

Nustrative Reference: 10.1021/00357970 and 10.1021/0701831qg and
10.1021/m0S0059m and 10.1021/ja2073356 and 10.1055/s-2005-865362 and

A0 AN AANT11RRm and 10 ANIRISANAN ANO/OTIINAD) 1 ramaval af aiviians

Protection: COOH

- 00T

Name: N-acylation of aromatic nitrogen
Calculated yield: good #9

Typical conditions: 1).(COCI)2 2).Et3N.DMAP

Hustrative Reference: 10.1016/j tetiet 2013.04.010 Protection: RNH2

Name: lodination of aromatic compounds
Calculated yield: good

Typical conditions: 12 or other iodinating agent e.g. NIS

Mustrative Reference: DOL 10.1039/C5SC00964B and
10.1016/j tetlet 2005.05.117 and 10.1007/511178-005-0256-1

j@~

Name: Synthesis of aryl Grignard reagents
Calculated yield: moderate

Typical conditions: iPrMgCLLICLTHF or other condions Mg.THF o
tBuLiMgBr2

Nustrative Reference: DOL 10.1016/S0040-4039(99)01404-5 and
10.1021/00000574 and WO2014123793 p.137 and

10 1024 AmANNACE Y and 10 ATEIminn 17 28

Name: Synthesis of amines via addition of aryl Grignard compound to sulfinylimines
folowed by deprotection

Calculated yield: good #7

Typical conditions: 1.chiral auxiiary.2 ££20.cooling.3.HCI
Bustrative Reference: W02014205223 p.35 and 10.1021/00156868

Protection: COOH

Name: Sharpless Asymmteric Dihydroxylation
Calculated yield: moderate

Typical condtions: AD-mix alpha.0s04.solvent

Bustrative Reference: DOL 10.1021/a00214a053 and 10.1021/000036a003

Name: Akylation of amines with akyl chiorides (PTC condttions)
Calculated yield: good

Typical condtions: NaOH. water. PTC-catalyst

Bustrative Reference: DOL 10.1080/00387911.2013.828077 AND
10.1002/ejoc.201200202
Protection: COOH

Q

HN
(R)™NH,
R) OH

Name: N-alkylation of amines by alcohols
Calculated yield: moderate

Typical condttions:
DCM-2.2,6,
acetate

Bustrative Reference: DOE 10.1021/0201351a Protection: ROH

Navigate Navigate

Navigate

Figure S72. Details of Chematica’s synthesis of Tacamonidine from Figure S70b.
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Name: Synthesis of acid chlorides from carboxylic acids
Calculated yield: moderate

Typical conditions: oxalyl.chloride.or.SOCR2
lustrative Reference: 10.1002/adsc.200303011 and 10.3390/50500714
Protection: COOH

Name: Chiral auxiliary directed alkylation of enolates
Calculated yield: good

Typical conditions: 1.Chiral auxilliary (Oppolzer's,Evans’ or Seebach’s) or ephedrine
2.LDA then electrophile Auxiiary removal: LIOOH.H20.Na2S03

llustrative Reference: 10.1021/010357970 and 10.1021/j0701831q and
10.1021//m0S0059m and 10.1021/ja2073356 and 10.1055/s-2005-865362 and

10 1021 6ANT1188m and 10 AN1RISANAN ANVOTVINAD 1 ramavial af airvilians

Protection: COOH

Name: Reduction of sulfinylimines followed by deprotection
Calculated yield: good

Typical conditions: 1.Chiral auxilliary (eg. Eimann’s sulfinamide) 2.
[Ru(C2)(p-cymene)]2.tBuOK.aminoalcoholiPrOH 3.Hcl.MeOH

Protection: COOH
Protection: ROH

llustrative Reference: 10.1002/chem.201102426

Name: Sharpless Asymmteric Dihydroxylation
Calculated yield: moderate #3

Typical conditions: AD-mix alpha.0s04.solvent

llustrative Reference: DOL 10.1021/ja00214a053 and 10.1021/j000036a003

Name: N-alkylation Of Primary Amines
Calculated yield: good

Typical conditions: DMF.DMSO.acetone

lustrative Reference: null

CH,y

Name: Friedel-Crafts Acylation
Calculated yield: good #4
Typical conditions: 1(COCI)2.Lewis Acid.solvent

Protection: COOH
Protection: ROH

llustrative Reference: 10.1021/01800752v

y ‘.,j

R,

2

Navigate

Name: N-alkylation of amines by alcohols #7
Calculated yield: moderate

Typical conditions:
DCM.2266

RT.Na(acetyloxy)boranyl acetate
Protection: COOH
Protection: ROH

yk-1-piperidinol. Yy

llustrative Reference: DOL 10.1021/0201351a

CH,
O

] m/\ TOH
L R~ "0n

}“ou
0

Name: N-acylation of aromatic nitrogen
Calculated yield: good
Typical condttions: 1).(COCI)2 2).Et3N.DMAP Protection: ROH

llustrative Reference: 10.1016/ . tetlet.2013.04.010

Navigate

Figure S73. Details of Chematica’s synthesis of Tacamonidine from Figure S70c.
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Name: Dol N-alkylaniine RX primary
Calculated yield: good

Typical condtions: 1.nBuliCO2.24Buli3.RX 0.t

Bustrative Reference: 10.1055/s-1991-26557 AND 10.3762/bjoc.7.145

Name: Oxidation with osmium tetraoxide
Calculsted yield: moderate

Typical condtions: 0s04.NMO

lusirative Reference.

Hame: Synthesis of secondary amines
Calculated yield: good

B sodium ide.

Nustrative Reference: DOL10.1021/ed077p270

- -

Name: anti-C: of secondary terminal propargylic alcohols

Name: Amide coupling #2
Calculated yield: good

Typical conditions: Coupling reagent e.g. DCC, EDC, COI or HETU. Solvent
e.g. THF, DCM.

Bustrative Reference: 10.1021/m201214d AND 10.1002/anie. 201307803
AND 10.1021/ja2061159 (S|, page S4) AND10.1039/CS0B00847F AND

Calcuisted yield: good
#7

Typical condttions: 1. Cul toluene 2. 2 THF 3. NH4CIH20

Hustrative Reference: DO 10.1021/00524021

Ear D}&_

Name: Akylation of amines with activated secondary alcohols
Calculated yiek: good

Typical conditions: 1. MsCl 2. amine.NEt3
llustrative Reference: W02004/46107 (p219) and

10.1016/ tetlet.2013.08.059 AND 10. and
10.1016/50040-4020(02)00376-9 and 10.1021/j000015a026

\LVBQ . ﬁj

Name: Carboamination of aryl amines
Calculated yield: moderate

Typical conditions: Cu(EH)2.Cs2C03.DMF.190C

Bustrative Reference: DOt 10.1021/01702401w

Name: Allykic oxidation to ketone
Calculated yield: moderate

Typical conditions: tBuCOH.Mn(W).or CrO3.py

Bustrative Reference: 10.1021/0K0612296 AND 10.1021/0012638079
AND 10.1016/tetiet 2011.08.165 AND 10.1021/180340735

Name: CBS asymmetric reduction
Calculated yield: good

Typical conditions: chiral borane. THF

Bustrative Reference: DOL 10.1021/a00252a055 and
10.1021/a00259a075

| Navigate

Name: 1,2-Diols clévage with NalO4
Calculated yield: moderate

Typical conditions: NalO4

lustrative Reference:

Navigate
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Name: Intramolecular Michael reaction
Calculated yield: good #11

Typical conditions: 1).t-BuLi HMPA. TMSCL .78 C to rt. 2). H20

lustrative Reference: 10.1021/0K016268u and
10.1016/S0040-4039(00)79887-X

Narme: Shi epoxidation
Calculated yield: moderate

Typical conditions: sugar.based.catalyst KHS0S K2C03.H20 ACN.OC

Nustrative Reference: 10.1055/5-0026-1083545 AND 10.1021/a9722729
AND 10.1021/j2003049d AND 10.1021/j0972106r

—4

Name: Opening of epaxides with bromide via SN2 reaction followed by
depromination
Calculated yield: good #13

Typical conditions:
1.NaBr.MeCN.TSOH.rt.2 H2 PU/C. MeOH.NH4OAC. ACOH it

Nustrative Reference: 10.1016/] tet 2013.06.046 and 10.1021/ja00413a059

Hame: Oxidation of indolines to indoles
Calculated yield: moderate

Typical conditions: DDQ.or.Mn(OAC)3.0r.PAC

lustrative Reference: 10.1016/0040-4020(82)85150-8 AND
10.1016/ et 2012.09.034

. A ~Q0
=

Navigate |

Figure S74. Details of Chematica’s synthesis of Tacamonidine from Figure S70d.
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(S,S,S): 4 kcal/mol

(R,R,S): 23 kcal/mol

aromatic: 13 kcal/mol

Figure S75. Feasibility of intramolecular amination (pathway from Figure S70d, step #10 in
Figure S74) evaluated by intramolecular cyclization post-synthetic-design filter (described in
detail in *27). The calculations confirm that cyclisation of (S,R,S) and (S,S,S) diastereomers (top)
will occur much more readily compared with (R,S,S) or (R R,S) isomers (middle) or the
aromatized substrate (bottom). The red and green values are strain energies calculated as the
difference between the energy of the lowest energy conformer of the substrate and the lowest
energy conformer resembling the transition state (with fixed C-N distance and position relevant
to SN2 mechanism), calculated with Merck Molecular Force Field (MMFF94). 200 conformers
were evaluated in each case. Based on this analysis, we further queried the Chematica software
to design synthetic routes leading to the (R)-precursor of the desired (S,R,S) and (S,S,S) dienes
(for details see Figure S76).
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Name: Tandem oxidation-olefination of aicohols
Calculated yield: good

Typical condtions: oxidant Witig reagent heat

Name: Synthesis of acid chiorides from esters
Calculated yield: good

Typical condtions: 1. LIOH H20.THF 2.

Name: Chriral auxiliary directed enantioselective Micheal addtion
Calculated yieid: moderate

Typical condions: 1.Chiral auxiiary(Oppolzer's Evans' or

evaporate.3.SOCR.or.oxalyl chioride Seebach's).or.ephedrine.2 RMgX 3 LAH
Bustrative Reference: 10.1021/ar050113t and

101016/ tetlet 2012.07.121 and 10.1021/0002128041 and
10.1021/48030133v and 10.1021/0051566e and

Bustrative Reference: 10.1021/a073476s and
10.1016/3tt.2007.04.043 and 10.1002/adsc. 200303011 and

Bustrative Reference: 10.1016/jtetiet 2010.11.083 AND
10.1038/B404205K AND 10.1021/01006410+ AND

10 AN lania 1CGTAITAL ANIN 10 ANIA bat FAIE AE A2 AN

Py / ' y J
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Name: Synthesis of akenes via aicohol dehydration

Name: Amide coupling
Calculated yield: good

Calculated yiekd: good

Typical condtions: phosphate.sulfate Typical condtions: SOC2.DCM

HN
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Name: Ozonolysis

Name: Enders SAMPRAUP skylstion
Calcusted yieis moderste

Name: Tebbe Okefination
Cakculated yiekd: good

Name: Amide couping
Calculated yiekt: good

Colculsted yieis: good
Typical condtions: O3 MeOH CH2CR PPn3 or Me2S low temperature Typical condtions: 1). SAMP or RAMP.cat acii.refux 2) LDA 0C 3).

Typical condiions: Cp2TCH2 AMe3 pyridne tolsene THE
haide. -100C to 1t 4) 03.0CH

Typical condions: SOC2.0CM

Busirative Reference: DOE 10.1016/50040-4020(02)00080-7 and
10.1058/5-2002-34949

N R LA
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Name. Synthesis of ace chiordes from carboxylc acds
Calculated yield: moderate

Typical condtions: oxalyl chioride.or SOC2

Bustrative Reference: 10.1002/adsc 200303011 and
10.3390/50500714

Name: Tetbe Olefination
Calculsted yield: good

Typical condtions: Cp2TmCH2 AMe3 pyridne toliene THF

Name: Synthesis Of Ayl loddes Via Appel Reacton
Calculated yiek: moderate

Typical condtions: Imidazole PPN 2
Bustrative Reference: DO!

10.1002/1099-0690(200102)2001:3493- AD-£10C492>3.0.002-8
(compound 20) AND 10.1016/46£2014.09.030

Navigate

Name: Amide couping
Calculated yieks: good

Name: Chiral suxiiary drected akylaton of encistes
Calculated yieid: moderate

Typical condions: 1.Chiral auxiiary (Oppolzer's Evans' o Seebachis)
or ephedrine 2 LDA then electrophile Auxiiary removal: DBAL OCH

Bustratwe Reference: 10.1021 d 10.1021/0701831q and
10.1021/#m050059m and 10.1021/a2¢ and

~

Navigate

Typical condtions: Couplng reagent e.g. DCC, EOC, COI or HBTU.
Sowvent e.g. THF, DCM.

e Reference: 10.1021/4m201214d AND
002/anie 201307803 AND 10.1021/82061159 (SL page S4,

Navigate
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M
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Figure S76. Chematica’s syntheses of enantioenriched diene necessary for the preparation of
(S,R,S) and (S,S,S) mesylates from Figure S75. In all synthetic plans, the key steps — installing

the benzylic stereocenter — rely on methodologies using chiral auxiliaries either in conjugated

addition or alkylation.
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S4. Synthesis of Lamellodysidine A
S4.1. Details of Chematica’s output for the Lamellodysidine A pathway.

Name: Synthesis of enones from ketones Name: Alkylation of ketones Name: Shapiro reaction
Calculated yield: moderate Calculated yield: moderate Calculated yield: good

Atom economy: 99% Atom economy: 67% Atom economy: 90%
Typical conditions: TMSOTT then oxidant eg PdCI2. 02 Typical conditions: LDA or other base. THF.-78C Typical conditions: 1. TsNH2NH2.2.N-BuLi

lustrative Reference: 10.1002/anie. 201512005 and lustrative Reference: DOI 10.1021/jo 1019738 OR DOI: llustrative Reference: 10.1021/ja%1561m and
10.3762/bjoc. 10.15 and 10.1021/acs.joc. 5002550 and 10.1021/jm00114a016 10.10164) tetasy 2011.07.014 and 10.1016/0022-328X(96)06228-8
10.1055/5-2002-32603

A S MG, o, he, p=cn,

(NI N (51 e
-_— ®)

He, =,
it cH,

e, H,
N HoE 15 Hy Hy 15
iR +  E—cH, ————— ]

w llj Navigate w w Navigate w w

).
Lj)

Name: Suzuki alkykvinyl coupling Name: Diels-Alder Name: Hydrolysis of hydroxybutenolides
Calculated yield: good Calculated yield: good Calculated yield: moderate

Atom economy: 77% Atom economy: 100% Atom economy: 89%
Typical conditions: 1.9BBN-H.or.pinB-Bpin.Cu.2.[Pd].ligand.base Typical conditions: Lewis acid or chiral Lewis acid. Solvent. Typical conditions: HCl.dioxane.heat

llustrative Reference: llustrative Reference: DOI: llustrative Reference: 10.1016/0857-4166(36)00108-7 and

10.100241521-3773(20011217)40:244544: AID-ANIE4544-3 0. CO;2-N 10.1002/1521-3773(20020517)41:101668::AID-ANIE1668>3.0.C0;2-Z 10.1021/ja00262a006 and 10.1021/ja204027a
and 10.1021/01300575d AND10.1021/ja082508t

Mavigate

Figure S77. Details of Chematica’s raw output for the synthesis of Lamellodysidine A; the
figure complements main-text Figure 5. Expansion of each reaction node provides, inter alia,
reaction miniature, name of the reaction, general class of reaction conditions, and most relevant

literature references with specific conditions.
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S4.2. Synthetic details.

General information. All starting materials and reagents were obtained from commercial
sources and used as received unless otherwise noted. All solvents used were freshly distilled
prior to use. 'H NMR spectra were recorded at 400, 500 or 600 MHz and '*C NMR spectra
were recorded at 100, 125 or 150 MHz with complete proton decoupling. Chemical shifts are
given in 0 relative to the residual signals of the deuterated solvents. High-resolution mass
spectra were acquired using electron ionization (EI) or electrospray ionization (ESI) mode with
a time-of-flight detector. Infrared (IR) spectra were recorded on a Fourier transform infrared
(FT-IR) spectrometer as a thin film on a NaCl plate (film). HPLC analyses were performed on
a HPLC system equipped with chiral stationary phase columns, detection at 254 nm. Optical
rotations were measured at room temperature with a polarimeter. TLC was performed with
aluminum plates coated with 60 F254 silica gel. Plates were visualized with UV light (254 nm)
and by treatment with ethanolic p-anisaldehyde with sulfuric and glacial acetic acids, followed
by heating, aqueous cerium(IV) sulfate solution with molybdic and sulfuric acids, followed by
heating, or aqueous potassium permanganate with sodium hydroxide and potassium carbonate
solution, followed by heating. Reaction products were purified by flash chromatography using
silica gel 60 (230-400 mesh). Microwave reactions were performed with a CEM Discover

single mode platform using 10 mL pressurized vials.

O\I\;j\
.,

/

(35,4R)-3,4-dimethyl-3-vinylcyclohexan-1-one (29).

Prepared via adaptation of procedure from .

To a flask containing Cul (10 g, 52.50 mmol, 2 equiv) was added anhydrous THF (300 mL)
and the mixture was cooled to -78°C. Vinyl magnesium bromide (1.0 M in THF, 105 mL,
105.00 mmol, 4 equiv) was added dropwise over 25 min and the mixture was warmed to -10°C
and stirred for 1.5 h. Next, the mixture was recooled to -78°C and a solution of (R)-3,4-
dimethylcyclohex-2-en-1-one 28 obtained following procedure from % (3.260 g, 26.25 mmol)
in anhydrous THF (72 mL) was added dropwise over 15 min. A solution of HMPA (73 mL,
420.00 mmol, 16 equiv.) and TMSCI (7 mL, 55.13 mmol, 2.1 equiv.) in anhydrous THF (39
mL) was added to the mixture and the reaction was allowed to warm to rt and was stirred for

14 h. Upon completion, the mixture was quenched at 0 °C with 1 M HCI (30 mL) and stirred
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for 1 h. The layers were separated and the aqueous phase was washed with Et2O and combined

organic layers were dried over Na2SOs and concentrated in vacuo. Crude product was purified

by column chromatography (pentane/Et20 4:1) to give 29 (3.298 g, 83%) as a slightly yellow

liquid.

[a]*®p -30.33 (c 1.34, CH2Cl2);

"H NMR (600 MHz, CDCl3)  5.76 (dd, J=17.4, 10.8 Hz, 1H), 5.02 (dd, J=10.8, 0.9 Hz, 1H),

4.96 (dd, J=17.4, 0.9 Hz, 1H), 2.39 (d, J = 13.6 Hz, 1H), 2.36 — 2.32 (m, 2H), 2.09 (dd, J =

14.1, 1.4 Hz, 1H), 1.97 - 1.90 (m, 1H), 1.89 — 1.80 (m, 1H), 1.66 — 1.60 (m, 1H), 0.91 (d, J =

6.9 Hz, 3H), 0.90 (s, 3H);

I3C NMR (150 MHz, CDCl3) 6 211.5, 147.1, 112.2, 53.0, 44.4, 40.7, 38.3, 30.6, 17.0, 15.5;

IR (film) 3084, 2964, 2935, 2875, 1713, 1637, 1457, 1420 cm™ !;

HRMS (EI) m/z: [M]" Calcd for C10H160 152.1201; Found 152.1202.

OQT;;:]\~
1

(4R,55)-4,5-dimethyl-5-vinylcyclohex-2-en-1-one (30).

Ketone 29 (3.080 g, 20.23 mmol) was dissolved in a mixture (2:1) of anhydrous toluene (135

mL) and anhydrous DMSO (67.5 mL). 1-Hydroxy-1,2-benziodoxol-3(1H)-one 1-oxide (IBX)

(54) (11,331 g, 40.46 mmol, 2 equiv) and p-TsOH (0.192 g, 1.01 mmol, 5 mol%) were added,

and the reaction was stirred at 85 °C for 2 h. Upon completion, the mixture was diluted with

Et20 and was washed with sat. NaHCO3s, water and brine. Organic phase was dried over

Na2S0s4, concentrated in vacuo to remove Et20 and the residual solution was poured directly

onto silica gel and purified by column chromatography (pentane/Et20 4:1) to give 30 (2.589 g,

85%) as a slightly yellow liquid.

