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Zusammenfassung

Die chemische Industrie versucht durch ihre Transformation in den Bereichen Nachhaltig-
keit und Umweltschutz einen wichtigen Beitrag zu der politisch angestrebten vollstandi-
gen Klimaneutralitat zu leisten. Eine Moglichkeit bietet die Verwendung von Biomasse als
erneuerbare Rohstoffquelle, jedoch sind kontinuierliche Prozessentwicklungen im Sinne
der griinen Chemie nétig, um bestehende Prozesse sicherer, effizienter und 6kologischer
zu gestalten. Im ersten Teil dieser Arbeit wurden nachhaltige organische Synthesen un-
ter Beachtung der Grundprinzipen der griinen Chemie erforscht. Die Verwendung einer
Kugelmiihle in Kombination mit rotem Blutlaugensalz als ungiftige Cyanidquelle erlaubte
eine 16sungsmittelfreie Umwandlung organischer Thiole in die entsprechenden Thiocya-
nate, wobei hohere Ausbeuten und deutlich geringere Reaktionszeiten im Vergleich zu dem
komplementaren Prozess im zweiphasigen Losungsmittelgemisch erzielt werden konnten.
Neben der Darstellung von 27 Substraten konnte die Reaktion erfolgreich in der ersten

Totalsynthese des Naturstoffs Psammaplin B angewendet werden.

Performante Prozessoren und Grafikkarten ermoglichen seit einigen Jahren die Durch-
fihrung quantenmechanischer Berechnungen fiir grofle organische Systeme in kurzer Zeit
und mit hoher Genauigkeit. Die implementierten Modelle aus dem Gebiet der theoreti-
schen Chemie lassen sich fur die Simulation von Reaktionsmechanismen anwenden, wel-
che ein besseres Verstandnis der auf molekularer Ebene ablaufenden Prozesse erlauben,
die oft experimentell nicht zugédnglich sind. Im Rahmen der vorliegenden Arbeit ermog-
lichte der Einsatz quantenchemischer Berechnungen auf Dichtefunktionaltheorie (DFT)-
und coupled-cluster (CC)-Level die Simulation von Reaktionspfaden einer formalen [3+2]-
Cycloaddition sowie einer Diels-Alder-Reaktion, womit einerseits auftretende angeregte
Zustande und andererseits eine beobachtete Diastereoselektivitat erklart werden konn-
ten. Des Weiteren wurde das unterschiedliche Polymerisationsverhalten substituierter N-

Carbonsaureanhydride untersucht, allerdings ergaben die in silico Modellierungen keine
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konsistenten Ergebnisse. Auflerdem konnten bei einer photochemischen Dehydrierung
von N-Heterozyklen niedrige Umsétze ausgewahlter Substrate durch Substituenteneinfliis-
se und den daraus resultierenden verringerten Orbitaliiberlapp erklart werden.

Die Erforschung und Nutzbarmachung von Naturstoffen ist ein wichtiges Teilgebiet der
organischen Chemie und besitzt seit jeher eine grofle Bedeutung fiir die Menschheit, insbe-
sondere bei der Entwicklung von neuen Materialien oder Wirkstoffen. Die Isolierung und
Strukturaufklarung unbekannter Sekundiarmetaboliten aus Pilzen und Pflanzen sowie die
Untersuchung ihrer inharenten biologischen Aktivitaten kann die Suche nach potentiellen
Leitstrukturen fiir die pharmazeutische Anwendung unterstiitzen. Da die dabei erhaltenen
Substanzmengen haufig nicht fiir eine vollstindige Charakterisierung, insbesondere die
Bestimmung der Konfiguration chiraler Molekiile, ausreichen, konnen spektroskopische
Methoden in Verbindung mit quantenmechanischen Berechnungen zu Hilfe genommen
werden. Im Rahmen der vorliegenden Arbeit konnten diese sowohl bei synthetischen Mo-
lekiilen als auch isolierten Naturstoffen angewendet werden. Der systematische Vergleich
von simulierten vibrational circular dichroism (VCD)-Spektren mit aufgenommenen Spek-
tren ausgewahlter Molekiile erméoglichte eine Bewertung der Genauigkeit verschiedener
Kombinationen von DFT-Funktionalen, Basissatzen und Solvatationsmodellen. Diese Me-
thode wurde auflerdem genutzt, um sowohl in der Synthese des Humanen Immundefizienz-
Virus (HIV)-Integrase-Inhibitors Dolutegravir zwischen potentiell auftretenden Diastereo-
meren zu unterscheiden, als auch bei der Totalsynthese eines Makrozyklus aus der Grup-
pe der Oxacyclododecindione die absolute Konfiguration zu bestimmen. Dariiber hinaus
wurden DFT-Berechnungen zur Strukturaufkldrung isolierter Verbindungen aus Pilz- und
Pflanzenextrakten eingesetzt. Neben der Bestimmung der absoluten Konfiguration zweier
Perylenstrukturen, die in einem Pilz der Gattung Alternaria vorkommen, konnte auch die
Struktur eines Dihydroxanthons, das aus einem Pilz der Gattung Diaporthe isoliert wur-
de, vollstandig charakterisiert werden. Fiir ein neuartiges Sesquiterpenlacton, das aus der
zentralafrikanischen Pflanze Vernonia tufnelliae extrahiert wurde, konnte mit Hilfe der dia-
stereomeric probability 4+ (DP4+)-Methode die wahrscheinlichste relative Konfiguration

vorhergesagt werden.



Abstract

Through its transformation in the areas of sustainability and environmental protection, the
chemical industry is endeavouring to make an important contribution to the political goal
of complete climate neutrality. One approach is the use of biomass as a renewable source of
raw materials, whereas continuous process developments in the sense of green chemistry
are necessary to make existing processes safer, more efficient and ecological. The first part
of this thesis focussed on research regarding sustainable organic syntheses in accordance
with the principles of green chemistry. The use of a ball mill in combination with Prussian
red as a non-toxic cyanide source allowed a solvent-free conversion of organic thiols into
the corresponding thiocyanates, resulting in higher yields and significantly shorter reac-
tion times compared to the complementary batch process in a two-phase solvent mixture.
In addition to the preparation of 27 substrates, the reaction was successfully applied in the

first total synthesis of the natural product psammaplin B.

In recent years, high-performance processors and graphic cards have enabled quantum
mechanical calculations for large organic systems in a short time and with high accura-
cy. The implemented models from the field of theoretical chemistry can be used for the
simulation of reaction mechanisms, which allow a better understanding of processes oc-
curring at the molecular level that are often not accessible experimentally. In the present
work, the use of quantum chemical calculations at the density functional theory (DFT) and
coupled-cluster (CC) level enabled the simulation of reaction pathways of a formal [3+2]
cycloaddition and a Diels-Alder reaction, which allowed to explain the excited states that
occur in the former reaction and the observed diastereoselectivity in the latter. Moreover,
the different polymerisation rate of substituted N-carboxyanhydrides was investigated, but
the in silico modelling did not provide consistent results. Furthermore, low conversions of
selected substrates during a photochemical dehydrogenation of N-heterocycles could be

explained by substituent influences and the resulting reduced orbital overlap.
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The research and utilisation of natural products is an important field of organic che-
mistry and has always been of great importance to mankind, especially in the develop-
ment of new materials or active pharmaceutical ingredients. The isolation and structural
elucidation of unknown secondary metabolites from fungi and plants as well as the in-
vestigation of their inherent biological activities can support the search for potential lead
structures for pharmaceutical applications. As the quantities of substances obtained are
often not sufficient for a complete characterisation, in particular the determination of the
configuration of chiral molecules, spectroscopic methods can be leveraged in conjunction
with quantum mechanical calculations. In this dissertation, computer-aided spectroscopy
methods were applied to both synthetic molecules and isolated natural substances. The
systematic comparison of simulated vibrational circular dichroism (VCD) spectra and re-
corded spectra of selected molecules allowed an evaluation of the accuracy of different
combinations of DFT functionals, basis sets and solvation models. This method was also
used to distinguish between potentially occurring diastereomers in the synthesis of the hu-
man immunodeficiency virus (HIV) integrase inhibitor dolutegravir and to determine the
absolute configuration of a macrocycle from the oxacyclododecindione family subsequent
to its total synthesis. In addition, DFT calculations were applied to elucidate the structure
of isolated compounds from fungal and plant extracts. The absolute configurations of two
perylene structures found in a fungus of the genus Alternaria as well as the structure of
a dihydroxanthone isolated from a fungus of the genus Diaporthe were fully characteri-
sed. For a novel sesquiterpene lactone extracted from the Central African plant Vernonia
tufnelliae, the most probable relative configuration was predicted using the diastereomeric

probability 4+ (DP4+) method.
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1 Einleitung

Der durch die Menschen hervorgerufene Klimawandel stellt eine potentiell irreversible
Bedrohung fiir die Existenz von Pflanzen, Tieren und Menschen auf dem Planeten Erde
dar. Seit Beginn der Industrialisierung kam es in Folge des exzessiven Verbrauchs fossiler
Rohstoffe und des damit einhergehenden Ausstofes von Treibhausgasen zu einer globalen
Erwarmung der erdnahen Atmosphire sowie der Meere. Bereits im spéten 20. Jahrhun-
dert zeichneten sich gravierende Veranderungen der Vegetation, des Bodens, des globalen
Wasserhaushalts sowie der Zusammensetzung der Atmosphire ab.!! Um das Klima und
die Umwelt vor weiteren schadlichen Konsequenzen zu schiitzen und die Auswirkungen
der bisherigen Klimaveranderungen einzudammen, wurden internationale Vereinbarun-
gen wie das Kyoto-Protokoll (1997), das Ubereinkommen von Paris (2015) oder der Eu-
ropdische Griine Deal (2019) verabschiedet.”*) Das von der Europaischen Kommission
ausgegebene Ziel ist es, bis zum Jahr 2050 eine vollstandige Klimaneutralitit zu erreichen.
Einen wichtigen Beitrag soll dabei die Reduktion von Treibhausgas-Emissionen leisten, so-
dass sich die globale Durchschnittstemperatur im Vergleich zum vorindustriellen Niveau'
um maximal 1,5 °C erhoht.[! Neben und in Uberschneidung mit den Bereichen Handel, Ver-
kehr sowie Land- und Forstwirtschaft kann die chemische Industrie fiir dieses Ziel einen

wichtigen Beitrag leisten.[*

1.1 Grune Chemie

Der Bereich der griinen Chemie beschaftigt sich mit der Entwicklung chemischer Produkte
und Verfahren, die 6kologisch nachhaltig sind.[*”) Das beinhaltet nicht nur die Verwendung
oder Erzeugung von Stoffen einzuschranken oder ganz zu vermeiden, die geféhrlich fiir den

Menschen oder die Umwelt sind, sondern auch Reagenzien und Losungsmittel so zu wéh-

! Das vorindustrielle Niveau wird aus dem Mittelwert der Jahre 1850-1900 gebildet.[!
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len, dass sie wenn moglich recycelbar sind. Dariiber hinaus sind die Nutzung erneuerbarer
Ressourcen, die Verringerung des Energieverbrauchs und der Abfallproduktion sowie die
Vermeidung von Umweltverschmutzung von zentraler Wichtigkeit.[®”) Zudem steht im Ge-
gensatz zur konventionellen Beseitigung von Abfillen am Ende der Produktionskette die
Vorbeugung im Vordergrund.["!

Die Grundprinzipien fiir diese Ausrichtung der Chemie wurden von Anastas und Warner
im Jahr 1998 in Form der zwolf Grundsétze der griinen Chemie formuliert und seitdem

weltweit in Bildungseinrichtungen und Unternehmen implementiert:™*!

Abfallvermeidung

Maximierte Atomokonomie

Einsatz ungefahrlicher Chemikalien
Entwicklung von umweltfreundlichen Produkten
Sichere Losungsmittel und Auxiliare

Effiziente Energienutzung

Verwendung von nachwachsenden Rohstoffen
Minimierung von Derivatisierungen

Katalytische Verfahren

Biologische Abbaubarkeit

Echtzeitanalysen

¥ e Nk

—_ =
N = O

Risikominimierung

Die klassische Produktion in der chemischen Industrie folgt in der Regel einem linearen
Pfad, bei dem die erzeugten Produkte hdufig nur einem einzigen Zweck dienen, bevor sie
entsorgt werden. Die benétigten Rohstoffe, meist fossilen Ursprungs, werden mit hochre-
aktiven Reagenzien umgesetzt, die oft toxisch sind und eine hohe Persistenz aufweisen.
Die Menge des dabei generierten Abfalls ist regelmaflig deutlich grofer als die produzier-
te Menge des Zielprodukts. Alternativ zu solchen geradlinigen Produktionsketten wurde
von Zimmerman et al. ein systematischer Ansatz vorgeschlagen, wie der Chemiesektor auf
Grundlage bisheriger Erfolge im Bereich der griinen Chemie und deren technischen Um-
setzung zu einem nachhaltigeren, zyklisch ausgerichteten System transformiert werden
kann. Dies erfordert einen Wandel der gesamten Wertschopfungskette hin zu mehr Nach-

haltigkeit, beispielsweise durch die Verwendung erneuerbarer Ressourcen, einem neuar-
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tigen Produktdesign sowie verbesserte Wiederverwendung, Recycling oder Downcycling

des Produkts vor der Entsorgung.[*?!

1.1.1 Metriken der griinen Chemie

In den letzten Jahrzehnten wurden verschiedene Metriken entwickelt, um chemische Re-
aktionen unter dem Gesichtspunkt der griinen Chemie zu quantifizieren, sodass fiir jede
Interessengruppe geeignete Modelle zur Auswahl stehen.!'*! Besonders hervorzuheben ist
das von Trost entwickelte Konzept der Atomoékonomie, das durch die Molmasse des Pro-

duktes im Verhaltnis zur Molmasse aller Reaktanden definiert ist:[**]

M roau.
Atomékonomie — ——rodukt 100

M, Reaktanden

Daneben ist auch der von Sheldon im Jahr 1992 eingefiihrte E-Faktor (environmental fac-
tor), der die Aufmerksamkeit auf das Problem der Abfallerzeugung bei der Herstellung von
Chemikalien lenkt, hervorzuheben.!">~'8] Hierbei wird auch der Vermeidung von Abfillen
ein Wert beigemessen und die Effizienz chemischer Prozesse nicht mehr ausschlie3lich auf

(18,19

Grundlage der chemischen Ausbeute bewertet. ! Der E-Faktor wird berechnet, indem

die Masse aller Abfille mit der Masse des Produktes ins Verhéltnis gesetzt wird:

m
E-Faktor = ——20fal

Mprodukt

1.1.2 Einfluss von Losungsmitteln

Wihrend sich die Herstellung von Grundchemikalien durch einen niedrigen E-Faktor aus-
zeichnet, steigt dieser fiir die Herstellung von Feinchemikalien oder Pharmazeutika dras-
tisch an. Dies ist eine Folge des weit verbreiteten Einsatzes stochiometrischer Mengen von
Reagenzien wie anorganischen Oxidations- und Reduktionsmitteln sowie Sduren und Ba-
sen, wodurch grofle Mengen an Abfillen generiert werden.['”) Insbesondere in der phar-
mazeutischen Industrie, bei der Herstellung aktiver pharmazeutischer Wirkstoffe, besit-
zen Losungsmittel einen hohen Anteil an der verwendeten nicht wéssrigen Masse (bis zu
90%) und somit auch an den Gefahren und Sicherheitsrisiken fiir den Menschen und die
Umwelt.#*2] Von verschiedenen Pharmafirmen wie GSK, Pfizer und Sanofi, aber auch Ko-

operationsgruppen wie der American Chemical Society Green Chemistry Institute Pharma-
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ceutical Roundtable oder die europiische Innovative Medicines Initiative wurden Leitfaden
herausgegeben, die eine Bewertung der Losungsmittel sowie der verwendeten Reagenzien
und Auxiliare auf Grundlage der ihrer inhdrenten Probleme in Bezug auf Abfallentsorgung,

13.21-25] Dijes stellt ein wich-

Umwelt, menschliche Gesundheit und Sicherheit erméglichen.[
tiges Instrument bei der Versuchsplanung und der Auswahl der verwendeten Materialien
(und daraus generierten Abfillen) dar. Im Idealfall wird kein Losungsmittel bendtigt, aber
wenn es nicht vermieden werden kann, sollte es sicher zu verwenden sein, eine effiziente
Abtrennung der Produkte erlauben und wiederverwendbar sein.!'l Mogliche Alternativen
zu konventionellen organischen Losungsmitteln stellen iiberkritische Losungsmittel, ioni-
sche Fliissigkeiten oder Salzschmelzen dar.?-%) Zweiphasige Losungsmittelsysteme sowie

homogene Mehrphasen-Katalysatoren erlauben eine einfache Abtrennung der Produkte

und eine Riickgewinnung des Katalysators aus dem Reaktionsgemisch.*"!

1.1.3 Erneuerbare Ressourcen und Xylochemie

Die griine Chemie gewinnt noch immer in vielen Bereichen wie der Pharmazie, der Land-
wirtschaft und der verarbeitenden Industrie an Bedeutung, wobei die Vereinbarkeit in-
novativer Ansitze mit bestehenden Synthesewegen bzw. ganzen Prozessen stark von der
wirtschaftlichen Wettbewerbsfihigkeit abhangt.?*?! Eine Kombination aus der Nutzung
erneuerbare Rohstoffe mit umweltfreundlichen Losungsmitteln und Reagenzien kann zu
industriellen Prozessen mit minimalen Auswirkungen auf das globale Okosystem fiihren.
Durch stetige Forschung werden neue Quellen fiir erneuerbare Ressourcen gewonnen. So
lassen sich die landwirtschaftlichen oder tierischen Abfallprodukte nutzen, um organi-
sche Grundchemikalien zu gewinnen. Einige Beispiele aus der Lebensmittelindustrie sind
die Schalen von Krustentieren, gebrauchtes Frittierfett, Apfeltrester oder Treber bei der
Bierherstellung,[**-3¢]

Der Begriftf Xylochemie wurde von Arduengo und Opatz erstmals im Jahr 2015 be-
schrieben und kann als ein Teilbereich der griinen Chemie gesehen werden. Bestandtei-
le von Holz oder Biomasse auf Pflanzenbasis dienen hierbei als Rohstoffquelle fiir die
chemische Synthese anstelle von fossilen Kohlenstoffquellen.*” Diese natiirliche Palette
an Chemikalien stellt eine Fulle an Funktionalititen bereit, die in Petrochemikalien erst
material- und energieintensiv iiber teils mehrere Syntheseschritte wieder eingefithrt wer-

den muss. Neben aromatischen und aliphatischen Verbindungen, die verschiedene funk-
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tionelle Gruppen tragen konnen und Kohlenstoffatome in unterschiedlichen Oxidations-
stufen besitzen konnen, sind auch enantiomerenreine Grundchemikalien zugénglich. In-
folgedessen ergeben sich verkiirzte oder alternative Syntheserouten zu organischen Mo-
lekiilen mit biologischer Aktivitit oder Naturstoffen.**~*") Da es sich bei Xylochemikalien
um nicht essbare Ausgangsmaterialen oder Abfallstréme handelt, gibt es keine Uberschnei-
dungen mit der Lebensmittel- oder Futterindustrie, sodass keine ethischen Probleme wie
die ,Tank, Trog oder Teller“-Debatte entstehen.[**->" Die aktuellste und ausfiihrlichste Lis-
te mit Gber 100 Xylochemikalien und deren respektiven natiirlichen Quellen wurde im
Jahr 2021 veréffentlicht.*”] Primare Xylochemikalien lassen sich direkt aus Pflanzen- oder
Holzextrakten isolieren, wohingegen sekundire Xylochemikalien eine Umwandlung aus

primiren Spezies erfordern (Abbildung 1.1).[47]

Primare Xylochemikalien ———— ——— Sekundéare Xylochemikalien

O O (0] (0] (0] M Q OH
e
OH H,C \HJ\
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Abbildung 1.1: Eine Auswahl an priméren und sekundéren Xylochemikalien, die bereits
zuginglich sind.! ]

Es existieren bereits viele technische Losungen, um aus den verschiedenen Holzbestand-

3251-55] Prominente Beispiele sind die selektive

teilen Plattformchemikalien zu gewinnen.!
Vanillin (7)-Isolierung durch den elektrochemischen Abbau von Kraft-Lignin, oder die Ge-
winnung oxygenierter, elektronenreicher Aromaten aus Sagespanen.®*~** Die aus Ligno-
cellulose gewonnenen Zucker lassen sich durch Fermentation in eine Vielzahl von Alko-
holen, Carbonsduren und weiteren Plattformchemikalien wie beispielsweise Furfural (6)
transformieren.['*°4>% Glycerin (14) fillt als Co-Produkt bei der Herstellung von Bio-

Diesel als Abfall an und kann zu den Plattformchemikalien Epichlorhydrin oder Acro-
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lein (12) umgesetzt werden.['”) Aus den nicht verzehrbaren Abfillen der Cashewnuss-
Industrie (>1 Mt p.a.) lasst sich durch das Pressen der Schale bei erhéhten Temperatu-
ren das Ol der Cashewnuss gewinnen. Dieses enthilt langkettige alkylsubstituierte Sali-

(6162 Eine weitere Moglichkeit, Abfille der Lebensmittelindustrie

cylsauren und Phenole.
nutzbar zu machen, ist die Gewinnung von Monoterpenen, Pektinen und Flavonoiden aus
den Schalen von Zitrusfriichten oder von Polyhydroxyalkanoaten als biobasierte Polyester
aus nicht mehr zum Verzehr geeigneten Pflanzendlen.*63¢*1 Auch organische Lésungs-
mittel lassen sich auf diese Weise gewinnen. Methyltetrahydrofuran (Me-THF) lasst sich
entweder durch die Hydrierung von Furfural (6) oder aus Lavulinsiure darstellen, die
im industriellen Mafstab aus Cellulose und Hemicellulose gewonnen werden kann.[5>¢%]
Aus Cellulose kann dariiber hinaus Cyren (18) gewonnen werden, das als Alternative
zu N,N-Dimethylformamid (DMF) oder N-Methyl-2-pyrrolidon (NMP) verwendet werden

kann.[66-69]

Die Verwendung erneuerbarer Grundchemikalien, Losungsmittel und Reagenzien wur-
de in den letzten Jahren in verschiedenen Bereichen der chemischen Forschung imple-
mentiert. Neben vollstdndig auf Xylochemikalien basierenden Totalsynthesen wurde auch
die Darstellung zahlreicher Anwendungsprodukte wie UV-Absorber, Farbstoffe und Poly-
mere (Schema 1.1) beschrieben.[38-41:434470-77] I Teilbereich der Polymerchemie lassen sich
als Alternative zu Methylmethacrylaten erneuerbare cyclische Vinyllactone polymerisie-
ren, wie es von Manzer mit Tulipalin A (21) demonstriert wurde.l”®! Ein eindrucksvolles
Beispiel aus der Farbstoff-Chemie wurde von Opatz et al. beschrieben, die in einer drei-
stufigen Synthese Veratrumaldehyd (23) und Nitromethan (24) in die Leukoform zweier
Indigofarbstoffe 25 und 26 transformierten, die so direkt fiir das Farben von Naturfasern
verwendet werden konnen.?”) Sperry et al. zeigten die Nutzbarmachung der Polysacchari-
de Chitin und Chitosan als erneuerbare Quelle von stickstoffhaltigen Verbindungen.!°-81]
Eine weitere Moglichkeit, ein Abfallprodukt in die Wertschopungskette zu integrieren wur-
de ausgehend von Cashewnussschalendl in technischer Qualitdt entwickelt. In einer um-
weltfreundlichen und abfallminimierten Synthese konnen Cardanolderivate 29-32, durch
katalytische reduktive Aminierung und anschliefende Umsetzung, in neutrale, zwitterio-
nische und kationische Tenside 35, 36 und 37 tiberfiithrt werden. Die Synthese von Gooflen
et al. zeichnet sich durch einen niedrigen E-Faktor aus, wahrend vergleichbare oder bessere

Eigenschaften im Bereich der Oberflachenspannung oder des Aggregationsverhaltens der
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erhaltenen Tenside 35, 36 und 37 gegeniiber modernen und kommerziell erhiltlichen Ten-
siden erzielt werden.®?) Aulerdem wurde die Darstellung von UV-Absorbern sowie eine

Nutzung als Harterkomponenten in Epoxidharzen demonstriert.[443384]
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Schema 1.1: Verwendungsbereiche von erneuerbaren Ressourcen und Xylochemikalien
zur Darstellung verschiedenster Verbindungsklassen.[3%78792]

Ausgehend von Xylochemikalien koénnen verschiedene Naturstoffe dargestellt
werden.[*47] Schifer, Waldvogel und Opatz et al. entwickelten eine enantioselektive To-
talsynthese des Opioids (-)-Thebain (40), die von den Xylochemikalien Methylgallat (38),
Methanol (1) und Homoveratrylamin (39) ausgeht (Schema 1.2). Aufbauend auf diesem
Naturstoff, der in Mohnpflanzen vorkommt, lassen sich diverse weitere analgetische Arz-
neimittel darstellen.[*”] Aus den Knospen der Balsam-Pappel (Populus balsamifera) konnen

85-87

verschiedene Balsakon-Naturstoffe gewonnen werden.®*-*”] Die Darstellung der Substan-

zen 43-45, die eine antibakterielle Wirkung gegen grampositive Erreger besitzen, wur-
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de von der Arbeitsgruppe Pichette in einer einstufigen, metall- und schutzgruppenfreien
Synthese verdffentlicht.[*¥] In verschiedenen Berichten konnten Opatz et al. die Sekundar-
metaboliten 49-52 von Orchideen totalsynthetisch darstellen und auf biologische Eigen-

schaften testen.[*>%]
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Schema 1.2: Totalsynthese verschiedener Naturstoffmotive ausgehend von Xylo-
chemikalien.[40:45:88.89]

Neben der Auswahl der Reagenzien und der Losungsmittel kénnen auch unterschiedli-
che Methoden eingesetzt werden, um Reaktionen im Sinne der gritnen Chemie nachhaltig
durchzufithren. In der synthetischen organischen Chemie konnen Reaktionen nicht nur
durch Temperatur, Licht oder Strom induziert werden, sondern auch auf mechanochemi-

scher, 16sungsmittelfreier Basis durchgefiihrt werden.