[a]*p -177.24 (¢ 1.09, CH2Cl2);

TH NMR (600 MHz, CDCl3) § 6.65 (dd, J=10.1, 3.0 Hz, 1H), 5.95 (ddd, J=10.1, 2.5, 0.9 Hz,

1H), 5.80 (dd, /= 17.4, 10.8 Hz, 1H), 5.04 (dd, J = 10.8, 0.9 Hz, 1H), 5.01 (dd, J=17.4, 0.8

Hz, 1H), 2.57 — 2.50 (m, 1H), 2.44 (dd, J = 16.0, 0.8 Hz, 1H), 2.28 (dd, J = 16.0, 0.9 Hz, 1H),

1.06 (d, J=7.5 Hz, 3H), 0.99 (s, 3H);

I3C NMR (150 MHz, CDCl3) 6 199.2, 153.9, 145.7, 128.1, 113.0, 49.5, 42.9, 39.6, 18.5, 14.6;

IR (film) 3084, 3028, 2971, 2879, 2839, 1682, 1640, 1454, 1415 cm™!;

HRMS (EI) m/z: [M]" Calcd for Ci1oH140 150.1045; Found 150.1047.
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(4R ,5S8,65)-4,5,6-trimethyl-5-vinylcyclohex-2-en-1-one (31).

To a solution of diisopropylamine (1.90 mL, 13.56 mmol, 1.25 equiv) in anhydrous THF (55

mL) at -78 °C was added n-BuLi solution (1.6 M in hexanes, 8.48 mL, 13.56 mmol, 1.25 mmol)

and the mixture was stirred for 30 min. Then a solution of enone 30 (1.630 g, 10.85 mmol) in

anhydrous THF (40 mL) was added dropwise and the mixture was stirred at -78 °C for 2 h.

Next iodomethane (3.080 g, 21.70 mmol, 2 equiv) in anhydrous THF (15 mL) was added

dropwise at -78 °C followed by addition of HMPA (7.55 mL, 43.40 mmol, 4 equiv). The

reaction mixture was stirred at -78 °C for 30 min, warmed to 0 °C, and stirred for additional 1

h. Upon completion, the reaction mixture was diluted with Et20 and sat. NH4Cl was as added.

Aqueous phase was extracted with Et2O and combined organic layers were washed with brine,

dried over NaxSOs4 and concentrated in vacuo. Crude product was purified by column

chromatography (pentane/Et20 9:1) to give 31 (1.498 g, 84%) as a slightly yellow liquid.

[a]?®p -257.75 (¢ 1.24, CH2Cl2);

TH NMR (600 MHz, CDC13) § 6.61 (dd, J=10.1, 3.3 Hz, 1H), 5.91 (dd, J = 10.1, 2.3 Hz, 1H),

5.82 (dd, J=17.6, 11.0 Hz, 1H), 5.12 (dd, /= 11.0, 1.1 Hz, 1H), 5.05 (dd, J=17.6, 1.1 Hz,

1H), 2.64 —2.58 (m, 1H), 2.27 (q, /= 7.2 Hz, 1H), 1.09 (d, /= 7.7 Hz, 3H), 1.07 (d, /= 7.2 Hz,

3H), 1.04 (s, 3H);

I3C NMR (150 MHz, CDCls) 6 202.9, 152.5, 143.2, 126.8, 114.5, 50.8, 44.5, 36.7, 20.1, 14.4,

11.3;

IR (film) 3083, 3028, 2976, 2938, 2879, 1681, 1638, 1455, 1415 cm™ !;

HRMS (EI) m/z: [M]" Calcd for C11H160 164.1201; Found 164.1208.

I
(5R,6S5)-1,5,6-trimethyl-6-vinylcyclohexa-1,3-diene (32). Prepared under conditions from 54!
Enone 31 (1 g, 6.09 mmol, 1.0 equiv.) was dissolved in anhydrous THF (31 mL) and cooled to
—78 °C. A solution of LIHMDS (1M in THF, 9.1 mL, 9.135 mmol, 1.5 equiv.) was slowly added

to the flask. The solution was stirred for 1 h before the dropwise addition of a THF solution of

PhNTf2 (3.7 g, 10.35 mmol, 1.7 equiv.; prepared by dissolving in 20 mL anhydrous THF). The
S-127
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mixture was slowly warmed to rt for 2.5 h and was stirred additional 1 h. It was then diluted
with Et2O and washed with sat. NH4Cl. The aqueous layer was extracted with Et20. The
combined organic layers were dried over Na2SOs, filtered, and carefully concentrated (product
is highly volatile!). Crude triflate (6.09 mmol, 1.0 equiv), Pd(OAc)2 (274 mg, 1.22 mmol, 20
mol %), and PPh3 (640 mg, 2.44 mmol, 40 mol %) were dissolved in anhydrous DMF (60 mL).
n-BusN (7.2 mL, 30.45 mmol, 5.0 equiv) and formic acid (0.69 mL, 18.27 mmol, 3.0 equiv)
were added. The resulting solution was heated at 40 °C for 2 h, at which point the reaction
turned black. It was then cooled to rt and purified without extraction. Flash chromatography in
pentane afforded diene 32 (727 mg, 80%) as a colorless liquid (product is highly volatile!).
[a]*®p —157.5 (¢ 2.5, CHCls);

'"H NMR (400 MHz, Cs¢D¢) & 5.77 (ddd, J = 9.4, 5.3, 2.5 Hz, 1H), 5.69 — 5.61 (m, 2H), 5.42
(dd, J=9.4, 3.3 Hz, 1H), 5.01 —4.91 (m, 2H), 2.34 — 2.27 (m, 1H), 1.56 (d, J = 0.8 Hz, 3H),
0.87 (s, 3H), 0.85 (d, J= 7.4 Hz, 3H);

I3C NMR (100 MHz, CsDs) & 145.4, 141.0, 129.9, 123.2, 120.0, 112.5, 44.5, 38.2, 19.8, 13.9,
12.9;

IR (film) 3083, 3033, 2971, 2933, 2876, 2813, 1830, 1674, 1636, 1588, 1445, 1413, 1372,
1100, 1063, 1005 cm™;

HRMS (EI) m/z: [M]" Calcd for C11Hie 148.1252; Found 148.1259.

3-iodo-5-methoxy-5H-furan-2-one (27-I). Prepared under conditions from 5%,

To a stirred solution of 5-methoxy-2(5H)-furanone 5% (1.141 g, 10.00 mmol) in a mixture
(1:1) of THF (25 mL) and water (25 mL) were added successively K2CO3 (1.658 g, 12.00 mmol,
1.2 equiv.), iodine (6.345 g, 25.00 mmol, 2.5 equiv.) and DMAP (0.611 g, 5.00 mmol, 0.5
equiv.). The reaction was stirred at rt for 22 h and upon completion the mixture was diluted
with Et20 and quenched with 1 M Na2S203. Aqueous phase was extracted with Et20, dried over
Na2S04 and concentrated in vacuo. Crude product was purified by column chromatography
(hexane/EtOAc 4:1) to give 27-1 (1.037 g, 43%) as a slightly yellow solid.

TH NMR (500 MHz, CDCI3) 6 7.50 (d, J = 1.4 Hz, 1H), 5.80 (d, J = 1.4 Hz, 1H), 3.57 (s, 3H);
13C NMR (125 MHz, CDCl3) 6 167.6, 155.3, 105.4, 91.4, 57.1;

IR (film, CH2Cl2) 3093, 2939, 2842, 1772, 1599, 1445 cm™!;

HRMS (EI) m/z: [M]" Calcd for CsHsIO3 239.9283; Found 239.9286.
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5-methoxy-3-(2-((18,6R)-1,2,6-trimethylcyclohexa-2,4-dien-1-yl)ethyl)furan-2(5H)-one
(33). Prepared under conditions reported in 5%°.

Triene 32 (44.5 mg, 0.3 mmol) was dissolved in anhydrous THF (0.4 mL). 9-BBN-H (0.5 M in
THF, 0.9 mL, 0.45 mmol, 1.5 equiv.) was added dropwise. The reaction mixture was stirred at
rt for 2 h and then quenched with water (27 puL, 1.5 mmol, 5 equiv). To this solution iodide 27-
I (86 mg, 0.36 mmol, 1.2 equiv.) in anhydrous THF (0.8 mL) was added. The solution was
cooled to 0 °C and Pd(PPh3)4 (35 mg, 0.03 mmol, 10 mol%) in anhydrous THF (1.15 mL) was
added dropwise. After 5 min, TIOEt (32 L, 0.45 mmol, 1.5 equiv.) was added to the orange
solution over a 10 min period. After 2 h at 0 °C, reaction was quenched with 1M NaxS203,
filtered through a Celite plug and extracted with Et2O and water. The combined organic phases
were dried over NaxSO4 and concentrated in vacuo. Crude product was purified by column
chromatography (hexane/EtOAc 9:1) to give 33 (43 mg, 55%) as a slightly yellow oil.

TH NMR (500 MHz, CsDs¢) 8 5.72 — 5.71 (m, 1H), 5.44 (dd, J = 9.5, 5.3 Hz, 1H), 5.32 - 5.29
(m, 1H), 5.19 - 5.15 (m, 1H), 4.83 —4.81 (m, 1H), 2.80 (s, 3H), 1.84 — 1.78 (m, 3H), 1.32 (d, J
=8.4 Hz, 3H), 1.24 - 1.19 (m, 1H), 0.55 (d, /= 7.2 Hz, 3H), 0.49 (d, J = 4.6 Hz, 3H);

13C NMR (125 MHz, CsDs) 6 170.5, 141.0, 141.0, 140.7, 138.8, 130.5, 122.5, 120.6, 120.6,
102.0, 102.0, 55.8, 55.7, 39.9, 39.8, 35.8, 35.6, 34.3, 34.2, 20.8, 20.8, 19.3, 19.2, 17.8, 17.8,
13.3;

IR (film) 3031, 2964, 2934, 1770, 1660, 1590, 1448, 1367, 1338, 1258, 1205, 1123, 1078, 1026
cm ;

HRMS (ESI) m/z: [M + Na]" Calcd for C16H2203Na 285.1461; Found 285.1467.
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Lamellodysidine A (35).

Diels-Alder intramolecular cycloaddition

Toluene (2.4 mL) was added to a reaction vial charged with the starting material 33 (31 mg,
0.12 mmol). The mixture was then irradiated with microwaves in a CEM Discover apparatus
for 5 min, setting the temperature to 170 °C and setting the stirring to “high”. Upon completion,
the mixture was concentrated in vacuo and the crude product (~1:1 mixture of diastereoisomers)
was directly submitted for the next step without further purification. Diagnostic signals from
proton NMR spectrum, which confirm the presence of the Diels-Alder product 34:
'"H NMR (400 MHz, CDCl3) 6 6.26 — 6.15 (m, 1H, H-10), 5.81 (dd, /= 8.2, 1.4 Hz, 0.48 x 1H,
H-11),5.54 (dd, J=8.1, 1.2 Hz, 0.52 x 1H H-11), 5.29 (d, /= 7.6 Hz, 0.52 x 1H, H-1), 4.81 (d,
J=3.9Hz, 0.48 x 1H, H-1), 3.45 (s, 1.44 x 3H, OMe), 3.44 (s, 1.56 x 3H, OMe).
Stereospecific hydrolysis of the methoxyacetal performed under conditions reported in 54,

To a solution of crude cycloaddition product (0.12 mmol) in methanol (2.4 mL) 1M KOH (0.6
mL, 5 equiv.) was added and the mixture was refluxed for 1 h. Upon completion. the mixture
was acidified with conc. HCI and diluted with DCM. Water was added, the layers were
separated and the aqueous phase was extracted with DCM. Combined organic layers were dried
over NaxSO4 and concentrated in vacuo. Crude product was purified by column
chromatography (hexane/EtOAc 4:1) to give 35 (20 mg, 67% (2 steps)) as a white solid.
Analytical data match those reported in the literature®’.

[a]**p -56.77 (¢ 1.27, CH2ClL2), (Specific optical rotation of Lamellodysidine A reported
previously’” was measured in methanol. Due to very poor solubility of 35 in methanol, we
decided to measure the optical rotation in DCM);

'TH NMR (600 MHz, CDCl3) 8 6.20 (dd, J = 8.3, 6.5 Hz, 1H), 5.81 (dd, J = 8.3, 1.3 Hz, 1H),
5.26 (d,J=3.9 Hz, 1H), 2.66 (dddd, J = 6.5, 3.9, 2.5, 1.3 Hz, 1H), 2.41 — 2.35 (m, 1H), 2.30 (t,
J=3.9 Hz, 1H), 1.80 (td, ] = 12.6, 4.6 Hz, 1H), 1.72 — 1.66 (m, 2H), 1.60 — 1.55 (m, 1H), 1.14
(s, 3H), 0.82 (d, J =7.3 Hz, 3H), 0.79 (s, 3H);

13C NMR (150 MHz, CDCl3) & 178.6, 135.4, 132.5, 99.6, 60.5, 57.6, 51.4, 48.7, 46.8, 39.2,
38.2,33.1, 18.4,17.0, 15.6;

IR (film, CH2Cl2) 3295, 2977, 2933, 2886, 1719, 1471 cm™!;

HRMS (ESI) m/z: [M + Na]" Calcd for C1sH2003Na 271.1310; Found 271.1302.
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Isolated Lamellodysidine A*"

Synthetic Lamellodysidine A
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Figure S78. "H NMR and 3C NMR Data (600/150 MHz, CDCl;) for isolated and

synthetic Lamellodysidine A.
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Figure S79. 'H NMR (top) and *C NMR (bottom) spectra of compound 29.
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Figure S85. '"H NMR (top) and '*C NMR (bottom) spectra of compound 35.
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Recent years have witnessed increased interest in systems that are capable of
supporting multistep chemical processes without the need for manual handling of
intermediates. These systems have been based either on collections of batch reactors'
oron flow-chemistry designs?*, both of which require considerable engineering
effort to set up and control. Here we develop an out-of-equilibrium system in which
different reaction zones self-organize into a geometry that can dictate the progress of
an entire process sequence. Multiple (routinely around 10, and in some cases more
than 20) immiscible or pairwise-immiscible liquids of different densities are placed
into arotating container, in which they experience a centrifugal force that dominates
over surface tension. As aresult, the liquids organize into concentric layers, with
thicknesses as low as 150 micrometres and theoretically reaching tens of
micrometres. The layers are robust, yet can be internally mixed by accelerating or
decelerating the rotation, and each layer can be individually addressed, enabling the
addition, sampling or even withdrawal of entire layers during rotation. These features
are combined in proof-of-concept experiments that demonstrate, for example,
multistep syntheses of small molecules of medicinal interest, simultaneous acid-base
extractions, and selective separations from complex mixtures mediated by chemical
shuttles. We propose that ‘wall-less’ concentric liquid reactors could become a useful
addition to the toolbox of process chemistry at small to medium scalesand, ina
broader context, illustrate the advantages of transplanting material and/or chemical

systems from traditional, static settings into a rotating frame of reference.

Theinspiration for our research comes from the so-called density col-
umns®>®inwhich immiscible or pairwise-immiscible liquids stack up
vertically—if such a multilayered column contained different reagents
in different layers, it could potentially drive a multistep reaction of
chemicals migrating thoughtit. In practice, however, static stacks are
easily destabilized by capillary forces or by small mechanical distur-
bances, so the layers must be thick and cannot be internally mixed to
speed up transport. Both of these limitations result in very long reagent
diffusion times, and thus render the idea impractical.

To avoid such problems, we prepared the stacks not in a static col-
umnbutinarotating cylindrical container. Inthebasic designinFig.1a,
the container is mounted on a vertically aligned shaft of an electric
motor. Without rotation the liquids are layered horizontally, with the
densest liquid (transparent Fluorinert FC-40) at the bottom. When
the container starts to rotate, the liquids adopt slanted profiles with
increasing slopes, and ultimately—at the highest rotational speed
(w.=2,600 rpm)—assume a concentric-layer configuration in which
FC-40 forms the outermost ring and the central portion of the con-
tainer is occupied by air (for theoretical details of layer evolution,

see Supplementary Information section 4 and Supplementary
Video 8).

Liquids canbe added to an already-rotating stack by simply dispens-
ing them either near the centre of rotation or via a system of channels
embedded in the bottom surface of the container (Fig. 1b, ¢, Supple-
mentary Videos1,2). Notably, when the addition of different liquids is
sequential, not only all-immiscible but also pairwise-immiscible liquids
can be stacked up: with adequate control of liquid addition, stable
stacks comprising more than 20 layers can be assembled (Fig. 1d-f).
By using channels of different geometries, itis also possible to modify
desired, individual layers within the stack: by injecting additional com-
ponents, drawing small-volume samples, or even removing an entire
layer out of the rotating stack (see Supplementary Figs. 1-4, Supple-
mentary Videos 2,7).

At constant rotational speed and with the liquids subject to
rigid-body rotation, the transport processes across each layer are purely
diffusive and are therefore slow. A considerably more rapid transport
and efficient mixing within (Fig. 2a, b) and between (Fig. 2c) the layers
can be achieved—within seconds—by periodically decelerating and
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Section S1. System’s components and setup.

Figure S1. Details of a generic system enabling chemical reactions in multilayered liquids.
a, Photograph of the system: rotating chamber (1) driven by brushless motor (2) is illuminated
by stroboscope (3) in the field of view of a camera (4). In most experiments, the frame rate of
the camera, pulses of light from a stroboscopic lamp, and rotational speed of the chamber are
synchronized at frequencies 25, 30, 50, 60, 75 or 90 Hz, providing stationary views of the
rotating assembly for one of standard frame rates of the camera (25, 30, 50 or 60 f.p.s.). The
chamber consists of b, an aluminum rotor (5), to which c, replaceable insets made of Teflon (6)
are tightly inserted, sealed with a NBR O-ring against quartz lid (7), and compressed together
with an aluminum ring (8). Internal dimensions of the cavity in the Teflon inset (6) ranged,
depending on the rotor, from 70 to 75 mm (diameter) and 10 to 15 mm (height). Materials of
the chamber intended for permanent contact with liquids (i.e., Teflon inset, quartz lid) are highly
resistant to harsh chemicals. Additionally, the quartz lid (7) is silanized with vapor-deposited
1H,1H,2H,2H-perfluorooctyltrichlorosilane to prevent wetting by water phases and to match
contact angles of liquids with the bottom surface of the chamber (i.e., with Teflon). In the
middle of the insert (6) there is a stainless steel mandrel (9) with coaxial port, connected (via
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channels drilled inside of the Teflon insert) with small holes (0.3 to 1.5 mm diameter) in the
floor or side walls of the internal cavity of the Teflon inset. These ports are used for injecting
liquid into (or removing from) a preselected layer inside the rotating chamber. d, If two points
of access (including the central port, and direct access to the innermost layer through the
opening in the lid (7)) are not sufficient, additional channels and corresponding holes at
different radial positions may be selected by shifting the mandrel (9) along the axis of rotation
— in this way the central port may be dynamically reconnected between two (as shown in the
schematics) or more channels without stopping the rotor. Undercuts in the side wall of the
chamber, as well as inclination of drilling angle of the channel accessing most external layer,
facilitate redrawing its whole volume when liquid is collected from the rotor. e and f, Accessing
two different radial positions by pushing the mandrel (9) deeper into the rotor. See Figure S2
for demonstration of this modality in a rotating multilayer system.

Figure S2. Demonstration of a multilayer system with three points of access. a, Initially,
the chamber (shown in Figure S1d-f, with diameter 75 mm and height 13 mm) is filled with
six liquid layers injected by the opening in the center of the lid. From the densest (outermost,
introduced as the first one) these layers are: 1: dibromomethane (DBM), 2: CsCl in water (64%
wiw), 3: tetrachloroethylene (TCE), 4: 1,2-dichlorobenzene (DCB), 5: water, and 6: toluene.
Note that TCE and DCB are mutually miscible, thus layers 3 and 4 form continuous density
gradient, gradually smoothed by diffusion. b, Addition of a blue dye (Sudan Blue 1) in
DBM/chloroform 5:1 v/v to layer 1 by central port connected to a hole in the chamber’s side
wall (as in Figure S1e). Since the added solution is less dense than DBM (but still denser than
CsCl brine in layer 2), it tends to surround the inner boundary of layer 1, leaving the outermost
region transparent (note that in the image, visibility of the dyed regions is also affected by angle
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of incidence of light from the stroboscopic lamp). ¢, The same central port has been reconnected
to 0.3 mm hole in the floor of the chamber (akin to Figure S1f) and is now used for adding
mixture of TCE and DCB (1:1 v/v) dyed with Oil Red EGN into the zone between layers 3 and
4. Although miscible with both of these layers, the red dyed zone remains in the middle. d,
Quinoline yellow in toluene/hexane (5:1 v/v) is injected directly to the opening in the center of
the lid — i.e. in the same way as used for the creation of multilayer assembly from (a). As the
lightest liquid in the system, the yellow solution remains close to the inner boundary of layer 6.
e, After 8 seconds of mixing (two 4-second cycles in which rotational speed, w., varies from
1500 to 2250 and back to 1500 rpm), layers 1 and 6 are virtually homogenized, while more
voluminous layers 3 and 4 required approximately a minute (15 cycles) to reach the f, “well
mixed state”. Note that there are no traces of cross-contamination between layers which are
separated by at least one immiscible layer —i.e., from 1 to 3/4 and from 3/4 to 6. g-i show top
views of the same system at instances of time roughly corresponding to (d), (e) and (f). Light
strikes from upper the left corner of the photographs (~ 10 o’clock), therefore the best
correspondence between distribution of colors in pictures and actual distribution of dyes is
achieved at 1 and 7 o’clock.
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Section S2. Additional examples of advanced operations on existing layers.

Preparing layers of mutually immiscible liquids does not have to be limited to sequential
loading. Thanks to the access to internal layers by channels in the floor of the chamber, we can
modify the existing layer(s) in order to create a new layer between them or even in the middle
of an existing layer. One of such operations was already shown in the main text Figure 5a-f —
the new layer was created as a result of phase separation ongoing within an existing layer. Yet
another way of introducing new layers is shown in Figure S3 and Movies S5, S6, and S7 (the
Movie S7 correspond one-to-one to subsequent panels of Figure S3 and its continuation in
Figure S4). First, an initial single-phase layer is differentiated by heavier or lighter admixtures
in order to create continuous density gradient. Figure S3a shows such a gradient prepared by
sequential injection of specified volumes of mutually miscible organic solutions with three
different densities: 2.47, 1.72 and 0.97 g/mL. Due to the flows created during the deposition
(by pipetting on the floor of rotating chamber) and later due to diffusion, these liquids partially
intermix, creating a smooth density gradient with two zones of gradually decreasing density.
Therefore, when water phases of densities 2.1 and 1.35 g/mL are slowly injected through the
hole in the floor of the chamber (Figures S3b and S3c, correspondingly), they form two clouds
of droplets localized in zones of matching density. The droplets slowly coalesce (Figures S3c
and d) but do not form full layers, so that mutual diffusion of lighter and heavier organic
solvents is not stopped and may lead to further degradation of the layers. However, thirteen-
fold increase of the centrifugal acceleration (by slowly changing the rotational speed from 1500
to 5400 rpm) transforms the clouds of droplets into fully closed rings, as seen in Figure S3e.
The smoothed density gradients, however, remain unchanged, so that some droplets of
intermediate density (created when lighter water phase started to flow through a channel
occupied by remainders of the heavier one) hang in the middle of organic layer, at points of the
density gradient matching the composition of the droplets. In order to make these droplets join
one of two full water phase rings we need to equalize the continuous density gradient, i.e.
homogenize the content within each organic layer — we do so by performing a series of mixing
cycles, as described in Section S3 and main-text Figure 2. The result of this procedure is shown
in Figure S3f. The obtained five-layer two-phase system does not differ from systems created
by sequential loading of alternating water and organic phases and it can be subjected to further
modifications similar to those demonstrated in Figures S2, S6 and main text Figure 2a — as an
example, we present addition (Figure S4a-c and Movie S7), mixing (S4d-e and Movie S7),
and drawing a sample (S4f) of liquid from the middle layer (3 of 5) of the same liquid assembly.
All these operations preserve the integrity of layers and do not lead to any visible cross-
contamination of layers (in particular, layers 1 and 5 remain clear despite of large concentration
of dyes in layer 3, from which they are separated only by thin water-phase layers 2 and 4).

Another demonstration of adding a new, immiscible layer in the middle of an existing layer is
shown in Movie S5. In contrast to Figure S3, the steepest zone of the continuous density
gradient of the organic phase is located at the same radial position as the hole in the floor of the
chamber, from which the new water phase is introduced. For this reason, instead of small
droplets, this water phase collects itself into larger lobes or flakes, spaced along the zone by
currents driven by Coriolis force. For comparison, Movie S6 demonstrates a related experiment
in which the added liquid has the same density and viscosity as in Movie S5, yet is miscible
with the neighboring liquids so that the introduced ring slowly fades away due to diffusion
(shown, after 20 minutes, at the end of Movie S6).
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Figure S3. Introducing new immiscible layers into an existing single-phase continuous
density gradient. a, Creation of the density gradient by sequential pipetting of 20 mL
dibromomethane (DBM, density 2.47 g/mL), 25 mL of DBM / tetralin mixture (1:1 v/v, 1.72
g/mL) and 8 mL of tetralin (0.97 g/mL). b, Introduction of the first water phase: water solution
of sodium metatungstate with density 2.1 g/L, dyed by Light Green SF. The stream of the
injected phase enters the chamber by the hole in its floor; it forms a series of droplets that find
their way to a radial zone of matching density. The trajectories of droplets are curved by Coriolis
force, which is also responsible for moving the emerging band of droplets away from the hole
(instead of placing all the droplets at the same angular position). c, Introduction of the second
water phase, sodium metatungstate in water, 1.35 g/mL, dyed with Orange G. d, 5 minutes later,
with the same rotational speed (1500 rpm): some droplets coalesce, but they do not form closed
rings for this speed as long as the surrounding organic phase does not differ enough in terms of
density. e, After increasing the speed to 5400 rpm, the water “fragments” form fully closed
rings, but the continuous density gradient still remains, preventing droplets of intermediate
density from joining one of these rings. f, After a minute of mixing by oscillating rotational
speed between 3000 and 2250 rpm, the gradient flattens and all droplets become parts of one
of the two rings.
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Figure S4. Continuation of the demonstrations from Figure S3 illustrating some “typical”
operations on the middle (3 of 5) layer, performed without cross-contamination between
this layer and neighboring organic layers. a, Addition of ~1 mL of DBM / tetralin, 2:3 v/v
(density 1.57 g/mL) dyed with Oil Red EGN. b, Addition of ~1 mL of DBM / tetralin, 3:2 v/v
(density 1.87 g/mL) dyed with Sudan Blue Il. ¢, The resulting gradient of colors and density
evolves very slowly due to diffusion, but is rapidly homogenized after applying d, one mixing
cycle within six seconds and e, ten mixing cycles within one minute. f, Sampling the liquid
from the processed layer, with using the same hole in the floor of the chamber as had been used
for adding new liquid in (a) and (b).
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Section S3. Internal flows and further details of mixing within thin layers.

h | 2 cm

- =

Figure S5. Flows induced by changing angular speed of the rotor and accompanying
deformations of layers. a, Vertical and radial components of liquid circulation induced by
deceleration (top panel) and acceleration (bottom panel) of a cylindrical container rotating along
vertical axis (shown is the cross-sectional plane containing this axis; transversal component of
flows — perpendicular to the plane — are not shown, despite being much larger than radial and
vertical components). b, Deceleration, and c, acceleration of a four-layer system composed of
fluorinert FC-40 (most dense, transparent), water/PEG 35000/K3PO4 ATPS (salt-rich layer —
yellow, PEG-rich layer — orange), and hexadecane (blue). d, Equilibrium, e, smooth
deceleration, and f, smooth acceleration of a similar four-layer system with FC-40 (transparent,
density 1.855 g/mL), water/PEG 2000/CsCl ATPS (salt-rich layer, dyed with 4-nitrophenol,
density 1.800 g/mL; PEG-rich layer, dyed with 4-nitrophenol and Congo red, density 1.535
g/mL), and hexadecane (0.770 g/mL, dyed with Sudan blue Il). Due to low density difference,
the interface between FC-40 and denser ATPS fraction is deformed to large extent, whereas the
interface between lighter fraction of ATPS and hexadecane (density difference 0.765 g/mL)
remains virtually unchanged. g, Emulsification of the same system achieved by cyclic repetition
of h, rapid deceleration (from 2200 to 1300 rpm within two seconds) and i, rapid acceleration
(back to 2200 rpm within two seconds). After stopping the cycles at the higher speed (2200
rpm), the system from (g) requires about 30 seconds to come back to clean, fully separated state
as in (d). Note that despite low density difference (0.055 g/mL) between FC-40 and aqueous
phases, this interface does not undergo emulsification — it only deforms its shape in a continuous
manner. Intense emulsification occurs only at the interface between two fractions of ATPS,
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whose densities differ by 0.265 g/mL, but interfacial tension is much smaller than between any
water phase and FC-40 or hexadecane.

H
o
L
-

Figure S6. Top-view snapshots of the rotor from main-text Figure 2a (illuminated by
stroboscopic pulses at the frequency of 60 Hz) during the cycle of demonstrations including:
a, sequential loading of seven liquids (also in the Movie S1). b, Addition of dyed liquids into
the layer connected with the central port by a channel running under the bottom surface of the
chamber (also in the Movie S2). ¢, Lack of appreciable mixing 10 minutes after (b). d, Intense
mixing within the layers (easily visible in the layer with added dyes; cf. Movie S3) caused by
rapid variations of the chamber’s rotational speed. Despite local eddies and shear forces
(evidenced by Kelvin Helmholtz instability, visible in the layers with non-uniform distribution

2
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of dyes), all layers and interfaces remain intact. e, End-result of the mixing, just a few second
after (d). f, Demonstration of sampling or withdrawing liquids from the existing layers (also
shown at the end of the Movie S2). g-J, High resolution photographs evidencing that the dyes
injected in (b) do not migrate into or contaminate other layers of compatible polarity. Image (g)
shows freshly assembled layers; (h) corresponds to the situation from (c); (i) — to the situation
from (e), and (j) — to the situation after the instance (f), when the two innermost layers are
already withdrawn. The composition of layers in (g), as indicated by numbers, is: 1 solution of
tetrabromomethane and Sudan | in dibromomethane (orange, density 2.80 g/mL), 2 aqueous
solution of sodium polytungstate and Light Green SF Yellowish (green, 2.52 g/mL), 3 mixture
of dibromomethane and tetrachloroethylene (clear, 2.2 g/mL), 4 aqueous solution of cesium
acetate with Alizarin Red S (dark brown, 1.8 g/mL), 5 tetrachloroethylene with hexadecane
(clear, 1.420 g/mL), 6 similar to (4) but with smaller concentration of the salt (dark brown,
1.085 g/mL), and 7 hexadecane (clear, 0.77 g/mL). Dyes introduced into the layer 5 in (b) and
(c) were dissolved in a mixture of tetrachloroethylene and hexadecane with densities 1.4 g/mL
for the yellow dye (Sudan I) and 1.44 for the blue one (Sudan Blue I1).

4
—

2 cm

Figure S7. Mixing by Rayleigh-Taylor instability. At time zero (first snapshot), pure
n-decane is added to the rotor containing three phases — transparent, most dense fluorinated oil
HFE7500, methanol dyed with Orange G, and 5% n-octane in n-decane with Sudan Blue Il. As
a result of density difference between pure n-decane and the blue layer (the latter is about 0.2%
denser), the developing Rayleigh-Taylor instability mixes the layer preliminarily within a few
seconds (timestamps) and further mixing ensues due to diffusion. Rotation speed is kept
constant at 3000 rpm. Compared to Rayleigh-Taylor instabilities observed in non-moving
containers, centripetal acceleration (here, c.a. 200xg) increases the speed of the process and
makes the flows more turbulent. Moreover, the instability pattern becomes skewed due to
Coriolis force.
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Section S4. System’s stability and scalability.

S4.1 Practical consideration for the preparation of stacks comprised of large numbers of
layers. In preparing stacks comprised of large numbers of layers, two practical considerations
are useful. First, as the density differences between adjacent layers in such stacks may happen
to be small, one should strive to minimize the use of solvents that exhibit even marginal mutual
solubility and should also make sure that the most volatile components do not evaporate — both
of these processes can nullify density differences and render the layers unstable. Second,
minimum thickness of mutually immiscible layers is limited by interfacial tension and capillary
phenomena — overcoming them requires higher rotation speed, w,., which scales as N3/ for N
pair-wise immiscible layers covering constant range of densities and the same total thickness
(for the derivation of this scaling, see Section S4.2). We note that in the absence of interfacial
tension, i.e., when layering mutually miscible liquids, high w, is only relevant to minimize
turbulent mixing during addition of a new layer. Naturally, with time such layers are slowly
being blurred by diffusion (maintaining a molecular density gradient against diffusion by
centripetal acceleration is only possible in most advanced, ultra-high speed centrifuges?).

Figure 1d-f in the main text, and its extended version presented below as Figure S8,
demonstrate both types of stacks and also their obliteration: by lowering w., for mutually
immiscible layers (S8d), or due to diffusion, for miscible ones (S8f).

12
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Figure S8. Systems with large number of layers (extended version of Figure 1d-f from the
main text) a, Densities and ingredients of b, solutions (here, in 20 and 40 mL vials) used for
¢, the construction of a 22-layer, discrete density “staircase” in a chamber rotating at 5400 rpm.
Water phases (W, odd numbers, no dyes) contain different concentration of sodium
polytungstate (SPT), sodium metatungstate (SMT) or cesium chloride (CsCl). Organic phases
13

https://2dih.org.pl



are mixtures of tetrabromomethane (TBM), dibromomethane (DBM), 1,4-dibromobutane
(DBB) and n-decane (D) dyed with Sudan Blue 11 (13.3 mg/L) in layers 2, 8, 14 and 20, Sudan
| (26.6 mg/L) in 4, 10, 16 and 22, and Oil Red EGN (13.3 mg/L) in 6, 12 and 18. Amounts of
liquids injected into the chamber were 3 mL for layer 1, 2.4 mL for layers 2 to 5, 2.1 mL for 6-
9, 1.8 mL for 10-13, 1.5 mL for 14-17 and 1.4 mL for 18-22. Appearance (i.e., the colors) of
layers does not show any cross-contamination between different layers. d, As the rotation speed
was decreased to 1500 rpm, the layers became unstable, broke into arcs (cf. main-text Figure
2), and coalesced. For comparison, e and f show a single phase, 17-step density gradient created
in the same rotor by mutually miscible water solutions of Nal, methanol and polyethylene glycol
(35k PEG, the same concentration of 125 g/L in all layers) of densities linearly decreasing from
1440 to 926 g/mL. f, In the absence of interfacial tensions, the layers do not break when rotation
speed is slowly decreased to 750 rpm, however, their boundaries are gradually blurred by
diffusion.

S4.2 Minimal thickness of a stable layer.

With reference to main-text Figure 2d, we consider a liquid of volume V and density p, forming
an arc of radius r and thickness d between neighboring layers of liquids having densities p +
Ap in a chamber rotating with angular velocity w = 2mw.. As long as d is small compared to
r and to the span of the covered area, the surface energy of the orange liquid can be
approximated? by Eg = 2yV/d, where the factor of two accounts for both sides of the
considered layer, and y is the interfacial tension, assumed equal for both sides. Potential energy
related to the displacement of the yellow liquid with respect to the dotted line in the presence
of centripetal acceleration, a = w®r, may be calculated as E,, = ApaVd /4. Minimization of
the total energy E; + E, over d then gives the minimal thickness of a stable layer,

J |8y 2|2
min = JApa - w. [Apr 1)

Below this value, the layer becomes metastable and, in response to large enough perturbations,
may break into an “arc”, as in main-text Figure 2e-f. As a consequence, the previously
separated layers come into direct contact and — if they are mutually miscible — coalesce, as in
Figure S8d.

The derived dependence implies that for given liquids (i.e., given Ap and y), maintaining
thinner layers requires higher rotational speeds or larger radial distances from the axis of
rotation. For systems of N layers (see Section S4.1) covering fixed range of densities and
stacked between fixed radial positions, minimum w needed to stabilize the system scales as
N+/N, assuming constant interfacial tension between adjacent layers. This scaling follows from
eq. 1 solved for w, under assumption, that in order to substitute N layers by kN layers (for k >
1) their thicknesses must be scaled from d to d/k, while differences of density from Ap to
Ap/k. Thus w scales as kv'k. We also note that for a typical system of oil-water phases (y ~
50 mN/m), the lowest theoretically available thickness of layer is of the order of 10 um — the
value obtained for Ap = 0.5 g/mLand a = 10° g, as available in top-speed ultracentrifuges.

S4.3 Scalability considerations.
Regarding upscaling the system for industrial applications, we envision three main approaches:

1) Parallelization (using many rotating drums in parallel) can take advantage of placing many
rotating drums on the same axle. One industrial precedent for this upscaling method is
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parallelization of uranium isotope separation centrifuges, which rotate at speeds above
60 000 rpm and for this reason remain relatively small in diameter (about 30 cm).

2) Increasing all dimensions of the system (including thicknesses of liquid layers). This can be
advisable in applications that focus on efficient inter-layer mixing by the
acceleration/deceleration cycles. We discuss this type of upscaling in Sections 4.3.1-4.3.3
below.

3) Increasing only the axial length of the drum. This can be useful in applications that focus
on creating very thin liquid layers in a steady-rotation regime. In this case, required transport
of species can be satisfied by diffusion (since layers are thin) and may not necessitate
mixing by acceleration/deceleration cycles. Furthermore, long drums allow for reversible
change of topology without disruption of liquid layer sequence: by tuning the rotational rate
of a drum whose axis is along the gravity vector, it is possible to gradually and reversibly
switch from non-rotating vertical stack of thick layers (convenient for loading/unloading)
to a radial stack of same, but now very thin layers under rotation (enjoying fast and tunable
diffusive transport and other advantages we demonstrated in this work). Operation of axially
long drums is discussed in Sections S4.3.4. and S4.3.5.

S4.3.1 Dynamic stability of concentric fluid layers in a steady-rotation regime.

In a steady rotation regime, fluid flows are absent in the rotating frame of reference of the drum.
In drum’s reference frame, fluids experience radial fictitious force that arises due to centrifugal
acceleration and acts analogously to gravitational acceleration. Thus, changing dimensions of
the drum while maintaining the same centrifugal acceleration does not affect the steady rotation
regime except for changing the curvature of the interfaces; it also does not affect the stability
of layers, provided that their thickness is larger than the minimum given by eq. (1) in
Section S4.2.

However, due to mechanical imperfections, rotation of the drum may not be perfectly uniform
and circular. The motor, transmission belts, and other moving components of the system may
cause vibrations of the drum, especially at the main frequency w or its overtones. These
vibrations may excite waves on the liquid interface that are analogous to the waves on the
surface of the ocean. These waves are called “gravity waves,” since gravity is the force that
tries to restore the equilibrium position of the liquid surface — i.e., make surface flat in case of
the ocean. In our case, the role of gravitational acceleration is played by the centrifugal
acceleration.