Mechanochemie

1.2 Mechanochemie

Die Mechanochemie befasst sich mit der chemischen Umwandlung von Stoffen, die durch
einen mechanischen Energieeintrag wie Kompression, Reibung oder Scherung ausgelost
wird. Die Entdeckung der Nutzbarkeit von mechanischer Energie zu diesem Zweck lisst
sich nicht genau datieren, aber bereits in der Steinzeit wurden Morser und Pistill fiir die
Zubereitung von Nahrungsmitteln verwendet.[’!] Diese Technik wurde spiter auf andere
Materialien wie Mineralien, Farben oder Arzneimittel ausgedehnt. Da es damals unméoglich
war, die rein physikalische Zerkleinerung von chemischen Umwandlungen zu unterschei-
den, ist heute unklar, zu welchem Zeitpunkt die chemische Wirksamkeit des Feinmahlens
erkannt wurde. Das alteste erhaltene Dokument in diesem Zusammenhang wurde um 315
v. Chr. von Theophrastus von Eresus, Aristoteles’ Schiiler, verfasst und enthélt einen Ver-
weis auf die Reduktion von Cinnabarit (HgS) zu elementarem Quecksilber, wenn das Mi-
neral in einem aus Kupfer gefertigten Mérser und Pistill verrieben wird.[”>%]

Der Fokus der Mechanochemie lag lange Zeit auf anorganischen Materialien, im Berg-
bau und der Metallurgie.’ Anfang des 20. Jahrhunderts definierte Ostwald die Mechano-
chemie als eine der vier Unterdisziplinen der Chemie mit unterschiedlichen Energiequel-
len, neben der Thermochemie, Elektrochemie und Photochemie.[>?! Die ersten wissen-
schaftlichen Veroffentlichungen zu mechanochemistry in der Literaturdatenbank SciFinder”
reichen bis in das Jahr 1897 zuriick.”’”) Mit dem Beginn des 21. Jahrhunderts war die Me-
chanochemie nicht mehr nur auf Co-Kristallisationsreaktionen limitiert, sondern fand ver-

%91 Aufbauend auf den ersten Reak-

mehrt Anwendung in der organischen Synthese.!
tionen mit Morser und Pistill, wurden sicherere und effizientere Maschinen wie Kugel-
miithlen oder Doppelschneckenextruder entwickelt, die den Prinzipien der griinen Che-
mie folgen.[12195107] Vorteile sind ausbleibende Loslichkeitsbeschriankungen bei erhebli-
cher Verringerung der anfallenden Abfalle. Weiterhin konnen Reaktionen unter Luftatmo-
sphére durchgefithrt werden, die im konventionellen Losungsmittelsystem eine Schutz-
gasatmosphire benétigen und der Umgang mit Gefahrstoffen wird erleichtert.”*!%] Dar-
iiber hinaus lassen sich sowohl verbesserte als auch komplementare Selektivitdtsprofile
und verkiirzte Reaktionszeiten realisieren.l'**'%] Wichtige industrielle Aspekte sind ein
geringer Energieverbrauch, geringe CO,-Emissionen und niedrige Betriebskosten.1?10!

Auch wenn die Mechanochemie gemessen an ihrem Potenzial, die chemische Synthese

voranzubringen, noch in den Kinderschuhen steckt, zeigt sich doch ein klarer Trend.[1%]
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Aus der Anzahl der Publikationen zu ball mill wird das gestiegene Interesse an Kugelmiih-
len ersichtlich. Werden die Veroffentlichungen gegen das entsprechende Erscheinungsjahr
der letzten 50 Jahre aufgetragen (Abbildung 1.2) lasst sich ein starker Anstieg vor allem
wihrend der letzten 20 Jahren beobachten. Im Jahr 2019 wurde die Mechanochemie als eine
der zehn aufstrebenden Zukunftstechnologien in der Chemie von der IUPAC benannt.[1%]
Wichtig wird es in der Zukunft sein, Methoden zur effizienten Skalierung mechanochemi-

scher Reaktionen sowie praktikabler in situ Analysetechniken zu entwickeln.['"’]
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Abbildung 1.2: Auftragung der gelisteten Publikationen zu dem Suchbegriff ball mill in
SciFinder™ gegen die Erscheinungsjahre der letzten 50 Jahre.[”)

1.2.1 Aufbau und Funktion verschiedener Miihlen

Heutzutage kann die Technik des Zermahlens vereinfacht und automatisiert in Miihlen
durchgefiihrt werden. Durch ein genaues Einstellen der Parameter (z. B. Energie- und Ge-
schwindigkeitskontrolle) wird eine héhere Reproduzierbarkeit erreicht und grofiere Maf3-
stibe sowie ldngere Mahlzeiten im Vergleich zu Morser und Pistill konnen realisiert

92.18] Die intensive Mischwirkung iiberwindet die Beschrankungen des Massen-

werden. |
transports im festen Zustand und kann die Reaktionszeiten erheblich verkiirzen.'*®! Die
Mischungsprobleme bei der Arbeit mit hydrophilen und lipophilen Verbindungen werden
minimiert und die Verwendung biphasischer Losungsmittelsysteme, phasenwechselnder

109

Reagenzien oder Phasentransferkatalysatoren ist nicht erforderlich.'®! Dariiber hinaus

senkt die verringerte Verwendung fliichtiger organischer Losungsmittel das Risikopoten-
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zial. Aufgrund der effizienten Energieiibertragung auf das Reaktionsgemisch sind Reak-
tionen in Mithlen durch eine geringe Energieintensitit gekennzeichnet und erlauben eine
Anwendbarkeit auf eine breite Palette von Materialien, z. B. kleine organische Molekiile,

99,108

Katalysatoren, Mineralien, Metalloxide, Pigmente oder (Bio—)Polymere.[ 1 Um die in den

Muhlen ablaufenden Prozesse beschreiben zu konnen, wurden in der Literatur bereits meh-
rere theoretische Modelle vorgeschlagen, auf die an dieser Stelle nur verwiesen wird.[*7-12°]
Basierend auf ihrem Funktionsprinzip, dem direkten und indirekten Mahlen, kénnen die

Miihlen in zwei Gruppen unterteilt werden und eine Auswahl ist in Abbildung 1.3 gezeigt.
c

Pfannenmiihle Walzwerk

=y

-
Pulverisette 7 Mahlbecher
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Trommelkugelmiihle  Schwingkugelmiihle Planetenkugelmiihle

Abbildung 1.3: Schematische Darstellung verschiedener Miihlen, die das direkte (A) und
indirekte (B) Mahlen von Stoffen erlauben, abgewandelt von Gorrasi et
all% Bei der Pulverisette 7 (C) handelt es sich um eine kommerzielle
Planetenkugelmiihle der Firma Fritsch GmbH & Co. KG, abgebildet mit
beladenen Zirkonoxid Mahlbechern.

Beim direkten Mahlen wirken mechanische Wellen oder Walzen auf das Mahlgut ein und
iibertragen so die kinetische Energie direkt in Form von Druck-, Scher- und Schlagkréften
auf das Mahlgut.[ws] Beispiele hierfiir sind die Attritor Miihle, die Pfannenmiihle oder das
Walzwerk (Abbildung 1.3 A).['"% Die Attritor Miihle besteht aus einem vertikalen statio-
naren Behalter, der mit dem zu mahlenden Stoff gefiillt ist. Das Gemisch wird von einer
vertikalen Welle mit horizontalen Armen vermengt. Je nach Anforderung kann diese Miih-
le unter einer Vielzahl von Bedingungen betrieben werden, wobei die Gréfle und Menge

der Mahlkérper, die Mahlgeschwindigkeit und die Temperatur variiert werden konnen. Die
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Pfannenmiihle besteht aus zwei Mahltellern, wobei die Bewegung gegeneinander zu einer
Zerkleinerung der dazwischen liegenden Materialien fithrt. Ein Walzwerk besteht aus zwei
horizontalen Stahlwalzen mit gleichem Durchmesser und gleicher Lange. Der Spalt zwi-
schen den thermisch regulierbaren Walzen kann mechanisch oder hydraulisch eingestellt

und gehalten werden.[!1111]

Beim indirekten Mahlen wird die kinetische Energie zunéachst auf den Mahlkorper und
anschlieflend durch Reibung auf das Mahlgut tibertragen, welches dadurch Gravitations-
und Zentrifugalkraften ausgesetzt wird. Beispiele dafiir sind Trommel-, Schwing- sowie
Planetenkugelmiihlen (Abbildung 1.3 B).Durch klar definierte Parameter wie die Kugel-
grofle, die Mahlzeit und die Frequenz lisst sich eine hohe Reproduzierbarkeit erreichen.*”)
Die Kugeln und Mahlbecher konnen aus verschiedenen Materialien wie Zirkonoxid oder
Wolframcarbid gefertigt werden, aus denen unterschiedliche Energietibertrage resultieren,
was eine substratspezifische Auswahl erméoglicht.l”! Kugelmiihlen erlauben die einfache-
re Verwendung toxischer Substanzen, da moderne Mahlbecher hermetisch verschlossen
werden konnen. Dies ermdglicht auch Reaktionen zwischen Reaktanden in unterschied-
lichen Aggregatszustinden.!'*?! Ein Nachteil beim Betrieb einer Kugelmiihle ist, dass sich
zwei wichtige Parameter, Temperatur und Druck, im Labormafistab nur schwer messen
lassen.[”] Eine Trommelkugelmiihle besteht aus einem rotierenden horizontalen Zylinder,
der mit Kugeln gefiillt ist und um seine Langsachse gedreht wird. Dabei fallen die Ku-
geln kontinuierlich auf das Mahlgut und zerkleinern dieses. Schwingkugelmiihlen finden
oft im Labormaf3stab bei systematischen Testverfahren Einsatz. Dabei wird die mit Kugeln
und Mahlgut beschickte Mahlkammer eingespannt und in hoher Frequenz hin- und her-
geschwungen, um Stof3krifte zu induzieren. Diese Mithlen kénnen mit einer Kithlung aus-
gestattet werden, wodurch eine Verldngerung der Mahldauer ermdglicht oder die sichere

109] Bej der Planeten-

Nutzung thermisch empfindlicher Reaktionspartner erleichtert wird.!
kugelmiihle stehen die Mahlkammern auf einer rotierenden Tragerscheibe und drehen sich

zusitzlich um ihre eigene Achse.[''%1%3]

Nennenswerte Beispiele der erfolgreichen Anwendung der Mechanochemie sind die
kontinuierliche Synthese von Ammoniak, einem der wichtigsten stickstoffhaltigen Grund-
stoffe, bei Raumtemperatur und atmospharischem Druck in einer Schwingkugelmiihle oder
die Bildung von Co-Kristallen fiir die pharmazeutische Anwendung.!'**"'*¥] Dariiber hin-

aus verdeutlichen die Herstellung von Legierungen, Oxiden oder (Nano)Kompositen, die
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Darstellung von metallorganischen Geriistverbindungen oder supramolekularen Systemen
sowie die Funktionalisierung von Biopolymeren die vielfaltige Nutzbarkeit der Mechano-

chemie [110.113.119-122]

1.2.2 Anwendung der Kugelmiihle in der organischen Synthese

Viele konventionelle organischen Synthesen konnten bereits auf diese 16sungsmittelfreie
Technik iibertragen werden.’#190123-126] Dazy zihlen {ibergangsmetallkatalysierte Kreuz-
kupplungsreaktionen wie die Sonogashira-, die Suzuki-Miyaura- und die Negishi-Kupplung
sowie die Heck-Reaktion.!'**"'35] Auch direkte C-H-Aktivierungen, asymmetrische Syn-
thesen sowie die Darstellung von Heterozyklen konnten durchgefiihrt werden.[?100.109:130.136]
Neben Kondensations-, Halogenierungs- und Aminohalogenierungsreaktionen sind auch
Cycloadditionsreaktionen moglich.!'*”! Ausgewihlte Anwendungsbeispiele der letzten Jah-

re sind in Schema 1.3 dargestellt.
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Schema 1.3: Organische Reaktionen die in den letzten Jahren in einer Kugelmiihle durch-
gefithrt wurden. Eine mechanochemische Reaktion wird symbolisch durch
drei Kugeln dargestellt.[138-141]
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Durch die mechanochemische Umsetzung von Diarylketonen 53 mit Calciumcarbid in
Form einer Faworsky-Reaktion zu den entsprechenden Propargylalkoholen 54 konnten
Hernandez et al. den anschliefenden Zugang zu Tetraaryl[3]kumulenen 55 demonstrie-
ren. Vorteil dieser Art der Darstellung von Propargylalkoholen ist, dass auf die konventio-
nell benoétigten (Erd-)Alkaliacetylide verzichtet werden kann. Festes Calciumcarbid (CaC,)
kann als sichere Alternative zu Acetylen in der chemischen Synthese verwendet werden
und die Herstellung ist unabhéngig von fossilen Ressourcen. Dariiber hinaus kann nicht
umgesetztes Carbid einfach regeneriert und wiederverwendet werden und bietet sich so-
mit fiir ein nachhaltiges Kohlenstoffkreislaufsystem an.['*?) Die erhaltenen Propargyldio-
le 54 konnen in einer sdure- und 16sungsmittelfreien Zinnchlorid-vermittelten reduktiven

Eliminierung zu Tetraaryl[3]kumulenen 55 umgesetzt werden.[!3*]

Durch Ausnutzung des piezoelektrischen Effektes von Bariumtitanat (BaTiOs)-Nanopar-
tikeln konnten Ito et al. eine komplementdre Methode zur Photoredox-Katalyse entwi-
ckeln, die die Mechanoredox-Aktivierung von organischen Molekiilen erméglicht. Diese
Umsetzung wurde mit Aryldiazoniumsalzen 56 in Arylierungs- und Borylierungsreaktio-
nen im Grammmaf3stab gezeigt. Der mechanische Energieeintrag wahrend des Mahlens er-
zeugt zeitweise sehr stark polarisierte Partikel, die als starkes Reduktionsmittel fungieren
und einzelne Elektronen auf die Diazoverbindungen 56 iibertragen, wodurch elementarer
Stickstoff freigesetzt wird und die entsprechenden Arylradikale generiert werden. Nach
Addition an einen Heteroaromaten oder ein Diboronat agiert das Elektronenloch des me-
chanisch aktivierten BaTiO; anschlieflend als Oxidationsmittel, wodurch der Katalysator
zuriickgebildet wird. Fiir die gezeigte Umsetzung werden weder absolutierte oder entgaste

Lésungsmittel noch Schutzgasatmosphire benétigt.!'*”)

Um ein neuartiges Katalysekonzept handelt es sich bei der direkten Mechanokataly-
se, bei der die Oberflaiche der Mahlkugeln als Katalysator agiert. Dies birgt den Vorteil,
dass die Riickgewinnung des Katalysators einfach und effizient ist.l'**] Im Jahr 2009 wur-
de von Mack et al. eine mechanochemische Sonogashira-Reaktion von para-substituierten
Arylhalogeniden mit Acetylenen unter atmosphéarischen Bedingungen beschrieben, bei
der Palladium zwar als Katalysator zugegeben wurde, aber die Kupfermahlkugeln als Co-

132

Katalysator fungierten.['3?] Seitdem wurden weitere Beispiele beschrieben, die Kugeln aus

Metallen wie Nickel, Silber, Palladium, Chrom oder Legierungen dieser Metalle als Kataly-

143

sator verwendeten.['**l Im Rahmen weiterer Studien konnte die Gruppe um Mack verschie-



Darstellung von Thiocyanaten

dene Selektivitaten in einer [2+1]-Cycloadditionsreaktion von Alkeninen 59 mit Diazover-
bindungen 60 bestimmen. Unter Verwendung von Silber findet die Reaktion ausschlief}lich
an der Dreifachbindung statt, wohingegen bei Verwendung von Kupfer die Doppelbindung
selektiv reagiert.['*]

Eine weiteres Beispiel fiir eine C—C-Kreuzkupplungsreaktion unter l6sungsmittel- und
iibergangsmetallfreien Bedingungen wurde von Mandal et al. gezeigt. Die Autoren setzten
ein Phenalenylsalz ein, um Arylhalogenide 63 durch Festkorpereinzelelektronentransfer
(solid-state single electron transfer, SSSET) unter Einfluss mechanischer Energie zu akti-
vieren und mit polycyclischen aromatischen Kohlenwasserstoffen 64 umzusetzen. Durch
zweifachen Elektroneniibertrag ausgehend von in situ generierten organischen Elektro-
nendonoren wird das zweifach reduzierte Phenalenylanion erhalten, das im festen Zustand
als Superreduktionsmittel agiert und die eingesetzten Arylhalogenide 63 zu entsprechen-

den Arylradikalen transformiert, die die C-C-Bindungskniipfung eingehen.[!4!]

1.3 Darstellung von Thiocyanaten

Organische Thiocyanate sind wichtige synthetische Zwischenprodukte und erméglichen

(144] Sje gehoren zur Klasse der

den Zugang zu weiteren schwefelhaltigen Verbindungen.
organischen Chalkogen-Cyanate (R-X-CN, X = O, S, Se, Te) bzw. den organischen Pseudo-
Halogeniden (R-X, X = CN, N;, OCN, NCO, SCN, NCS, SeCN). Zur Darstellung dieser

Verbindungen kénnen zwei Hauptstrategien verfolgt werden (Schema 1.4).

@O
NCS

® .

—— R-X * "SCN" NCS  NCS

g~ SCN © ® .
— R-SX *+ "CN" Nce NC@ NC

Weg 2 RS RS RS’

© ® .

R R R

Schema 1.4: Verschiedene Darstellungsmoglichkeiten von organischen Thiocyanaten so-
wie die involvierten reaktiven Spezies. Von Donnard und Gulea et al. abge-
wandeltes Schema.!!4]

Die erste Darstellungsmoglichkeit besteht aus der Reaktion halogenenierter Alkyl- oder
Arylsubstrate, die keinen Schwefel enthalten, mit einem Thiocyanat-Ion (Weg 1, Sche-
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ma 1.4). Alternativ kann das Substrat bereits einen elektrophilen oder nukleophilen Schwe-
fel enthalten, der mit einem Cyanierungsmittel umgesetzt wird (Weg 2, Schema 1.4).114°]
Verschiedene nukleophile, elektrophile und radikalische (Thio)-Cyanierungsmittel stehen
fiir die Darstellung von organischen Thiocyanaten zur Verfiigung.[1*4-14] Salze wie NaSCN,
KSCN oder NH,SCN dienen in nukleophilen Substitutionsreaktionen als Rhodanid-
Quelle.['*1%] Unter oxidativen Bedingungen kann ein Thiocyanat-Radikal gebildet wer-
den, das mit C=C-Bindungen umgesetzt werden kann.!'**-'53) In elektrophilen Additions-
und Substitutionsreaktionen kann Dirhodan (SCN),, N-Thiocyanatosaccharin oder N-Thio-

cyanatosuccinimid verwendet werden.['341%7]

Ist ein elektrophiler Schwefel im Molekiil vorhanden ist, beispielsweise bei einem Di-
sulfid (RSSR) oder einem Sulfenylhalogenid (RSX), finden KCN, NaCN oder TMSCN als
nukleophile Cyanid-Quelle Anwendung.['*4¢] Unter aeroben Bedingungen und Kupfer-
Katalyse konnen CN-Radikale gebildet werden, die ebenfalls mit Disulfiden zu den ent-
sprechenden Thiocyanaten reagieren.'*” Es konnte gezeigt werden, dass ungiftige Sub-
stanzen wie Kaliumhexacyanoferrat-Salze oder Azobis(isobutyronitril) (AIBN) als sichere
Cyanid-Quelle eingesetzt werden konnen, da sie Cyanid erst in situ freisetzen.['°-12l Unter
oxidativen oder elektrochemischen Bedingungen konnen Thiole (RSH) direkt umgesetzt
werden.['’3163] Elektrophile Cyanid-Quellen kénnen Halogencyane (XCN; X = Br, Cl) oder

hypervalente Iodverbindungen sein.[14416416]

Thiocyanat-Substituente kénnen Einsatz bei der Feinabstimmung von Farbstoffen fin-

den, z. B. bei Fluoreszenzsensoren, die auf Bordipyrromethin-Verbindungen (BODIPY),

166-170

basieren, oder wurden auf ihren Anwendbarkeit als Insektizide getestet.[ I Dariiber

hinaus ermoglicht eine Thiocyanat-Funktionalitdt in Molekiilen eine Vielzahl an weite-

144,171-174

ren synthetischen Umsetzungen, die in Schema 1.5 dargestellt sind.! I Pericycli-

sche Reaktionen mit Aziden sind in Form von [2+3]-Cycloadditionen méglich, wohinge-

175,176

gen mit Alkinen [2+2+2]-Cycloadditionen stattfinden.! | Bei der Umsetzung mit re-

duktiven Verbindungen werden Thiole 68 erhalten, wobei eine Racemisierung durch ei-

[77] Die Umsetzung mit

ne selektive Wahl des Reduktionsmittels verhindert werden kann.
aromatischen Grignard-Verbindungen fiithrt zu Diarylthioethern, die anschlieBend zu den
entsprechenden Sulfoxiden 69 oxidiert werden kénnen.!'’® Benzoisothiazolinone 70 kén-
nen aus o-Brombenzamiden und Kaliumrhodanid mit einer sich anschliefenden Tandem-

Zyklisierung dargestellt werden.'’””) Durch den Umsatz mit dem Treibhausgas Fluoro-
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form (HCF;),” werden Trifluormethylsulfide 71 erhalten, die sich durch einen der héchsten

Hansch-Parameter, also eine sehr starke Lipophilie, auszeichnen. 8183

MeO,C | >N
MeO,C Z
6

Saa et al. (2003)
[2+2+2]-Cycloaddtion (n) _OiPr
Et P

@C/ ~_ T s Lo

Masson et al. (2003)
Sharpless et al. (2001) SCN Reduktion
[2+3]-Cycloaddition R

(0}

I
! N S ~
Rl—. | —R?
71 = 6o »
ﬁﬁiﬁ%gﬁﬁi 2010 @4 Knochel et al. (2011)
Organometall-Arylierung

Trifluormethylierung

-SCF
R 3

Xietal. ( 2012)
Tandem-Zyklisierung

Schema 1.5: Ausgewihlte Folgereaktionen an Thiocyanaten, bei denen das Schwefelatom
im Molekiil verbleibt.'75-18%]

1.3.1 Thiocyanate in Naturstoffen

Bisher wurde die funktionelle Gruppe der Thiocyanate nur in wenigen Naturstoffen, meist
in Sekundirmetaboliten mariner Lebensformen, identifiziert (Abbildung 1.4).'3%) Aufgrund
der beobachteten biologischen und pharmakologischen Aktivitat dieser Verbindungen, z.
B. eine antimykotische oder krebshemmende Wirkung, wurden diese und dhnliche Struk-
turmotive (total)-synthetisch dargestellt.['*#185-187] Dje Verwendung als bisher wenig ver-
breitetes Strukturmotiv in pharmazeutischen Wirkstoffen kann den immer haufiger auf-
tretenden Arzneimittelresistenzen entgegenwirken.[188-1%]

Die Thiocyanatine A-E, (72-78) wurden aus einem marinen Schwamm der Gattung
Oceanapia vor der Sudkiiste Australiens von Capon et al. isoliert und bestehen aus ei-
nem 1,16-disubstituierten n-Hexadecan-Grundgeriist, das sich in seinem Substitutionsmus-

ter oder der Position einer Doppelbindung unterscheidet. Die Verbindungen sind synthe-

tisch zuganglich und die Vertreter 72 und 75-78 stellen eine bis dahin unbekannte Klasse

2 Fluoroform fillt in iiber 20000ta™" als Nebenprodukt bei der Produktion von Teflon®, Polyvinyliden-
fluorid (PVDEF), Kithlschranken und Feuerldschern an. Die Entsorgung als Abfallstoff ist duflerst kosten-,
material- und energieintensiv und die Nutzung als Reagenz ist bisher nur wenig erforscht.[181:182]
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Einleitung

von Nemataziden dar.'*"1*? Ebenfalls in marinen Schwimmen wurden Neopupukeana-
ne 79 und 80 sowie Cavernothiocyanat (81) nachgewiesen, die ein terpenoides Grund-
geriist besitzen und sich strukturell hneln.*”*"*] Von der Gruppe um Srikrishna wur-
den die ersten enantioselektiven Synthesen von 2-Thiocyanatoneopupukeanan (79) und 4-
Thiocyanatoneopupukeanan (80), jeweils ausgehend von (R)-Carvon (9), beschrieben.['¥:1%!
Ein weiterer Sekundmetabolit, der aus marinen Schwammen isoliert werden kann, ist Psam-
maplin B (82). Dieser Naturstoff setzt sich aus Bromtyrosin und einem modifizierten Cy-
stein zusammen und zeigt Aktivitat als Histon-Deacetylase sowie als DNA-Methyltrans-
ferase-Inhibitor.[1?619%200] Ays Seeschnecken oder Seescheiden kénnen Fasicularin (83) und