With these general considerations, we consider a layer bounded from outside by the wall of the
rotor, r = R and of thickness h (i.e., with inner radius » = R — h). For normal waves that
modulate layer thickness along its circumference, modes are defined by integer number N of
wavelengths equal to the circumference 2 (R — h) of the drum at the liquid surface r = R —
h; therefore N-th mode has wavevector ky = 2m/A = N/(R — h). Dispersion relation
between the wavevector k and the wave frequency w,, is given by Airy wave theory for linear

gravity waves: w,, (k) = \/ a k - tanh(k h), where a in our case is the centrifugal acceleration
w?(R — h) at the liquid’s surface. The frequency of the N-th mode is thus wy = wy (N/(R —
h)) = w\/N -tanh(N h/(R — h)). N-th mode can be resonantly excited by the M-th overtone

of the main system frequency w whenever wy = Mw, which is equivalent to the following
condition:

M2/N = tanh(Nh/R) )
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Note that since for positive x, function tanh(x) < 1, condition (2) can only be satisfied when
M? < N and

R 14 N
7= TN 3
h arctanh (MT) (3)

To minimize waves, ratios of drum radius to liquid layer thickness given by (2) should be
avoided. Figure S9a shows all such “resonant” ratios R /h within therange 1 < R/h < 30. The
“angular wavelength”, plotted on the Y-axis, is defined as 1 - 360° /(2 (R — h)) = 360°/N; it
measures the angle of a circular sector corresponding to wavelength A. For example, R/h < 4
is one of the “safe” intervals, according to this analysis. Figure S9b illustrates a wave we
observed in our system before fixing clearances of the main ball bearings of the rotor. The
measured angular wavelength, c.a. 21° (ratio R/h =~ 11.5), roughly corresponds to a
theoretically predicted mode with N = 17 (angular wavelength 360/17 = 21.176°, M = 4
and R/h = 10.724). We note that our treatment does not take into account waves running along
the axis of rotation (please see Figure S9c), nor resonances which frequencies that are not
simple overtones of w.
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g ] ® M=3 . 3
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Figure S9. Resonant waves excited by mechanical vibrations of the rotor. a, Theoretical
predictions (calculated based on eq. 3) of ratios of the drum’s radius to the liquid layer
thickness, R /h, for which resonant waves can be excited by overtones of rotational frequency
of the rotor, Mw. Shapes and colors of symbols correspond to different values of M. b, Waves
detected in our system before fixing clearances of the main ball bearings of the rotor. Although
the presented theory does not strictly apply to waves in a multilayer system with layers of
different densities, the measured angular wavelength, c.a. 21°, and ratio R/h ~ 11.5, roughly
correspond to a theoretically predicted mode with N = 17 (angular wavelength 360/17 =
21.176°), M = 4 and R/h = 10.724, indicated by the arrow between panels (a) and (b). c,
Resonant waves in a three-layer system, illustrated in cross-section in d, and made of 28 mL
FC-40 fluorinated oil, 2.5 mL 1,8-dibromooctane, DBO, dyed with Sudan Black B, and 22 mL
methanol with water (10% wi/w, added to lower solubility of the dye in methanol) in an
elongated, 75 mL glass tube (26 OD, 23.32 ID, c.a. 195 mm long, including 40 mm hidden in
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the mounting spindle) rotating with speeds indicated above snapshots in (c). These waves were
observed only within a narrow range of w., between 3800 and 3900 rpm (whereas the available
speeds of rotation cover the range from 70 to 5576 rpm). They do not satisfy any of resonance
conditions predicted by eq. 3, since our simplified model does not take into account longitudinal
modes (waves running along the axis of the rotor rather than its circumference) nor resonances
with frequencies that are not overtones of w.. We note that the actual speed of electric motor
was 1.394 times lower than w., and the transmission belt between the motor and spindle might
have been yet another source of such non-harmonic vibrations.

S4.3.2. Behavior of fluid layers during acceleration-deceleration cycles used for mixing.

During acceleration-deceleration cycles, mixing is effected mostly by changing the linear speed
of the drum with respect to liquid that moves with inertia. If the same program of linear
acceleration is applied to drums of different dimensions, but having the same layer thicknesses,
the resulting flow regimes should be roughly the same, since the curvature of the liquid surfaces
should have only a weak influence on the flows as long as the drum’s radius is large in
comparison to fluid layer thicknesses. If all dimensions of the system are scaled up by a factor
K (including the layer thicknesses), both the Reynolds number (which compares inertial forces
to viscous forces) and the Weber number (which compares inertial forces to surface tension)
grow linearly with system’s increasing scale K, thus making the mixing more vigorous in a
larger system (again, given the same program of linear acceleration/deceleration).

Next, we consider the power required for acceleration/deceleration mode of operation. During
an acceleration-deceleration cycle, drive system must modulate the kinetic energy of the
rotating drum. Typically, electric motors for such applications are operated with regenerative
braking: since any electric motor can also function as electric generator, during the breaking
phase the mechanical energy can be converted back to electrical and is stored for half-cycle.
Overall efficiency of regenerative electrical breaking is at least 60-70%, limited mostly by
electric storage efficiency and Joule heating. Alternatively, similar or higher efficiencies of
Kinetic energy recovery can be achieved by purely mechanical means: by temporarily storing
the energy in rotation of an auxiliary flywheel, then feeding it back to the drum in the
acceleration phase of the cycle. Despite these common energy-saving methods, in the following
analysis, we assume — for illustrative purposes — the least efficient type of breaking: that is,
when Kinetic energy is entirely lost to heat. Note that the kinetic energy of the drum rotating at
angular speed w is
(1)2
Ex = 7 ’ (Iliquid + lgrum) (4)

where fiquig and Iqrym are moments of inertia of liquid layers and of the drum, respectively. If
the minimum and maximum angular velocities reached during one cycle are w, + Aw and wy —
Aw, then the required change of drum’s kinetic energy in one cycle is

AEx = 2(’-)OA(’-)(Iliquid + lgrum) (5)

and we assume that this is equal to the electric energy expended. Moment of inertia Ig.ym
typically has a complex dependence on R:

Idrum = TTPdrum (bR4 + ZCLRS) (6)
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where the first term is the contribution from two discs (bottom and top walls of the rotor, wall
thickness b, material density p4-um), the second term is the contribution from outer cylindrical
shell having thickness ¢ and same material density pgrym. Given an axial length L, Liquig =
2ntL [ p(r)r3dr. Therefore, each liquid layer of density p;, inner radius r;; and outer radius 7;,
contributes % (r3 — %) to the overall Liquia- If all dimensions of the system are modified by

the same scale factor K, moments of inertia change proportionally to K°. To maintain fixed
centrifugal accelerations a(Kr) = w3 - Kr upon scaling, angular velocity should be changed as
wo~K =12, Reynolds number Re and Weber number We would then depend on the scale factor
K as follows:

K K?Aw
Re~ — - KAw =
v v

(7)

(KAw)’K K3Aw

)4 |4
where v is the kinematic viscosity, and y is the surface tension. It follows from (7) that a rule
Aw~K~? would maintain fixed Re, while a rule Aw~K~3 would maintain fixed We. Some
additional parameter (viscosity or surface tension) must be tuned to make both Re and We fixed
when the scale K changes. Depending on which of the above two rules for Aw one chooses,
substituting these relations in expression (5) leads to

AEK ~ K—1/2 . K—(2+3) . KS — K1.5+2.5 (7)
yielding exponents between 1.5 and 2.5, depending on whether Re or We number is conserved
by tuning the acceleration program. This means that the required energy per mixing cycle scales
sublinearly relative to liquid volume V~K3, making upscaling favorable in terms of power per
useful volume.

Similarly, since torques T required to perform a given program w(t) of angular
acceleration/deceleration are

We ~

dw
T = (Iliquid + Idrum) : E (8)

they would scale as ~ K° - K=(2*3) = K2+3 which is sublinear or linear with respect to useful
volume of liquid V~K3.

S4.3.3. Mechanical challenges associated with increasing system’s dimensions.

Behavior of fluids in our system at steady-state rotation is intrinsically insensitive to the
mechanical perfection of the outer wall of the chamber: liquid-liquid and liquid-gas interfaces
automatically assume shapes that are perfectly concentric with the axis of rotation, irrespective
of the irregularities of the wall — provided that they are smaller than the thickness of the outmost
fluid layer. However, these irregularities may have significant impact on mixing patterns — to
such extent that it may be worthwhile to consider placing them purposefully to improve mixing.

As the radius R of the chamber increases by a factor K along with all other dimensions, the
angular frequency required to maintain the same centrifugal acceleration a(kR) = w?Kr
decreases as ~K~1/2. Upon such scaling, stress o = py,aR/b on the chamber’s outer walls

(wall thickness b) due to hydrostatic pressure p.,q Of liquid layer (of thickness h) would
increase as

R R h) K?

R R
= — = — 2 = — 2 —_— ) ~— 9
0 =5 Pwal = JR _po rdr = w*ph (R )~ (9)
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which means that the thickness of the outer walls must increase as b~K? to maintain structural
robustness. This is sublinear with respect to the total useful volume increasing as V~K3.
However, load on the bearings would scale in the same way as total rotating mass (~K3). This
is one of the reasons why commercial centrifuges are typically designed as small-radius, rapidly
rotating systems, not as large-radius slowly rotating ones. Yet, if necessary, a large vessel can
be designed to rotate at a very uniform rate, with relative variation Aw/w ~ 1077: this is the
typical requirement for large liquid mirror telescopes, and is achieved using frictionless
bearings and high inertia turntables® for diameters 3.7 meters* or 6 meters®. Such mechanical
stability would be more than enough for implementing the scaled versions of our system.

S4.3.4. Theoretical considerations for liquid layers in axially elongated rotating tubes.

As long as a vertically elongated rotor — further referred to as a tube — rotates with w high
enough to maintain concentric layers of almost cylindrical shape, general features and potential
applications are similar to all other rotors described in this study. Practical differences include:

1 Better visibility of layers from aside (for tubes with transparent walls) and much worse
from atop,

2 Due to the necessity of maintaining larger speed of rotation, designing the machine is
more technically challenging — very long rotors may require additional bearings to
stabilize axis of rotation and prevent vibrations (such as those in Figure S9c).

3 Operations on liquids during rotation (adding new liquids to existing layers other than
the innermost one, sampling or withdrawing existing layers) require more sophisticated
solutions than the system of internal channels presented in main-text and Figure S1d-f.
In particular, ports for connecting external sources of liquids under high rotation speeds
must be more precise and resistant to friction, abrasion and temperature.

4 Large aspect ratio of layers limits active mixing of liquids within layers. On the other
hand, long tubes are more suitable for working with very thin layers at very high w ‘s
(see the discussion on scaling at the beginning of Section 4.3) — consequently, passive
mixing by diffusion becomes more efficient.

This being said, long tubes — in contrast to disk-shaped rotors — allow for continuously and
reversibly changing the topology of liquids from a compact stack of horizontal layers (tube not
rotating, w = 0) to thin, coaxial cylindrical layers (high w). Such a continuous transformation
of shape and layers’ topology could be useful in controlling the surface to volume ratio, over
almost as wide of a range as is typically achieved by emulsification, but preserving the order
and integrity of the layers, even if some of them are mutually miscible. The expanded, coaxial
configuration could be useful in applications requiring large contact area and short distance to
neighboring layers (also implying short time of transport by pure diffusion), while its
transformation to the compact stack at w = 0 would facilitate operations on liquids (addition,
sampling, monitoring).

As was shown in the main text Figure 1a, for systems large enough to neglect capillary
interactions, all interfaces between immiscible liquids in a container rotating around vertical
axis with constant w adopt the shape of axisymmetric paraboloids (differing only by offset
along the axis of rotation, otherwise identical). Comparison of theoretical (i.e., not taking into
account menisci and interfacial tensions) stationary shapes of layers in elongated and flattened
rotors (i.e., in rotating tubes vs. disks) is shown in Figure S10. The problem can be easily
nondimensionalized by using relative radial and vertical positions, #* =r/R and h = h/H,
ranging from O to 1, and nondimensional parameter Q = wR/,/2gH, where R and H are actual
dimensions (radius and height) of the rotor, and g is acceleration due to gravity. Therefore, Q
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may be interpreted as the ratio of the linear velocity of rotation, wR, at the boundary of the rotor
to the velocity of free fall from its height, \/2gH. Specifically, in all cases the equation of the
interface shape is

~ a

h(7) = Q%72 — T (10)
where offset a/H depends on (i) which of the rotor’s surfaces are touched by the interface (this

affects the formula for the volumes of phases) and on (ii) the dimensionless volume fraction
n = V/(mR?H) of the volume V under the interface to the rotor’s total volume mR?H. For
example, if Q% < 2n and 2n < 1, the interface only touches the walls and the interface shape
IS

- 1

R(F) = Q2 (fz - E) +n (11)
If 2n < 1 and 2n < Q2 < 1/(2n), the interface touches only the bottom and the side walls and

the interface shape is

h() = Q22— 1) + Q21 (12)
If 1/(2n) < Q?, the interface touches both the top and the bottom of the rotor and the interface
shape is

- 1
h(F) =5 + Q*(# —1+1n) (13)
If 2n > 1 and Q2 > 2w (1 — n), the interface only touches the top,
h(F) = Q%2 — Q2r(1—1n) + 1 (14)

Cross-section of such a nondimensionalized rotor with five liquid layers for Q = 2 is shown in
Figure S10a. In this figure, liquids, starting from the most dense, occupy 10, 15, 25, 25 and 15
percent of the total volume of the rotor, yet from the perspective of further analysis it is more
convenient to use volume of all liquids below a given interface, regardless of the number and
partitioning of layers — such cumulative volumes are illustrated in Figure S10b, along with
colors of layers contributing to a given volume. Cross-sections of two real rotors subjected to
this comparison (both of them were used in experiments described in this study) are shown in
Figures S10c for the tube (1.D. 23.32 mm, height 190 mm, volume 81 mL) and S10d for the
disk (I.D. 78 mm, height 15 mm, volume 72 mL), both drawn on the same scale and with
theoretical shapes of layers corresponding to Q = 2 —as in Figure S10a. Note that both Figures
S10c and d differ from S10a only by scaling along radial and vertical axis. Since most
applications of multilayer liquid assemblies described in this study require high centripetal
acceleration and almost vertical orientation of layers, we plotted graphs illustrating dependence
of these characteristics on w: centripetal acceleration in Figures S10e and f (for tube and disk
rotors, respectively) and radial positions of interfaces at the level of floor and ceiling of the
rotor in, respectively, Figures S10g and h. For cylindrical layers, both of these positions would
be the same; however, as real shapes are more or less elongated paraboloids of revolution,
comparing the radial positions of interfaces at both ends of the rotor may serve as a convenient
description of departures of real liquid layers from the preferred, cylindrical shape. Colors of
curves in graphs S10g, h, correspond to colors of interfaces in Figure S10a. For each interface,
there are two different curves corresponding to the ceiling (larger radial position) and the floor
of the rotor, obtained by finding #* corresponding to A(#) = 1 using expression (13):

Top _ |, _ 1 15
R—177+ZQZ (15)
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Tbottom 1

S (16)
R T 202

— these curves approach each other as w increases. Vertical dashed lines in all four graphs

correspond to Q = 2, i.e., to configurations of liquids presented in Figures S10c and d, and to

actual rotational speeds of 3162.5 rpm and 265.7 rpm, correspondingly. Note that, despite the

same () and the same relative asymmetry between positions of layers at the floor and the ceiling,

centripetal accelerations at the walls are very different: 130 g for the narrow tube and 3.08 g for
the disk.

a b
1111 [0+ I+ Il = 90%
- -
C =S i + ++ =75%
g r [+ -+ = 50%
[ ] — 0.5 ] - =50%
| = - =25%
CH. L
[ . - I =10%
1 e e

[ | -1 -05 0 0.5 1
radial position

[ d
- -
[
||
| € 1500 — —— — £ 500
(|
|| =) =)
I o e
- 1000 . 200
5} 5}
9 o
Q Q
< <
o 5001 = 10|
5] (5]
Q Q o
() II I 1 1 0 1 1 1 L
0 2000 1 4000 6000 8000 10000 0 1 500 1000 1500 2000 2500
T 110%

3 25% 125%

g T ; . B

081

50% 50%

=3
=
I

o
'S
L)

90% - 90%

relative radial position
relative radial position

e
o
I

M | S R (O S . . . ;
0 2000 |} 4000 6000 8000 10000 0 500 1000 1500 2000 2500
speed of rotation [rpm] speed of rotation [rpm]

Figure S10. Theoretical configuration of liquid layers in elongated and flattened rotors. a,
Five liquid layers in nondimensionalized rotor for non-dimensional Q = 2 (see the text). b,
Legend with given cumulative volumes of liquids. ¢, d, Configuration of these liquids in tube
(c) and disk (d) rotors (see text for details). e, f, Centripetal accelerations at the walls and g, h,
radial position of interfaces at the ceiling and the floor of the rotors, all as a function of w.
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Figure S11. Analysis of a stable state of a thin liquid layer in a rotating tube. Depending
on rotational speed, w, and the volume of liquid, V, in phase 2 (blue color), it can either a, touch
walls of the tube, or b, “hang” between neighboring phases 1 and 3 without touching these
walls, with edge formed by the contact line of three liquid phases. At high w, stable
configurations different from b may occur, not necessarily axisymmetric (cf. Figures S14-S16).

Departures from paraboloidal interfaces become visible when distances between interfaces
become as small as capillary length (see Section S4.2), i.e., for layers of small volume. Instead
of being stretched along container’s walls, as in Figure S11a, such a layer may adopt other
configurations, including axisymmetric configuration shown in Figure S11b — preferred for
moderately low w. In order to assess the stability of the configuration shown in FigureS11ia,
we consider the minimal distance between two paraboloid interfaces confining phase 2 in a
rotating, cylindrical drum of radius R with rotation axis z parallel to the gravity vector g. This
distance (minimal thickness of phase 2) will then be compared to critical thickness d,,;, based
on capillary length and given by eq. (1) in Section 4.2. If the menisci are neglected, shapes of
interfaces are paraboloids of revolution with the same parameters but vertically offset by a with
respect to each other:

Z1_,(r) = cr?

Z,_3(r) =cr?+a (17)
where ¢ = w?/(2g). Here, the absolute offsets of paraboloids (with respect to the top or bottom
of the cylinder) play no role and are omitted, since interfaces only interact with side walls of
the tube. The offset a can be computed from known volume V of phase 2 (blue color in Figure
S11a): V = mR?a, and therefore a = V/(mR?). We are describing the solution in a vertical
cross-section sketch of the problem ((r, z) plane), since the problem is rotationally-symmetric.
It is easy to see that the thickness of layer 2 in Figure S11a decreases with radial distance from
the axis of rotation. Therefore, minimal distance between both interfaces, d, can be found by
fixing point A at the position (R, z;_,(R)), in which the interface 1-2 meets the vertical wall of
the tube, and finding such a point B = (x,,, z,_3(x,,)) at the interface 2-3 that the length of the
vector AB reaches minimum — defined as d. Exact expression for this minimal distance is

, 1
—(p_ 18
d=(R-x,) [1+ ey (18)

where x,, is the root of equation
2c2x3, + (1 — 2¢?R?* + 2ca) —R =0 (19)

22

https://26i.org.pl



which is not a simple analytical function. Thus, we turn to an approximation whereby angle
ABC in Figure Sl1la is assumed to be the right angle, and line AB is assumed to be normal to
the interface 1-2. Since AC = a, and cotan(B) = dz/dr = 2cR, in this approximation

. 1 v 1
~ Y T 4c?R? ~ 7R? w*R? (20)

If d is larger than the minimum thickness d,,;, given by eq.1 in Section 4.2, the considered
layer extends to the walls of the cylinder, otherwise one can expect configurations in which
phases 1 and 3 in Figure S11 touch each other and — if they are mutually miscible — coalesce.
Therefore, for keeping layers 1 and 3 separated, it is required that d > dy;,, Where dp,, iS
given by eq. 1 corrected to account for non-negligible g at low w by using acceleration

Jw*r? + g2 instead of just w?r:

Amin = 2

2y

ApJw*r? + g?
where y is the interfacial tension, assumed equal for both interfaces (1-2 and 2-3) and Ap is
density difference between neighboring phases, also — for simplicity — assumed to be equal for
phases 1-2 and 2-3. Combining egs. 20 and 21, the stability condition d > d;, upon speeding
the tube down becomes

(21)

14 1 - 2y
2 4p2
RE g R VR’ (22)
g ghp [1+ 7
which is equivalent to
V/mR? w*R2\"*
_ ViR <1 +_2) 29
2/2y/(ghp) 9

Right-hand side of (23) is a monotonously increasing function of w, is always larger than unity

and is approximately equal to w+/R/g when w? » g/R. Therefore, if eq. 23 is satisfied for
some high w,, it will remain satisfied for all smaller w < w,, and there will be no disruption
of layers upon speeding down the tube.

The above stability analysis is valid when the liquid layer in question does not touch the “lid”
and the “floor” of the tube — that is, when the tube is sufficiently long and the volumes of phases
1 and 3 in Figure S11 are large. We now consider what happens if these assumptions are
violated. Deviation from these assumptions will primarily change the formula for offset a: now,
instead of simply being a constant a = V /(R?), the value of a will become dependent on w.
First, we will treat a case when increasing w can bring phase 2 into contact with the bottom
(“floor”) of the tube. In this process, phase 2 sandwiched between phases 1 and 3 may go
through three geometries illustrated in Figure S12: none of its interfaces (1-2 and 2-3) touch
the bottom of the tube (Figure S12a), when only interface 1-2 touches the bottom (Figure
S12b), and when both interfaces touch the bottom (Figure S12c). For now, the tube is assumed
to be sufficiently high, and with most of its volume occupied by phase 3, such that the tube’s
top lid cannot yet be reached by the phase 2. We assume that coordinate z = 0 corresponds to
the bottom of the tube, and thus equations (17) of paraboloid shapes of the interfaces are
replaced with

z1_,(r) =cr?*—a;_, (24)
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Z,—3(r) = cr? —a,_5
where a,_, and a,_5 are vertical offsets as indicated in Figure S12. If neither interface touches
the bottom or the top of the tube,

cR? W,
N -
25
CRZ V1 + V2
G2-3 =" T TR?

and the vertical offset between interfacesis a = a;_, — a,_3; = V,/(mR?), matching the above
results (17)-(23). As the parameter ¢ = w?/(2g) increases with increasing w, the interface 1-2
begins to touch the bottom of the tube when ¢ > 2V, /(mR*), where V; is the volume of phase 1.
Similarly, interface 2-3 begins to touch the tube’s bottom when ¢ > 2(V; + V,)/(mR*), where
V, is the volume of phase 2. The stability condition (23) should now be corrected for a new
value of the vertical offset a = a,_, — a,_3 (which now depends on ¢ and is no longer equal
to V/(mR?) as it was in (17)-(23)). When the interface 1-2 (but not 2-3) touches the bottom,

Ai_p = CRZ - \/2V1C/T[

cRZ V4V, (26)

2 TR2

ap_3 =

When ¢ = 2(V; + V,)/(mR*), both interfaces touch the tube’s bottom and

’ZV c

a1_2 = CRZ - 7'[1
20V, + V.

Gy = CR? - /% (28)

By combining these cases, we construct a continuous piecewise function
representing the vertical offset a:

(27)

( V, 2V
?,fOI‘C < W
cR? 2Vie Vi+ V. 2V 20V + V.
B 3 B _ 1 + 1 Z’for 1 <c S ( 1 2)
aAa=0Qa;- — Q3= 2 T mR? TR* mTR* (29)
2c 201+ V)
\ ?(\/V1+V2—\/?1),fOFC>T

Similar to the derivation of inequality (23), the stability of phase 2 layer can be analyzed by
comparing unity to the expression for d /d yin:

4p2 -1/4

14 @ <1+‘”f) (30)
Amin 2 2y/(gAp) 9

while taking into account that the offset a here should be obtained using formula (29). Note

that this stability condition can be applied not only near the side wall of the tube, but also at

arbitrary radius r from the axis by substituting R in (30) with r.
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Figure S12. Continuous stability of a stack of liquid layers upon gradual change of tube’s
angular velocity. Illustrations used in the derivation of conditions required for maintaining
continuity of liquid phase 2 sandwiched between phases 1 and 3 immiscible with it. a-c, e,
Vertical cross-sections of a rotating tube containing three liquid phases. Dash-dotted vertical
line is the axis of rotation. Angular velocity w increases in sequence a-c, e, which brings the
interfaces 1-2 and 2-3 of phase 2 initially touching the side walls only (a) into contact with the
bottom of the tube (b-c), and then (upon further increase of w) into additional contact with the
top of the tube (e). In state b, only the interface 1-2 touches the bottom. In state c, both interfaces
1-2 and 2-3 touch the bottom. d, Example showing the dependence of compiled stability
conditions (29)-(32) as a function of w. = w/(2m) for specific values of parameters used in
experiments: R = 11.66 mm, H = 195 mm, V; = 22 mlL, V, = 2.5mlL, and 2,/2y/glAp =
5.36 mm. Vertical dashed lines indicate transitions between geometries: from (a) to (b) when
interface 1-2 touches the bottom at w, =1164 rpm, then from (b) to (c) when interface 2-3
touches the bottom at w, =1228 rpm. In these cases, plotted values of d /d,,;,, are obtained with
expression (30), which utilizes (29). Finally, the geometry switches from (c) to (e) when phase
2 touches the top of the tube at w. = 2203 rpm, and the d/d ;, starts to obey (31)-(32).
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Next, we introduce a finite tube height H. It follows from (24) that at high enough w, phase 2
will eventually touch the top of the tube when cr? — a,_; = H, resulting in a state shown in
Figure S12e. Assuming that this transition happens when both interfaces of phase 2 are already
touching the bottom, that is ¢ > 2(V; + V,)/mR*, equation (28) can be used to rewrite the
condition for touching the top of the tube as ¢ > wH?/(2(V; + V5)). We assume that both
interfaces (1-2 and 2-3) touch the top almost at the same w — this assumption is practically
justified since the tube is long and thickness of phase 2 near the top is assumed to be small in
comparison to tube’s dimensions. Once phase 2 touches the top of the tube, this phase no longer
touches the walls of the tube and condition (30) must be evaluated not at radius R, but at radius
r* of interface 2-3 at the top of the tube (indicated in Figure S12e):

V2w2> 1
== 4. %2 /4
1<t (5 (1+‘” ) (31)
dmin  2+/2y/(gAp) 9°
V. H
T*=\/R2—$+‘Z)—2 (32)

Here we used the expression for offset a = V,c/mH, derived for the geometry in Figure S12e.

Figure S12d illustrates the dependence of d /d,;,, On w, as expressed by (30)-(31) for specific
values of parameters from our experiment (see experimental demonstration in Figure S15). The

experimental value of 2,/2y/(gAp) for phase 2 was estimated by comparing the formula (1)
to the experimental thickness of the liquid layer in a situation when the layer is not bound by
the tube’s walls but is in a state of a ,,ribbon” shown in Figure S16f. From the experimental

estimation of thickness dex, = 0.33 mm at 4500 rpm, 2./2y/(gAp) = dexpw/7/g =
5.36 mm.

The (almost) horizontal section of the blue curve in Figure S12d is where d/d i, 1S minimal,
which means that if the layer is stable in this section, it is also stable at all w. This low-stability
region occurs when phase 2 touches the bottom of the tube, but does not touch the top. This
region is bound by values of w given by 2(V, + V,)/(mR*) < w?/2g < mH?/(2(V, + 1)),
amounting to w. = 1228 — 2203 rpm in Figure S12d. Expression for d /d i, in this region is
obtained by substituting the third case of piecewise function (29) into (30):

4 _ E,(VV1+V2—\/71)<1+‘U4R2>_1/4N i+, =0 (33)
dmin T 2,/2y/(gbp) g’ 2\/2y/(ghp) - VR

The approximate value on the right-hand side here, derived for the limit w?R > g, turns out to
be independent of w, as evidenced by almost-horizontal section of the blue curve (the exact
expression) in Figure S12d. Thus, a reversible transition from a vertical stack of three liquid
phases to a horizontal stack is possible without any disruption of the middle phase (i.e. keeping
phases 1 and 3 from touching each other) if the following condition is satisfied:

S+, = v Y
\87R g ghp B9

Conveniently, \/y/(gAp) is equal to the conventional capillary length at normal gravity (under
no rotation). As noted above, in derivation of this condition we assumed that phase 2 first
touches the bottom and only then touches the top (that is, 2(V; + V,)/(mR*) < wH?/(2(V; +
V,)), which is equivalent to V; + V, < mR?H, meaning that phases 1 and 2 together must
occupy less than half of the volume of the tube).
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Finally, we observe that high curvature of paraboloidal interfaces at the axis of rotation may
invalidate the assumption of low curvature used in deriving the minimal stable thickness in
Section 4.2, and lead to capillary expulsion of phase 2 away from the axis, as demonstrated
experimentally in Figure S14i-j and Figure S16b. In order to avoid this, the radius of curvature
r, = 2g/w? of paraboloidal interfaces on the rotation axis (7, is indicated in Figure S12b) must
be much larger than the value of d,,;, on this axis:

2
=5 > 2,/2y7(gbp) (35)
unless w is high enough for phase 2 to reach the bottom of the tube and for the liquid interfaces
to stop crossing the axis of rotation — this geometry is shown in Figure S12c and requires that
w? . 201, + V)
29 TR*
One can see that for arbitrary w, at least one of the conditions (35)-(36) would be satisfied if

(36)

mR* 2y

»> 4 |—

Vi+V, ghp

Conditions (34) and (37) are satisfied for the parameters of experiment shown in Figure 1a in
the main text and in Figure S13. By design, (34) is not satisfied for any of the experimental

demonstrations presented in Figures S14-S16 (Section 4.3.5), in order to illustrate the modes
of breakdown of liquid layer continuity.

37)

S4.3.5. Experiments with rotating tubes.

Here we present results of experiments in which a commercially available glass culture-tube
(0.D. 26 mm, 1.D. 23.32 mm, length c.a. 195 mm) silanized with 1H,1H,2H,2H-Perfluorooctyl-
trichlorosilane, serves as a rotor for multilayer liquids. First we demonstrate topological
transitions described in Section S4.3.4 above — in this experiment, shown in Figure S13, the
bottom part of the rotor (hidden in the rotating spindle) is filled with hardened epoxy resin, and
for this reason the effective length of the rotor is reduced to 126.4 mm. Note that conditions
(34) and (37) required for continuous topological transformations are easier to satisfy in tubes

whose diameter and length are large in comparison to capillary length /y/(gAp), if the
volumes of liquids are scaled proportionally to the tube’s net volume. Since we could not
increase the radius of a long tube due to constraints of our equipment, for the present
demonstration we, instead, decreased the capillary lengths by choosing a four-layer system of
mutually immiscible liquids in such a way that interfacial tensions between all neighboring
liquids are small. This enabled us to satisfy conditions (34) and (37) and to achieve continuous
transformation of layer geometry without changing the neighborhood, i.e., without situations
shown in Figure S11b. The liquids for the experiment shown in Figure S13 were prepared by
shaking and centrifugation (in order to obtain homogeneous phases in thermodynamic
equilibrium) of equal volumes of FC-40, 1,10-dibromodecane, PDMS silicon oil with viscosity
10 cSt, and 4% water in acetonitrile. Small amount of dyes (Light Green S.F. and Sudan I) were
added to facilitate identification of the layers: transparent fluorinert FC-40 (density 1.85 g/mL
at 25 °C), orange dibromodecane with acetonitrile (1.145 g/mL), pale yellow silicone oil (0.998
g/mL), and green acetonitrile with dibromodecane and water (0.886 g/mL). During the
transformations from Figure S13 surface area of interfaces increased about 23x and the
thickness of intermediate layers (orange and yellow) decreased from 31.8 and 11.8 mm to,
respectively, 0.98 and 0.40 mm in Figure S13a and from 6.6 and 8.8 mm to 0.22 and 0.30 mm
in Figure S13c.
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Figure S13. Continuous topological transformation of layers in elongated rotating tubes.
a, Stationary state of the system comprised of 8.36, 13.59, 5.03 and 27.01 mL of mutually
immiscible liquids (from the densest to the lightest, composition described in the text), for
increasing w, (given in rpm above the snapshots). b, Positions of interfaces (highest and lowest
points, as indicated by arrows in (a), with corresponding colors) as a function of w,. Points are
taken from the measurements on the recorded snapshots, curves represent theory — egs. 24-28
in Section 4.3.4. Discrepancies for top positions of interface between FC-40 and
dibromodecane/acetonitrile can be attributed to the meniscus at line of contact with glass. c,
The same as (a), yet with different volumes of liquids (18.51, 2.80, 3.76, 21.91, plus 16.39 mL
of air) and hence thinner intermediate layers. Top positions of interfaces (lines of contact with
glass) are barely visible in these snapshots, but can be identified upon moving camera and
changing the incidence angle of light: d, two of the three interfaces become illuminated. See
also Supplementary Movie S8.

In further experiments, described in Figures S14, S15 and S16 we focus on situations in which
the continuous transitions between stacked disks and concentric cylindrical layers is not
possible without local rearrangements of neighborhood — if initially separated liquids were
mutually miscible, they would coalesce during such transformation due to holes or
discontinuities emerging in layers separating them. The rotor in these experiments is the same
as in Figures S9c and S13, yet without epoxy filling (so that now liquids occupy the whole
volume of the tube, including the invisible part inside the rotating spindle). Liquids used in
these demonstrations have higher interfacial tensions than in Figure S13, they are: fluorinated
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oils (FC-40 and HFE7500 mixed in equal volumes), DMSO with 1% Congo Red and n-decane
with trace amount of Sudan Blue Il. The intermediate layer of DMSO was deliberately chosen
to be very thin, as we were especially interested in limiting cases of not-fully closed layers (as
in the main text Figure 2d-f) and their dynamical rearrangement when condition (34) required
to continuously maintain integrity of layers at all w is not met. For instance, in Figure S14b,
the middle layer (red) does not reach the edges of the tube, since reaching the edges would
impose a layer thickness d = 0.34 mm near the wall, which is smaller than its theoretical
minimum stable thickness d,,;, = 1.3 mm near the wall for such a low w, according to
expressions (29)-(30).
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Figure S14. Discontinuous transitions between vertical stack and concentric cylindrical
layers in a narrow tube. Tightly closed glass tube (O.D. 26 mm, 1.D. 23.32 mm, c.a. 195 mm
long, silanized with 1H,1H,2H,2H-Perfluorooctyl-trichlorosilane), contains 54 mL of
fluorinated oil (FC-40 and HFE-7500, 1:1 w/w), 2.5 mL DMSO (with 1% Congo Red dye), and
22 mL n-decane with trace amounts of Sudan Blue I1. There is no room for extra air in the tube.
a, Positions of liquids in a non-rotating tube. Rectangle at the bottom indicates section used for
mounting of the tube in a rotary spindle (not visible in the remaining snapshots). These
snapshots show transitions between stationary states at 1145 and 5576 rpm (top row) and back
to 1145 rpm (bottom row). b, At 1145 rpm, layer of DMSO does not touch the wall of the rotor,
so that both oils have common interface. Immediately after taking this photograph, the rotor
starts to rotate, reaching 5576 rpm within less than one second. Counting from the instance of
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starting acceleration, subsequent photographs are made after: ¢, 0.8s,d, 2s,e,8s, f, 11 sand
g, 25 s — the last snapshot was taken c.a. one second after closing the layer of DMSO, so that
both oils became fully separated. One minute after snapshot (a), the rotor rapidly (below one
second) decelerated back to 1145 rpm, resulting in transient configurations shown in the bottom
row, at times: h, 1.6 s after beginning of deceleration, i, after 6 s, j, 12 s, k, 15.6 s, |, 16.6 s and
m, 21.6 s. After another few seconds, the system comes back to the state shown in (a).
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Figure S15. Controlled partitioning of liquid between two cylindrical rims. A three-phase
system of 22 mL fluorinated oil, 2.5 mL red dyed DMSO and 10 mL n-decane (composition of
liquids and dimensions of the container are the same as in Figure S14) undergoes controlled
transformation from an almost motionless state a, 100 rpm (the dashed line denotes half length
of the tube, whose bottom part is hidden inside a rotary spindle), via transient states b and c, to
the stationary state for 5576 rpm, d, in which the DMSO layer is stretched to a cylinder having
a small “opening” in its side (left). Further, upon decreasing speed of rotation to 4500 rpm, this
side hole grows and deforms reaching the transient state e, and finally the stationary
configuration f, in which DMSO is divided between two cylindrical rims. Repeating this
experiments many times (for the same program of varying w, in time) leads to very different
transient states, but final division of DMSO between two separate rims does not significantly
change.
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Figure S16. Formation and stretching of a cylindrical rim of an “intermediate” liquid
(DMSO) between two immiscible oils. Details of liquids and container are the same as in
Figures S14 and S15, yet the total amount of DMSO (red) is decreased to 0.5 mL. a, Steady-
state at 70 rpm — such a slow speed of rotation does not visibly affect the shape of layers, but
keeps DMSO in the center. b, at 750 rpm, DMSO finds its place around paraboloid interface of
decane and air, but does not form a fully closed ring. c, at 3000 rpm both layers of oils are
stretched along entire length of the tube, but for the layer of DMSO, due to its small volume,
adapting such a configuration would require thickness below 45 pm, much lower than its
capillary length. Instead, DMSO forms a cylindrical rim, with average thickness 0.49 mm. As
a result of increasing rotational speed — accompanied by transient states d, and e, — to 4500 rpm,
the rim changes position and stretches further, so that its thickness decreases to 0.33 mm in
snapshot f. Note that ratio of thicknesses of this layer in stationary states (c) and (f), 0.49/0.33,
as well as the ratio of its vertical height (from which the thicknesses were calculated) is almost
equal to the ratio of rotational speeds, 1.5 — in accordance with the model described in Section
S4.2. In contrast to the rims in Figure S15f, vertical position of rims in (c) and (f) are not fixed
with respect to the ends of the tube. Depending on the history of w vs. time, the rims may form
at different vertical positions and even for constant w they may slowly migrate along the tube
—although it is not clear whether they do so to minimize total surface energy, or in response to
random external factors, including vibrations or thermal drifts.
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Section S5. Synthetic and spectroscopic details.
S5.1 Materials and equipment.

All compounds and solvents used for synthesis in our rotating reactors were purchased from
Sigma-Aldrich and Alfa Aesar. For thin liquid chromatography, silica gel on TLC Al foil
60/F254 was used (Sigma-Aldrich No. 60778). For flash column chromatography, silica gel 60
A 220-440 mesh was used (Sigma-Aldrich No. 60738). *H and *3C NMR spectra were acquired
on 400 MHz FT-NMR Agilent 400-MR DD2 or 400 MHz FT-NMR Bruker Avance Il HD
spectrometers. Mass spectra were acquired on Bruker 1200 series & HCT Basic System.

S5.2. Three-phase synthesis of 1,4-phenylene-diacrylic acid dimethyl ester (main-text
Figures 3a-c).

All experiments were performed at the same temperature, for the same time and the same
rotational speed in a rotor made entirely from quartz (inner diameter 120 mm, height 8 mm).
Two parameters that were varied were the layer thickness and concentration (0.1 M, 0.25 M
and 1 M) of triphenylphosphine (and methyl bromoacetate) in toluene solutions (3°) + (3”).
Regarding layer thickness, we considered two systems: in the first one, all layers were ~1.5 mm
thick and the volume of solvent used in (1), (2) and (3’ + 3°*) solutions was 4 mL; in the second
one, layers were 3.5-4.5 mm thick and the volume of solvent in each layer was 10 mL.

The procedure described here is for the 0.25 M (3”) + (3”’) solution (concentration of
triphenylphosphine and methyl bromoacetate in toluene) and ~1.5 mm layer thickness;
procedures for other concentrations/layer thicknesses were analogous. First, four solutions were
prepared separately. Solution (1): Terephtalaldehyde (67 mg, 0.5 mmol) was dissolved in
dichloromethane (4 mL). Solution (2): Potassium carbonate (207 mg, 1.5 mmol) was dissolved
in water (4 mL). Solution (3°): Triphenylphosphine (262 mg, 1 mmol) was dissolved in toluene
(3 mL). Solution (3°?): Methyl bromoacetate (93 pL, 1 mmol) was dissolved in toluene (1 mL).
All solutions were injected to the rotating reactor (1000 rpm) in the order: (1), (2), (3’) and (3”°)
causing formation of three ~1.5 mm layers with densities increasing outwards (i.e., p((3) +
(3”%)) < p(2) < p(1)). After addition of the last solution (3°°), white precipitate formed almost
immediately, indicating start of the reaction. Rotor was kept rotating for 72 h at room
temperature. Afterwards, the reactor was stopped and its contents were transferred to a
separator. Organic phase was separated and water phase was extracted with dichloromethane
(2x). Combined organic extracts were dried by MgSQO4 and solvent was evaporated under
reduced pressure. Remaining residue was analyzed by *H NMR spectroscopy to obtain the ratio
of terephtalaldehyde/P1/P2> components and to estimate the ratio Pi/P2 of (E)-methyl 3-(4-
formylphenyl)acrylate to dimethyl-1,4-phenylenediacrylate products. This estimation was
based on the integrals of the characteristic signals in NMR spectra: for terephtalaldehyde and
P1, we compared —CHO proton shifts (protons colored blue in the spectra below); to estimate
the P1/P2 ratio, we compared doublets of olefinic protons (protons colored green in the spectra
below).
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Figure S17. *H NMR spectrum of reaction mixture (for 0.25 M (3”) + (3”*) solution and ~1.5
mm layer thickness) with characteristic signals integrated and indicated by arrows and with the
ratios of substrate to products (i.e., terephtalaldehyde : P1 : P2) indicated in the upper-right
portion.
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Figure S18. *H NMR spectrum of reaction mixture (for 1 M (3”) + (3°°) solution and ~1.5 mm
layer thickness) with characteristic signals integrated and with the ratios of substrate to products
(i.e., terephtalaldehyde : P1 : P2) indicated in the upper-right portion.

33

https://26.org.pl



AN
/~\ \
il S
\
\

4

Y
o
4

Figure S19. 'H NMR spectrum of reaction mixture (for 0.1 M (3°) + (3”’) solution and ~1.5
mm layer thickness) with characteristic signals integrated and with the ratios of substrate to
products (i.e., terephtalaldehyde : P1 : P2) indicated in the upper-right portion.
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Figure S20. *H NMR spectrum of reaction mixture (for 0.1 M (3°) + (3”°) solution and 3.5-4.5
mm layer thickness) with characteristic signals integrated and with the ratios of substrate to
products (i.e., terephtalaldehyde : P1 : P2) indicated in the upper-right portion.