Cylindricine 84-87 isoliert werden, die ein trizyklisches Grundgeriist besitzen und total-

synthetisch zugénglich sind. [195:201-204]

OH Me Me
NCS\MW
72 SCN Me Rl — Me

Thiocyanatin A

Me Me = H SCN
NCS e S Me 81
SCN v Cavernothiocyanat
Thiocyanatin B 79: R SCN, R% H; 2-Thiocyanatoneopupukeanan
NCS e e 80: R: H, R% SCN; 4- Thiocyanatoneopupukeanan
SCN CN
Thiocyanatin C
cs l\:lle OH CeHis
N \/\/\/\)\/\/\/\/\
75 SCN HO
Thiocyanatin Dy 82
Psammaplin B
OH FaS|cuIar|n
NCS\/\/\/\)\/\/\/\/\
76 o SCN NCS HH
Thiocyanatin D, Me E /&OAC
N7
OH H CoH
0 4Hg
WW/SCONHZ NCS 1{'4 H 86
NCS 77 Cylindricin H
Thiocyanatin E; N
H H R OAc
OH L NCS
\/\/\/\)\/\/\/\/\ 81 R Cothis Cylindrcin C4H9
NCS SCONH, 85: R: C4Hg; Cylindricin G

78
Thiocyanatin E, Cyllndncm J

Abbildung 1.4: Eine Auswahl an Naturstoffen, die das Thiocyanat-Strukturmotiv
tragen.[m‘zo“]



2 Zielsetzung

2.1 Darstellung organischer Thiocyanate unter griinen

Reaktionsbedingungen

Cyanide sind einer der wichtigsten C;-Bausteine fiir die organische Synthese und werden
trotz der hohen Toxizitat klassisch verwendeter Reagenzien wie HCN (94), TMSCN oder
NaCN sowohl im Labormaf3stab als auch in der chemischen Industrie eingesetzt.[2>2°]
Der Grof3teil der bisher bekannten Cyanierungsreaktionen zielt auf den Aufbau neuer
Kohlenstoff-Kohlenstoff-Bindungen, wohingegen die Einfithrung von Heteroatom-Kohlen-
stoff-Bindungen weniger erforscht ist. Ein interessantes Strukturmotiv der letzteren Klasse
sind organische Thiocyanate, da sich die SCN-Funktionalitét einerseits auf die biologische
Aktivitit eines Molekiils auswirken kann, andererseits aber auch vielfaltige Folgereaktio-
nen ermoglicht,[144176:185.186207]

Auf Grundlage der von Bolm et al. berichteten mechanochemischen Verwendung von
Hexacyanoferrat-Salzen als ungiftige Cyanidquelle wurde in der Arbeitsgruppe Opatz die-
se Freisetzung genutzt, um eine saurekatalysierte Strecker-Reaktion im zweiphasigen Lo-
sungsmittelgemisch zu erforschen. In einer weiteren Studie wurde der Mechanismus der
Bildung von Diaminomaleonitril (DAMN, 97) aus Cyanwasserstoff (94) mittels Massen-

spektrometerie untersucht und die Cyanierung eines Disulfids 96 als wichtige Zwischen-

stufe identifiziert (Schema 2.1).[162.208.209]
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R _R3
o R aulFelen) W
[ e
Bolm (2018): L, « N B LS Rl’;\CN
Rl "R2 R3 &) R2
88 89 920
3
o R Kaa[Fe(CN)e] CN
Opatz (2019): + HN —_—— 3
paz 2oto): ML - @ RlJ\N,R
91 92 93 R?
HCN
N
o-SCN e-Sve R
95 96 HoN  NH,
Opatz (2021): 3 HCN I >:<
NC _CN
94 97
DAMN

Schema 2.1: Literaturbekannte Verwendung von Blutlaugensalzen als Cyanidquelle sowie
mechanistische Untersuchungen zur Tetramerisierung von HCN (94) unter
Verwendung von Organoschwefelkatalysatoren. Ein zweiphasiges Losungs-
mittelgemisch wird symbolisch durch den Kolben dargestellt.[12208.20%]

Diese Vorarbeiten bilden den Startpunkt fiir die Umsetzung kommerziell erhéltlicher
Thiole 98 und Disulfide 99 zu organischen Thiocyanaten 100, die in dieser Arbeit syste-
matisch untersucht werden soll (Schema 2.2). Besonderer Fokus liegt auf der Beachtung
der Prinzipien der Griinen Chemie sowie der Nutzung nachhaltiger Synthesemethoden.
Dies schlief3t die Verwendung eines organisch-wéassrigen Zweiphasen-Systems sowie eine
mechanochemische Umsetzung in einer Kugelmiihle ein, da so geringere Losungsmittel-
mengen als bei konventionellen Batchreaktionen benoétigt werden. Nach der Optimierung
der Reaktionsparameter fiir beide Methoden, sollen diese an verschiedenen Substraten ge-

testet und in der Totalsynthese von Psammaplin B (82) eingesetzt werden.

Ka/a[Fe(CN)e]

~SH SR —— 5 _SCN

R oder R S R
98 99 é oder & 100

Schema 2.2: Geplante Umsetzung von Thiolen 98 oder Disulfiden 99 zu Thiocyanaten 100
unter Einsatz nicht giftiger Cyanidquellen, entweder im zweiphasigen L6-
sungsmittelgemisch oder in einer Kugelmiihle.



3 Resultate und Diskussion

3.1 Darstellung organischer Thiocyanate unter griinen

Reaktionsbedingungen

Die Reaktionsbedingungen fiir die Darstellung organischer Thiocyanate, unter Verwen-
dung ungiftiger Blutlaugensalze als Cyanidquelle, wurden mittels eines zweiphasigen Lo-
sungsmittelgemisches und einer Planetenkugelmiihle jeweils an 2-Mercaptopyrimidin (101,
in der Publikation 16) optimiert. Die breite Anwendbarkeit beider Methoden wurde an ins-
gesamt 27 Substraten erfolgreich demonstriert und in der ersten Totalsynthese des Natur-

stoffs Psammaplin B (82, in der Publikation 1) angewendet (Abbildung 3.1).

EtOAc:H,O (1:1),

HOACc, 80 °C
Ks[Fe(CN)gl
+ — Green Procedures — R/S N
R/SH
or SiO, 850 rpm

+/ Non-Toxic Cyanide Source ' 27 Examples

+/ Aromatic & Aliphatic Thiols + Up to Quant. Yield

+ Inexpensive Reagent + Application in Total Synthesis

Abbildung 3.1: Graphical abstract der Publikation ,Complementary Mechanochemical
and Biphasic Approaches for the Synthesis of Organic Thiocyanates using
Hexacyanoferrates as Non-Toxic Cyanide Sources® 210
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Um die Reaktion nachhaltig zu gestalten, wurden verschiedene Techniken fiir die Isolie-
rung der gebildeten Produkte untersucht, die alternativ zur Sdulenchromatographie ein-
gesetzt werden konnen. Die Anwendungsbereiche, Folgereaktionen sowie Limitierungen
wurden in der Publikation beschrieben.?!"!

Das zweiphasige Reaktionssystem wurde Von_ entwickelt und in Zusammen-
arbeit mit- un_ angewendet. Die Ubertragung der initialen Reaktions-
bedingungen auf die Kugelmiihle, deren Optimierung sowie die Darstellung des Substrat-
spektrums und die Auswertung der analytischen Daten wurde von ]J. Grofy durchgefiihrt.
Die Isolierung und Reinigung einiger Produkte wurde von _ in ihrer Funktion
als wissenschaftliche Hilfskraft durchgefiihrt. Die Darstellung des Naturstoffs Psammap-
lin B (82, in der Publikation 1) wurde von _ durchgefithrt. Das Manuskript

wurde von _ J. Grof3, _ und T. Opatz erstellt.’

% Reproduced from C. Grundke, J. Grof3, N. Vierengel, 3. Sirleaf, M. Schmitz, L. Krieger, T. Opatz, Org. Biomol.
Chem., 2023, 21, 644-650 with permission from the Royal Society of Chemistry.
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Complementary mechanochemical and biphasic

it tis: Org Bomot Cherm. 2025 approaches for the synthesis of organic

21 644 thiocyanates using hexacyanoferrates as non-toxic
cyanide sourcest

’ '.) Check for updates ‘

Caroline Grundke, i Jonathan GroR,1 Nina Vierengel, Jason Sirleaf,
Matthias Schmitz, 2 Leonie Krieger and Till Opatz (&) *

Herein, we describe two complementary approaches towards various organic thiocyanates that are
affordable, reliable and follow the principles of sustainable chemistry, starting from commercially available
thiols or disulfides. Additionally, the application of this mild method to the first total synthesis of psamma-
plin B is demonstrated. Non-toxic and inexpensive ferricyanide is used as the cyanide source, which can

Received 4th December 2022,
Accepted 19th December 2022

DOI: 10.1039/d20b02216h be activated either in a mechanochemical, solvent-free approach, or in a biphasic solvent system allowing

rsc.li/obc easier work-up. A total of 27 examples is demonstrated, with up to quantitative yields.

Introduction

Climate change and its increasing impact on human society
such as sea level rise, weather disasters and long term
changes in the atmosphere’s composition, in soil and veg-
etation, have already emerged in the late 20th century.!

response to a probable human contribution to the phenom-
enon, the 12 principles of green chemistry were proclaimed
by Anastas and Warner in 1998, to reach a paradigm shift in
the chemical community.>® One of the most important guide-
lines to develop more eco-friendly methodologies is to mini-
mize the amount of toxic and harmful chemical reagents as
well as the amount of solvents required. Cyanide is one of the
most important C; building blocks in the organic laboratory
as well as in industry," but frequently applied cyanide sources
such as HCN, TMSCN, metal cyanides or ketone cyanohydrins
show very high toxicities. Therefore, their replacement with
non-toxic alternatives that are not inferior to conventional
agents on either reactivity or economic aspects, is highly
desirable. In this respect, non-toxic and inexpensive potass-
ium hexacyanoferrate II/III (oral LDs, in mice of K;[Fe(CN)g] =
5110 mg kg™', oral LD;, in mice of NaCl = 3000-3750 mg
kg™')>® became of increasing interest during the last few
years, in particular in combination with palladium and

Department of Chemistry, Johannes Gutenberg-University, Duesbergweg 10-14,
55128 Mainz, Germany. E-mail: opatz@uni-mainz.de

T Electronic supplementary information (ESI) available. CCDC 2206744. For ESI
and crystallographic data in CIF or other electronic format see DOI: https://doi.
0rg/10.1039/d20b02216h

fShared first authorship.

644 | Org. Biomol. Chem., 2023, 21, 644-650

copper catalysis for various cyanation reactions (see
Scheme 1), but most of them require high reaction
temperatures.”'® To produce less solvent waste, the appli-
cation of biphasic solvent systems was recognized as a versa-
tile tool, since the individual reactants can be dissolved in
their preferred solvent instead of forcing them both into a
suboptimal one through the use of large volumes. To this
end, the Opatz group reported the implementation of a classi-
cal Strecker protocol in a biphasic solvent system consisting
of water and ethyl acetate, while applying non-toxic ferri/ferro-
cyanide for the efficient synthesis of a-aminonitriles following
a green protocol (Scheme 2b)."®

R X KaulFe(CN)g),
‘\\ TM- catslyzed

X =Ms, OTs Belrer 2004»2008

X =0H
C Iaclno 20 l
X=CHO Nasrollahzadeh 2016

O Pd(OAc)z K4[Fe(CN)5]
D F
Zhu 2007
K{Fe(CN), PA(OAD,,
Cu(OAG); DMSO, O
130 °C

Wang 2010
KylFe(CN)g], Oy,
_/BUOHIH;0, HOAG_
T aoc

Opatz 2015

Scheme 1 Selected examples of various cyanation reactions using
ferro-/ferricyanide as non-toxic cyanide sources.

This journal is © The Royal Society of Chemistry 2023

Teill Grine Chemie

3.1

25



26

Published on 19 December 2022. Downloaded by Universitaetsbibliothek Wuerzburg on 3/28/2023 12:11:39 PM.

Resultate und Diskussion

Organic & Biomolecular Chemistry

o R
J]\ . R K4[Fe(CN)g], Si0, HN
HoN
1 2 2t Ball Mill
RU R Bolm 2018 R re N
b) K3[Fe(CN)s:K,[Fe(CN)g] (3:4) _, 3
o R3 EtOACc:H,0 (1:1) R\N,R
Jj\ + HNT HOAc, 80 °C J\
I —
R' H R2 Biphasic Solvent System R N

Opatz 2019

Scheme 2 Synthesis of a-aminonitriles via a ferri/ferrocyanide initiated
Strecker-type reaction in a ball mill (a) and in a biphasic solvent system
(b).

Mechanochemistry, which doesn’t require additional
thermal activation, has received increasing interest as a green
synthesis alternative, mainly because of its significant advan-
tages such as significantly shorter reaction times, higher
selectivity and lower waste production, since the reactions are
carried out solvent-free.'” Various mechanochemical trans-
formations have been reported, such as mechanochemical
Friedel-Crafts alkylations,'® diverse amino acid and peptide
syntheses,'®** C-C bond formations®'* and even fullerene
syntheses.>>” The Bolm group reported Strecker reactions fur-
nishing a-aminonitriles by applying KCN as the cyanide source
in 2016,**° which the group further evolved by the application
of hexacyanoferrates as less toxic cyanide sources in mechano-
chemistry two years later (Scheme 2a).*°

However, the majority of such reactions focus on building
new C—C bonds, whereas the formation of heteroatom-carbon
bonds from non-toxic cyanide sources tends to be overlooked,
even though the resulting products such as thiocyanates are
useful intermediates in a variety of transformations.*'”**
Organic thiocyanates are a versatile compounds class and can
serve as building blocks or precursors for various sulfur-con-
taining heterocycles.** Moreover, the functional group itself
can confer diverse biological activities to organic compounds
containing it, creating for example anticancer or antifungal
agents.>>*® Efforts have been made to synthesize such com-
pounds economically and sustainably, especially regarding
potential drug motifs able to overcome increasing resistances
towards frequently used drugs.’’° Besides, a variety of
natural products with the thiocyanate structural motif have
been isolated, such as psammaplin B (1),*° fasicularin (2),"
thiocyanatins (3-5),°*> neopupukeananes and congeners
(6-8)**"* or other terpenoids (9-12)">*° (see Fig. 1)."’

In the synthesis of organic thiocyanates, two main strat-
egies are generally followed, the first one starting from
different alkyl/aryl precursors and a thiocyanating agent, while
the second uses a sulfur-containing substrate in combination
with a cyanating agent. The most commonly used cyanating
agents are still based on toxic metal cyanides such as KCN or
NaCN, yet alternatives such as TMSCN, BrCN or some hyperva-
lent iodine species are still highly toxic or need to be elabo-
rately prepared. Likewise, commonly used thiocyanating
reagents such as NH,SCN (750 mg kg™")*® or KSCN (854 mg
kg™")* still show significantly lower oral LDs, values in mice
than K3[Fe(CN),].*"*°* In this respect, we sought to study the

This journal is © The Royal Society of Chemistry 2023
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| CaHg
R = C4Ho: Cylindricine G (10) M

Cylindricine J (12)

Fig. 1 Examples of thiocyanates as a structural motif in multiple natural
products.

application of this affordable and essentially non-toxic cyanide
source in the direct nucleophilic cyanation of thiols as, to the
best of our knowledge, no such methodology has been
reported. Herein, the efficient and sustainable synthesis of
multiple thiocyanates using K3[Fe(CN)q] in a biphasic solvent
system or via mechanochemical activation in a ball mill is
described. Additionally, the reported synthesis procedure was
applied in the green and hitherto first total synthesis of the
natural product psammaplin B, starting from 4-hydroxyphenyl-
pyruvic acid (54) via late-stage functionalization of psamma-
plin A through application of the newly developed protocol in
four steps.

Results and discussion

Based on the previously published biphasic reaction system
using hexacyanoferrates for the synthesis of a-aminonitriles
reported by the Opatz lab,'® initial optimization experiments
for the biphasic synthesis of thiocyanates have been performed
using diphenyl disulfide (13), 2,2-dipyridyldisulfide (14) or
2,2'-dipyrimidyldisulfide (15) as substrates. As the pyrimidyl
substrate 15 showed the highest initial yield, further optimiz-
ation focused on this as starting material.

Since K;[Fe(CN)s] itself is a known oxidizing agent, a direct
application of thiols instead of disulfides was investigated in
this reaction setup (see Scheme 3). Pyrimidine-2-thiol (16) was
successfully used as starting material, furnishing the respect-
ive thiocyanate product 16a in quantitative yield after little

Org. Biomol. Chem., 2023, 21, 644-650 | 645
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Ks[Fe(CN)gl,
EtOAC:H,0 (1:1),
HOAG, 80 °C, 14 h

quant.
N SH N SCN
A A
N y N
Ks[Fe(CN)g], SiOy,
16 850 rpm, 6 min 16a

72%

Scheme 3 Optimized reaction conditions for the synthesis of thiocya-
nates in batch as well as in a ball mill.

further optimization (please see Table T1 in the ESIT for more
details). Besides the application of a biphasic reaction system,
adaption of this new protocol to a mechanochemical, solvent-
free approach has been investigated. After optimization of the
amount of the CN source, the reaction time and potential
grinding auxiliaries, optimum reaction conditions with a dras-
tically reduced reaction time could be achieved. Furthermore,
no additional chemicals for the required acidic activation are

View Article Online

Organic & Biomolecular Chemistry

needed, as the ideal grinding auxiliary already provides the
necessary acidity. Under these conditions, the respective
2-thiocyanatopyrimidine (16a) could be obtained in 72% yield
(see Scheme 3). Both procedures can also be performed on
gram scale, yielding 49% and 15% for the batch and ball mill
approach, respectively (ESI Tables T1 and T2+).

With the optimized reaction conditions for both procedures
in hand, the respective substrate scope was investigated (see
Scheme 4). All yields are those of the isolated products unless
stated otherwise, with column chromatography as the standard
purification method to ensure comparability. Considering the
sustainability of the developed procedures, alternative purifi-
cation methods such as crystallisation, distillation and continu-
ous extraction have exemplarily been applied to some of the sub-
strates, proving that comparable yields can be obtained, pro-
vided that the alternative purification is adapted to the individ-
ual substrate (please see the ESI for further informationt).

Switching from pyrimidine to pyridine thiols, the respective
2- and 4-substituted thiocyanate products 17a and 18a could

Ks[Fe(CN)g], EtOAC:H,O (1:1), HOAc, 80 °C

_SH

14-79 h

& " R

Ka[Fe(CN)g], SiO,, 850 rpm

_SCN

6 min or 12 min

NYSCN N SCN N
\ | ‘
_N _N N~ — N e

Aromatic Thiol Scope

G ™ e

100% (72%) 72% 53% 50% 80% 21a:R = NO, 62% (67%)°  26a R =H, 40%
16a 17a 18a 19a (no conversion) 22a: R = Cl, 20% (51%)° 27a: R =Cl, 42%
N 20a 23a: R = OMe, 0% (32%)?
©/\ >—SCN 25a: R = NH,, 14% (37%)
SCN
38% w%)b 67% (35%)b 31% (0%) cl o
32a
Br. SCN
g Y N e
N _N
©/ \© ©:O>_NH2 “ "o "o
179 0 o
30c: X = S, 54% (0%) 31$ 0/03(34%) 2(13%
31c: X =0, 15% (33%) a
Aliphatic Thiol Scope S
Hy /\/O\/\ /\/O
O/ NCS (o) j s OH

N MeO 0. —

\/\O/\/ \/\O >/N
HoN
37% (0%) 7% (0%) 17% (0%)  92%2 (11%)%° 29%2 (29%)%° 21%2 (no conversion)
34a 35a 36a 37a 38a 39a
o SCN o
)J\ oMe Me)J\N OMe |~ _SCN
Me’ u H
o (o]
0% (13%) 10% 35%2
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Scheme 4 Scope of aromatic and aliphatic substrates. Isolated yields unless stated otherwise. Yields in parenthesis are those of the mechanochem-
ical procedure. ?Yield determined via *H-NMR (internal standard). "Reaction time was extended to 12 min.
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be obtained in yields of 72% and 53%, respectively. This
might be due to better resonance stabilizing effects in the
4-substituted derivative 18a. With 50% yield, 2-mercaptopyri-
dine-N-oxide (19) as the thiol reagent could be converted to
the respective thiocyanate product 19a. The use of the elec-
tron-rich 2-mercapto-1-methylimidazole (20) under the bipha-
sic conditions led to the respective thiocyanate (20a) in 80%
yield, whereas subjection to the ball milling conditions did
not lead to any conversion of the starting material. The
influence of various substituents on the thiophenol core was
investigated, with product formation of 21a in 62% yield
under the biphasic conditions if an electron-withdrawing
nitro substituent is attached in p-position. Upon mechano-
chemical activation, a small increase in yield up to 67%
could be observed when the reaction mixture was ground for
12 min. For the p-chloro derivative 22, ball milling yielded
the respective thiocyanate 22a in 51% after 12 min of grind-
ing time, whereas the biphasic reaction conditions furnished
22a in only 20% yield. Through ball milling, 4-methoxythio-
phenol 23 could be converted to the respective thiocyanate
derivative 23a in 32% NMR-yield, whereas 4-methyl-
thiophenol (24) yielded the corresponding disulfide 24b in
49% yield.

Conversion of a substrate with a free amino group in p-posi-
tion yielded the respective product 25a in 14% yield under
biphasic conditions, which could be increased significantly to
37% by mechanochemistry.

Shifting the amino group from the para- to the ortho-posi-
tion led to a direct in situ cyclization of the intermediately
formed thiocyanate to either the respective unsubstituted ben-
zothiazol-2-amine product 26a (40% yield) or the chlorinated
benzothiazole-2-amine  derivative 27a in 42% yield.
Benzylmercaptan (28) and 2-phenylethan-1-thiol (29) were also
used as thiol reagents, furnishing the respective thiocyanate
products 28a in 38% and 29a in 67% yield in the developed
biphasic reaction protocol. Adaption to ball milling conditions
led to a decrease in yield to 10% for 28a, although the reaction
time was slightly extended, and a 35% yield for 29a could be
observed with 12 min of grinding time. Under batch reaction
conditions, the formation of the disulfide 30b and thioether
30c in 42% and 54% yield could be observed starting from
2-mercaptobenzothiazole 30. The same applies to 2-mercapto-
benzoxazole (31) as the thiol (desired product 31a, 0%), with
the unexpected 2-amino substituted product 31b (17% yield)
and the respective thioether 31c (15% yield) being the isolated
products. Product formation of 2-mercaptobenzimidazole (32)
towards the desired thiocyanate 32a could be achieved in 31%
yield in the biphasic solvent system. When introduced to
mechanochemical conditions, for the application of 2-mercap-
tobenzoxazole (31), thioether 31c was obtained as the only
product in an increased yield of 33% compared to the biphasic
approach. 2,4-Dichlorothiophenol (33) was converted to the
respective thiocyanate 33a in 49% yield under ball milling con-
ditions. Besides aromatic thiol derivatives, aliphatic substrates
have also been investigated under both reaction conditions.
Cyclic thiols such as cyclopentanethiol (34), cyclohexanethiol

This journal is © The Royal Society of Chemistry 2023
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(35) and adamantane-1-thiol (36) yielded the desired thio-
cyanate products in 37% (34a), 7% (35a) and 17% yield (36a)
under biphasic conditions, whereas under mechanochemical
conditions, the cycloalkanes 34, 35 and 36 furnished exclu-
sively the respective disulfides. For these substrates, distilla-
tion as purification method furnished the desired products in
comparable yields. Application of cysteamine (37) in the devel-
oped batch protocol followed an already observed in situ cycli-
zation towards the respective 4,5-dihydrothiazole derivative
37a in 92% NMR-yield after continuous extraction of the
aqueous phase with ethyl acetate, whereas under mechano-
chemical conditions, an NMR-yield of only 11% could be
achieved. Conversion of 2,5,8,11,14,17,20-heptaoxadocosane-
22-thiol (38) to the respective thiocyanate 38a was achieved in
29% NMR-yield after work-up as an inseparable product
mixture together with disulfide 38b (7% yield). In contrast, 38a
could be exclusively obtained under ball milling conditions
(29% NMR-yield). Application of r-cystine (39) as a naturally
occurring disulfide yielded the in situ cyclized product 39a in
21% NMR-yield under batch conditions, after continuous
extraction of the aqueous phase with ethyl acetate. Application
of methyl acetyl-L-cysteinate 40 yielded the respective thio-
cyanate product 40a in 14% yield after mechanochemical acti-
vation. In contrast, formation of methyl 2-acetamidoacrylate
40b in 10% yield could be detected as the sole defined reaction
when 40 was applied to the biphasic reaction conditions, prob-
ably due to elimination of H,S or HSCN. The presence of a free
hydroxy group was tolerated in the biphasic procedure, yield-
ing the respective product 41a in 35% NMR-yield. Conversion
of 1,4-dimercaptobutane-2,3-diol (42) did not lead to any
product formation. The significantly lower yields for aliphatic
thiols that are only poorly soluble in water indicate that hydro-
philicity of the substrates seems to play an important role for
successful conversion into the respective thiocyanate products,
particularly in the biphasic reaction protocol. Selected polar
and protic solvent systems were investigated during optimiz-
ation (see Table T1 in the ESIf).