34

https://2Gih.org.pl



0,26 1 0,21
TJ Li u Y\J
| o
i !
\ L I u‘ f \ iﬂ,, Hll B i

Figure S21. *H NMR spectrum of reaction mixture (for 0.25 M (3°) + (3”°) solution and 3.5-
4.5 mm layer thickness) with characteristic signals integrated and with the ratios of substrate to
products (i.e., terephtalaldehyde : P1 : P2) indicated in the upper-right portion.
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Figure S22. *H NMR spectrum of reaction mixture (for 1 M (3°) + (3”) solution and 3.5-4.5
mm layer thickness) with characteristic signals integrated and with the ratio of substrate to
products (i.e., terephtalaldehyde : P1 : P2) indicated in the upper-right portion.

S5.3. Three-phase, three-step synthesis of N-(4-ethoxyphenyl)acetamide (phenacetin;
main-text Figure 3d).

Three solutions were initially prepared in three separate flasks: (1): Ethyl iodide (1 mL, 12.4
mmol) was dissolved in tetrachloroethylene (14 mL); (2): Potassium carbonate (1.0 g, 7.24
mmol) and tetrabutylammonium bromide (32 mg, 0.1 mmol, 17 %mol) were dissolved in water
(15 mL); (3): Aminophenol (66 mg, 0.6 mmol) was sonicated in ethyl acetate (15 mL) and then
acetic anhydride (57 ul, 0.6 mmol) was added thereto. These solutions were injected into the
Teflon-quartz reactor shown in Figure S1c (inner diameter 74 mm, height 15 mm), rotating at
850 rpm, in the (1), (2), (3) order. The layered system thus created was kept rotating at room
temperature (suitable for the acylation step) for 2 h and then heated by an externally positioned
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heat gun to ca. 60 °C for 20 h. During that time, the rotational speed of the container was
changing every 5 s between 850 and 750 rpm to cause slight mixing of neighboring layers near
their interfaces (but not of non-neighboring layers). Afterwards, the contents were transferred
into a separator, organic phase was separated and water phase was extracted with
dichloromethane (2x). Combined extracts were dried over MgSO4 and solvents evaporated
under reduced pressure. Crude mixture was purified by flash column chromatography on silica
gel (hexane/ethyl acetate, 1:1, v/v) to obtain phenacetin (51,5 mg, 48 % sequence yield) as a
white powder.

'H NMR (CDCls, 400 MHz): 7.38 (d, J = 9.0 Hz, 2H), 6.84 (d, J = 9.0 Hz, 2H), 4.01 (q, J =
7.0 Hz, 2H), 2.15 (s, 3H), 1.40 (t, 3H). 3C (CDClIs, 100 MHz): 168.2, 155.9, 130.8, 121.9,
114.7, 63.7, 24.3, 14.8. MS m/z: 180.102 (M*).

NHAc
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Q
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Figure S23. *H NMR (top) and *3C NMR (bottom) spectra of phenacetin.
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S5.4. Four-phase, four-step synthesis of 4-(2,2-dichloro-N-methylacetamido)phenyl
furan-2-carboxylate (diloxanide furoate; main-text Figure 3e).

Five solutions were initially prepared in five separate flasks: (1): furoyl chloride (100 uL, 1
mmol) in chloroform (5 mL), (2): MgSOs (3.17 g), KoCOs (138 mg, 1 mmol) and
tetrabutylammonium bromide (32 mg, 0.1 mmol) in water (9 mL), (3): dichloroacetyl chloride
(96 pL, 1 mmol) in a 1/9 v/v mixture of hexane/dichloromethane (9 mL), (4’): 4-
(methylamino)phenol sulfate (172 mg, 0.5 mmol) in water (4 mL), and (4”): potassium
carbonate (138 mg, 1 mmol) in water (1 mL). These solutions were injected into the Teflon-
quartz reactor shown in Figure S1c (inner diameter 75 mm, height 11 mm), rotating at 850 rpm,
starting from (1) (most dense) to (4) (least dense). Right after addition and formation of all
layers, the reactor’s controller was set to change its rotational speed between 750 and 850 rpm
every 5 seconds to allow slight mixing in the vicinity of layer boundaries (but not between non-
neighboring layers). The mixing was essential and in its absence only traces of product were
obtained. The system was kept on rotation for 4 h and afterwards, the chloroform phase (1) and
small fraction of phase (2) were removed — when the system was still rotating — through an
internal channel below the reactor’s bottom surface. Both phases were diluted with water and
dichloromethane and then water phase was extracted by dichloromethane twice. Combined
extracts were dried with MgSO4 and solvents evaporated under vacuum. Final compound,
diloxanide furoate, was isolated after flash column chromatography (chloroform/methanol =
99/1, v/v) as a white solid (83 mg, 25 %).

IH NMR (CDCI3, 400 MHz): 7.74-7.71 (m, 1H), 7.43 (d, J = 3.4 Hz, 1H), 7.37 (s, 4H), 6.64
(dd, J=3.6, 1.7 Hz, 1H), 5.93 (s, 1H), 3.37 (s, 3H). 23C NMR (CDCI3, 125 MHz): 164.0, 156.4,
150.4, 147.7, 143.4, 139.2, 128.4, 123.6, 120.2, 112.4, 63.5, 38.7. MS m/z: 328.2 (M).
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Figure S24. 'H NMR (top) and *3C NMR (bottom) spectra of diloxanide furoate.

S5.5. An unsuccessful three-phase synthesis of aripiprazole.

Naturally, organic or nano syntheses in layered liquids are not free of limitations, in large part
due to our inability to a priori predict intermediates’ solubility in different layers. As a case in
point, Figure S25 shows a non-standard synthesis — through a water-soluble spirosalt — of an
antipsychotic/antidepressant blockbuster drug, Aripiprazole (Abilify™:; ref. ©). In this design,
the synthesis of the spiro compound proceeded smoothly in the outer CHCI3 phase (1) and the
product gradually transferred to the 84:16 H>O/DMF phase (2). In the third, innermost phase
(3), we planned to place the 7-hydroxy-3,4-dihydrochinolinon, but it turned out that the
compound is not soluble in any organic solvent apart from DMSO, DMF, or methanol — all of
which are miscible with phase (2), thus ruining the envisioned sequence. Unfortunately,
methods for accurate solubility predictions in different solvents are not yet available and their
development remains one of interesting challenges beyond our current work and with
repercussions for physical-organic and medicinal chemistries at large.
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Figure S25. Scheme of a failed three-step, three-phase synthesis of aripiprazole. Red arrow in
the inset scheme indicates that in this example, the sequence was intended to progresses from
the outermost to the innermost phases.

S5.6 Simultaneous acid/base separation of a quinine 4-nitrobenzoate salt (main-text
Figure 4a).

Three solutions were initially prepared in three separate flasks: (1) NaOH (200 mg) was
dissolved in 10 mL of aqueous solution of NaClO4-H20 (density 1.16 g/mL); (2) quinine (227.1
mg, 0.70 mmol) and 4-nitrobenzoic acid (117.1 mg, 0.70 mmol) were dissolved in
chlorobenzene (12 mL) with addition of DMSO (0.9 mL); (3) 10 mL of 0.5 M HClg). These
solutions were injected into the Teflon-quartz reactor shown in Figure S1c (inner diameter 74
mm, height 15 mm), rotating at 950 rpm, in the (1), (2), (3) order. The layered system was kept
rotating at room temperature for 1 h. During that time, the rotational speed of the container was
changing every 10 s between ~1100 and 1130 rpm to promote mixing. Afterwards, the layers
were collected and 2.0 mL portions of every layer were evaporated in round bottom flasks. All
residues were dissolved in 0.7 mL DMSO-ds for NMR analysis — to each sample, 0.08 mL t-
BuOH was also added as an internal standard to determine quantities of separated compounds.

S5.7 Selective extraction of phenylalanine from a fermentation-like broth (main-text
Figure 4b).

Three solutions were initially prepared in three separate flasks: (1) phenylalanine (Phe)
(99.1 mg, 0.6 mmol) was dissolved in 10 mL of water solution of NaClO4-H2>O containing
glucose (162.1 mg, 0.9 mmol) and lactic acid (81.1 mg, 0.9 mmol) (pH = 3.8); (2) bis(2-
ethylhexyl) phosphate (D2EHPA) (0.70 mL) was dissolved in the mixture of n-hexane (4 mL)
and tetrachloroethylene (3 mL); (3): 10 mL of 1.0 M HCl.q). These solutions were injected into
the Teflon-quartz reactor shown in Figure S1c (inner diameter 74 mm, height 15 mm), rotating
at 950 rpm, in the (1), (2), (3) order. The layered system was kept rotating at room temperature
for 24 h. During that time, the rotational speed of the container was changing every 10 s between
~1100 and 1130 rpm to promote mixing. 2 mL samples of layer (3) were collected after 1 h, 2
h,3h,4.5h, 7 hand 24 h. After collection of each sample, layer (3) was replenished with 2 mL
of 1.0 M HClyg). Collected samples were placed in round bottom flasks, evaporated and the
residues were dissolved in 0.7 mL DMSO-ds for NMR analysis — to each sample, 0.08 mL t-
BuOH was also added as an internal standard to determine the yield of Phe extraction.
Extraction of Phe to layer (3) was 76% after 7 h and 77% after 24 h.
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S5.8 Selective extraction of phenylalanine from a complex, 11-component mixture (Figure
S26).

Three solutions were initially prepared in three separate flasks: (1): phenylalanine (Phe) (99.1
mg, 0.6 mmol) was dissolved in 10 mL water solution of NaClO4-H>O containing glucose
(216.2 mg, 1.2 mmol), 2-propanol (18.0 mg, 0.3 mmol), allyl alcohol (69.7 mg, 1.2 mmol),
cholic acid (2.5 mg, 0.006 mmol), (1S)-(+)-10-camphorsulfonic acid (1.4 mg, 0.006 mmol),
citric acid (63.0 mg, 0.3 mmol), D-(-)-tartaric acid (90.0 mg, 0.6 mmol), D-(-)-ribose (90.0 mg,
0.6 mmol), LiCl (25.4 mg, 0.6 mmol) and KF-2H>0 (56.5 mg, 0.6 mmol) (pH = 3.8); (2) bis(2-
ethylhexyl) phosphate (D2EHPA) (0.70 mL) was dissolved in the mixture of n-hexane (4 mL)
and tetrachloroethylene (3 mL); (3) 10 mL of 1.0 M HClg). These solutions were injected into
the Teflon-quartz reactor shown in Figure S1c (inner diameter 74 mm, height 15 mm), rotating
at 950 rpm, in the (1), (2), (3) order. The layered system was kept rotating at room temperature
for 7 h. During that time, the rotational speed of the container was changing every 10 s between
~1100 and 1130 rpm to promote mixing. After 7 h, 2 mL sample of layer (3) was collected,
placed in a round bottom flask, evaporated, and the residue dissolved in 0.7 mL DMSO-ds for
NMR analysis — to this sample, 0.08 mL t-BuOH was also added as an internal standard to
determine the yield of Phe extraction. Extraction of Phe to layer (3) was 62% after 7 h.

b
1. Layer 1 H,0 Phe t-BuOH
pH 3.8 aliphatic protons
Phe l
aromatic protons /
}L | N an L_M L)
3. Layer 3 i "0 ! i e
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Figure S26. Phenylalanine dissolved in acidic (pH 3.8) aqueous layer 1 containing complex
mixture of 11 chemicals is selectively extracted into aqueous layer 3 via organic layer 2
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supporting the D2EHPA shuttle. a, The compositions of layers are: (1) phenylalanine,
glucose, 2-propanol, allyl alcohol, cholic acid, (1S)-(+)-10-camphorsulfonic acid, citric acid,
D-(-)-tartaric acid, D-(-)-ribose, LiCl, NaClO4-H.0 and KF-2H2O (densest and outermost, pH
= 3.8); (2) bis(2-ethylhexyl) phosphate (D2EHPA) (0.70 mL) in the mixture of n-hexane (4
mL) and tetrachloroethylene (3 mL); (3) 10 mL of water HCI solution (pH ~ 0). b, top spectrum:
'H NMR (DMSO-ds) of the mixture of compounds in layer 1 at to of the experiment; bottom
spectrum: *H NMR (DMSO-ds) of phenylalanine (Phe) extracted to phase 3 after 7 h.

S5.9. Synthesis of fluorescent silver nanoclusters and their three-layer phase transfer
(main-text Figure 5a-f).

Polydisperse silver nanoparticles were prepared by adding, in sequence, 1.2 mL of 50 mM GSH,
0.8 mL of freshly prepared reducing solution (26.6 mg NaBH4 and 49.5 mg NaOH in 10 mL
H20) and 1 mL of 20 mM AgNOs to 12 mL of water under intense stirring / homogenization).
Intervals between adding subsequent reagents to the reaction mixture, as well as times of
pipetting them, were kept as short as possible. The reaction mixture turned dark brown
immediately after addition of AgNOs and was subsequently stirred for at least 5 hours during
which time its color became more pale.

The first transfer of nanoparticles to the organic phase was performed as follows: 15 mL of
water phase with nanoparticles was mixed with 25 mL of CTAB/NaOH in ethanol (25 mM
CTAB, 4 mM NaOH). After no more than one minute, 25 mL of a 64:36 wt%
toluene/chloroform  mixture was added and vigorously shaken with  water
phase / CTAB / NaOH in a closed container. Subsequently, the container was left for phase
separation or, if the reaction was performed in a rotary chamber, was centrifugated.

For the second phase transfer (in the rotary chamber, see main-text Figure 5a-f), 25 mL of
organic phase containing Ag nanoclusters was placed in the rotary chamber rotating with
moderate speed (high enough to make a concentric layer, typically 1500 rpm), followed by
gentle injection of 25 mL of “densified TMAD/TMAH”, prepared by mixing of 100 mM
TMAD in water with 1 M TMAH in water and Ludox SM-30 in volumetric proportion 80:8:12
(80 parts 100 mM TMAD in water, 8 parts 1 M TMAH in water and 12 parts of Ludox SM-30,
which is a 30 wt% suspension of colloidal SiOz in water). TMAD was prepared by mixing equal
volumes of 1 M solution of decanoic acid in methanol with 1 M solution of TMAH in methanol
and removing methanol and water in a rotary evaporator to obtain dry, white, extremely
hygroscopic powder with smell of gray soap (upon contact with humid air, this powder
immediately turns into a viscous pulp). Note: “Gentle injection” means that solution of
TMAD/TMAH/Ludox is slowly added through the holes in the side walls of the rotor in such a
way that it does not reach the (inner) interface of organic phase and air (to prevent
contamination of the final water/AgNC phase that later forms).
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Figure S27. Fluorescence spectra of the collected nanoclusters in water with varying excitation
wavelength and, as a reference, spectrum of 30 nM ethanolic solution of rhodamine 6G (excited
with 467 nm).
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Section S6. Experiments with bacteria.

S6.1. The use of rotors in bacterial extractions and communication. Rotating liquid stacks
also open interesting avenues for applications in biotechnology and for studying chemical
communication between biological components confined to different layers and separated by
selective liquid “membranes”. In this context, Figure S28a,c is a proof-of-the concept three-
layer system in which the outer layer 1 of fluorinated oil FC-40 serves as a reservoir of oxygen’
(pre-saturated prior to experiment to an extent corresponding to the amount of oxygen in 55 mL
of air or 1.1 L of fresh broth under standard conditions), layer 2 houses a genetically modified
strain of E. coli DH10B carrying plasmid BBa_J72114-BBa_J720908, and the innermost layer
3 is tributyrin with 33.3 vol.% of n-dodecane. The bacteria produce violacein, a violet dye and
potent antibiotic of commercial and therapeutic interest>*!. As the time-course images
(quadrants I-1V in the Figure S28c) show, the produced violacein is systematically extracted
into layer 3, while mixing, caused by cyclic changes of w., keeps the bacteria dispersed within
the layer. However, upon stopping the stirring — as shown in quadrants Il and I11 — bacteria are
pushed to the 1/2 interface (see also Figure 2b). This controllable and reversible pelleting at
the interface can be used for replenishing the broth and reusing the bacteria, which — in contrast
to traditional extraction methods which lyse the bacteria’> — remain viable in layer 2 (see
Supplementary Section 6.4).

Moreover, similar systems can be used to study communication between physically
separated but chemically-connected cells. Figure S28d shows a five-layer rotating stack in
which “sender” E. coli MG1655/pAmCyan bacteria contained in aqueous broth layer 4 produce
an acylhomoserine lactone (AHL, here 3-oxo-C6-homoserine), a quorum sensing hormone that
diffuses through an oil layer 3 to a density-adjusted, aqueous layer 2 containing “receiver”
E. coli DH5a/pSB401 bacteria (outermost FC-40 layer 1 serves as oxygen reservoir, and the
silicone oil layer 5 prevents evaporation and contamination while also permitting oxygen
transport; for all technical details, see Supplementary Section 6.2). The receiver bacteria then
respond to the incoming AHL by expressing bioluminescent proteins to produce light. In effect,
the liquid membrane supports selective molecular communication while preventing bacterial
cross-contamination, which can be a problem in traditional agar-based systems housing co-
existing bacterial colonies. Beyond current experiments, we envision how adjusting membrane
width could be used to control the flux of “messenger” molecules (cf. Figure 3a-c) or how such
liquid membranes could be helpful in studying communication between bacteria grown in
different broths (e.g., with mutually incompatible antibiotics or at different pH, supporting
bacteria of different acidophilicities).
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Figure S28. Applications of rotating liquid stacks in biology. a, Scheme and experimental
demonstration, c, of extraction of violacein from live bacteria (E. coli dVio, in layer marked as
2), as well as reversible transitions between suspension of bacteria in the broth and
sedimentation at the interface. Quarters numbered | to 1V correspond to, respectively, 15:00,
15:02, 23:30 and 24:00 hrs. Rotor performed inertial stirring by varying w,. (1500-1125 rpm
every 6 seconds) for almost all this time expect for 2 min periods preceding photographs 11 and
I11, so that the quarters on the left show mixed state and on the right — centrifugated state (i.e.,
with bacteria collected at the 1/2 interface). Similar to Figure 2b, transitions between these
states are reversible and do not harm bacteria, see also Supplementary Sections 6.4-6.5 for
details. Note: IV is significantly more turbid than I due to the growths of bacterial culture from
15 to 23 hrs. b, Scheme and d, images of a five-layer system supporting communication
between “sender” (E. coli MG1655/pAmCyan, layer 4) and “receiver” (E. coli DH5a/pSB401,
layer 2) bacteria. For details on layer compositions and bacterial growth, see Supplementary
Section 6.2. Left semicircle (1) shows the rotor in ambient light at the beginning of experiment.
Wedge-shaped regions marked I1, 111, IV are cut from subsequent photographs performed in the
darkness at times: 9:00 (1), 15:00 (111), and 16:00 (IV) hrs. At time 15:30 about half of FC-40
in the outermost layer 1 was replaced by freshly oxygenated FC-40. In response to increased
oxygen the bacteria produce more light and become distributed more uniformly. Photographs
I1to IV were taken with identical camera settings, so that the bioluminescence at different times
can be compared directly. Superimposed dashed lines help to trace both bacteria-containing
layers.

S6.2. Bacterial strains and growth.

The bacterial strains used in this study are listed in Table S1. All strains were grown from 25%
glycerol stocks stored at -80 °C on Lysogeny Broth (LB) agar plates containing the appropriate
antibiotics. Each strain was struck out on LB agar plates and grown at 37 °C overnight. A single
colony was transferred to a sterile 70 mL cell culture flask with vented cap (BD Falcon 353109),
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containing 10 mL of LB broth (Difco, USA, or Sigma, product number L3522) with the
antibiotic added. This culture was grown at 30 °C and 120 rpm overnight before being diluted
(1% v/v, 200 pL) into 20 mL of fresh LB broth in a sterile 125 mL polycarbonate Erlenmeyer
flask with vented cap (Triforest Labware, product FPC0125S or FBC0125S). The diluted
culture was grown under the same conditions for 20 to 24 hours, and further used as the
inoculum for the multilayer system. While working with LB broths from different sources, we
found that their colors vary from canary yellow (for Difco) to almost transparent (for LB broth
prepared by mixing tryptone, yeast extract and sodium chloride, all from Sigma Aldrich) —and
it affects the color of layers in the figures. Difco LB was used for Figure S28c, Sigma Aldrich
LB for layer 4 in Figure S28d and custom made LB for Figure 2b. Broths for layers of
increased density were obtained by mixing concentrated aqueous solution of tryptone (10%
w/w) and yeast extract (5% w/w) with OptiPrep (60% w/v water solution of iodixanol, Sigma
Aldrich) in such a proportion that volumetric content of both nutrients in the final broth was the
same as in standard LB broth. Osmolarity of such a mixture was then adjusted to 410 mOsm/L
by adding NaCl. Nontoxicity and fitness of this heavy medium was tested in separate
experiments — see Section S6.3.

S6.3. Construction of the AHL-producing plasmid.

To construct the 3-oxo-C6-homoserine lactone-producing plasmid pAmLux7, an 821-bp region
containing the luxl gene of pTD103luxI_sfGFP? was amplified by PCR using the following
primers:

LuxI-FBI (GCAGGATCCATTAAAGAGGAGAAAGG) and

LuxI-REI (GTGGAATTCCGTATTACCGCCTTTG), where the restriction sites for BamHI
and EcoRI are shown underlined, respectively. This PCR product was digested using these
restriction enzymes. In parallel, the cfp gene within pAmCyan (Clontech, USA) was digested
out using the same restriction enzymes and replaced with the luxl fragment from above, placing
the luxl expression under the control of the lac promoter (Piac) present in pAmCyan. Several
clones using E. coli MG1655 as the host elicited strong bioluminescent response from E. coli
DH50/pSB401 and one was designated as E. coli MG1655/pAmLux7. The presence of the luxl
gene within this plasmid was confirmed both by PCR and sequencing.
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Table S1.

Strains Description Reference
E. coli MG1655 Common lab strain

E. coli DH10B Common lab strain

E. coli DH5a Common lab strain

Plasmids

BBa J72114-BBa J72090 vioABCDE; Deoxyviolacein; Cm® 8

pUCDK luxCDABE; Bioluminescence; AmpR 14
pAmCyan CFP-producing plasmid; Amp® Clontech
pTD103luxI sfGFP luxI/luxR plasmid; Kan® 13
pAmLux7 AHL producing plasmid; Amp® This study
pSB401 AHL sensing plasmid; Bioluminescence; Tet® 15

S6.4. Toxicity tests of oils and weighing agents.

Both oils and weighing agents for aqueous phases intended for multilayer systems with live
microorganisms must be non-toxic for these organisms. In contrast to systems used in general
demonstrations and chemical syntheses, significant regulation of broth density cannot be
accomplished by simply adding an inorganic salt (due to problems with osmotic pressure).
Polymers could be used instead, but at required concentrations, their solutions become
impractically viscous. Thus, our attention turned to substances used in density gradient
centrifugation of cells and organelles: sodium polytungstate, iohexol (Nycodenz) and iodixanol
(Optiprep). Among them, only Optiprep supported long-term (over a day) culturing of bacteria.
Its effect on bioluminescence of growing cultures of E. coli pUCDK is summarized in
Figure S29a. The remaining panels, Figure S29b-g, show growing the same bacteria on
standard LB broth in contact with different non-aqueous liquids, considered for use as water-
immiscible layers in multilayer systems, including: fluorinated liquids as oxygen reservoirs,
lipids for extraction of hydrophobic compounds, or as intermediate layers between different
bacteria, silicone oils for preventing evaporation and contamination by dust, assuring
undisturbed transport of oxygen and evacuation of gaseous metabolites (solubility of these
gases in low MW polydimethylsiloxanes is almost as high as in fluorinated liquids). Alkanes
and brominated oils were tested for potential use mainly as weighing agents, to modify the
density of lipid layers. They could be used for any other purpose as well, yet the solubility of
most substances of interest — including violacein — is much lower in these oils than in short-
chain lipids.

Initially we planned to perform these toxicity tests in standard well plate reader capable of
measuring bioluminescence. Unfortunately, standard plastic plates with black walls were not
resistant to oils. Moreover, vapors of volatile oils could affect bacteria in neighboring wells.
Therefore we used 5x8 vial rack with tightly closed, 40 mL glass vials as “wells”, placed in the
field of view of a camera in a dark room and photographed every 10 minutes from the bottom
— then the averaged intensity of exposed pixels was used as a measure of bioluminescence in
Figure S29. For testing toxicity of oils, vials were filled with 5 mL broth with bacteria and
1 mL of the tested oil (remaining 34 mL of air in each vial was, after 38 hours, replaced with
pure oxygen). Red points in Figure S29b-g are for bacteria taken from 6-hours-old culture in
LB broth (i.e., a culture that was diluted 1:100 from overnight culture in fresh LB-broth with
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ampicillin six hours before starting the toxicity test and then incubated in shaking incubator for
6 hours at 30 °C). Blue points are for bacteria diluted 1:100 from the solution used for red points
(i.e., from 6-hours-old culture diluted 1:100 just before starting toxicity tests). For testing broths
of different density (Figure S29a), sterile broths intended for the test were poured into
aforementioned vials (5 mL per vial) and mixed with 1 mL of 6-hours-old bacteria (red dots)
or with 1 mL of the same bacteria diluted 1:100 immediately before the test (blue dots). During
the photo session in the dark room at 24 °C bacteria were not shaken, however, at intervals
indicated in Figure S29 by yellow rectangles, the whole rack with vials was moved to a shaking
incubator and incubated at 30 °C and 120 rpm — during these sessions, photographs were not
taken. All photographs from the recorded session were then collected into a video movie,
available as Supplementary Movie S9. The differences between large and small initial
concentrations of bacteria are much more meaningful than just few hours of time delay in
growth, because water-oil interface may trap bacteria, so that for low concentration it is much
more likely that the vast majority of bacteria are trapped and their further growth becomes linear
rather than exponential. Among the tested substances, triacetin, 1,6-dibromohexane, n-octanol
and tetralin were toxic, whereas the remaining ones did not show toxic effects — bacteria were
able to grow in media with these liquids, producing similar or larger amount of bioluminescence
than the control culture in pure LB-broth (Figure S29a).
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Figure S29. Toxicity assay of modified broths and oils. Evolution of bioluminescence of
E. coli pUCDK grown in: a, plain LB broth and its heavy counterparts with density tuned by
Optiprep to 1160 g/L (heavy LB) and 1226 g/L (very heavy LB), and in plain LB
accompanied by water immiscible phases: b, fluorinated oils, c, triglycerides, d, linear
alkanes, e, dibrominated linear alkanes, f, silicone oils, and g, others. Red color stands for
larger initial concentration of bacteria: 5 mL bacteria from 6-hours-old culture (shaking
incubator, LB, 30 °C) per 1 mL of the tested substance. Blue color: 50 pyL bacteria in 4.95 mL
fresh LB broth per 1mL of the tested substance. Data points are collected during the periods
without stirring, at room temperature, interspersed with periods of shaking in the incubator
(120 rpm, 30 °C — yellow color) or emulsifying in vortex emulsifier after replacing gas in the
vials by oxygen.
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S6.5. Assessment of viability of bacteria grown in rotating multilayer system.

In order to assess viability and general characteristics of bacteria grown in rotating multilayer
systems, we performed various control experiments, in which bacteria originating from the
same mother culture were cultured in parallel in the rotor and in a classical shaking incubator,
and then compared for physical appearance (presence and amount of macroscopic structures,
clumping), turbidity, ability to establish new cultures upon dilution in fresh media, and level of
oxygenation. We did not observe any substantial differences between these cultures, except for
poorly mixed systems with low initial concentration of bacteria — these grew slower in
multilayer systems, because most bacteria got trapped at interfaces and their growth curves
were linear rather than exponential’®. In well-mixed systems, however, bacteria could be
removed from interfaces by accelerations/deceleration cycling in a fully reversible way — as
demonstrated in the main-text Figure 2b. Such repeated cycles of sedimentation on interfaces
and redispersion in broth did not affect viability of bacteria, even in the case of bacteria
producing violacein (whose interaction with oils is stronger due to the presence of hydrophobic
spots of violacein on their surfaces) and even if the oil dissolves their violacein, as in Figure
S28a,c. Below, in Figure S30, we demonstrate the viability of dV10 bacteria measured in two
different ways: by evolution of turbidity in a colony inoculated by bacteria removed from the
rotor (diluted 1:10 with fresh LB broth), and by counting their CFU on agar plates — both
compared to control culture that was started from the same bacteria under identical conditions,
but grew in a shaking incubator. Both methods showed only small differences between post-
extractive and control culture and hence similar viability of bacteria cultured in the rotor and
by traditional means, in a shaking incubator. Yet another set of experiments compared pH of
supernatants obtained by centrifugating bacteria (i) from the rotor vs. (ii) grown in a shaking
incubator. No significant differences were observed. Of note, in this simple way cultures may
be tested for aeration: mature E. coli cultures in LB broth are acidic when grown in anaerobic
conditions, neutral for poor aeration (and poor evacuation of gaseous metabolites), and basic
(pH between 8.5 and 9 — and both the compared cultures had pH in this range) for good
aeration®’,

wn
(=)

10° 10°® 107
) r

post-extractive culture

10° 10°® 107
6—o post-extractive :
G—o control culture
. Py AV D
|
0

w
o]
|

B
S
I

,__
o
|
]

turbidity of 1/10 diluted aliquotes [FTU]

|
10 20 3
time from inoculation [h]

(=]

(=]

control culture

Figure S30. Testing the viability of bacteria removed from the rotor. Mother culture of
E.coli dVIO was divided into two subcultures, and one of them was grown in the rotor, as in
Figure S28a,c, while the second one was grown at the same temperature in a shaking incubator
(30 °C, 120 rpm). Samples of both cultures were collected after this experiment and used
simultaneously for inoculation of new cultures (1:100 in LB broth) in a shaking incubator
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(growth of these cultures was monitored by turbidity measurements — shown in the left panel)
and for serial dilutions followed by spotting on LB agar plates with chloramphenicol (right
panel). None of these two methods showed significant differences in viability of post-extractive
bacteria from rotor and from the control culture.

S6.6. Efficiency of extraction of violacein from living bacteria.

In this section, we quantify amounts of violacein transferred from bacteria cultures (see Figure
S28a,c and description in the Section S6.1) to water immiscible solvents during extraction.
Blue curve in the left panel of Figure S31 corresponds to absorbance of phase 3 removed from
the rotor after experiment shown in Figure S28a,c and diluted 1:10 v/v with ethanol (same for
other solutions analyzed in this figure). By comparing to a known concentration of violacein
(black curve in the right panel, 200 mg/L before dilution), we can estimate that the concentration
of violacein in phase 3 in quadrant IV of Figure 5 was 163 mg/L — not far away from maximum
available concentration, 245 mg/L, for this solvent (2:1 v/v tributyrin/ n-dodecane), represented
by brown curve in the right panel of Figure S31. Pure tributyrin (grey curve) would allow
dissolving up to 429 mg/L, yet its density is too close to the density of broth. Other methods of
conservative extractions (i.e., extractions preserving viability of bacteria) yielded 128 mg/L for
the same solvent (light blue curve), yet used in a less effective way: by shaking two volumes of
control bacteria culture (of the same origin and age as the culture in the rotor) with one volume
of oil, or 25 mg/L for similar shaking with 2:1 v/v mixture of trioctanoin and n-dodecane (green
curve).

For comparison, “lethal extractions” to bacteriotoxic solvents of high violacein solubility (here:
n-butanol, 2-pentanol and triacetin, represented by pink, orange and red curves,
corespondingly) all gave similar concentration of violacein — 350 mg/L (for 2:1 volume ratio
of broth to solvent, the same as for all the other extractions shown in this graph, including
extraction in the rotor), yet the bacteria were killed during extraction and could not be reused.
Unlike the most often applied extractions to ethanol, all the aforementioned methods are much
cleaner in terms of amount of impurities transferred to the final solution of violacein (none of
the spectra in the left panel of Figure S31 required filtration or purification of the solution), yet
their high boiling points may be a hindrance in further processing.
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Figure S31. Absorbance spectra of extracted violacein solutions. All absorbances are
measured after dilution of evaluated solution 1:10 v/v in anhydrous ethanol. Left panel shows
absorbances of violacein extracts obtained 48 hours after inoculation of cultures (for “lethal
extractions” in which bacteria are lysed by solvents) or 24 hours after inoculation for
“conservative” extractions, in which bacteria do not loss their viability. Right panel shows
reference standards on the same scale of absorbance: saturated solutions of violacein in solvents
used for extractions and — as an absolute reference — 200 mg/L of violacein in anhydrous ethanol
(due to the mentioned dilution, actual concentration during measurement of absorbance is 10
times lower, 20 mg/L).
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Section S7. Captions to supplementary movies.

All videos were recorded under stroboscopic light, synchronous (or almost synchronous) with
both the speed (frames per second) of the camera and the rotational speed of the chamber, w.
(or if the rotational speed was changing to accelerate mixing, with one of the limit values). In
this way, the apparent rotation of the chamber, wgy, = W, — ws,-, Was much slower than actual
rotation, w,, or the frequency of stroboscope flashes, wg;,-.

Movie S1. Sequential loading of liquids by deposition on the floor of the rotating chamber.
Video (at 10x acceleration) of injecting seven pair-wise immiscible liquids (specified in the
description of Figure S1) into an initially empty rotor. Liquids are dispensed from syringes
pointing towards the floor of the rotating chamber. Due to the combination of centripetal and
Coriolis forces, droplets or jets of these liquids are spread over a large area of the bottom surface
of the chamber before contacting the liquid layers already formed — this spreading prevents thin
layers from being penetrated/disrupted by impact of larger droplets, but also poses a risk of
depositing liquid or solid residues on the floor (and ceiling) of the chamber, especially when
volatile solvent evaporate from droplets. This technique of building multilayer liquid assembly
is suitable for very thin layers, but suboptimal in terms of avoiding cross-contamination
(between liquids that are not intended for direct contact) or keeping strictly prescribed amounts
of liquid from escaping the chamber by evaporation.

Movie S2. Demonstration of different ways of delivering or drawing liquids to and from
a rotating chamber. Four different techniques are shown: (i) The same as in Movie S1, but
real-time: shown is the process of adding one layer to three existing layers. (ii) Supplying the
liquids through a system of branching channels, shown in Figure 1c and discussed in the main
text. The newly introduced liquid moves rapidly through the unoccupied part of the main,
straight channel (flowing mostly along one of the side walls of this channel) and, when in the
occupied part, turns to the first branch whose outlet is submerged (i.e., already covered by
previous liquids in the chamber). This method is cleaner than (i), but less general, as the
minimum thickness of layer is limited by the distance between outlets of branching channels.
(iii) Injecting the liquid to one of the already existing layers via single channel embedded in the
floor of the chamber. The liquid is pipetted into the O-ring sealed port at the axis of the rotor.
(iv) Using the same port to withdraw liquids from the chamber.

Movie S3. Mixing the liquids within layers, without disrupting the layers. When the
chamber rotates with constant velocity, the multilayer assembly of liquids rotates as a rigid
body, limiting any mixing within layers to slow diffusion. However, rapid changes in the
rotational speed of the rotor (shown is a rapid decrease of the speed from 3600 rpm to about
3000 rpm and increase back to 3600 rpm) combined with the inertia of the rotating liquids,
creates eddies that mix the content of layers, yet keep the integrity of stack (unless the
acceleration of the rotor is too high).

Movie S4. Demonstration of a very thin liquid layer forming between two immiscible
phases of both larger and smaller densities. Real-time video of three mutually immiscible
liquids (FC-40, hexadecane and orange dyed water — see main-text Figure 3c,d) in the rotor
(the same as in Figure 2a-d) accelerating from 0 to 3600 rpm within about 2 seconds. Initially,
all three phases (including the tiny amount of water) disperse due to high shear forces, yet

53

https://28®.org.pl



almost as soon as the rotor stops accelerating, the liquids form a three-layer system, with
thickness of the water layer ~150 um.

Movie S5. Injecting a new, immiscible layer into the middle of an existing, continuous
(single-phase) density gradient. Initially, the rotor contains two mutually miscible liquids:
dibromomethane (density 2.48 g/mL) and tetralin (1,2,3,4-tetrahydronaphtalene, 0.973 g/mL);
their mutual boundary is already blurred due to diffusion and convective mixing caused by
flows of liquid during filling of the chamber (by pipetting them sequentially on the floor of the
rotor rotating at 1080 rpm). The new, immiscible liquid is delivered through the hole in the
floor, located at the presumed mid-point of the original density gradient, i.e., at the zone of
density ~1.73 g/mL, matching the density of the newly injected liquid (water solution of CsCl
dyed with Alizarin Red S). his new liquid is initially fragmented, but as its volume increases, it
assembles into a full ring separating the lighter and heavier parts of the original organic phase.

Movie S6. Injecting a new, miscible liquid into the middle of an existing continuous density
gradient. The system is as in Movie S5 but the injected fluid of density ~1.73 is miscible with
both the original organic liquids forming the initial density gradient (in fact, this newly pumped
liquid is 50/50 v/v mixture of these liquids dyed with Oil Red EGN). The ring of the injected
liquid is thinner than in the case of Movie S5 but due to diffusion, it slowly fades out, as seen
at the end of the movie (forwarded by 20 minutes).

Movie S7. Converting one-phase system into five-layer two-phase system and further
operations (addition and mixing) on one of its layers. The movie complements experiments
described in Section S2 and Figures S3 and S4. It is divided into 11 short sections preceded by
intertitles and corresponding one-to-one to panels of Figure S3a-f and Figure S4a-e.

Movie S8. Collage of three videos (5 times accelerated) showing continuous, reversible
transition from stack to concentric layers and back to stack. The experimental system as in
Figure S13a, with different ways of illumination: narrow back light (on the left), wide back
light (center) and stroboscopic light (on the right) synchronized to the camera framerate - 25
frames per second. In real time rotation speed varies from 0 to 5576 rpm within 150 seconds
and then comes back to 0 within another 150 seconds.

Movie S9. Toxicity test of density-modified broths and oils considered for the use with
bacteria in rotating layers. Detailed information is provided in Section S6.3. Labels
enumerating vials in the video are also given above graphs in Figure S29; red color for larger
and blue for smaller initial concentration of bacteria.
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Abstract | When liquids or solid materials rotate, they impart centrifugal and/or shear forces.

This Review surveys rotary devices and systems in which such forces control small-scale flows,
self-organization phenomena, materials synthesis or chemical reactivity at molecular and macro-
molecular levels. Centrifugal forces directed away from the rotation axis enable various separa-
tions or lab-on-a-disc systems and can shape interfaces or deposit thin films of functional

materials. When these forces act on particles lighter than the rotating fluid, they can provide the
basis for colloidal crystallization or trapping; when the direction of rotation changes, they can
simulate microgravity conditions and affect motility patterns of living organisms. Shear forces,

by contrast, can promote crystallization, couple to molecular-scale assembly and affect its chiral
outcomes. Combining centrifugal and shear forces is useful in establishing rotating reactors to
accelerate reaction kinetics, modulate chemical reactivity, enable multistep syntheses or support
complex extractions. Through these and other examples, we illustrate that rotating reaction
vessels can enable new types of chemical experimentation, with outcomes that are not always
understood. We argue that rotating systems for studying such processes will become more com-
mon given advances in remotely controlled sensors and spectrometers that can monitor the

contents of rotating vessels
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Although rotational motion and effects associated with
it are ubiquitous — such as in shaping astronomical
objects"?, driving cars or trains, or powering various
turbines, drills, machines or biological and molecular
motors>* — they have, arguably, been used more spar-
ingly in modern materials synthesis or as a means to
control material systems or assemblies. Examples such
as glass-blowing or wheel-throwing pottery, in which
a material’s cohesion is balanced against centrifugal
forces to impart axisymmetrical shapes, the use of
lathes to shave off thin flakes of material to produce sol-
ids of revolution, or rifling to impart rotational motion
on cannonballs (to stabilize them in flight) constitute
historical technological advances but do not embody
modern materials science. Instead, one could argue that
rotating systems are today often abandoned in favour
of easier-to-control stationary architectures. A case in
point is the historical progression from gramophone
records to magnetic tape recorders, CD-ROMs and
hard disk drives — all rotating — to modern solid-state
information storage devices>® in which there are no
rotating parts. Yet, a conclusion that rotary systems are
outdated and not useful is, we believe, premature. The
main thesis of this Review is that, by making liquid or
solid materials rotate, one can impart forces — either

centrifugal or shear — that could be hard to apply and/or
maintain in stationary frames of reference and, through
such forces, control the outcomes of chemical processes
or the properties and internal organization of various
material systems. As we show, these forces are useful in
a range of modern technologies, including separations,
the fabrication of defect-free silicon wafers, the prepara-
tion of high-performance solar cells or extremely large
telescope mirrors and lab-on-a-disc microfluidics. In
addition, we discuss less known and more recent exam-
ples in which centrifugal and shear forces serve to estab-
lish chemical reactors and extractors, increase reaction
yields, accelerate crystal growth, enable chiral selection,
simulate microgravity conditions and can be engineered
to impose confinement and drive dynamic self-assembly
in two or three dimensions. These newer results point to
exciting and, in many cases, still unexplored opportuni-
ties that arise when chemical processes or the synthesis
or assembly of materials are transplanted from static into
rotating settings.