As shown in Scheme 5, the scope of the developed pro-
cedures is limited through exclusive disulfide formation in
12% (43b) yield and 36% (44b) yield when applying either
methyl 2-mercaptoacetate (43) or methyl 3-mercaptopropano-
ate (44) as thiol components. Application of (4-methoxyphenyl)
methanethiol (45) to biphasic conditions resulted in the for-
mation of the respective disulfide 45b in 6% and p-anisyl
alcohol (45¢) in 27% yield, probably due to nucleophilic dis-
placement by water, whereas under mechanochemical con-
ditions, 45b was formed after 6 min of grinding time (16%).
Unsubstituted thiophenol (46) could not be converted into the
respective thiocyanate under both sets of conditions, as well as
a-lipoic acid (47), 3-mercaptopropionic acid (48), L-cystein (49),
N-acetyl-L-cystein (50) and glutathione (51). Linear unsubsti-
tuted alkanethiols 52 and 53 could also not be transformed
into their respective thiocyanate derivatives in the batch proto-
col, whereas formation of didecyldisulfide 53b in 58% yield
was observed after subjection of decanethiol (53) to the ball
milling conditions (either 6 or 12 min).
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Scheme 5 Limitations of aromatic and aliphatic substrates in both
protocols.

Total synthesis of psammaplins

The developed protocols were further applied in the total syn-
thesis of psammaplin B (1, Scheme 6) through activation of
the disulfide bond present in psammaplin A (55), a marine

(NHOH)*Cl

jogad—
o pyridine, r.t.
HO 63% HO

Br.
D
N S

HO HO™ >

Psammaplin A OH
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natural product first isolated in 1987 from the sponge
Psammaplysilla  purpurea which has interesting biological
activities.”>®® There are already various approaches towards
psammaplin A by Nicolaou, Hoshino and others,”>*** but
none of them, to the best of our knowledge, includes psamma-
plin B as a synthesis target, even though it is a bromotyrosine-
containing metabolite of the Psammaplysilla purpurea
sponge.*’

This synthesis approach is based on the report of Sufrin
et al starting from 4-hydroxyphenylpyruvic acid (54) to
furnish psammaplin A (55) in four steps.>® After oximation of
the commercially available starting material 54 with hydroxyl-
amine hydrochloride to oxime 56 in 63% yield, bromination
with NBS yielded the mono- and dibrominated compounds
57 and 58 in 39% and 10% yield, respectively. Both sub-
strates were coupled with cysteamine (37) to furnish psamma-
plin A (55) in 24% yield and the corresponding tetrabromi-
nated psammaplin A derivative 59 in 13% yield. Psammaplin
A was then subjected to the developed ball milling procedure,
but only decomposition of the starting material could be
observed. Subjection to a modified biphasic synthesis proto-
col (7.5 eq. CN source, 71 h of heating) yielded the natural
product psammaplin B (1) in 26% isolated yield. It should be
mentioned that, even though the reaction in the biphasic
system proceeded rather slowly, no side product formation
could be observed in the course of the reaction and only
selective conversion of psammaplin A (55) to psammaplin B
(1) occurred.

Thus, the developed protocol proved to be mild enough to
even allow the transformation of highly functionalized
substrates.

OH

10%

HO Br
58

HS. [0} O, SH
S \/\NHz HZN/\/
37 OH OH 37
NHS, DCC, DMF, N N NHS, DCC, DMF,
HO. o. NH TEA rt. N . N TEA, rt.
Br SN
HO o
57
Br.

______________ 55 N

v ) Ks[Fe(CN)gl, | H

: /\,,\o EtOAG:H,0 (1:1), N S
: [~ Mo HOAC, 80 °C 5 HO HO S
: 26% Br. S SON Br Br

: 3 : Il H HO. O NH
e S KlFe(CNId o o
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b | ® 5 SH
| CCDC 2206744 |

Scheme 6 Total synthesis of psammaplin A (55) and its tetrabrominated derivative 59 based on the sequence of Sufrin et al.>° as well as further
conversion of psammaplin A (55) to psammaplin B (1) with the newly developed synthesis procedure in batch.
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Possible Follow-Up
Reactions

Scheme 7 (a) [3 + 2]-Cycloaddition of sodium azide to the thiocyanate
moiety furnishing the corresponding sulfur-bridged tetrazole 60. (b)
Potential further functionalization of benzothiazoles 26 and 27 derived
from o-amino thiocyanate intermediates 26a and 27a with the devel-
oped procedure.

<Iii-.

Follow-up reactions

Tetrazoles are bioisosteric to the carboxy group and are there-
fore frequently applied as surrogates in biologically active syn-
thetic compounds. They are metabolically stable to many of
the biological transformations taking place in the liver to
which carboxylic acids are way more susceptible.®’ Therefore,
tetrazoles increasingly gained interest as pharmacologically
significant  scaffolds  during the past decades.®*®
Furthermore, they can be considered as useful ligands in
organometallic chemistry.*" The transformation of the newly
introduced SCN moiety of pyrimidine-2-ylthiocyanate (16a)
towards the respective sulfur-bridged tetrazole derivative 60
has been performed as a follow-up [3 + 2]-cycloaddition reac-
tion using NaN; and ZnCl, in isopropanol. The desired
product 60 could be obtained in 84% yield (see Scheme 7a). As
described before, direct in situ cyclization of o-aminothiophe-
nol derivatives 26 and 27 could be observed, furnishing the
respective 2-aminobenzothiazole derivatives 26a and 27a,
which could potentially be further functionalized either on the
amino group or any other substituent (see Scheme 7b) to
afford compounds with relevance for medicine and
agrochemistry.**® The developed reaction protocol thus also
permits the construction of sulfur-containing heterocycles in
short reaction times and under environmentally friendly
conditions.

Conclusion

A green and economic synthesis of organic thiocyanates was
developed, starting from commercially available thiols or disul-
fides. Ferricyanide could be applied as a non-toxic CN source,
with an LDs, value even higher than that of sodium chloride.
Two different approaches were used that follow the principles
of green chemistry, the first one applying a biphasic solvent

This journal is © The Royal Society of Chemistry 2023
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system consisting of water and ethyl acetate, the second one
using a mechanochemical and solvent-free reaction setup with
significantly decreased reaction time. Even gram scale can be
realized for both systems, however, further optimisation is
required in this case to improve the yields. For most of the
reported substrates, column chromatography could be
replaced by alternative purification methods such as crystalli-
sation, distillation and continuous extraction without decrease
in product yields and selected follow-up reactions could be
demonstrated. Additionally, the first total synthesis of the
natural product psammaplin B (1) could be achieved by suc-
cessfully applying a biphasic solvent system.
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4 Zusammenfassung

4.1 Darstellung organischer Thiocyanate unter griinen

Reaktionsbedingungen

Aufbauend auf den Vorarbeiten von Bolm et al. und Opatz et al. konnte im Rahmen die-
ser Dissertation die Synthese organischer Thiocyanate 100 erfolgreich von der Umsetzung
in einem zweiphasigen Losungsmittelgemisch auf eine 16sungsmittelfreie mechanochemi-
sche Umsetzung in einer Planetenkugelmiihle iibertragen werden, wobei ungiftiges rotes
Blutlaugensalz als Cyanidquelle genutzt wurde. Die Ergebnisse zeigten, dass sich die bei-
den entwickelten Methoden komplementér ergdnzen. Hinsichtlich der Reaktion in der Ku-
gelmiihle konnte durch eine Optimierung der mechanochemischen Reaktionsbedingungen
die benétigte Reaktionszeit stark verkiirzt werden und durch die Verwendung von Silica
als Schleifmittel auf den Zusatz von Essigsaure verzichtet werden, wodurch die Aufar-
beitung deutlich vereinfacht wurde (Schema 4.1). Auflerdem konnte fiir beide Methoden
gezeigt werden, dass Reaktionen im Grammmaf3stab prinzipiell méglich sind, aber jeweils
eine eigene Optimierung benétigen. Die Methode zur Cyanierung von Disulfiden 99 im
zweiphasigen Losungsmittelgemisch konnte erfolgreich in der ersten Totalsynthese von
Psammaplin B (82) angewendet werden. Ziel fiir die Zukunft ist es, eine (noch) breite-
re Anwendbarkeit fir beide Methoden zu entwickeln und zu untersuchen, ob sich diese
Cyanierungsreaktion auf weitere Heteroatome iibertragen lésst. Dies kann durch eine Va-
riierung der Mahlzeit und Rotationsgeschwindigkeit der Kugelmiihle, die Verwendung von
Mahlbechern und Kugeln aus anderen Materialien oder durch die Zugabe weiterer Addi-

tive getestet werden.
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Zusammenfassung
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100f: R = NO,, 62% (67%)°
100g: R = Cl, 20% (51%)P
100h: R = OMe, 0% (32%)2
100i : R = NHy, 14% (37%)

N\ SCN
o

100e
80%
(Kein Umsatz)

N
N
H

100m
31% (0%)

100l
67% (35%)°

100k
38% (10%)°

Br N SCN
e H

Psammaplin B

Schema 4.1: Die optimierten Parameter fir die Darstellung organischer Thiocya-
nate 100a-u unter Verwendung von rotem Blutlaugensalz als Cya-
nidquelle sowie das Substratspektrum ausgehend von aromatischen
und aliphatischen Thiolen 98. Dariiber hinaus konnte der Naturstoff
Psammaplin B (82) erfolgreich dargestellt werden und eine Folge-
reaktion an dem gebildeten Thiocyanat 100a demonstriert werden.
() Die Ausbeute unter mechanochemischen Bedingungen in der Kugelmiihle.
* Die Ausbeute wurde mittels internem Standard und 'H-NMR bestimmt.

Aliphatische Thiocyanate

SCN o SCN SCN SCN
.0
O
N

100d 100n 1000  100p 100q
50% 37% (0%) 7% (0%) 17% (0%) 929%2
cl (11%)2°
Nes SO Oj SCN
MeO 0 —
cl 0 ™™g o
SCN 100r 100s
100j 29%2 (29%)>P 35%2
0% (499%) o N

O

OH

o o
> N

HaN - 100t 100u

21%? (Kein Umsatz) 0% (13%)

Folgereaktion

SCN NaN3, ZnCly,
PrOH 50 °C
NN
! Y
\) 84%
100a

® Die Mahlzeit wurde auf 12 min verlingert.
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5 Einleitung

5.1 Naturstoffe

Die Naturstoffchemie beschéftigt sich mit der Extraktion und Isolierung, der Strukturauf-
klarung sowie der Synthese von Naturstoffen, die in lebenden Organismen gebildet

211] Djese Molekiile lassen sich in Primir- und Sekundirmetaboliten einteilen.

werden. |
Wihrend Primédrmetaboliten sowohl fiir Wachstum und Lebenserhaltung (Anabolismus)
als auch bei Abbauprozessen im Stoffwechsel (Katabolismus) produziert werden, sind Se-
kundarmetaboliten nicht essentiell, sondern verschaffen dem Organismus einen evolutio-
naren Vorteil. Dieser kann in der gezielten Nutzung solcher Molekiile bei der Verteidi-
gung gegen konkurrierende Organismen (z.B. antibiotische Wirkung) oder der Nutzung
als Botenstoff liegen.*'?! Diese sekundiren Stoffwechselprodukte haben sich im Laufe von
Millionen von Jahren entwickelt und besitzen héaufig eine sehr komplexe Molekiilstruk-
tur, die sich in der Vielfalt ihrer biologischen Aktivititen und inhérenten Eigenschaften

213

niederschléigt.[ I Zu den bedeutendsten Klassen von Naturstoffen zihlen die Alkaloide,

die Polyketide sowie die Terpene.[?14215]

5.1.1 Bedeutung von Naturstoffen fiir den Menschen

Seit jeher macht sich die Menschheit die einzigartigen Eigenschaften von Sekundédrme-
taboliten zu Nutze und setzt diese unter anderem als Bestandteil traditioneller Medizin,
durch Verwendung als Gift oder unter Ausnutzung der berauschenden Wirkung ein.[215-217]
Eine Auswahl an Naturstoffen von groflem pharmakologischen Interesse fiir die Mensch-
heit ist in Abbildung 5.1 dargestellt.’!8] Bei Morphin (103) handelt es sich um ein starkes
Schmerzmittel und es war das erste Alkaloid, das im Jahr 1806 in Reinform isoliert wer-

[219

den konnte.’" Die Gruppe der Penicilline zeichnet sich durch eine B-Lactam-Struktur

aus und gehort zu den am langsten bekannten und vielfach gegen grampositive Bakterien
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eingesetzten Antibiotika, weshalb es nicht iiberraschend ist, dass klinisch vorkommende
Erreger bereits Resistenzen gegeniiber solchen Strukturen entwickelt haben.!??*??!) Eine
Alternative, falls Allergien oder Resistenzen bestehen, ist Erythromycin A (105), das trotz
des unterschiedlichen Makrolacton-Grundgeriists, dessen Biosynthese iiber den Polyketid-
Weg verlauft, ein vergleichbares antibiotisches Wirkungsspektrum bietet.[??2?23] Es werden
stetig Antibiotika mit neuen Wirkmechanismen gesucht, die immer héaufiger auftretende
Multiresistenzen von infektiosen Keimen iiberwinden konnen.[??*-??" Dariiber hinaus fin-
den diverse Naturstoffe aufgrund ihrer einzigartigen Wirkmechanismen auch Anwendung
als Zytostatika zur Behandlung verschiedener Krebsarten, wobei Paclitaxel (106) einer der
am erfolgreichsten und am héufigsten verwendeten Naturstoffe aus der Stoffgruppe der

Terpene ist.[228-230]

Morphin Penicillin G Erythromycin A Paclitaxel

Abbildung 5.1: Fir die Menschheit bedeutsame Naturstoffe103-106.

Die Suche nach spezifisch wirksamen und besser vertraglichen Arzneimitteln gegen
bisher unheilbare oder nicht behandelbare, lebensbedrohliche Krankheitserreger ist noch
immer Gegenstand aktueller Forschung.?*'-2%%] In der modernen Pharmakologie nehmen
Naturstoffe eine wichtige Stellung bei der Identifizierung neuer Wirkstoftkandidaten ein,
indem sie haufig als Leitstruktur dienen und das Grundgeriist fiir die Optimierung pharma-

236-238] Dabei versucht die Pharmaindustrie die Struktur

kologischer Eigenschaften stellen.!
so abzuwandeln, dass die Wirkung verbessert und auftretende Nebenwirkungen minimiert
werden.[") Da die aus der Natur isolierten Mengen haufig sehr gering sind, werden Total-
synthesen entwickelt, um diese Verbindungen sowie Derivate vollstandig zu charakterisie-
ren und ausgiebig auf ihre physiologischen und biologischen Eigenschaften untersuchen zu

(236,240

koénnen. I Aufgrund des gleichzeitigen Vorhandenseins verschiedener aktiver Verbin-

dungen in Naturstoffextrakten sind synergistische Effekte moglich, die in ihrer pharmako-
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logischen Wirkung vollsynthetischen Wirkstoffen iiberlegen sein konnen.!?*"! Obwohl die
Erforschung neuartiger Totalsynthesen komplexer Molekiile zeit- und ressourcenintensiv
ist, helfen sie doch, Reaktivitaten besser zu verstehen sowie neue chemische Reaktionen

und Prozesse zu entwickeln.[237:241.242]

5.1.2 Strukturaufklarung von Naturstoffen

Die Strukturaufklarung ist ein zentrales Thema bei der Erforschung von Naturstoffen. Un-
ter den hierfiir zur Verfiigung stehenden Methoden liefert die Einkristall-Rontgenanalyse
zwar die eindeutigsten Ergebnisse, ihre breite Anwendung ist in der Praxis aber durch
die Zuginglichkeit geeigneter Kristalle eingeschrankt.?#3-245] So konnte sich aufgrund ih-
rer sehr universellen Eignung die Kernspinresonanz (NMR)-Spektroskopie als fithrende
Technik zur Aufklirung organischer Molekiile etabilieren.?%) Trotz Durchfithrung ver-
schiedenster 1D- und 2D-NMR-Experimente, kann es infolge menschlicher Fehler, hoher
molekularer Komplexitdt, Mehrdeutigkeit einzelner Signale und Probenverunreinigungen
zu fehlerhaften Zuordnungen kommen, die oft erst durch die Darstellung der entsprechen-

247-253] Computer und Algorithmen kénnen dazu

den Struktur im Labor aufgedeckt werden.!
beitragen, solche Fehlzuordnungen zu minimieren und so die Qualitat von Strukturaufkla-
rungsarbeiten zu verbessern. Die vorhergesagten spektroskopischen Daten kénnen sowohl
zur Validierung von Strukturen verwendet werden, als auch zur Durchfithrung von ansons-
ten unméglichen strukturellen Zuordnungen.®* Durch anhaltende Forschung und Opti-
mierung nimmt die Zuverlassigkeit der quantenmechanischen Vorhersage chiroptischer
Eigenschaften kontinuierlich zu und die Kombination solcher Berechnungen mit spektro-
skopischen Methoden spielt eine entscheidende Rolle bei der Bestimmung der absoluten

Konfiguration von organischen Molekiilen und unbekannten Naturstoffen.[2452%]

5.2 Grundlagen der Computerchemie

Das Ziel der Computerchemie ist es, die physikalischen Eigenschaften einer Substanz oder
die Wechselwirkungen zwischen Molekiilen vorherzusagen und experimentelle Befunde
durch in silico Simulationen zu erklaren. Durch die stetige Weiterentwicklung theoreti-
scher Methoden im Bereich der Computerchemie kénnen molekulare Systeme durch ei-

ne Vielzahl von Verfahren untersucht werden. Performantere Hochleistungsrechner mit
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hoheren Datenverarbeitungsgeschwindigkeiten sowie die Verfiigbarkeit neuer Prozesso-
ren und Grafikkarten ermdglichen die Berechnung und Analyse zunehmend komplexerer
chemischer Strukturen und Systeme.* Geeignete Programme fiir quantenmechanische Be-
rechnungen sind unter anderem Amsterdam Modeling Suite, CFOUR, Dalton, Gaussian,
ORCA, QChem, Spartan sowie TURBOMOLE.[?57-264]

Die klassische Computerchemie geht von der zeitunabhangigen Schrodinger-Gleichung
aus, um Vielteilchensysteme naherungsweise zu berechnen, indem die Eigenwerte E des

Hamiltonoperators H zu der Wellenfunktion 1) gesucht werden:
Hy = Ev.

Der Hamiltonoperator eines Molekiils ergibt sich aus den Operatoren der kinetischen Ener-
gie T und den Potentialen der Coulomb-Wechselwirkungen 1 jeweils fiir die Kerne K und

die Elektronen e in allgemeiner Form:
ﬁ:TK+Te+VKK+VKe+‘Zse'

Eine analytische Losung der Schrodinger-Gleichung ist nur bei Betrachtung sehr ein-
facher und kleiner Systeme méoglich und auch numerische Losungen sind aufgrund der
hohen Dimensionalitidt nur eingeschrankt zuganglich. Dementsprechend miissen Nahe-
rungsverfahren wie die Born-Oppenheimer-Naherung herangezogen werden, die eine Se-
parierung von Kern- und Elektronenbewegungen, erlaubt. Diese begriindet sich auf der
deutlich grofleren Masse von Atomkernen im Vergleich zu Elektronen und fithrt zu gu-
ten Ergebnissen fiir Molekiile im Grundzustand. In dieser Ndherung werden die Kerne als
klassische Punktladungen betrachtet.l?**! Dementsprechend ergibt sich der elektronische

Hamiltonoperator H, in ausgeschriebenen Form:

~ h2 e Z[ e 1
Hoy=— Vi - — 4+ -
1 227"6 4”502|ﬂ—31\ 4”€0§|ﬁ'—%‘|

i il
NS

-~

T. Vice Vee

4 Mit ca. 1,2 ExaFLOPS ist OLCF-5, auch Frontier genannt, im Juni 2023 der offiziell schnellste Hochleis-
tungsrechner der Welt.[256]
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In den Operatoren entspricht 7 der reduzierten Planck-Konstante, € der elektrischen
Feldkonstante, V dem Nabla-Operator und m,. der Elektronenmasse sowie e der respekti-
ven Elementarladung. / und ¢, j zdhlen die Kerne beziehungsweise Elektronen, él und 7
bezeichnen die jeweiligen Ortsvektoren und Z; entspricht der Kernladungszahl. Aus dem
elektronischen Hamiltonoperator ergibt sich die vereinfachte, elektronische Schrodinger-
Gleichung, die nur noch eine parametrische Abhéngigkeit der Elektronenbewegung von
den Kernpositionen enthélt und mit Hilfe von Computern auch fiir grofie molekulare Sys-

teme losbar ist.[26]

5.2.1 Hartree-Fock-Methode

Ein Standardverfahren zur ndherungsweisen Losung der elektronischen Schrodinger-Glei-
chung ist die Hartree-Fock (HF)-Methode. Dabei handelt es um ein ab initio Verfahren, das
nur Naturkonstanten benétigt und ohne empirische Parameter auskommt.

Zunachst wird die Wellenfunktion in ein antisymmetrisches Produkt von orthonormier-
ten Einelektronenfunktionen zerlegt. Jeweils zwei dieser Spinorbitale ¢; lassen sich aus je
einem raumlichen Orbital ¢; konstruieren, woraus sich die tibliche Besetzungsregel von
einem Elektronenpaar pro Orbital ergibt. Da es sich bei Elektronen um identische Teil-
chen und um Fermionen handelt, die nicht unterscheidbar sind, muss sich das Vorzeichen
bei der Paarvertauschung zweier Teilchen dndern, um eine konsistente Beschreibung der
Wellenfunktion zu erhalten. Eine molekulare N-Elektronen Wellenfunktionen lasst sich als

Slater-Determinante darstellen:(266:2¢7]

e1(1)  @a(1) -+ pn(1)

(2 5(2) - (2

wHF<172,...,N>:¢% a2 el e
e1(N) p2(N) -+ on(N)

Die Reihen der Slater-Determinante sind den Elektronen zugeordnet, wihrend die Spal-
ten den Spinorbitalen zugeordnet sind und 1/v/N! entspricht der Normierungskonstante.
Es kann kein Spinorbital zweimal auftreten, da die Slater-Determinante ansonsten zwei
gleiche Spalten hitte und in 1) = 0 resultieren wiirde. Somit geniigt dieser Ansatz dem

Pauli-Prinzip.[?6¢!
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Fir geschlossenschalige Systeme lassen sich aus der elektronischen Schrodinger-Glei-

chung die Hartree-Fock-Gleichungen herleiten:[2%9-271]

F@ = £,0;.

Fist der Fock-Operator, der sich aus dem Einelektronen-, dem Coulomb- und dem Austau-
schoperator zusammensetzt. ¢; sind die optimalen Molekiilorbitale und ¢; die dazugehori-
gen Orbitalenergien. Ziel ist es, mit Hilfe des Variationsverfahrens die optimalen Orbitale

zu ermitteln, die den Energie-Erwartungswert der Slater-Determinante minimieren.

Fir die Molekiilorbitale wird angenommen, dass sie in Kernnahe Atomorbitalen dhneln
und sich deshalb iiber eine Linearkombination aus diesen sowie den entsprechenden Ko-
effizienten beschreiben lassen (linear combination of atomic orbitals, LCAO-Ansatz).[?72-274]
Als Basisfunktionen finden normalerweise Linearkombinationen von Gauf3funktionen An-
wendung. Aus der Wahl der Basisfunktionen fiir besetzte Atomschalen ergeben sich un-
terschiedliche Basissatze. Bekannte und weit verbreitete Basissétze sind die von Pople (z.B.
6-31G), die Ahlrichs- beziehungsweise Karlsruhe-Basen (z.B. SVP) sowie die korrelations-

konsistenten Basen von Dunning (z.B. cc-pVDZ).[275-277]

Bei den Hartree-Fock-Gleichungen handelt es sich um ein nichtlineares Eigenwertpro-
blem. Durch Uberfithrung der Gleichungen in eine Matrixdarstellung lassen sich diese zu
einem Pseudoeigenwertproblem, den sogenannten Roothaan-Hall-Gleichungen, vereinfa-
chen. Diese konnen sehr effizient iterativ mittels eines self-consistent field (SCF)-Verfahrens

von Computern geldst werden:[?7827’]
FC = SCe.

Dabei entspricht F der Fock-Matrix, C der Koeffizientenmatrix, S der Uberlappungsmatrix

und e der Diagonalmatrix der Orbitalenergien.

Neben ab initio Verfahren existieren Methoden die (teilweise) auf empirischen Para-
metern oder Vereinfachungen basieren. Fiir sehr grofe Systeme (z.B. Proteinfaltung, Diffu-
sion in Fliissigkeiten, Kristalle) kann eine parametrisierte Potentialhyperflaiche verwendet
werden. Dieser Ansatz entspricht dem klassischen Masse-Feder-Modell und ist auch als
Kraftfeldmethode bekannt, um bestimmte molekulare Eigenschaften wie Geometrien und

Schwingungsfrequenzen zu reproduzieren.?®*-283 Bei semiempirischen Methoden handelt
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es sich um vereinfachte Versionen der HF-Theorie, bei denen Naherungen auf Ebene der
Fock-Matrix eingefiihrt werden. Mit Hilfe von experimentellen Daten oder Ergebnissen
aus hochgenauen Berechnungen von Modellsystemen findet eine Parametrisierung statt,
welche trotz deutlich geringerem Rechenaufwand genauere Ergebnisse als die HF-Methode
ergibt. Beispiele fiir typische Naherungen sind die Beschrankung auf Valenzelektronen, das
Verwenden einer minimalen Basis oder die Hiickel-Theorie.[284-2%]

Durch eine andere Herangehensweise lassen sich die erhaltenen HF-Energien mittels
einer genaueren Beschreibung der Elektronenkorrelation verbessern. Wahrend die Aus-
tausch-Korrelation der Elektronen im HF-Ansatz beriicksichtigt wird, wird die Coulomb-
Korrelation vernachléssigt. Die Wechselwirkung eines Elektrons mit allen anderen Elek-
tronen wird lediglich iiber ein gemitteltes Feld der Ladungsdichte beschrieben. Zu den
sogenannten post-HF-Methoden, die die Coulomb-Korrelation beriicksichtigen, zéhlen das
Konfigurationswechselwirkung-Verfahren (Configuration Interaction, CI), die coupled-
cluster (CC)-Methode oder die Mgller-Plesset-Storungstheorie.[23-2%]

Durch Molekulardynamik (MD)-Simulationen lassen sich chemische Prozesse dynamisch
beschreiben. Es wird eine deterministische Trajektorie des Systems erstellt und Zeitmittel-
werte entlang dieser Trajektorie gebildet. Das System kann aus Atomen oder Molekiilen
bestehen, die sich unter dem Einfluss von Kréften bewegen und als Massenpunkte betrach-
tet werden. Bei der Berechnung werden die Newtonschen Bewegungsgleichungen fiir das
wechselwirkende Vielteilchensystem ohne (direkte) Beriicksichtigung von quantenmecha-

nischen Effekten numerisch gelost.[2%9-3%?

5.2.2 Dichtefunktionaltheorie

Dariiber hinaus existiert auch die Dichtefunktionaltheorie (DFT), bei der es sich in der
Formulierung von Kohn’ und Sham um die am hiufigsten genutzte Methode der Quanten-

chemie handelt.[3%3-306

] Analog zu den Hartree-Fock-Gleichungen werden die Kohn-Sham
(KS)-Gleichungen durch ein selbstkonsistentes Verfahren innerhalb der Born-Oppenhei-
mer-Naherung geldst, die Orbitale aus Gaufifunktionen aufgebaut und die Molekiilorbi-
tale tiber den LCAO-Ansatz konstruiert. Trotz moderater Anforderungen an die Hard-

wareressourcen ist die Genauigkeit von DFT-Methoden dem HF-Ansatz klar tiberlegen.

3 Walter Kohn wurde fiir seine Entwicklung der DFT zusammen mit John A. Pople im Jahr 1998 mit dem
Nobelpreis fiir Chemie ausgezeichnet.
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Waihrend die HF-Methode auf einer Vielteilchenwellenfunktion basiert, die abhéngig von
N-Elektronen und den entsprechenden Orbitalen ist und die Elektronenkorrelation nur
durch ein gemitteltes Feld beriicksichtigt, wird bei der DFT nur die ortsabhéngige Elek-
tronendichte bendtigt, um den elektronischen Grundzustand eines Vielelektronensystems
und die Elektronenkorrelation indirekt zu beschreiben. Dies vereinfacht den konzeptionel-

len Umgang und die praktische Umsetzung,[34307:308]

Die Grundlage fiir diesen Ansatz bilden die zwei Hohenberg-Kohn-Theoreme.**”) Das
erste Theorem besagt, dass eine eindeutige Zuordnung zwischen der Elektronendichte des
elektronischen Grundzustandes eines Systems und dem Coulomb-Potential (bis auf eine
Konstante) existiert. Daraus folgt, dass in der Schrodinger-Gleichung dieses Systems der
Hamiltonoperator und alle seine Eigenschaften festgelegt sind.*"”! Das zweite Theorem
besagt, dass fiir erlaubte Dichten das Variationsprinzip gilt, sodass die exakte Energie der
elektronischen Schrédinger-Gleichung eine untere Schranke bildet. Folglich konnen bei
bekannter Elektronendichte p alle weiteren physikalischen Eigenschaften des Molekiils im

Grundzustand bestimmt werden.

Die Gesamtenergie eines Molekiils kann als Funktional der Elektronendichte £ [p] ge-
schrieben werden, das sich aus der Summe der kinetischen Energie T, [p], der Kern-Elektron-

und der Elektron-Elektron-Wechselwirkung V. [p] und Vi [p] ergibt:

Ep] = T.[p] + Vke [p] + Vee [p] -

Entsprechend der Kohn-Sham-Theorie lasst sich die kinetische Energie hinreichend gut
durch Einelektronenorbitale mittels einer Slater-Determinante (Kohn-Sham-Determinante,

Yxs) approximieren;[310]

Te [p] = Ts [ixs] -

Trotz dieser Naherung lasst sich die Gesamtenergie unter Einbeziehung der elektrostati-
schen AbstofBung zwischen den Elektronen J [p] weiterhin als exakter Ansatz ausdriicken.
Alle kinetischen (7, [p] — Ts [txs]) und Austausch-Korrelationseffekte (Ve [p] — J [p]) lassen

sich zu E,. zusammenfassen, dessen Beitrag zur Gesamtenergie hinreichend klein ist, so-



Grundlagen der Computerchemie

dass auch Naherungen physikalisch sinnvolle Ergebnisse liefern. 75 [txs], J [p] und Vi [p]

steuern grofle Beitrage zur Gesamtenergie bei und konnen explizit betrachtet werden:

&
=
I

Ts [xs] + J [p] + Ve [p] + Exc o],
Ex [p] = Te [p] — Ts [Yoxs] + Vee [p] — J [p] .-

Die unbekannte Grofe Ey. [p] kann unterschiedlich komplex approximiert werden, um die
Energie moglichst exakt zu berechnen. Eine Moglichkeit der Klassifikation ist die von Per-

31 Mit jeder weiteren Sprosse werden

dew et al. eingefiihrte Metapher der Jacob’s Ladder.!
dem Funktional zusétzliche Variablen hinzugefiigt, wodurch potentiell bessere, aber auch
ressourcenintensivere Funktionale erhalten werden. Beginnend mit dem niedrigsten Funk-
tional, welches lediglich die lokale Dichteapproximation (LDA) beinhaltet, ndhert man sich
durch sukzessives Einbeziehen von Dichtegradienten (GGA) und der kinetischen Energie-
dichte (mGGA) der chemisch exakten Losung an.®1%312-32) Durch Hybrid- und Doppel-
Hybrid-Methoden®?23?"] werden explizit besetzte und virtuelle Orbitale beriicksichtigt,

wihrend die letzte Sprosse vollstindig nicht-lokale Funktionale (RPA) bilden.[328-331]

5.2.3 Angeregte Zustande

In der organischen Chemie nehmen elektronisch angeregte Zusténde in vielen Bereichen
eine wichtige Rolle ein. Klassische Bereiche sind photochemisch induzierte Reaktionen,
photophysikalische Eigenschaften oder Farbstoffe. Durch theoretische Modellierungen las-
sen sich detaillierte mechanistische Einsichten zu den angeregten Zustanden gewinnen, die
experimentell oft nur schwer zuganglich sind, aber wesentlich zum Verstandnis beitragen

koénnen.[332333]

Fiir eine gute Beschreibung von angeregten Zustianden ist eine einzelne Determinante
oft nicht mehr ausreichend. Die Potentialhyperflichen angeregter Zustiande liegen héu-
fig energetisch eng beieinander. Somit miissen mehrere solcher Fliachen, deren Kreuz-
punkte (z.B. konische Durchschneidungen) und die entsprechenden Kopplungsmatrixele-
mente (nicht adiabatische Kopplung, Spin-Bahn-Kopplung) betrachtet werden. Um ange-
regte Zustdnde vorherzusagen, konnen verschiedene Level der Theorie verwendet wer-

den. Semiempirische Verfahren sind rechnerisch deutlich weniger anspruchsvoll als die
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wellenfunktionsbasierten Ansatze sowie DFT-Methoden und konnen recht genaue Schit-

zungen fiir die Eigenschaften grofier Molekiile liefern, [288334335]

Die erste gangige ab initio Methode fiir angeregte Zustande war das Konfigurations-
wechselwirkung mit Einfachanregungen (CIS)-Verfahren, das Anfang der 1970er Jahre ent-

336] Hierbei wird die Wellenfunktion aus Linearkombinationen von Slater-

wickelt wurde.|
Determinanten, also durch verschiedene Elektronenkonfigurationen, aufgebaut. Die An-
regungsenergien werden héaufig stark iiberschétzt und die angeregten Zusténde falsch zu-
geordnet, wodurch die Verwendung von CIS als quantitative quantenchemische Metho-
de ausgeschlossen ist. Von Head-Gordon et al. wurde die CIS(D)-Methode entwickelt, die
eine Storungskorrektur zweiter Ordnung zur CIS hinzufiigt und dadurch die Fehlergro-
e im Vergleich zur CIS erheblich reduziert.’®*”3% Bei dem hochgenauen complete active
space (CAS)-Verfahren werden die Molekiilorbitale in inaktive, aktive und virtuelle Orbita-
le unterteilt. So konnen innerhalb des aktiven Raums alle Konfigurationswechselwirkun-
gen bestimmt werden. Dies ermdglicht eine Untersuchung verschiedener elektronischer
Konfigurationen, die nahezu entartet sind. Die richtige Wahl des aktiven Raums ist je-
doch oft schwierig und wird schnell zum limitierenden Faktor im Bezug auf die benoétigte

(339

Rechenzeit.®®! AuBerdem wird die dynamische Elektronenkorrelation bei CASSCF ver-

nachlassigt und bei complete active space second-order perturbation theory (CASPT2) nur

340-342] Trotzdem konnen diese Ansitze

storungstheoretisch in zweiter Ordnung behandelt.!
sehr genaue Ergebnisse fiir molekulare angeregte Zustinde ergeben.***3%3] Durch die Ent-
wicklung der N-electron valence state second-order perturbation theory (NEVPT2)-Methode
konnten einige der wichtigsten theoretischen Mangel der CASPT2 behoben werden, wie
beispielsweise die GroBenkonsistenz.[**4! Dariiber hinaus existieren weitere Ansitze, die
die Nutzung von multikonfigurationellen Methoden auch fiir grofiere Molekiile oder stark

korrelierte Systeme ermoglichen.[4-34]

Analog zu den Hohenberg-Kohn-Theoremen und den Ansétzen von Kohn und Sham
wurde von Runge und Gross ein zeitabhingiges (TD)-Theorem fiir DFT veréffentlicht.>!
Mit der Veroffentlichung eines linearen Antwortfunktion (LR)-Formalismus von Casida fiir
die Berechnung von Anregungsspektren entwickelte sich TD-DFT schnell zur am haufigs-
351

ten verwendeten Theorie fiir (mittel)grofe organische Molekiile.*®") Analog zu der Imple-
mentierung von LR-TD-HF leitete Casida die Gleichung fiir ein N-Elektronensystem im

Grundzustand her, das einer zeitabhidngigen Storung, wie zum Beispiel der Wechselwir-
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kung mit elektromagnetischer Strahlung, ausgesetzt ist. Die dynamische Antwort der KS-

Dichtematrix bei einer infinitesimal kleinen Storung lésst sich als Matrix-Pseudoeigenwert-

X; 1 0] (X,
_ = Wr = .
Y, 0 —-1|\Y;

Fiir die Zustdnde / werden die Eigenwerte, also die Anregungs- bzw. Abregungsenergien

problem ausdriicken:>!

A B
B* Ar*

wr, die sich nur im Vorzeichen unterscheiden, berechnet, wobei ()Z' I Y})T den zugehori-
gen Eigenvektoren der Orbitalrotationshessematrizen A und B entsprechen. Aufbauend
auf dieser Gleichung wurde von Hirata und Head-Gorden die Tamm-Dancoff-Niherung®

eingefiithrt, die die B Matrix vernachlassigt, wodurch Anregungen und Abregungen ent-

koppelt werden und sich die Gleichung zu einem Eigenwertproblem vereinfacht:[3523%!

}\"551 = Ld];g?[.

Die zeitabhangige DFT besitzt eine hohe Berechnungseffizienz, die es ermdglicht, aus-

gedehnte molekulare Systeme zu behandeln und genaue Anregungsenergien in kurzer Re-

[298,333

chenzeit zu generieren. I Auflerdem bietet dieser Ansatz sowohl erste als auch zweite

analytische Ableitungen, die fiir eine schnelle Geometrieoptimierung angeregter Zusténde

354-360

und Schwingungsfrequenzberechnungen benétigt werden.| I Fiir eine Beschreibung

von Ladungstransferzustinden, Rydberg-Zustinden, konischen Durchschneidungen und

Doppelanregungen sind TD-DFT-Methoden in adiabatischer Naherung jedoch nicht ge-

eignet.361-367]

Neben der LR-TD-DFT existieren verschiedene weitere Ansatze, um diese Nachteile ef-

368-371

fizient auszugleichen.! I Trotz der Entwicklung robusterer Funktionale ist es noch

immer schwierig, ein fiir alle Anregungsfille geeignetes Funktional auszuwihlen.[372-37]
Die Losung des systematischen Delokalisierungsfehlers ist eine der grofiten Herausfor-
derungen der DFT.*®-383] Dariiber hinaus lassen sich weder die TD-DFT- noch die DFT-

Methoden systematisch verbessern, wodurch deren Anwendbarkeit erschwert wird.[333]

Im Rahmen der coupled-cluster-Theorie konnen angeregte Zustiande seit Anfang der

2000er Jahre mittels der equation of motion-Methode mit Einzel- und Doppelanregungen

¢ Im Rahmen von TD-HF entspricht diese Niherung der CIS-Methode.
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(EOM-CCSD) simuliert werden.[2?>384-38] Bej EOM-CCSD sind die Fehler klein und ioni-
sierte Zustinde konnen beschrieben werden, allerdings werden die vertikalen Ubergangs-
energien typischerweise iiberschitzt.®”) Die urspriinglichen CC-Methoden wurden schnell
durch eine approximierte und rechnerisch leichtere Variante erginzt (CC2 und CC3).13%38]

Infolge der enormen Verbesserungen der Computerleistung, der Parallelisierung der
Algorithmen sowie der Verfiigbarkeit von relativ benutzerfreundlichen Softwarepaketen
konnen quantenmechanische Berechnungen fiir elektronisch angeregte, mittelgrofe orga-
nische Molekiile heutzutage einfach durchgefiihrt werden.[?>437%390:391] Eg existieren syste-
matische Benchmarkstudien und Referenzenergien sowohl zu den vertikalen Anregungs-
energien und den Triplett-Zustanden mittelgrofler organischer Molekiile als auch experi-

392-399] SO kann

mentelle 0-0-Uberginge aus dem Bereich der organischen Photochemie.!
die Genauigkeit verfiigbarer Methoden neben ihren formalen rechnerischen Skalierungen
fiir angeregte Zustande auch iiber den typischen Fehlerbereich einzelner Anregungen ver-

glichen werden.[**

5.3 Berechnung spektroskopischer Eigenschaften

Experimentelle Spektren ergeben sich aus der Summe aller konformellen Anordnungen
eines Molekiils, die unter den gegebenen Bedingungen eingenommen werden konnen. Um
dies bei der in silico Vorhersage zu beriicksichtigen und den bestméglichen Vergleich zwi-
schen experimentellen und theoretischen Spektren zu ermdglichen, ist es wichtig, nicht
nur das energetisch tiefliegendste Konformer zu betrachten, sondern die Spektren fiir ein
(moglichst) vollstandiges Ensemble an Konformeren zu berechnen und auf Grundlage der
Energie der einzelnen Konformere eine Boltzmann-Gewichtung vorzunehmen. Werden bei
der experimentellen Messung Losungsmittel verwendet, konnen diese durch implizite Sol-
vatationsmodelle (z.B. SMD, IEFPCM, COSMO oder CPCM-X) in Form eines polarisierba-

400-405] Mit spektroskopischen Techniken lassen sich

ren Kontinuums modelliert werden.
molekulare Systeme nicht invasiv untersuchen und ihre Struktur, Eigenschaften und Dy-
namik in unterschiedlichen Umgebungen und unter verschiedenen physikochemischen
Bedingungen erforschen. Die grofle Vielfalt spektroskopischer Techniken, die verschie-
dene Bereiche des elektromagnetischen Feldes abdecken, konnen in Kombination mit der

Massenspektrometrie zu einem umfassenderen Bild der untersuchten Molekiile fithren. Zu



Berechnung spektroskopischer Eigenschaften

den spektroskopischen Molekiileigenschaften, die durch quantenmechanische Berechnun-
gen vorhergesagt werden konnen, zahlen die Kernresonanz-, Rotations- und Schwingungs-
spektroskopie sowie Techniken, die auf elektronischen Anregungen bzw. angeregten Zu-
stinden basieren. Die moderne Spektroskopie besitzt eine so hohe Auflosung, dass eine
Vielzahl von Signalen detektiert wird, die ohne die Unterstiitzung von quantenmechani-

schen Methoden kaum noch auswertbar ist.[406:407]

5.3.1 Geometrieoptimierung und Frequenzberechnung

Die Struktur eines Molekiils lasst sich durch Angabe der Positionen der Atome im Raum
genau spezifizieren. Fiir eine bestimmte Struktur und einen bestimmten elektronischen Zu-
stand besitzt ein Molekiil eine definierte potentielle Energie und die Anderung der Ener-
gie eines Molekiils in Abhangigkeit der Struktur lasst sich iiber eine Potentialhyperflache
darstellen. Die Gleichgewichtsgeometrie eines Molekiils entspricht einem (lokalen) Mini-
mum auf der Potentialhyperfliche. Bevor die physikalischen Eigenschaften eines Mole-
kiils berechnet werden konnen, muss ein stationarer Punkt auf der Potentialhyperflache
identifiziert werden, der einem (lokalen) Minimum oder Sattelpunkt entspricht. Fir alle
stationdren Punkte gilt, dass der Gradient, also die erste Ableitung der Energie nach allen
Kernkoordinaten, gleich Null ist. Damit es sich um ein (lokales) Minimum handelt, darf die
zweite Ableitung (Hesse-Matrix) nur Eigenwerte grofSer Null enthalten.[**®! Die Struktur
wird so lange optimiert bis diese entweder zu einer Gleichgewichtsgeometrie konvergiert,
oder zuvor festgelegte Grenzwerte erreicht werden. Fiir jede Geometrie des Molekiils wird
die elektronische Energie mittels SCF-Verfahren berechnet. Je nach Molekiilgrof3e und ge-
forderter Genauigkeit konnen hierfiir Kraftfeld-, semiempirische oder quantenmechani-
sche Methoden verwendet werden.

Das Newton-Raphson- und Quasi-Newton-Verfahren sind die effizientesten und am wei-
testen verbreiteten Verfahren zur Optimierung von Gleichgewichtsgeometrien und kénnen
auch zur Ermittlung von Sattelpunkten wirksam eingesetzt werden.!**! Bei dem Newton-
Raphson-Verfahren werden die neuen Kernkoordinaten R iterativ iiber die Hesse-Matrix H

und den Gradient g bestimmt:

Ry =R—-Hg.
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Neben der Wahl der Anfangsstruktur hangt die Effizienz und Stabilitat einer Geometrie-
optimierung von der Start-Hesse-Matrix, der Aktualisierungsmethode sowie der Schritt-

410

weite ab.[*%] Bei der Quasi-Newton-Methode wird die inverse Hesse-Matrix approximiert,

daraus der Gradient bestimmt und die Hesse-Matrix tiber die vorherigen Hesse-Matrizen

#11-414] Djese Aktualisierungen der Hesse-Matrix finden

sowie die Gradienten aktualisiert.!
hiufig nach dem Broyden-Fletcher-Goldfarb-Shanno (BFGS)-Verfahren statt.[*1>-*18] Dar-
iiber hinaus existieren verschiedene Verfahren fiir das Auffinden von Minima einer Poten-
tialhyperflache, wie das Liniensuchverfahren, das Verfahren der konjugierten Gradienten

oder der Berny- Algorithmus'[409,410,419—421]

Im Gegensatz zu einer Minimierung muss die Optimierung eines Sattelpunktes (Uber-
gangsstruktur) sich in eine Richtung der Potentialhyperflache bergauf und in alle anderen
orthogonalen Richtungen bergab bewegen, da die Hesse-Matrix genau einen negativen Ei-
genwert enthalt. Oft ist die Richtung der Steigung nicht im Voraus bekannt und muss im
Laufe der Optimierung bestimmt werden.[**”] Hierfiir zur Verfiigung stehende Verfahren
lassen sich grob in Methoden unterteilen, die entweder von einem oder zwei Startpunk-

122] Einseitige Methoden beginnen mit einer Ausgangsstruktur und variieren

ten ausgehen.|
diese in Richtung der Ubergangsstruktur. Dazu gehoéren Quasi-Newton-Methoden in op-
tionaler Kombination mit einer quadratischen Synchrontibergangs (quadratic synchronous
transit, QST2 oder QST3)-Methode, die direkte Inversion des iterativen Unterraums (DI-
IS), die Sattelpunktniherung oder der Berny-Algorithmus.[*%419423-431] 7y den Methoden,
die von zwei Startgeometrien ausgehen, gehoren verschiedene chain of state-Methoden,
die mittels einer Reihe von Punkten das Edukt mit dem Produkt auf der Potentialhyper-
flache verbinden und so den Reaktionsweg diskretisieren, wie es beispielsweise bei der
nudged elastic band-Methode!*32-*3%) oder der (growing) string-Methode, der Fall ist.[435-4%]
Ein identifizierter Sattelpunkt wird durch die Analyse der Eigenwerte der Hesse-Matrix
als Ubergangszustand verifiziert. Ob diese Struktur tatsichlich Edukt und Produkt verbin-
det, lasst sich tiber die Berechnung der intrinsischen Reaktionskoordinate (IRC) bestatigen.
Hierbei wird, ausgehend von der Geometrie des Ubergangszustandes, das Energieprofil der
Reaktionskoordinate in beide Richtungen mit definierter Schrittanzahl und entsprechen-

den geometrischen Parametern (Bindungslinge und Bindungswinkel) berechnet.[#40:441]

Die Schwingungsfrequenzen werden berechnet, indem die Eigenvektoren der Hesse-

Matrix in massengewichtete Koordinaten transformiert werden.!**?! Da diese Transforma-
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tion nur fiir stationdre Punkte giiltig ist, muss die Berechnung der Frequenz auf demselben
Level der Theorie wie die Geometrieoptimierung durchgefithrt werden. Anharmonische

Korrekturen koénnen stérungstheoretisch beriicksichtigt werden.[**!

5.3.2 NMR-Spektroskopie

Aus der NMR-Spektroskopie lassen sich Informationen iiber die elektronische Umgebung
und die geometrische Struktur einer Verbindung erhalten. Durch die Auswertung der che-
mischen Verschiebung und des Aufspaltungsmusters, hervorgerufen durch die Kopplung
der Kerne untereinander, lasst sich eine Strukturformel sowie die relative Konfiguration

441 Die NMR-Spektroskopie ist eines der wichtigsten Expe-

einer Verbindung bestimmen.
rimente, um unbekannte Verbindungen in der praparativen organischen Synthese sowie
bei isolierten Naturstoffen aufzuklaren.

Die Grundlage der NMR-Spektroskopie bildet die direkte Wechselwirkung des magne-
tischen Moments eines Atomkerns my mit einem dufleren Magnetfeld ]§, die zu einer

Aufspaltung der Kernenergieniveaus (Zeeman-Effekt)” mit der Energiedifferenz AE fiihrt:

—

Entsprechend dem Biot-Savart-Gesetz induziert das Magnetfeld in einem Molekiil einen
Strom, der wiederum ein magnetisches Feld erzeugt, das das angelegte Feld iiberlagert.[*4]
An einem Kern wirkt somit ein effektives Feld BZg und der durch die Elektronen induzierte

Anteil kann mittels des chemischen Verschiebungstensors ¢ i charakterisiert werden:

AE = —TﬁKéeﬁ,

Bei der experimentellen Messung von chemischen Verschiebungen mittels NMR-Spektro-

skopie wird eine Referenzsubstanz verwendet (fiir 'H- und C-Verschiebungen Tetrame-

" Die unterschiedlichen Verschiebungen von Energieniveaus einzelner Zustinde fithren zu einer Aufspal-
tung von Spektrallinien durch ein dufieres Magnetfeld. Dieser Effekt wurde im Jahr 1896 von Pieter Zeeman
nachgewiesen und von Hendrik A. Lorentz drei Jahre spater erklart, wofiir beide 1902 mit dem Nobelpreis
fiir Physik ausgezeichnet wurden.[*4]
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thylsilan (TMS)) und die relative chemische Verschiebung  ausgewertet:
0= 5ref - 5:K-

Mit Hilfe quantenmechanischer Methoden kann die chemische Verschiebung unter-
schiedlicher Atomkerne aus den entsprechenden Abschirmungskonstanten berechnet wer-
den. Diese ergeben sich aus der zweifachen Ableitung der Energie nach dem magnetischen
Kernmoment und nach dem externen magnetischen Feld. Fiir die Berechnung der Spin-
Spin-Kopplungskonstanten wird die zweifache Ableitung der Energie nach beiden magne-
tischen Kernmomenten berechnet. Um eichursprungsinvariante Ergebnisse zu erhalten,
finden haufig lokale Eichurspriinge auf der Ebene individueller Atomorbitale Anwendung
(gauge-including atomic orbital, GIAQ).!*47-44]

Anfang der 2000er Jahre hat das Interesse an der ab initio Vorhersage von chemischen
Verschiebungen zur Unterstiitzung der Strukturaufklarung insbesondere durch die Arbei-

450-4521 Dabei handelt es sich um keine trivia-

ten von Bifulco et al. deutlich zugenommen. |
le Aufgabe, da die Ubereinstimmung zwischen berechneten und experimentellen Daten
nicht fiir jeden Kern ideal ist. Um diese Abweichung zu quantifizieren, wurden zunachst
verschiedene Parameter, wie der Korrelationskoeffizient (r), der mittlere absolute Fehler
(MAE) oder der korrigierte MAE (CMAE) verwendet.[*>%451453-45¢] Smijth und Goodman
leisteten mit der Entwicklung des comparison parameter (CP3)-Parameters und der diaste-
reomeric probability (DP4)-Wahrscheinlichkeit Pionierarbeit auf diesem Gebiet. Der CP3-
Parameter ermdglicht es, zwei experimentelle Datensatze zwei moglichen diastereomeren
Strukturen zuzuordnen und bietet damit eine Herangehensweise fiir Situationen, die bei
stereoselektiven Reaktionen auftreten konnen. Hierfiir werden die Abweichungen in den
berechneten chemischen Verschiebungen beider Stereoisomere mit den entsprechenden
Unterschieden der experimentellen Verschiebungen verglichen. Diese Methode erfordert
allerdings, dass fiir alle Diastereomere experimentelle Daten zur Verfiigung stehen, was
insbesondere in der Naturstoffaufklarung oder bei organischen Reaktionen mit sehr hoher
Stereoselektivitit zu Problemen fithren kann.[*5?]