In this Review, we focus on situations in which an
entire homogeneous material or all discrete compo-
nents of a material system of interest are under globally
imposed rotation and, thus, experience centrifugal and/or
shear forces. We start with a synopsis of the physics

NATURE REVIEWS | MATERIALS

https://26#.org.pl



http://orcid.org/0000-0001-6613-4261
http://orcid.org/0000-0001-5263-0731
mailto:nanogrzybowski@gmail.com
mailto:nanogrzybowski@gmail.com
https://doi.org/10.1038/s41578-021-00404-x
https://doi.org/10.1038/s41578-021-00404-x
http://crossmark.crossref.org/dialog/?doi=10.1038/s41578-021-00404-x&domain=pdf
https://www.nature.com/articles/s41578-021-00404-x

10. Oswiadczenia wspotautorow

311

https://rcin.org.pl



Warszawa, 02.04.2022

Oswiadczenie

Niniejszym o$wiadczam, ze moj wkiad w powstanie artykutu:

Mikulak-Klucznik, B., Golebiowska, P., Bayly, A. A., Popik, O., Klucznik, T., Szymkug, S.,
Gajewska, E. P., Dittwald, P., Staszewska-Krajewska, O., Beker, W., Badowski, T., Scheidt, K.
A.. Molga, K., Miynarski, J., Mrksich, M., Grzybowski, B. A. Computational planning of the
synthesis of complex natural products. Nature, 2020, 588, 83-88.

Byt nastepujacy:

Wykonalam syntezg¢ totalng (R,R,S)-takamonidyny, wedhig analizy retrosyntetycznej
wygenerowanej przez program Chematica/Synthia™, poczawszy od reakcji usunigcia
pomocnika chiralnego RAMP az do uzyskania koncowego produktu (R, R,S)-takamonidyny.
Bratam udzial w pracach nad pisaniem publikacji.

Cybulski, O., Dygas, M., Mikulak-Klucznik, B., Siek, M., Klucznik, T., Choi, S. Y., Mitchell,
R. J., Sobolev, Y. I., Grzybowski, B. A. Concentric liquid reactors for chemical synthesis and
separation. Nature, 2020, 586, 57-63.

Byl nastepujacy:

Bralam udzial w pracach nad opracowaniem procesu ekstrakcji kwasowo-zasadowej soli
organicznych z wykorzystaniem rotacyjnego reaktora do syntezy i separacii.
Z wykorzystaniem tego samego rotacyjnego reaktora, opracowalam metode
zautomatyzowanej, selektywnej separacji fenyloalaniny z uzyciem przenosnika
kationowego D2EHPA. Bralam udzial w pracach nad pisaniem publikacji.

Grzybowski, B. A., Sobolev, Y. I., Cybulski, O., Mikulak-Klucznik, B. Materials, assemblies
and reaction systems under rotation. Nature Reviews Materials, 2022, 7, 1-17.

Byl naste¢pujacy:

Bratam udziat w pracach nad pisaniem publikacji ze szczegdlnym uwzglednieniem sekcji
dotyczacych reaktoréw SDR (ang. spinning disc reactors) i reaktorow VFD (ang. vortex
Sluidic devices) oraz czgsci dotyczacej przeprowadzenia syntezy organicznej oraz separacji
z wykorzystaniem rotacyjnego reaktora do syntezy i separacji opisanego w sekcji
Multilayered rotating systems for chemical synthesis and separations.

Mgr inz. Barbara Mikulak-Klucznik

«‘/7:;3/6//4 pioo - Whewid

https://rcin.org.pl



Powyzszy opis wkladu doktorantki w powstanie artykulow jest zgodny ze stanem
faktycznym.

a1

Prof. dr Bartosz A. Grzybowski

https://rcin.org.pl



Warszawa, 02.04.2022

Oswiadczenie

Niniejszym o$wiadczam, ze moj wklad w powstanie artykutu:

Mikulak-Klucznik, B., Golgbiowska, P., Bayly, A. A., Popik, O., Klucznik, T., Szymku¢, S.,
Gajewska, E. P., Dittwald, P., Staszewska-Krajewska, O., Beker, W., Badowski, T., Scheidt,

K. A., Molga, K., Mlynarski, J., Mrksich, M., Grzybowski, B. A. Computational planning of

the synthesis of complex natural products. Nature, 2020, 555, 83-88.

By! nastgpujacy:

Opracowalem koncepcj¢ programu Chematica i bylem odpowiedzialny za caloksztaft
rozwoju projektu. Prowadzilem nadzor merytoryczny nad synteza (R, R, S)-takamonidyny
oraz przeprowadzeniem testu Turinga, a takze za napisanie manuskryptu z
uwzglednieniem wkladu poszczeg6lnych wspélautorow.

Cybulski, O., Dygas, M., Mikulak-Klucznik, B., Siek, M., Klucznik, T., Choi, S. Y.. Mitchell,
R. J., Sobolev, Y. I., Grzybowski, B. A. Concentric liquid reactors for chemical synthesis and
separation. Nature, 2020, 586, 57-63.

Byl nastepujacy:

Bylem odpowiedzialny za caloksztalt rozwoju projektu. Prowadzilem nadzor
merytoryczny nad eksperymentami opisanymi w artykule oraz bylem odpowiedzialny za
napisanie manuskryptu z uwzglednieniem wkladu poszczegdlnych wspolautorow.

Grzybowski, B. A., Sobolev, Y. I., Cybulski, O., Mikulak-Klucznik. B. Materials, assemblies
and reaction systems under rotation. Nature Reviews Materials. 2022.7. 1-17.

Byl nastepujacy:

Bylem odpowiedzialny za napisaniec manuskryptu z uwzglednieniem wkladu
poszczegolnych wspolautorow.

Prof. dr Bartosz A. Grzybowski

https://rcin.org.pl



Warszawa, 28.02.2022

Oswiadczenie

Niniejszym oswiadczam, ze moj wklad w powstanie artykuhu:

Mikulak-Klucznik, B., Golgbiowska, P., Bayly, A. A., Popik, O., Klucznik, T., Szymku¢, S.,
Gajewska, E. P., Dittwald, P., Staszewska-Krajewska, O., Beker, W., Badowski, T., Scheidt, K.

A., Molga, K., Miynarski, J., Mrksich, M., Grzybowski, B. A. Computational planning of the
synthesis of complex natural products. Nature, 2020, 588, 83-88.

Byl nast¢pujacy:

Bratam udzial w pracach nad syntezg lamellozydyny A.

Dr Patrycja Golebiowska

https://rcin.org.pl



February 10, 2022

TO WHOM IT MAY CONCERN

Statement of contribution
Hereby, | would like to claim my contribution to the paper:

Mikulak-Klucznik, B., Gotebiowska, P., Bayly, A. A., Popik, O., Klucznik, T., Szymku¢, S.,
Gajewska, E. P., Dittwald, P., Staszewska-Krajewska, O., Beker, W., Badowski, T., Scheidt,
K. A., Molga, K., Mlynarski, J., Mrksich, M., Grzybowski, B. A. Computational planning of
the synthesis of complex natural products. Nature, 2020, 588, 83-88.

| synthesized dauricine.

Dr. Alison A. Bayly

I

https://rcin.org.pl



Warszawa, 5.02.2022

Oswiadczenie

Niniejszym o$wiadczam, ze mdj wkiad w powstanie artykutu:

Mikulak-Klucznik, B., Golebiowska, P., Bayly, A. A., Popik, O., Klucznik, T., Szymkug, S.,
Gajewska, E. P., Dittwald, P., Staszewska-Krajewska, O., Beker, W., Badowski, T., Scheidt, K.
A., Molga, K., Mtynarski, J., Mrksich, M., Grzybowski, B. A. Computational planning of the
synthesis of complex natural products. Nature, 2020, 588, 83-88.

Byt nastepujacy:
Bratem udzial w pracach nad syntezg lamellozydyny A.

Ozt o=

https://rcin.org.pl



Warszawa, 5.02.2022

Oswiadczenie

Niniejszym o§wiadczam, ze mo6j wkiad w powstanie artykutu:

Mikulak-Klucznik, B., Golebiowska, P., Bayly, A. A., Popik, O., Klucznik, T., Szymku¢, S.,
Gajewska, E. P., Dittwald, P., Staszewska-Krajewska, O., Beker, W., Badowski, T., Scheidt, K.
A., Molga, K., Mtynarski, J., Mrksich, M., Grzybowski, B. A. Computational planning of the
synthesis of complex natural products. Nature, 2020, 588, 83-88.

Byt nastepujacy:

Bratem udziat w pracach nad synteza takamonidyny poczawszy od reakcji hydrolizy laktonu
11, do reakcji asymetrycznego alkilowania Endersa zwiazku 15 (bez usunig¢cia pomocnika
chiralnego RAMP). Bralem tez udziat w pracach nad rozwojem bazy reakcji programu
Chematica oraz w pracach nad pisaniem manuskryptu.

Cybulski, O., Dygas, M., Mikulak-Klucznik, B., Siek, M., Klucznik, T., Choi, S. Y., Mitchell,
R. J., Sobolev, Y. L., Grzybowski, B. A. Concentric liquid reactors for chemical synthesis and
separation. Nature, 2020, 586, 57-63.

Byl nastepujacy:

Bralem udzial w zaprojektowaniu oraz wykonaniu eksperymentéw zwigzanych z ekstrakcja
chininy.

Dr inz. Tomasz Klucznik

https://rcin.org.pl



Warszawa, 28.02.2022

Oswiadczenie

Niniejszym oswiadczam, ze méj wkiad w powstanie artykutu:

Mikulak-Klucznik, B., Golgbiowska, P., Bayly, A. A., Popik, O., Klucznik, T., Szymkug, S.,
Gajewska, E. P., Dittwald. P., Staszewska-Krajewska, O., Beker, W., Badowski, T., Scheidt, K.
A., Molga, K., Miynarski, J., Mrksich, M., Grzybowski, B. A. Computational planning of the
synthesis of complex natural products. Nature, 2020, 588, 83-88.

Byl nastgpujacy:

Bylam jedng z glownych osob odpowiedzialnych za caloksztatt rozwoju programu Chematica.
Bratam udzial w implementacji testu Turinga oraz w pracach nad pisaniem manuskryptu.

Dr inz. Sara Szymkué

)
," / 3 i
L fel el c

[ /'/ (

/ /
/
l/

https://rcin.org.pl



warszawa, 5.02 2

Oséwiadczenie

Niniejszym o$wiadczam, ze moj wklad w powstanie artykulu:

Mikulak-Klucznik, B., Goltgbiowska, P., Bayly, A. A., Popik, O., Klucznik, T., Szymkué, S.,
Gajewska, E. P, Dittwald, P., Staszewska-Krajewska, O., Beker, W., Badowski, T, Scheidt, k.
A., Molga, K., Mtynarski, J., Mrksich, M., Grzybowsk), B. A. Computational planning of the
synthesis of complex natural products. Nature, 2020, 554, 83-88

Byl nastgpujacy:

Bylam jedng z giownych 0séb odpowiedzialnych za rozwoj bazy reakc)i programu Chematica
Bratam tez udziat w implementacji testu Turinga.

https://rcin.org.pl



" ...-mﬂ&mym“ -

' 200
Oyarow Mazowieck 24.06.2022

Oswiadezenie

Niniejszyvm oswiadezam, z¢ moj wkiad w powstanie artykulu:

Mikulak-Klucznik, B.. Golebiowska, P.. Bayly, A. A., Popik, O., Klucznik, T., Szymku¢, S..
Gajowska, E. P.. Dittwald, P., Staszewska-Krajewska, O., Beker, W., Badowski, 1., Scheidt.

K. A, Molga, K.. Miynarski, J., Mrksich, M., Grzyhowski, B. A. Lomputﬂtlonal planning of
the synthests of complex natural products. Nature, 2020, 588, 83-88.

byl nastepujacy:

e bylem jedna z gtownveh osob odpowiedzialnych za opracowanie algorytmow
programu Chemalica. Bralem tez udziat w przygotowaniach testu Turinga.
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Dr Piotr Dittwald
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Gajewska, E. P., Dittwald, P., Staszewska-Krajewska, O., Beker, W., Badqwskl, T., S.cheldt, K.
A., Molga, K., Mtynarski, J., Mrksich, M., Grzybowski, B. A. Computational planning of the
synthesis of complex natural products. Nature, 2020, 588, 83-88.

Byt nastgpujacy:

Okreslitam strukture i konfiguracie wzgledng zwigzkow (R,R)-21, (R,S)-21 oraz (R.RS)-
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Dr Olga Staszewska-Krajewska
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Niniejszym o$wiadczam, Ze méj wktad w powstanie artykuhu: ‘

Mikulak-Klucznik, B., Golebiowska, P., Bayly, A. A., Popik, O., Klucznik, T., Szymkué, S.,
Gajewska, E. P., Dittwald, P., Staszewska-Krajewska, O., Beker, W., Badowski, T., Scheidt,
K. A., Molga, K., Mlynarski, J., Mrksich, M., Grzybowski, B. ‘A. Computational planning of
the synthesis of complex natural products. Nature, 2020, 588, 83-88.

Byl nastepujacy:
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Drinz. Wiktor L. Beker
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Bylem jedng 2 glownych osob odpowiedzialnych za opracowanie algorytmow programu
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TO WHOM IT MAY CONCERN

Statement of contribution

Hereby, I would like to indicate my primary contribution to the paper:

Mikulak-Klucznik, B., Golebiowska, P., Bayly, A. A., Popik, O., Klucznik, T., Szymku¢, S.,
Gajewska, E. P., Dittwald, P., Staszewska-Krajewska, O., Beker, W., Badowski, T., Scheidt, K.
A., Molga, K., Mtynarski, J., Mrksich, M., Grzybowski, B. A. Computational planning of the
synthesis of complex natural products. Nature, 2020, 588, 83-88.

I supervised the synthesis of dauricine.
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Karl Scheidt
Professor of Chemistry,
Professor of Pharmacology, Feinberg School of Medicine
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Niniejszym o$wiadczam, ze méj wklad w powstanie artykutu:

Mikulak-Klucznik, B., Golgbiowska, P., Bayly, A. A., Popik, O., Klucznik, T., Szymkué, S.,
Gajewska. E. P., Dittwald, P., Staszewska-Krajewska, O., Beker, W., Badowski, T., Scheidt, K.

A., Molga, K., Mlynarski, J., Mrksich, M., Grzybowski, B. A. Computational planning of the
synthesis of complex natural products. Nature, 2020, 588, 83-88.

Byl nastepujacy:

Bylem jedng z gtéwnych 0séb odpowiedzialnych za catoksztatt rozwoju programu Chematica.

Bralem udziat w implementacji testu Turinga oraz w analizie jego wynikéw, a takze w pracach
nad pisaniem manuskryptu.
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Megr inz. Karol Molga
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Niniejszym o$wiadczam, ze mdj wktad w powstanie artykutu:

Mikulak-Klucznik, B., Gotebiowska, P., Bayly, A. A., Popik, O., Klucznik, T., Szymku¢, S., Gajewska, E.
P., Dittwald, P., Staszewska-Krajewska, O., Beker, W., Badowski, T., Scheidt, K. A., Molga, K.,
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natural products. Nature, 2020, 588, 83-88

byt nastepujacy:
prowadzitem nadzér merytoryczny nad realizacjg syntezy lamellozydyny A.
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Statement of contribution

Hereby, I would like to indicate my contribution to the paper:

Mikulak-Klucznik, B., Golegbiowska, P., Bayly, A. A., Popik, O., Klucznik, T., Szymku¢, S.,
Gajewska, E. P., Dittwald, P., Staszewska-Krajewska, O., Beker, W., Badowski, T., Scheidt, K.
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I supervised the synthesis of dauricine. J

Dr. Milan Mrksich
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Hereby, I would like to claim my contribution to the papers:

Cybulski, O., Dygas, M., Mikulak-Klucznik, B., Siek, M., Klucznik, T., Choi, S. Y., Mitchell,
R.J., Sobolev, Y. L., Grzybowski, B. A. Concentric liquid reactors for chemical synthesis and
separation. Nature, 2020, 586, 57-63.

I designed the rotors and performed most of the experiments described in the article, except
the syntheses of small organic molecules in Fig.3 and separations and extractions in Fig.4.
I participated in performing the nanoseparations described in Fig. 5 and experiments with
bacteria E. coli. | participated in development of theoretical models.

Grzybowski, B. A., Sobolev, Y. L., Cybulski, O., Mikulak-Klucznik, B. Materials, assemblies
and reaction systems under rotation. Nature Reviews Materials, 2022, 7, 1-17.

I participated in the writing, editing and discussion of the content of the manuscript, in
particular the sections: Lab-on-a-disc systems, Centrifugal casting, Spiral separators, Spin
coating, Outlook and figures 2, 4, 6.

Dr. Olgierd Cybulski
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Os$wiadczenie

Niniejszym o$wiadczam, ze méj wktad w powstanie artykutu:

Cybulski, O., Dygas, M., Mikulak-Klucznik, B., Siek, M., Klucznik, T., Choi, S. Y., Mitchell,
R. J., Sobolev, Y. I., Grzybowski, B. A. Concentric liquid reactors for chemical synthesis and
separation. Nature, 2020, 586, 57-63.

Byt nastepujacy:

Bylem odpowiedzialny za wykonanie syntez estru dimetylowego kwasu 1,4-
fenylenodiakrylowego, fenacetyny oraz furoinianu diloksanidu.

Dr Mirostaw Dygas
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Oswiadczenie

Niniejszym o$wiadczam, ze moj wktad w powstanie artykutu:

Cybulski, O., Dygas, M., Mikulak-Klucznik, B., Siek, M., Klucznik, T., Choi, S. Y., Mitchell,
R. J., Sobolev, Y. I., Grzybowski, B. A. Concentric liquid reactors for chemical synthesis and
separation. Nature, 2020, 586, 57-63.

Byt nastepujacy:

Bratam udziat w zaprojektowaniu i przeprowadzeniu eksperymentéw zwigzanych z separacja
nanoczastek.

Dr Marta Siek
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TO WHOM IT MAY CONCERN

Statement of contribution
Hereby, I would like to claim that my contribution to the paper:

Cybulski, O., Dygas, M., Mikulak-Klucznik, B., Siek, M., Klucznik, T., Choi, S. Y., Mitchell,
R. J., Sobolev, Y. I., Grzybowski, B. A. Concentric liquid reactors for chemical synthesis and
separation. Nature, 2020, 586, 57-63.

| participated in performing experiments with bacteria E. coli (extraction of violacein).
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Dr Seong Yeol Choi
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TO WHOM IT MAY CONCERN

Statement of contribution
Hereby, | would like to claim that my contribution to the paper:

Cybulski, O., Dygas, M., Mikulak-Klucznik, B., Siek, M., Klucznik, T., Choi, S. Y., Mitchell,
R. J., Sobolev, Y. I., Grzybowski, B. A. Concentric liquid reactors for chemical synthesis and
separation. Nature, 2020, 586, 57-63.

| participated in performing experiments with bacteria E. coli (extraction of violacein).

Dr. R"b-bert J. Mitchell

https://rcin.org.pl



February 9, 2022
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Statement of contribution

Hereby, I would like to claim my contribution to the papers:

Cybulski, O., Dygas, M., Mikulak-Klucznik, B., Siek, M., Klucznik, T., Choi, S. Y., Mitchell,
R. J., Sobolev, Y. 1., Grzybowski, B. A. Concentric liquid reactors for chemical synthesis and
separation. Nature, 2020, 586, 57-63.

I participated in development of theoretical models described in the article.

Grzybowski, B. A., Sobolev, Y. I., Cybulski, O., Mikulak-Klucznik, B. Materials, assemblies
and reaction systems under rotation. Nature Reviews Materials, 2022, 7, 1-17.

I contributed the initial drafts of the following sections: underlying physics, shaping of
telescope mirrors, microgravity simulators, self-assembly in confining rotary flows, crystal
growth in shear flow. I've drawn Figures 1, 3a, 3f, 4e, 5. I participated in the writing, editing
and discussion of the content of the final version of the manuscript.

Dr Yaroslav I. Sobolev
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