Im Gegensatz zum CP3-Parameter, ist fiir die DP4-Wahrscheinlichkeit nur ein Satz von
experimentellen Daten notwendig, um die korrekte Struktur unter vielen plausiblen Isome-

ren zu identifizieren.[**”] Smith und Goodman zeigten, dass der Fehler zwischen experimen-

tellen (deyp) und berechneten, skalierten (d;) chemischen Verschiebungen fiir einen Satz
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organischer Molekiile einer kumulierten Student t-Verteilung 7" entspricht. Fiir ein gege-
benes Molekiil mit N Kernen wird die Wahrscheinlichkeit fiir jeden i-ten Fehler berech-
net. Die Multiplikation der einzelnen i-ten Wahrscheinlichkeiten, unter der Annahme, dass
die einzelnen Fehler unabhéngige Zufallsvariablen sind, ergibt die Gesamtwahrscheinlich-
keit fiir eine Kandidatenstruktur. Mit Hilfe des Bayes-Theorems werden die prozentualen
Wahrscheinlichkeiten fiir alle Kandidatenstrukturen ermittelt. Mathematisch lasst sich die

DP4-Wahrscheinlichkeit wie folgt berechnen:

IT (1= T (dig — dugid) /o)

1
N

(1= T (dly — dexy) /) | |

j=1 -~K=1

<
Il

P(i) entspricht der Wahrscheinlichkeit, dass es sich bei Isomer i aus m méglichen Struktu-
ren um den korrekten Strukturvorschlag handelt. T ist die kumulierte ¢-Verteilungsfunkti-
on mit v Freiheitsgraden. Bei v handelt es sich zusammen mit der Standardabweichung o
um Schliisselparameter bei der Berechnung der DP4-Wahrscheinlichkeit, die durch Anpas-
sen des Fehlers e zwischen skalierten und experimentellen chemischen Verschiebungen
eines groflen Datensatzes an eine ¢-Verteilung von den Autoren ermittelt wurden. d; 5, ent-
spricht der berechneten, skalierten chemischen Verschiebung fiir Kern K. Die Skalierung
wird durch das Auftragen von . gegen dey, erhalten und soll systematische Fehler aus-
gleichen. Die quantenmechanischen Berechnungen werden mittels der GIAO-Methode auf
B3LYP/6-31G**//MMFF-Niveau in der Gasphase durchgefiihrt.[*>”]

Um die korrekte Zuordnung durch weitere Informationen zu unterstiitzen, wurde als Er-
weiterung die j-DP4-Methode entwickelt, die es erlaubt, skalare H-H-Kopplungskonstan-
ten von vicinalen Protonen (*Jy;) einzubeziehen, um die Performanz bei gleichen oder
geringeren Berechnungskosten zu verbessern.**!

Es wurde anhand vieler Beispiele gezeigt, dass die DP4-Wahrscheinlichkeit inkonsisten-
te und unzuverlassige Ergebnisse liefern kann oder sogar die experimentellen Daten einer
falschen Kandidatenstruktur zuordnet.***~4!] Sarotti et al. gelang es, mit dem Theorieni-
veau sowie der ausschliefilichen Verwendung von skalierten chemischen Verschiebungen,
zwei potenzielle Schwachstellen in der DP4-Methode zu identifizieren. Auf der einen Sei-
te lasst sich eine erhohte Genauigkeit bei der Berechnung der chemischen Verschiebun-

gen erreichen, indem die Molekiilgeometrien auf B3LYP/6-31G*-Niveau berechnet werden
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und fiir die Berechnung der Abschirmungstensoren mittels PCM/mPW1PW91/6-31+G**
ein hoheres Theorielevel verwendet wird, da gezeigt wurde, dass selbst kleine Fehler in
der Ausgangsgeometrie zu erheblichen Fehlern in den berechneten chemischen Verschie-
bungen fithren kénnen.[*?-441 Auf der anderen Seite werden lineare Skalierungen einge-
setzt, um systematische Fehler zu entfernen, sodass die korrigierten Verschiebungen naher

4524574651 Djese Praxis setzt jedoch voraus, dass die

an den experimentellen Werten liegen.!
Grofle eines Fehlers unabhéngig von der chemischen Umgebung (z. B. der Kohlenstoft-
Hybridisierung) ist, was bei der NMR-Spektroskopie nicht der Fall ist.[*30:451:466467] Dariiber
hinaus besteht bei der Datenkorrelation von Isomeren mit dhnlichen berechneten chemi-
schen Verschiebungen immer das Risiko falsch positiver Ergebnisse, da einer der falschen
Kandidaten eine (zufillig) bessere Anpassung als das richtige Isomer bieten konnte.[¢®!
Aus diesem Grund haben Sarotti et al. die unskalierten chemischen Verschiebungen in die
Methode fiir die Berechnung der verbesserten, sogenannten diastereomeric probability 4+
(DP4+)-Wahrscheinlichkeiten mit einbezogen, um die strukturellen Unterschiede zwischen
den plausiblen Kandidatenstrukturen besser abzubilden.!**”) Die DP4+-Wahrscheinlichkeit
P(i) fiir die Zuordnung eines Satzes experimenteller Daten zu einem Kandidat i aus einer
Auswahl von m Isomeren ist durch eine Funktion f der Wahrscheinlichkeiten der entspre-
chenden skalierten und unskalierten chemischen Verschiebungen (P(7); und P(7),) gege-

ben:

Um die DP4+-Wahrscheinlichkeit zu berechnen, wurden die statistischen Parameter T,
és, s, Tyy» €, und o, mit einem genaueren Level der Theorie unter Beriicksichtigung eines
Solvatationsmodells fiir einen groflen Datensatz von kleinen bis mittelgrofien Molekiilen
berechnet. Dabei zeigte sich, dass die unskalierten Kerne ("H und "C) von sp*- und sp’-
hybridisierter Kohlenstoffen (spx) isoliert betrachtet zwei t-Verteilungen mit jeweiligem

Mittelwert y, . entsprechen. Daraus ergibt sich die finale DP4+-Wahrscheinlichkeit:**"}

T [1 = 73 et/ )| [1 = T (e = poene) o)
i IJ_V[ [1 N (eg,K/aS)} [1 - Tlr—spx((ei,K - ,Uu-SPX) /UU-SPX)}
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In den letzten Jahren wurden zahlreiche weitere effiziente und genaue Methoden fiir

[246,470-477] Dazu zihlen

die computergestiitzte Strukturaufklarung mittels NMR entwickelt.
DP4-Al von Goodman et al., die eine automatisierte Verarbeitung und Zuordnung von 'H-
und C-NMR-Rohdaten erlaubt. Diese Methode ermdglicht Hochdurchsatzanalysen von
Datenbanken und erreicht eine deutliche Steigerung der Verarbeitungsgeschwindigkeit.*”®!
Ein Ansatz, der nicht auf der linearen Regressionskorrektur basiert, wurde von Grimme
et al. beschrieben. Durch maschinelles Lernen gelang es den Autoren, auf DTF-Niveau
berechnete chemische Verschiebungen zu korrigieren, sodass bei deutlich geringerer Re-
chenzeit Abweichungen zu experimentellen Werten auf CCSD(T)-Niveau erreicht werden

koénnen.[*7°]

5.3.3 CD-Spektroskopie

Die Eigenschaft chiraler Verbindungen, die Polarisationsrichtung von Licht zu beeinflus-
sen, wird als optische Aktivitat bezeichnet. Verschiedene verlustfreie chiroptische Metho-
den wie beispielsweise die Polarimetrie, die optische Rotationsdispersion, die Raman opti-
sche Aktivitat und die Zirkulardichroismus (CD)-Spektroskopie nutzen diese Eigenschaft,
um chirale Verbindungen zu charakterisieren, zwischen Enantiomeren zu unterscheiden
oder einen Enantiomereniiberschuss (ee) zu bestimmen.[430-452]

Die CD-Spektroskopie beruht auf der Differenz der unterschiedlichen molaren Extinkti-
onskoeffizienten ¢ eines chiralen Molekiils, wenn es zirkular polarisiertem Licht ausgesetzt

wird (die Indizes L und R entsprechen links- bzw. rechtshéndiger Polarisation):
Ae = €1 — €g.

Da die molaren Extinktionskoeffizienten iiber das Lambert-Beer-Gesetz mit der gemesse-

nen Absorption verkniipft sind, besitzen Enantiomere immer spiegelbildliche Spektren.[*+*!
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Das erste elektronische CD (ECD)-Spektrum wurde im Jahr 1895 von Cotton® aufge-
zeichnet.l**] Wihrend die Empfindlichkeit des ECD im Vergleich zu Schwingungszirku-
lardichroismus (VCD) um zwei Groflenordnungen hoher ist, muss der Analyt ein Chromo-
phor in der Néhe der stereogenen Zentren oder anderer stereogener Elemente aufweisen,
damit die ECD-Spektroskopie zuverlassig fiir die Bestimmung der absoluten Konfigura-
tion angewendet werden kann. Im Gegensatz dazu enthalt ein VCD-Spektrum deutlich

481,484,485

mehr Banden und ist auch fiir gesittigte Kohlenwasserstoffe geeignet.! I Die ersten

VCD-Spektren wurden 1974 von Holzwarth et al. aufgenommen und ein Jahr spater von
Stephens et al. unabhingig bestatigt.[43647]

VCD-Spektren konnen durch das Losen der Schrodinger-Gleichung innerhalb der Born-
Oppenheimer-Naherung vorhergesagt werden. Um den Einfluss der Zeit zu beriicksich-
tigen, kann die zeitabhingige Storungstheorie (TD-PT) verwendet werden.[**8] Die Licht-
absorption von Molekiilen wird durch die Wechselwirkung des elektrischen und magne-
tischen Feldes des Lichts mit den Elektronen und Kernen des Molekiils beschrieben. Aus
quantenmechanischer Sicht ergibt sich die Stérung H' eines Molekiils, das homogenen
elektrischen E und magnetischen Feldern B ausgesetzt ist unter Beriicksichtigung der

elektrischen und magnetischen Ubergangsdipolmomentoperatoren ﬁ und 17 wie folgt:14%]

= —ji- BB

=0

Die Operatoren setzen sich jeweils aus den einzelnen Beitragen der Elektronen und Kerne

zusammen und werden durch die folgenden Gleichungen beschrieben:(**]

fi = fie + fix,
Nel
fo=—> e,
i
Nk

8 Aimé Cotton berichtete iiber die charakteristische Anderung der optischen Drehung bzw. des CD-
Signals in der Wellenlangenregion, in der Licht absorbiert wird (Cotton-Effekt). Ein positiver Cotton-Effekt
ist gegeben, wenn die optische Drehung bei kleiner werdenden Wellenldnge zunichst steigt, am Absorpti-
onsmaximum die Abszisse schneidet und anschlieflend sinkt.
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Die Summe der einzelnen Beitrige ﬁe und ﬁK des elektrischen Dipolmoments ﬁ ergeben
sich jeweils als Produkt aus der Ladung der Elektronen e und der Kerne Z;e sowie deren
Ortsvektoren 7; und ﬁj.

Gleichermaflen ergibt sich das magnetische Ubergangsdipolmoment 1 als Summe der
Einzelbeitrage von Elektronen und Kernen 1me und 1ig. Das Kreuzprodukt aus den Orts-
vektoren und den Impulsoperatoren ]:);, 1% der Teilchen sowie der entsprechenden Massen
me und M), und der Lichtgeschwindigkeit im Vakuum c ergeben das jeweilige magnetische

Dipolmoment s

Nel e
e:_§ i X Di,
2meg C
N Ze a
A, j = %
mg = E x P
2MjC J J

Da der Beitrag des elektrischen Ubergangsdipolmoments ﬁ zur Storung deutlich grofier
ist als der des magnetischen Ubergangsdipolmoments 1, kann letzterer bei der Simula-
tion von Schwingungsanregungen in der Regel vernachldssigt werden. Innerhalb dieser
sogenannten elektrischen Dipolndherung kann der molare Extinktionskoeffizient £(7) fur
unpolarisiertes Licht bei gegebener Wellenzahl 7 und unter Einbeziehung der Avogadro-
Konstante N, des Planckschen Wirkungsquantums h sowie der Lichtgeschwindigkeit im

Vakuum ¢ berechnet werden:

. 8 7T3NA v
3000 A ¢ In(10)

e(v) > Difi(®, ).

k

Die Dipolstarke D, der Anregung in den Zustand k ergibt sich aus dem Betragsquadrat

des elektrischen Ubergangsdipolmoments:
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Mit der Halbwertsbreite vy, lassen sich Infrarot (IR)- und VCD-Banden als Lorentzkurven
darstellen, die entsprechend folgender Gleichung aus den simulierten Linieniibergiangen

berechnet werden konnen:

Fiir die Berechnung der CD-Intensitit muss zusitzlich zum elektrischen Ubergangsdi-
polmoment der Beitrag des magnetischen Ubergangsdipolmoments zum Stdroperator be-

riicksichtigt werden. Somit ergibt sich As(7) durch folgende Gleichung:

321N,
3000 A ¢ In(10)

Ne(D)

> Riful@, ).

k

Die Wechselwirkung zwischen den beiden Ubergangsdipolmomenten im Winkel ¢ ergibt
die Rotationsstirke R}, des Ubergangs zwischen dem Grundzustand und einem angeregten
Zustand k und lasst sich entsprechend der Rosenfeld-Gleichung quantenmechanisch als

Imaginarteil des Skalarproduktes von ﬁ und 17 berechnen:**!

Ry, =T |y - ia| = || - 1| cos 6.

Die Vorhersage der Rotationsstarken ist auf DFT-Level durch die Verwendung von GIAO-
Basissatzen in Kombination mit analytischen Ableitungsmethoden implementiert. Hierbei
werden die harmonischen Kraftfelder, die atomaren Polartensoren und die atomaren Axi-

492-497) Um hochgenaue Vorhersagen zu erhalten und

altensoren kosteneffizient berechnet.!
willkiirliche Wellenzahlverschiebungen zu vermeiden, konnen anharmonische Korrektu-
ren auf der Ebene der Schwingungsstorungstheorie zweiter Ordnung (VPT2) angewendet

498-500] Des Weiteren kénnen MD-Simulationen zur expliziten Beschreibung von

werden. !
Loésungsmitteleffekten durchgefithrt werden.®®! Auch durch die Verwendung von Algo-
rithmen, die auf maschinellem Lernen basieren, kann die Vorhersage der absoluten Konfi-

guration verbessert werden.>*?!

Um elektronische Anregungen in organischen Molekiilen zu induzieren, kann Licht aus

dem UV/Vis-Spektrum (180-800 nm) verwendet werden. Fiir die in silico Berechnung sol-
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cher angeregter Zustidnde sowie den entsprechenden Rotationsstirken stehen sehr schnel-
le, semiempirische bis hochgenaue CC-basierte Methoden zur Verfiigung.[388443:503-5071 A
verbreitetsten ist die Betrachtung mittels TD-DFT.%>%°] Neben der Berechnung von Ab-
sorptionsspektren, konnen damit auch ECD-Spektren simuliert werden.[>*1) Fiir die Be-
rechnung des Vorzeichens und der Stirke einzelner elektronischer Uberginge ist eine ak-
kurate Beschreibung der jeweiligen Grundzustédnde und der dazugehorigen angeregten Zu-
stande notig. Im Gegensatz zur Berechnung von VCD-Intensitaten wird dafiir ein hoheres
Level der quantenmechanischen Methode benétigt.[*+*!

Sind fiir ein flexibles Molekiil mehrere konformelle Zustande mit unterschiedlicher Ener-
gie besetzt, ergibt sich das gemittelte Spektrum entsprechend der Boltzmann-Statistik. Das
Verhéltnis der Besetzungszahl einer konformellen Struktur N (c¢) zur Gesamtanzahl N er-
gibt den Boltzmann-Faktor jedes Konformers, der mit dem jeweiligen Spektrum multipli-

ziert wird:

N(C) 6—AG(c)/kBT
N S e AG@)/kT

AG(c) entspricht der freien Gibbs-Energie, kg der Boltzmann-Konstante und 7" der Tem-
peratur.

Der visuelle Vergleich von gemessenen und berechneten VCD-Spektren ist oft ausrei-
chend fiir eine qualitative Zuordnung der absoluten Konfiguration eines chiralen Molekiils.
Ein quantitativer Vergleich kann auf der Basis von Algorithmen und Computerprogram-
men erfolgen und erlaubt so auch die Unterscheidung von Diastereomeren.**'2] Im Jahr
2010 veroffentlichten Shen et al. mit SimVCD eine der ersten Methoden fiir quantitati-
ve Vergleiche, gefolgt von CDSpecTech von Covington und Polavarapu sowie SpecDis von
[512-515

I Letztere wurde zunichst fiir den Vergleich von experimen-

tellen und berechneten UV- und ECD-Spektren entwickelt, dann aber auch auf IR und VCD

Bruhn und Mitarbeitern.

ausgeweitet. Die Ahnlichkeitsfaktoren f und f* (enantiomeres f) wurden eingefithrt, um
den Grad der Ubereinstimmung von zwei Spektren innerhalb eines bestimmten Wellen-
langenbereichs zu quantifizieren. Thre Werte reichen von 0 bis 1, wobei 1 fiir eine ideale
Ubereinstimmung steht. Der absolute Wert der Differenz (|f-f*|) der Ahnlichkeitsfaktoren
beider Enantiomere wird als A-Wert oder enantiomerer Ahnlichkeitsindex (enantiomeric
similarity index, ESI) bezeichnet, der von Bultinck et al. eingefithrt wurde und als niitzli-

ches Maf} zur Unterscheidung zwischen zwei Enantiomeren dient.[5!4516-518]
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In einem VCD-Spektrometer wird aus unpolarisiertem Licht einer Infrarotquelle erst
linearisierte und anschlieflend zirkular polarisierte elektromagnetische Strahlung erzeugt.
Der photoelastische Modulator (PEM) moduliert zwischen links und rechts zirkular polari-
siertem Licht mit einer bestimmten Frequenz vor der Probenkammer. Das austretende Licht
wird iiber einen mercury cadmium telluride (Hg,_,Cd, Te, MCT)-Detektor aufgenommen,
das Eingangssignal mittels eines Lock-in-Verstarkers mit der Schaltung des PEM korreliert

und die Daten an einen PC zur Darstellung gesendet (Abbildung 5.2).

Linearer Photoelastischer N,(-gekunhlter
IR-Quelle Polarisationsfilter Modulator Probenzelle MCT-Detektor

Zirkular
polarisiertes Licht

Linear
polarisiertes Licht

Abbildung 5.2: Schematischer Aufbau eines VCD-Spektrometers in Anlehnung an Nafie
et al.)



6 Zielsetzung

6.1 In silico Betrachtung von Reaktionsmechanismen

Im Rahmen dieser Arbeit sollen quantenmechanische Berechnungen eingesetzt werden,
um in verschiedenen Projekten innerhalb der Arbeitsgruppe sowie mit externen Kooperati-
onspartnern experimentelle Befunde zu erklaren. Dafiir sollen vorwiegend ab inito Metho-
den verwendet werden, um Reaktivititen, Ubergangszustinde oder Reaktionspfade vor-

herzusagen.

6.1.1 Simulation des Reaktionspfads einer photokatalysierten

[3+2]-Cycloaddition von Vinylcyclopropanen mit Acetylenen

Die Arbeitsgruppe Opatz berichtete im Jahr 2021 von einer UV-katalysierten Norrish-Yang-
Zyklisierung, durch die sich Cyclopropane 108 aus a-Mesyloxyketonen 107 darstellen
lassen.52%] Diese substituierten Dreiringe 108 lassen sich in einer metallfreien, photoche-
mischen Ring6ffnung mit terminalen Alkinen 109 zu Cyclopentenen 110 oder mit Cyano-

pyridin 111 zu y-Heteroarylketonen 112 umsetzen (Schema 6.1).

R3——H RS
109 2
o R
Hantzsch-Ester
o DIPEA, hv (blaue LED) Rl 110
hv (UV-B) o
Opatz (2021): RllH/VRZ R i A YA\RZ o CN o
- 1
107 Ovs Methylimidazol R* 108 | ~ R2
N/ R
111 112 A
Hantzsch-Ester |
hv (blaue LED) N7

Schema 6.1: Photochemische Umsetzung von Cyclopropanen 108 zu Cyclopentenen 110
und y-Heteroarylketonen 112, ausgehend von a-Mesyloxyketonen 107.5%]
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Auf Grundlage dieser Reaktion soll der synthetische Zugang zu hoch substituierten Cy-
clopentenen 116 innerhalb eines polyzyklischen Geriists untersucht werden. Durch die Be-
strahlung von Allylbenzylmethansulfonamid 113 mit UV-C-Strahlung soll ein meta-Photo-
cycloaddukt 114 mit einer Vinylcyclopropan-Struktur erhalten werden. Anschlieffend soll
dieses mit Sulfon-substituierten Alkinen 115 durch Bestrahlung mit sichtbarem Licht und
unter Zusatz eines Iridium-Photokatalysators in einer formalen [3+2]-Cycloadditionsreaktion
umgesetzt werden. Diese Methode soll die intrinsische Ringspannung von 114 als thermo-
dynamische Triebkraft fiir die Ringerweiterung zur Bildung neuartiger Tetrazyklen 116

nutzen (Schema 6.2).

Rl
Me Me R1-=——S0,R? \\g/sozRZ
N2 N-SO,CF3 115 .
| N—SOchg
SO,CF3 hv (UV-C) H @ @
113 114 hv (Vis) H 116

Schema 6.2: Geplante Darstellung von Vinylcyclopropan 114 mit anschlieender Umset-
zung in einer formalen [3+2]-Cycloadditionsreaktion zu Tetrazyklen 116.

Um ein besseres Verstandnis des Reaktionsmechanismus zu erlangen, sollen neben spek-
troskopischen Untersuchungen und Radikalfanger-Experimenten auch DFT-Berechnungen
eingesetzt werden, um die auftretenden angeregten Zustande zu simulieren. So soll aufge-
klart werden, ob ein Elektronen- oder Energietransfer (EnT) von dem Photokatalysator auf

eines der Edukte stattfindet.

6.1.2 Selektivitatsuntersuchung einer Diels-Alder-Reaktion eines

B-Fluor-B-nitrostyrols mit Cyclopentadien

Fluorierte organische Verbindungen nehmen in verschiedenen Bereichen von Wissenschaft
und Technik eine wichtige Rolle ein. Fluor als Substituent kann die pharmakokinetischen
und physikochemischen Eigenschaften organischer Molekiile erheblich beeinflussen und

deren metabolische sowie chemische Stabilitit verbessern.[521-525]

Ziel ist es, in Kooperation mit der Arbeitsgruppe um _ von
der _, ein synthetisches Protokoll zu entwickeln, das

auf monofluorierten Edukten basiert und eine Alternative zu late-stage Fluorierungen bie-

tet. Als Grundlage fiir den Aufbau fluorierter Bizyklen soll hierbei die Diels-Alder-Reaktion
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5261 Fiir die Darstellung

dienen, welche sich durch ihre breite Anwendbarkeit auszeichnet.!
fluorierter Norbornen-Strukturen soll Cyclopentadien (118) mit Z-konfigurierten 2-Fluor-
2-nitrostyrolen 117 umgesetzt werden (Schema 6.3). Letztere sind durch radikalische Ni-
trierung von 2-Brom-2-fluornitrostyrolen zuganglich, die aus den jeweiligen Carbonylver-

bindungen und CBr,F aufgebaut werden konnen.?7-5%]

[)

NO, 118 Ar
117 119 (A

119 nNo,
exo endo

Schema 6.3: Anvisierte Syntheseroute fiir die Darstellung monofluorierter Norbor-
nene 119.

Bei der Diels-Alder-Reaktion mit zyklischen 1,3-Dienen kénnen sowohl das endo- als
auch das exo-Isomer des Produkts 119 gebildet werden. Die kinetischen Daten dieser Cy-
cloaddition sollen experimentell bestimmt werden, um die Aktivierungsbarriere zu berech-
nen. Dariiber hinaus soll die energetische Lage der Edukte, Produkte sowie der entspre-
chenden Ubergangszustinde auf DFT-Level berechnet werden, um die daraus erhaltene

Reaktionsrate mit dem experimentellen Wert zu vergleichen.

6.1.3 Reaktivitat verschiedener N-Carbonsaureanhydride in einer

ringoffnenden Synthese von Polypeptiden

In Kooperation mit den Arbeitsgruppen um _ und _
(_) soll die ring6ffnende Polymerisation von N-

Carbonsaureanhydriden (NCAs) 120 untersucht werden (Schema 6.4). Verschiedene Pa-
rameter wie die Polaritit des Losungsmittels, der sterische Anspruch des Initiators 121
sowie eine Substitution am Stickstoffatom oder in der a-Position der NCAs 120 besitzen
einen Einfluss auf die Polymerisationskinetik.**! In Abhangigkeit der zugrunde liegen-
den Aminoséauren beziehungsweise des Substitutionsgrades konnen sich die so erhaltenen
(Bio-)Polymere in ihren Eigenschaften wie Lipophilie, Membranpermeabilitit oder meta-

bolische Stabilitit unterscheiden und Anwendung in biomedizinischen Feldern finden.!
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RS NH2 o) R2
121 ‘\(N
2
o) Lésungsmittel H R!
n
120 122

Schema 6.4: Geplante ringoffnende Polymerisation verschiedener N-Carbonsédurean-
hydride 120.

Durch quantenmechanische Berechnungen soll die energetische Lage der an der Po-
lymerisation beteiligten Molekiilorbitale bestimmt werden. Auf Grundlage der Klopman-
Salem-Gleichung sollen Unterschiede in der chemischen Reaktivitdt von NCAs 120 mit

verschiedenen N-Substituenten erklart werden.[53%%3¢]

6.1.4 Bestimmung des Substituenteneinflusses bei der

photochemischen Dehydrierung von N-Heterozyklen

In der Arbeitsgruppe Opatz soll eine Methode entwickelt werden, die unter Verwendung
von sichtbarem Licht die photochemische Dehydrierung von N-Heterozyklen 123 zu zy-
klischen Enaminonen 124 erméglicht. Ziel ist es, milde Reaktionsbedingungen und 6ko-
logisch unbedenkliche Reagenzien zu finden, die ohne stochiometrische Oxidantien oder

den Einsatz von Metallkatalysatoren auskommen (Schema 6.5).

f? NSl

org. Kat. ~ N
123 N, hv (Vis) 124 N
TR 7R

¥ .

Schema 6.5: Verwendung von Sauerstoff als terminales Oxidationsmittel fiir die ange-
strebte photochemische Dehydrierung verschiedener N-Heterozyklen 123.

Durch quantenmechanische Berechnungen auf DFT-Level soll untersucht werden, wel-
chen Einfluss N-Aryl-Gruppen mit ortho-Substituent auf den Umsatz unter den optimier-

ten Reaktionsbedingungen aufweisen.
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6.2 Computergestiitzte Strukturaufklarung kleiner

organischer Molekiile

Um die Strukturaufklarung synthetischer Molekiile zu erméglichen, sollen verschiedene
spektroskopische Techniken in Kombination mit quantenmechanischen Berechnungen an-

gewendet werden.!*"”]

6.2.1 Benchmarkstudie iiber die Genauigkeit von DFT-Methoden
in der VCD-Spektroskopie

Ziel dieses Projekts ist es, einen systematischen Vergleich der Genauigkeit einer grofien
Anzahl von DFT-Methoden fiir die Berechnung von VCD-Spektren verschiedener klei-
ner organischer Molekiile anhand ausgew#hlter Molekiile 125-130 durchzufiithren (Abbil-
dung 6.1). Dafiir sollen die experimentellen Spektren aufgenommen und mit allen Kombi-
nationen aus Funktionalen, Basissatzen und Solvatationsmodellen simuliert werden. Durch
eine Quantifizierung des spektralen Uberlapps sollen die Ergebnisse gegeniibergestellt und
die Kombinationen herausgearbeitet werden, die hohe Ubereinstimmungen ergeben. Ei-
nerseits soll analysiert werden, welche Kombinationen fiir die einzelnen Molekiile 125-130
besonders geeignet sind, andererseits bestimmt werden, welche Kombinationen fiir unter-

schiedliche Molekiile universell einsetzbar sind und eine hohe Ahnlichkeit aufweisen.

(@]
Me. Me o] Me 'S iMe Me_ Me
A INH,
Me,, Me' R Me Me.,
O:él Q Y/ 5%3
N CO,Me (@)
125 126 127 128 Me 129 130

Abbildung 6.1: Ausgewahlte Molekiile 125-130 fiir den geplanten systematischen Ver-
gleich experimenteller und simulierter VCD-Spektren.

Fiir die Berechnung der Rotationsstarken der Verbindungen 125-130 auf DFT-Level sol-
len verschieden Klassen von Funktionalen und Basissatzen verwendet werden, um den
Einfluss der Genauigkeit und Recheneffizienz auf die VCD-Signale zu bewerten. Die Uber-
einstimmung der simulierten Spektren mit den experimentellen Spektren soll mittels der

Software SpecDis quantifiziert werden.[5'4°1]
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6.2.2 Differenzierung von Diastereomeren in der Synthese eines

HIV-Integrase-Inhibitors

Um die globale Verfiigbarkeit lebenswichtiger Arzneimittel zu verbessern und die Herstel-
lungskosten zu senken, werden immer neue Syntheserouten und kontinuierlich optimierte
Prozesse bendtigt. Bei Dolutegravir handelt es sich um ein virostatisch wirksames Molekiil,
das zu der Gruppe der Integrase-Strangtransfer-Inhibitoren gehort und einer der vielver-
sprechendsten Stoffe zur Behandlung einer HIV-Infektion der letzten Jahre ist. Der Wirk-
stoff wurde von der Weltgesundheitsorganisation fiir die Erstbehandlung von HIV emp-
fohlen und wird pharmazeutisch in Form seines Natriumsalzes 137 oral verabreicht.>”!
In der Arbeitsgruppe Opatz soll unter Verwendung kosteneffizienter Reagenzien und
Beachtung industrieller Aspekte eine Synthese fiir Dolutegravir-Natrium (137) entwickelt
werden. Ausgehend von dem chiralen Baustein (3R)-Aminobutanol (131) sollen zunachst
die Ringe B und C konstruiert werden. Nach Umsetzung mit Enolether 135 und anschlie-

ender Amidkniipfung sowie Salzbildung soll der Wirkstoff erhalten werden (Schema 6.6).

OMe

NH 1. N-Acetylierung H\OMe Intramolekulare w
/'\2/\ 2. N-Alkylierung Transacetalisierung : c N B c N B '
[ —— . H '

Me //J: 1 o/XVNR ) o)-’V NR

131 )\A . H133 H134 !
Me OH EtO
132 T
EtO\[ Ot
Me O ON O O
! 2 135
- (0] F
('\N H 1. Amidknipfung
O/iH\/N Pz N 2. Salzbﬂdung (‘\
137 O F /X\/ ~F
Dolutegravir-Natrium 136

Schema 6.6: Geplante Syntheseroute fiir die Darstellung von Dolutegravir-Natrium (137).

Die Ringe B und C sollen mittels intramolekularer Transacetalisierungsreaktion aufge-
baut werden, bei der zwei Diastereomere 133 und 134 entstehen konnen. Diese zwei mog-
lichen Produkte 133 und 134 sollen durch Kombination von VCD-Spektroskopie mit DFT-
Berechnungen unterschieden werden, um die Stereokonfiguration der erhaltenen Verbin-

dungen eindeutig zu bestimmen.
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6.2.3 Bestimmung der absoluten Konfiguration eines 13-Hydroxy-

14-deoxyoxacyclododecindions

Im Jahr 2008 wurde im Rahmen einer Kooperation der Arbeitsgruppen um _
_ und Prof. Till Opatz (Universitat Hamburg) Oxacyclododecindion (138)
als erster Naturstoff der Gruppe der Dihydroxyphenylessigsdurelactone aus dem Pilz
Exserohilum rostratum isoliert (Abbildung 6.2).1538) Seitdem wurden im Arbeitskreis Opatz
die Sekundarmetaboliten 139 und 140 aus diesem Pilz strukturell aufgeklart, totalsynthe-

[539-542

tisch dargestellt und Derivate mit diesem Grundkorper synthetisiert. 1 Die hergestell-
ten Substanzen zeichneten sich in verschiedenen biologischen Tests durch ihre hochwirk-
same entziindungshemmende und antifibrotische Aktivitit aus.[3¥->*] Im Jahr 2018 wur-
de mit 13-Hydroxy-14-deoxyoxacyclododecindion 141 ein weiterer Naturstoff dieser Sub-
stanzklasse von Shang und Lin et al. isoliert, dessen Struktur und absolute Konfiguration
durch eine Kombination von NMR- und ECD-Spektroskopie aufgeklart wurde.**!

Ziel ist es, die Verbindung 141 totalsynthetisch darzustellen und in Kooperation mit der
Arbeitsgruppe - ausfiithrlich auf die biologischen und pharmakologischen Eigenschaf-

ten zu testen.

OH O OH O OH O

139 140 141
Oxacyclododecindion 4-Dechlor-14-deoxy- 14-Deoxyoxacyclo- 13-Hydroxy-14-deoxy-
oxacyclododecindion dodecindion oxacyclododecindion

Abbildung 6.2: Bekannte Naturstoffe 138-141 aus der Gruppe der Dihydroxyphenyl-
essigsdurelactone, [°38:539:543]

Nach der erfolgreichen Synthese soll analog zu dem Vorgehen von Shang und Lin et al.

die absolute Konfiguration des Naturstoffs 141 unter Verwendung von NMR- und ECD-
Spektroskopie bestatigt werden.
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6.3 Strukturaufklarung isolierter Naturstoffe mittels

computergestiitzter Spektroskopie

Im Rahmen dieser Arbeit sollen computergestiitzte Methoden zur Aufklarung neu iso-
lierter Naturstoffe aus Pflanzen und Pilzen genutzt werden. Der Fokus liegt hierbei auf
der Anwendung verschiedener spektroskopischer Techniken in Kombination mit DFT-
Berechnungen, um neu entdeckte Sekunddrmetaboliten vollstandig zu charakterisieren.
Dies soll den stetigen Bedarf an neuen Wirkstoffen aufgrund der Identifikation neuer Tar-

gets oder auftretenden Resistenzbildungen adressieren.[46-5%]

In Kooperation mit der Arbeitsgruppe um ||| | | | QQJNUUEE sollen die Inhaltsstoffe
eines Pilzes der Gattung Alternaria identifiziert und analysiert werden. Pilze dieser Gat-
tung konnen verschiedene Nutzpflanzen, wie Trauben, Apfel oder Getreide befallen und
sowohl diverse Pflanzenkrankheiten hervorrufen als auch Mykotoxine bilden, die die Ge-
sundheit von Menschen und Tieren gefihrden.>!) Im Anschluss an die Strukturaufklirung
mittels Massenspektrometrie und 2D-NMR-Spektroskopie soll die absolute Konfiguration
der isolierten Substanzen unter Verwendung von ECD-Spektroskopie in Verbindung mit
DFT-Berechnungen bestimmt werden. In einem weiteren Projekt sollen die aus einem Pilz
der Gattung Diaporthe isolierten Naturstoffe untersucht und deren Struktur mittels NMR-
Spektroskopie aufgeklart werden. Auf unterschiedlichen Wirtspflanzen wurden Pilze die-
ser Gattung bereits als Pflanzenpathogene, nicht-pathogene Endophyten oder Saprophyten
nachgewiesen. >

Ein weiteres Projekt zur Strukturaufklarung isolierter Naturstoffe befasst sich mit Ver-
nonia tufnelliae, einer Pflanzenart der Gattung Scheinastern, die im westlichen Teil von
Kamerun beheimatet ist und in dieser Region als traditionelle Heilpflanze zur Fieberbe-

kiampfung verwendet wird.** Die Inhaltsstoffe dieser Pflanze sollen in Kooperation mit

I . e Arbeitsgruppe ur [
_ extrahiert und isoliert, charakterisiert sowie auf ihre biologische

Aktivitat untersucht werden.




7 Resultate und Diskussion

7.1 In silico Betrachtung von Reaktionsmechanismen

7.1.1 Simulation des Reaktionspfads einer photokatalysierten

[3+2]-Cycloaddition von Vinylcyclopropanen mit Acetylenen

Um die optimalen Reaktionsbedingungen fiir eine formale photochemische [3+2]-Cyclo-
addition von Vinylcylopropanen 114 mit Alkinen 115 zu bestimmen, wurden in der Ar-
beitsgruppe Opatz systematisch alle Reaktionsparameter variiert und verschiedene iiber-
gangsmetallbasierte sowie ein organischer Photokatalysator getestet. Die optimierte Me-
thode wurde auf 13 Substrate angewendet, wobei Ausbeuten bis zu 85% erzielt wurden. Um
ein besseres Verstandnis des Reaktionsmechanismus zu erlangen, wurden die Grundzu-
stande S) sowie die angeregten Zustéande 7 fiir die Reaktion von Vinylcyclopropan 114 (in
der Publikation 4) und Alkin 115 (in der Publikation 6a) sowie des Produkts 116 auf DFT-
Level berechnet, um daraus die adiabatische Energiedifferenz zu berechnen. Zur Visualisie-
rung der elektronisch angeregten Zustande wurden die Spindichten graphisch dargestellt.
Die Ergebnisse der quantenmechanischen Berechnungen sowie der spektroskopischen Un-
tersuchungen belegen einen Triplett-Energietransfer des angeregten Ir(IlI)-Photokataly-
sators 142 (in der Publikation PC I) auf Vinylcyclopropan 114 (in der Publikation 4). In-
folgedessen kommt es zunachst zu einer Ringdffnung, die eine anschliefende Addition an
das Alkin 115 (in der Publikation 6a) erméglicht (Abbildung 7.1).%4
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Two-step photochemical sequence

uv Visible light

R'-———sS0,R?

Abbildung 7.1: Graphical abstract der Publikation ,Vinylcyclopropane [3+2]-
Cycloaddition with Acetylenic Sulfones Based on Visible Light
Photocatalysis*.[53]

Der Grofiteil der photochemischen Synthesen, die Isolierung und die Bestimmung der
analytischen Daten wurde von- durchgefiihrt. Die Umsetzung zweier Vinylcyclo-
propane 143 und 144 (in der Publikation 8 und 11) zu den entsprechenden Produkten 145
und 146 (in der Publikation 9 und 12) sowie die selektive Desulfonierung von Tetrazy-
klus 147 (in der Publikation 7a), die Isolierung und Charakterisierungen wurden von J.
Grof3 durchgefithrt. Dariiber hinaus wurden alle DFT-Berechnungen von J. Grof3 durch-
gefiihrt. Die Laser-Blitzphotolyse-Studien wurden von _ durchgefithrt und das

Manuskript von allen Autoren erstellt.’

® Reprinted under the terms of the Creative Commons Attribution License CC BY-NC-ND 4.0. Copyright
©2022 A. Luque, J. Grof3, T. Zihringer, C. Kerzig, T. Opatz, Chemistry 2022, 28, e202104329, Chemistry - A
European Journal published by Wiley-VCH GmbH.
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Vinylcyclopropane [3 4+ 2] Cycloaddition with Acetylenic
Sulfones Based on Visible Light Photocatalysis**

Adriana Luque,” Jonathan GroB,” Till J. B. Z&hringer,” Christoph Kerzig,”! and Till Opatz*®

Abstract: The first intermolecular visible light [3+2] cyclo-
addition reaction performed on a meta photocycloadduct
employing acetylenic sulfones is described. The developed
methodology exploits the advantages of combining UV and
visible-light in a two-step sequence that provides a photo-
generated cyclopropane which, through a strain-release

process, generates a new cyclopentane ring while signifi-
cantly increasing the molecular complexity. Mechanistic
studies and DFT calculations indicate an energy transfer
pathway for the visible light-driven reaction step. This
strategy could be extended to simpler vinylcyclopropanes.

Introduction

Functionalized five-membered carbocyclic rings containing
contiguous stereocenters are found in a wide array of natural
products with diverse biological activities." Therefore, simple
and efficient methods to access highly substituted cyclo-
pentanes and cyclopentenes within a polycyclic framework are
particularly desirable in current organic and medicinal
chemistry research.”)’. One major general strategy to access
them involves [3+ 2] cycloadditions, a powerful method that in
a single step allows the formation of two new o bonds and
vicinal quaternary centers.”’ Vinylcyclopropanes (VCPs) repre-
sent an important class of reactive cyclopropane that can
participate in this cycloaddition as three-carbon synthons,
especially if they bear electron-withdrawing groups on the
cyclopropane ring. However, the use of non-activated VCP as
a competent intermolecular cycloaddition partner is still limited.
In particular, the use of Rh catalysts”™ is the most developed
strategy for cycloadditions of non-activated VCPs and finding
other catalyst systems and protocols that can exploit a wider
range of VCP reactivity patterns remains a challenge. The
merging of visible-light photocatalysis with the [3+2] cyclo-
addition involving VCPs already proved useful in strain-releasing
fragmentation reactions in the assembly of larger-ring systems,
but mainly used activated cyclopropanes as the substrates.

[a] A. Luque, J. GroB3, T. J. B. Zdhringer, Prof. Dr. C. Kerzig, Prof. Dr. T. Opatz
Johannes Gutenberg University
Department of Chemistry
Duesbergweg 10-14, 55128 Mainz (Germany)
E-mail: opatz@uni-mainz.de

[**] A previous version of this manuscript has been deposited on a preprint
server (https://doi.org/10.26434/chemrxiv-2021-k7k1w).

Most reported examples are based on electron transfer (ET)
photoredox processes,”” while transformations proceeding
through energy transfer (EnT) are underdeveloped.” The broad
substrate scope, often relatively independent of the electronic
nature, makes the energy transfer process attractive for a wide
set of applications.

Considering the lack of examples of intermolecular tran-
sition metal-catalyzed visible light [3+ 2] cycloadditions involv-
ing nonactivated VCPs through EnT, we studied the scope of
the same UV-driven strain-promoted/visible light strain-releas-
ing sequence employed in our previous work on cyclopropyl
ketones®™ by using meta photocycloadduct bearing a vinyl-
cyclopropane substructure as substrates in a visible light-
mediated intermolecular [3+ 2] cycloaddition (Scheme 1). This
strategy which has gradually gained attention from the
synthetic community,” uses the inherent ring-strain of the
photogenerated intermediate as a thermodynamic driving force
for the subsequent ring expansion. In other words, the first UV
light induced transformation provides a complex fused ring
skeleton that is otherwise difficult to obtain.'® This meta
photocycloadduct is prone to undergo an irreversible ring-
opening due to the intrinsic strain of the three-membered
ring."” This feature will be exploited in the second, visible light-
induced transformation by reacting with an alkyne in a [3+2]
cycloaddition reaction resulting in the formation of a new
complex tetracycle."?

In general, non-activated alkynes display low reactivity in
this type of cycloadditions, initial experiments using the meta
photocycloadduct 4 and simple alkynes with different catalytic
systems showed no reactions. After much optimization, we
found the use of acetylenic sulfones to be an attractive

L . . L . RI-—=—50,R? 1
Support/ng_; information for this article is available on the WWW under Me o ® Me . 2 RK/SO -
https://doi.org/10.1002/chem.202104329 NN v %N‘Sozc% O 2
 © 2022 The Authors. Chemistry - A European Journal published by Wiley- SO,CF; K @ %N'Sozcﬁ
VCH GmbH. This is an open access article under the terms of the Creative 3 B Blue LED® ;

Commons Attribution Non-Commercial NoDerivs License, which permits use
and distribution in any medium, provided the original work is properly cited,
the use is non-commercial and no modifications or adaptations are made.

Chem. Eur. J. 2022, 28, €202104329 (1 of 6)

Scheme 1. UV and visible light activation sequence.

© 2022 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH
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alternative. The sulfonyl group lowers the LUMO energy of the
adjacent m-bond increasing their reactivity as dienophiles while
providing the means for controlling the regiochemistry of the
cycloaddition." Furthermore, the sulfonyl group can be
removed by different methods making the acetylenic sulfones
useful reagents for a variety of cycloadditions."

Results and Discussion

Our test of the new design started with the photo-induced
intramolecular arene-olefin meta-cycloaddition of the N-allyl-
1,1,1-trifluoro-N-(2-methylbenzyl)methanesulfonamide (3) which
was synthesized in two steps: a reductive amination of 2-
methyl-benzaldehyde (1) with allylamine, followed by the
reaction with trifluoromethanesulfonic anhydride. The irradia-
tion of 3 in anhydrous cyclohexane furnished two isomeric
meta-photocycloadducts in 72% yield (ratio: 9:1), with the
linear isomer 4 being favored over the angular isomer 5
(Scheme 2).

The acetylenic sulfones 6 as reaction partners were
prepared in a two-step synthesis. The first step is the
preparation of the intermediates (-iodovinyl sulfones using
either the cerium(lV) ammonium nitrate (CAN) mediated
reaction of aryl sulfinates and sodium iodide with alkynes"® or
the iodine-promoted reaction of the same substrates using
water as solvent."® The second step was the dehydroiodination
of the B-iodovinyl sulfones with potassium carbonate under
reflux to afford the corresponding acetylenic sulfones in
relatively good yields (see the Supporting Information)."

Reaction optimization

The screening of various photocatalysts for the [3+ 2] photo-
cycloaddition with visible light was performed on meta photo-
cycloadduct 4 and the acetylenic sulfone 6a as the coupling
partners (Supporting Information, Table S1). The desired prod-
uct 7a was obtained in appreciable yields (53% and 63%,
respectively) when employing [Ir(ppy),(dtbbpy)IPF, (PCI,
2.5mol%) and phenanthrene (PCVI, 100 mol%). In further

Me Me

A NH2
o Z N/\/
NaBH,; MeOH H
1 2,82%
NEt;, DCM,
Tf,0 l 78°0
Qﬁ hv (UVC)
% cyclohexane, N, SOZCF3
3.5h
3, 85%
R=SO,CF;
9:1 (72%)

Scheme 2. Preparation of the meta photocycloadduct 4.

Chem. Eur. J. 2022, 28, 202104329 (2 of 6)

optimization studies (Supporting Information, Tables S2, S3 and
S4), the yield of 7a could be increased to 85% when employing
PC1 with concomitant reduction of the catalyst loading to
2 mol% when using 2 equivalents of 6a. Moreover, the cyclo-
addition proceeded with higher yields in polar solvents and at
higher concentrations (0.15 M in CH;OH).

Substrate scope

Having optimized the reaction conditions, the scope of the
synthesized alkynyl sulfones 6 (Scheme 3) was explored next.
Substrates bearing electron-neutral, electron-rich, and electron-
withdrawing aromatic rings were found to be suitable sub-
strates. Alkyl groups on the sulfone moiety also provided the
desired product in moderate to good yields (7i and 7j).
However, aromatic groups at the triple bond were required for

R
PC | (2.0 mol%)
Me o MeOH (0.15M) .\ _-SOR?
N-SO,CF3 + RI==—80,R? ————— <X
Blue LED " “N-SO,CF3
H rt,Np, 10h
H
4, 1.0 equiv. 6, 2.0 equiv. 7 (46-85%)

Xeray structure of 7a | o
CCDC Number. 2112151 7, 67%

F
S Me Me
h O‘\/©/ Q/
BNG2Y E
N T % \
A0 (R,QF o O F
N-§ N-
b ¥ i
H

7d,65% 7e, 46%

Cl

F

7i, 62% 7j, 74% 7k, Traces

Scheme 3. Substrate scope of the formal [3 + 2] cycloaddition. All yields are
those of isolated products.® PC Ill and Blue LED 440 nm was used (see
Supporting Information for details).
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the reaction to proceed successfully; substrate 6k featuring a
butyl-substituted alkynyl sulfone gave no reaction.

At this point, the essential factors governing the catalyst
reactivity used in this reaction were investigated by analyzing

Table 1. Evaluation of photocatalysts in the [3 + 2] cycloaddition.
Ph

\__s0,Tol

Me PC (2.5 mol%),

CHyCN (0.1M Oy
%N—SOZCFB " PhT=80Tol oo SO,CF
K, Blue LED, r.t, N, N-502CFs
4,1.0 equiv 6a, 2.0 equiv. H 7a
+
R AR L X

[lr(ppy)z(dtbpy)]PFa (PCI): R‘ R2=H, R®='Bu
[IN(dFCF3ppy)(bpy)IPF&(PC Il): R1— , R?=CF3, R%=H
[Ir(dF (CF3)ppy)(dtbbpy)IPFs(PC Ill): R'=F, R%=CF3,R%='Bu

CVOS—@

[RU(bDY)3]C|z (PCV)

I(ppy)s(PC IV)

Phenanthrene (PC VI)

Entry PC E,2(M*/M*)/E, ,(M*/M") E; Yield
(V vs. SCE) (kcal/mol)®! (%)™

1 vie —2.10/+1.27 61.9 63

2 1] —0.89/+1.21 60.1 49

3 Il —1.00/+1.32 60.0 51

4 \% —1.73/+031 55.2 49

5 | —0.96/+0.66 49.2 53

6 Vv —0.81/+0.77 46.0 traces

[a] 1 kcalmol~'=4.184 kimol . [b] isolated yields. [c] 100 mol% of catalyst
loading and UV/vis CFL bulb was used.

o
TN )
Me Ir(llly — *Ir(iny r\f\ e

TE+
Faaem
2885
5%

Ph -64.2
\__so,Tol  (696)
Wy [-71.4]

7a

AG (reaction): -48.9, (-58.4), [-65.5] n

Ph rf%l
(ﬂK/sozTo\ \
ae "
Scheme 4. Mechanistic proposal for the [3+ 2] photocycloaddition. The
reported adiabatic energy differences obtained with different functionals are
given in kcalmol™ (no bracket: (U)B3LYP, parentheses: (U)CAM-B3LYP,

square bracket: (UIM06-2X). The spin densities (yellow, isovalue =0.04) were
plotted for the triplet intermediates I-IIl.

Chem. Eur. J. 2022, 28, €202104329 (3 of 6)
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the results of the screening (Table 1). To distinguish the two
possible mechanisms, ET or EnT, the redox potentials, and the
calculated triplet energy of the meta photocycloadduct 4 were
compared with those of the catalysts (Supporting Information,
Table S7).

In the cyclic voltammograms of 4 (Supporting Information,
Figure S7), oxidation and reduction features were observed
with half-peak potentials of +-1.96 V vs. SCE and —1.65/—1.34V
vs. SCE, respectively. Analyzing the reducing power of the
catalyst PC IV (entry 4)"” and PC VI (entry 1) after excitation
with that of 4 reveals that an oxidative quenching is feasible.
However, the reduction potentials of the meta photocycload-
duct are not sufficient to be reduced by the photoexcited states
of the catalyst PCV (entry 6)'"" or the other iridium catalysts
(entries 2-3, 5).%% Likewise, reductive quenching could be ruled
out based on the oxidation potentials of all the catalysts. On
the other hand, there is no clear correlation between the triplet
energies of the catalysts or photosensitizers and the reaction
yield, making a Dexter energy transfer (sensitization)®"” also
difficult. The Gibbs free energy of each reaction intermediate
was predicted using density functional theory (DFT) as it has
already be done in the literature for related reactions
(Scheme 4).%? While the reaction follows an overall exergonic
pathway, releasing 48.9 kcalmol™' of energy, the computed
adiabatic triplet energy of 4 (59.1 kcalmol™') is considerably
higher than those of PC I and PC IV (entries 4 and 5) but is low
enough for the rest of iridium catalysts and PC VI. Although
there is no compelling evidence for an energy transfer process
based on these results, the direct excitation of the VCP moiety
by UV irradiation of 4 also gives rise to 7a in 27 % yield (see the

Supporting Information).”

Mechanistic studies

Several control experiments were performed to gain insight
into the reaction mechanism. First, radical trapping using
(2,2,6,6-tetramethylpiperidin-1-yl)oxyl (TEMPO) completely in-
hibits the reaction, indicating it may proceed through a radical
pathway. To determine whether the reaction involves an
efficient® radical chain mechanism, we performed a light on-
off experiment showing no product formation in the dark
phases (Figure 1). Initial intensity-based Stern-Volmer quench-
ing experiments on PC | indicated that the phosphorescence of
the catalyst could be quenched by 4, suggesting an electron or
energy transfer from the excited triplet state of the catalyst (see
the Supporting Information). To get more reliable kinetic
results, we turned to lifetime-based Stern—Volmer studies using
laser flash photolysis (LFP). We selected PCIIl (the Ir catalyst
with the highest triplet energy), which efficiently catalyzed our
initial test reaction under optimized conditions (86% yield of
7a) indicating the very same reaction mechanism as with PC I.
Furthermore, PC Il is well-suited for mechanistic investigations
by LFP as it is known to possess clearly observable spectro-
scopic signatures in all states that might occur during photo-
catalytic cycles.”” Linear Stern-Volmer plots were obtained
clearly demonstrating that quenching by the meta photo-

© 2022 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH
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NMR yield (%)

3 1
Time (hour)

Figure 1. Visible light irradiation on/off experiment.

cycloadduct 4 is much faster than with the acetylenic sulfone
6a (Figure 2, top). Despite the high triplet energy of PCIII
(Table 1), the quenching rate constant for the reaction between
the excited catalyst and 4 (4x10°M 's™") is slower than the
diffusion limit by almost 4 orders of magnitude. However, under
typical conditions used for lab-scale photocatalysis with sub-

104 08k (62) = 5+10°M"s"
_ 06k (@4)=4-10M"s"
0.8
3 06
&
504+
0.2
0.0
0.04
*pc
PC I’
0.034
PC Il and 4
A 002+ PC lll and 4/6a
o
<
0.014
0.00 Morizs
-0.01 ; : ;
400 500 600 700
A (nm)

Figure 2. Mechanistic studies upon excitation with 355 nm laser pulses. Top:
emission decay kinetics of excited PC Il (32 pm) in the presence of varying
concentrations of 4 in Ar-saturated MeCN. Inset: Stern-Volmer plots of PC Il
and 4 (purple fit, the colored symbols correspond to the same quencher
concentration as in the main plot), and PC Ill combined with 6a (dark blue).
Bottom: transient absorption spectra of the triplet-excited state CPC lll), the
reduced species (PC Ill"), the oxidized species (PC IlI*), as well as in the
presence of 4 and 4/6a (80 mM) in Ar-saturated MeCN obtained by LFP.
Apart from the triplet spectrum, all spectra have been recorded after the
photoluminescence decay of PC Il (see Supporting Information for details).

Chem. Eur. J. 2022, 28, 202104329 (4 of 6)

strate concentrations on the order of 0.1 M, quenching can be
quite efficient.

Next, we tried to directly identify the quenching product(s)
by measuring transient absorption (TA) spectra with our LFP
setup® upon selective excitation of PCIIl. Reference spectra
(Figure 2, bottom; see Supporting Information for details) of the
photocatalyst triplet, its one-electron-oxidized as well as its
reduced species were recorded in the reaction medium (MeCN)
prior to experiments with the substrates of this study. TA
spectra with quencher (4 and/or 6a) concentrations ensuring
about 50% *PC lll quenching were measured. These spectra did
not show any noticeable TA signals (green and purple spectra
in Figure 2), but intense photocatalyst-derived bands in the
transient spectra are expected for both oxidative and reductive
quenching pathways, based on our reference measurements.
Hence, our TA experiments summarized in Figure 2 (bottom)
allow us to exclude quenching via ET.*”)

Accordingly, we propose a catalytic cycle as shown in
Scheme 4 with an energy transfer as initial photochemical
activation step. First, PC1 (or PCII) acts as a sensitizer,
transferring energy from its *MLCT state to the vinylcyclopro-
pane moiety in 4, generating the triplet state of the latter,
which undergoes a rearrangement followed by a radical
addition of the acetylenic sulfone to generate the intermediate
lll. A subsequent ring-closure reaction affords the final tetra-
cycle 7. The occurrence of radical intermediate Ill is supported
by the finding that aromatic substituents at R' are required for
the reaction to proceed. The absence of new signals in the TA
spectra right after significant energy transfer quenching can be
explained as follows: The catalyst triplet signals completely
return to the baseline for EnT mechanisms and the substrate-
derived intermediates Il and Ill (compare, Scheme 4) are
expected to absorb very weakly (and predominantly in the UV
region), owing to the lack of m-conjugation and adjacent
functional groups. The light absorbing properties of the triplet
diradical intermediates Il and Il were predicted by means of
time-dependent DFT. For the excitation of Il and Ill, an energy
of at least 3.67 eV (oscillator strength f=0.0002) and 2.71 eV
(f=0.0093) is required for the first excited state. Local
absorption maxima were predicted to be at 239 nm and
282 nm, respectively (see Supporting Information). Moreover,
the exact factors governing the lifetimes of diradicals are not
fully understood™® and these species might be too short-lived
for their efficient detection. Ring-opening of intermediate | in
its triplet state is most likely faster by orders of magnitudes
than for the well-known (doublet) alkyl cyclopropane radical
clock (ring-opening rate constant, 1.3x10%s™"),?” considering
the accelerating effects of substituents and/or fused rings at the
cyclopropane moiety.?” We speculate that strain release and
the associated substantial energy gain could potentially occur
on a similar timescale as molecular collision and the actual
Dexter energy transfer from the excited iridium complex. Such
a concerted reaction mechanism (without the presence of
intermediate 1) could explain the observed quenching and
energy transfer product when PCI is used, for which the
generation of intermediate | via conventional mechanisms
would be endergonic by about 10 kcalmol™" (9.9 kcalmol™).

© 2022 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH
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This is clearly beyond the current limit for uphill energy transfer
reactions,”"’ rendering this stepwise pathway highly unlikely.
Similar counter-thermodynamic reactions are well-established
in the PCET community for concerted proton-coupled electron
transfer reactions, but they seem underexplored for energy
transfer catalysis. Moreover, concerted ring-opening to yield the
low-energy triplet intermediate Il would block back-EnT reac-
tion channels, which frequently reduce the overall performance
of uphill energy transfer reactions.

The mechanistic alternative of an EnT from the PC to the
alkynylsulfone appears less likely as the triplet energy of the
latter is higher (62.2 kcalmol™'), no gain from a follow-up
reaction such as the ring-opening of the VCP can occur and the
reaction of the triplet alkynylsulfone to the VCP should occur at
the distal carbon of the C=C double bond, which contradicts
the observed regiochemistry. To further corroborate that only
the vinylcyclopropane substructure of 4 is involved in the
mechanism of this reaction, experiments with different sub-
strates were performed. LFP experiments with photocatalyst
PC Il and (1-cyclopropylvinyl)benzene (8) as quencher gave a
quenching rate constant of 5x10°M's™' (see Supporting
Information), i.e. about two orders of magnitude faster than
obtained with substrate 4 (Figure 2). We again excluded
electron transfer quenching pathways by transient absorption
measurements and the observed higher rate constant is
consistent with the expectations for a Dexter-type energy
transfer, given that the in silico triplet energy of 8
(49.3 kcalmol™) is lower than that of 4. The preparative [3 +2]
cycloaddition with 8 and the meta photocycloadduct 11 (used
as an inseparable mixture of isomers without further purifica-
tion) yielded the expected products in 46 and 39% vyield,
respectively (Scheme 5). The procedure is thus likely applicable
to other VCP-type products of intra- or intermolecular photo-
cycloadditions and permits the construction of complex skel-
etons in only two consecutive photochemical transformations.
Two further commercial and naturally ocurring VCPs, ethyl
trans-chrysanthemate and (15,3R)-cis-4-carene, could also suc-
cessfully be reacted, albeit only in moderate yields, see the
Supporting Information.

Ph

=—S0,Ph
o
[Ir(PPY) »(cltbbpy)IPF s (2.0 mol%) Q ’s@
MeOH (0.15M) o
Blue LED, r.t, N, 3h O
8

Adiabatic triplet energy:
+49.3, (+49.2), [+52.7]

9, 46%

Ph

SO, Tol
Me ; [Ir(ppy) (d'bbDY)]F’Fe(ZOmOl%) q /@/

Blue LED, r.t, Ny, 10 h

H

11, 39%* 12. 39%

Scheme 5. Alternative substrates in the [3 4 2] photocycloaddition under
standard conditions. The predicted energy differences are given in kcalmol™
(no bracket: (U)B3LYP, parentheses: (U)CAM-B3LYP, square bracket: (U)MO06-
2X). * Inseparable mixture.
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o
5% NalH
o g H
f Na,HPO, MeOH, N. NP
F a; 4, L N2 i F
’QF 0°C,1h %Nﬁ’ﬁ
o

H
13,47%

Scheme 6. Selective desulfonylation of tetracycle 7a.

To extend the synthetic utility of the method, tetracyle 7a
was exemplarily subjected to a selective reductive desulfonyla-
tion, producing a styrene moiety suitable for further follow-up
reactions (Scheme 6).

Conclusions

A visible light-mediated [3+2] cycloaddition of meta-photo-
cycloadducts and acetylenic sulfones has been developed.
Catalytic amounts of iridium complexes act as triplet sensitizers
as indicated by DFT calculations and time-resolved optical
spectroscopy, which allowed us to exclude photoinduced
electron transfer reactions. The methodology highlights the
power of a consecutive UV/visible light activation sequence
involving the generation of a strained intermediate and
subsequent catalytic strain release.

Crystallographic data

Deposition number 2112151 (for 7a) contain the supplemen-
tary crystallographic data for this paper. These data are
provided free of charge by the joint Cambridge Crystallographic
Data Centre and Fachinformationszentrum Karlsruhe Access
Structures service.
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In silico Betrachtung von Reaktionsmechanismen

7.1.2 Selektivitatsuntersuchung einer Diels-Alder-Reaktion eines

B-Fluor-B-nitrostyrols mit Cyclopentadien

In Kooperation mit der Arbeitsgruppe _ wurden in einer Diels-Alder-Reaktion
B-Fluor-B-nitrostyrole 117 (in der Publikation 1a-1) mit Cyclopentadien (118) oder Cy-
clohexadien zu den entsprechenden Norbornenen 119 (in der Publikation 2a-1) und Bicy-
clooctenen 148 (in der Publikation 3a-d) umgesetzt. Dabei verlief die Reaktion mit Cy-
clopentadien (118) deutlich schneller sowie mit hoheren Ausbeuten und wurde an zwolf
Substraten demonstriert. Es konnte gezeigt werden, dass sich bei Vorhandensein einer stark
elektronenziehenden Gruppe im Styrol-Edukt 149 (in der Publikation 1h) die Diastereo-
selektivitdat der Reaktion in Richtung des endo-Isomers 150 (in der Publikation 2h) ver-
schiebt. Neben den experimentell bestimmten kinetischen Parametern der Reaktion wurde
der Reaktionspfad der Umsetzung mit Cyclopentadien (118) auf DFT-Level simuliert und
die Geschwindigkeitskonstanten mittels der Eyring-Gleichung berechnet, um die auftre-
tende Diastereoselektivitit zwischen dem exo- und endo-Produkt 151 und 150 quanten-

chemisch zu bestimmen (Abbildung 7.2).55%!

Ar N02 @ Ar
7 F + / c N02 /:< I 74 F + 7 > N02
Ar Ar F Ar
NO, F NO, F

kinetic and theoretical study up to 97%
structure elucidation 12 examples

Abbildung 7.2: Graphical abstract der Publikation ,Diels-Alder Reaction of B-Fluoro-f-
nitrostyrenes with Cyclic Dienes® (%%

Die synthetischen Arbeiten und die experimentelle Bestimmung der kinetischen Para-

meter wurden von

_, durchgefiihrt. Die Simulation des Reaktionspfades mit-

tels DFT-Berechnungen wurde von J. Grof3 durchgefiihrt. J. Grof$ und T. Opatz haben zur
Erstellung des Manuskripts beigetragen.'

10 Reprinted under the terms of the Creative Commons Attribution License CC BY 4.0. Copyright ©2021 S.
Ponomarev, R. Larkovich, A. Aldoshin, A. Tabolin, S. Ioffe, J. Grof3, T. Opatz, V. Nenajdenko, Beilstein J. Org.
Chem., 2021, 17, 283-292, Beilstein-Institut.
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The Diels—Alder reaction of B-fluoro-B-nitrostyrenes with cyclic 1,3-dienes was investigated. A series of novel monofluorinated

norbornenes was prepared in up to 97% yield. The reaction with 1,3-cyclohexadiene permits the preparation of monofluorinated bi-

cyclo[2.2.2]oct-2-enes. The kinetic data of the reactions with 1,3-cyclopentadiene and 1,3-cyclohexadiene were used to calculate

activation parameters. Furthermore, the synthetic utility of the cycloadducts obtained was demonstrated.

Introduction

Organofluorine compounds play an exceptionally important role
in various fields of science and technology. The incorporation
of fluorine into molecules can significantly influence their phar-
macokinetic and physicochemical properties and enhance their
metabolic and chemical stability [1-5]. For instance, nearly a
quarter of the currently manufactured agrochemical and phar-
maceutical products contains at least one fluorine atom [6-8].
Fluorinated functional materials have also found wide applica-
tion as durable ion exchange membranes, e.g., in fuel cells

[9-11], as thermoplastic polymers [12-14], in electronic and
optoelectronic technologies [15], and in liquid crystal display
applications [16-21], etc [22]. The use of fluorinated building
blocks is a very convenient approach and in many cases repre-
sents an indispensable alternative to late-stage fluorinations in
the preparation of such unique materials [23].

The Diels—Alder reaction is considered a versatile and power-
ful tool for assembling a variety of fluorinated carbo- and
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heterocycles using either the diene [24-30] or the dienophile
component [31-39] as fluorine-containing building blocks. The
application of [4 + 2] cycloadditions for the preparation of fluo-
rinated bicyclic compounds has attracted much attention [40-
47]. In this regard, the development of new protocols to rele-
vant monofluorinated bicyclic molecules involving novel versa-
tile fluorine-containing building blocks is of key importance.
Fluoroalkenes are recognized to be one of the most widely used
fluorine-containing building blocks [48,49]. Recently, we have
developed an efficient stereoselective synthesis of B-fluoro-p-
nitrostyrenes 1 based on the radical nitration of 2-bromo-2-
fluorostyrenes [50]. This process takes place with simultaneous
elimination of bromine, and gives the target structures solely in
the Z-isomeric form in high yields (up to 92%). These fluorine-
containing olefins activated by a nitro group proved to be the
appealing building blocks for the construction of numerous
monofluorinated compounds [51-56]. This paper is devoted to a
new synthetic approach to novel monofluorinated bicyclic com-
pounds, namely norbornenes and bicyclo[2.2.2]oct-2-enes and
their subsequent functionalization. The present study is our
follow-up work on the Diels—Alder reaction involving p-fluoro-
B-nitrostyrenes [57].

A recent review reported that by 2018, the total number of
publications and patents related to the production and use of
norbornene and norbornadiene derivatives had exceeded 30,000
[58]. Indeed, norbornene and its derivatives have found applica-
tion in medicine, agriculture, microelectronics, and rocket tech-

Beilstein J. Org. Chem. 2021, 17, 283-292.

nology as well as in production of polymeric materials, effi-
cient gas separation membranes and solar energy converters
[58]. Considering the high interest in such structures and the
unique role of fluorine, we believe that novel norbornene deriv-
atives obtained in the framework of this study can become rele-
vant compounds in practical use.

Results and Discussion

Initially, we studied the Diels—Alder reaction of B-fluoro-f-
nitrostyrenes 1 with 1,3-cyclopentadiene (CPD) to prepare a
series of novel monofluorinated norbornenes. The starting nitro-
styrenes were prepared and used in the Z-isomer form. The
transformations were conducted in screw-top vials in o-xylene
at 110 °C using a fivefold excess of the diene (Scheme 1). The
reaction proceeded smoothly under these conditions to give the
target cycloadducts 2 as a mixture of exo and endo-isomers in
high isolated yield (up to 97%). It should be noted that in the
present work we indicate an isomer as exo or endo according to
the stereo-position of the fluorine atom. Thus exo-2 and endo-2
means 5-exo-fluoro-5-endo-nitro-6-exo-arylnorbornene and
5-endo-fluoro-5-exo-nitro-6-endo-arylnorbornene, respectively
(Figure 1). Both diastereomers are formed in a nearly 1:1 ratio
for the majority of the substituents on the aryl group of the
nitrostyrenes 1. However, a higher diastereoselectivity towards
the endo-isomer was observed when strong electron-with-
drawing groups (EWGs) were present in the dienophile. For ex-
ample, in the case of the 4-cyano and the 3-nitro-substituted de-
rivative, the ratio of endo/exo was 2:1.

110 °C
o-xylene
8-24 h
© - F
screw-top vial
1a-1 argon atm. NO,
X
(74%) | 2b@o%) 2c (88%)
dr = 45 55 H3C dr = 48:52 t-Bu dr =48:52
Cl
Ji)/ 2d (90%) /©/ 2e (97%) /©/ 2f (90%)
dr = 43:57 cl dr = 46:54 Br dr = 43:57
A
(68%) | 2 (es%) 2i (80%)
dr = 47 53 MeO,C dr =45:55 F3C dr = 38:62
O,N
Ji)/ 2j (75%) Y 2k (80%) /©/ 21 (71%)
dr = 34:66 = dr = 36:64 O,N dr = 40:60

Scheme 1: Scope of the nitrostyrenes 1 in the Diels—Alder reaction with CPD (dr = exo:endo).
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a) b)
b a exo-2l
H7H endo-H6
minor isomer (exo-2l)
SJHS.F =10.7 Hz; 4JH6-H7b =29Hz
endo-21

exo-H6 H1 H7a

major isomer (endo-2l)
3JH6-F =9.1 Hz; 3J|.|1_H(; =3.1Hz

||
\
Jng._.,_Mgiﬁt _.'F“Ul‘x.,_,,,_aimA J'N ' M ,_Jhk..,

T T T T T T T T T T 1

T
4.0 3.6 32 2.8 2.4 2.0
f1 (ppm)

Figure 1: The structure assignment of norbornenes 2 by 'H (a) and NOE (b) NMR spectroscopy.

The stereochemistry of the products 2a-1 can be unambiguous-
ly assigned using "H NMR spectroscopy. According to the liter-
ature data [59] the dienophile-derived proton at C6 resonates at
lower field in the exo-form than the corresponding proton of the
endo-isomer. For example, in the case of 21, the "H NMR spec-
trum shows a doublet of doublet signal for H6 at 3.89 ppm for
the minor isomer and at 4.27 ppm for the major isomer
(Figure 1a). A significant chemical shift difference is observed
for the aryl proton signals of the exo- and endo-isomeric
norbornenes 2. Most probably such significant difference in the
chemical shifts can be explained by the double bond anisotropy
of the norbornene molecule [60]. The stereochemical assign-
ments are in full accordance with the values of vicinal (\Jye_p
and SJH[,H(,) and long-range coupling constants (*Jg6_g7p)- Ac-
cording to the literature data, the value of 3/y;.yg is larger than
that of 41H6-H7b [32,61-63]. For example, the 'H NMR spec-
trum of the minor isomer of 21 showed the coupling constants
3JH6»F = 10.7 Hz and “/y¢.1176 = 2.9 Hz consistent with an exo-

geometry. In contrast, the major isomer having constants
3-]H6-F =9.1 Hz and 3JH1»H6 = 3.1 Hz was ascribed to the endo-
form (Figure 1). It should be noted that this observation applies
for all cases investigated. The value of the coupling constant
3.IH6_|: between the exo-F and endo-H6 was always larger than
the corresponding value between the endo-F and exo-H6. The
stereochemical assignments were additionally confirmed by
nuclear Overhauser effect spectroscopy (NOE). The peak of H6
was selected to be selectively excited for each isomer. As ex-
pected, in the case of endo-21 the NOE peaks resulted from the
interaction of exo-H6 with H1 and H7a were observed. Where-
as for exo-21 due to the opposite side position of endo-H6 there
was no interaction observed. Thus, using these spectral data all
the pairs of exo- and endo-isomers 2 obtained can be assigned
unambiguously.

Moreover, the '3C NMR spectra of the exo and endo-isomers
exhibit a significant difference (approximately 3 ppm) in the
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chemical shifts for some carbon atoms (Figure 2). A consider-
able difference in the chemical shifts was observed for C-7 of
the methylene bridge (46.1 for the exo- vs 48.9 ppm for the
endo-isomer), C-6 (51.3 for the exo vs 53.4 for the endo-
isomer), C-4 (52.4 for the exo- vs 55.3 ppm for the endo-
isomer), and C-2 (139.7 for the endo- vs 143.0 ppm for the exo-
isomer). The same pattern in the chemical shifts and coupling
constants was observed for all structures 2 synthesized.

For further insights into the mechanistic background of the
endo-exo selectivity, the Diels—Alder reaction of CPD with the
model nitrostyrene 1h was simulated in silico to predict the
reaction pathway, the reaction rate constants, and the activation
enthalpies. Density functional theory calculations were con-
ducted for the reactants, products, and transition states using the
B3LYP [64-66] and M062X [67] level of theory in combina-
tion with a Pople basis set and the IEFPCM [68] solvation
model for o-xylene. Both functionals are already known in the
literature for the investigation of cycloadditions [69-72]. For the
computational details the reader is referred to Supporting Infor-
mation File 1.

Beilstein J. Org. Chem. 2021, 17, 283-292.

The predicted reaction pathways for the formation of the exo-
and endo-isomeric norbornene 2h using M062X are displayed
in Figure 3. For each isomer one transition state exo-TS and
endo-TS was identified. The former transition state is higher in
energy and leads to the less exergonic product exo-2h. The exo
and endo-isomers were predicted to have free energies of acti-
vation (AG3¢83_]5) of 120.62 and 119.64 kJ mol ™1, respectively.
The corresponding predicted reaction free energies (AG3g3.15)
are —39.66 and —42.07 kJ mol~!. With the former values of
AG¥, the reaction rate coefficient k can be calculated using the
Eyring equation (Equation 1) [73,74]:

K(T) = I;?_Te‘AGzim.lsK/RT

€0

(e))

For T'= 110 °C, the predicted ratio of kepgo/kexo = 1.36 (1.68 for
B3LYP) is in good accordance with the experimentally ob-
served diastereomeric ratio of 1.22. The larger discrepancy in
case of the B3LYP functional may be due to the fact that disper-
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Figure 2: 13C NMR spectrum of the mixture of exo- and endo-isomers of norbornene 2I.
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Figure 3: The predicted reaction pathway for the Diels—Alder reaction of nitrostyrene 1h with CPD is displayed. The path leading to the endo-2h
isomer has a lower lying transition state and is more exergonic than the path resulting in the exo-2h isomer. Energies are given in kJ mol~' and were
calculated with M062X/6-311+G(d,p) at 383.15 K in o-xylene (the corresponding B3LYP reaction pathway is not shown).

sion effects are not included, whereas M062X includes nonlocal
effects of electronic dispersion [70,75].

We also demonstrate the preparation of norbornene structures
substituted at the methylene bridge. The reaction of model
nitrostyrene 1h with spiro[2.4]hepta-4,6-diene was carried out
(Scheme 2). As a result, the corresponding norbornene 2m
having a cyclopropane ring was obtained in moderate yield
(44%). The cycloaddition proceeds much more slowly as a
result of the high steric demand of the cyclopropyl ring of the
spirodiene compared to the CH, group of cyclopentadiene. We
believe that this is the reason of the lower yield in comparison
to the reaction with CPD. The stereochemical assignment was
performed using 'H NMR spectroscopy (Scheme 2) to show
similar peculiarities of the spectra. In contrast to the reaction
with CPD, a slight prevalence in the formation of the exo-
isomer (exo:endo = 56:44) was observed for the product 2m.

Next, the reaction with 1,3-cyclohexadiene (CHD) was investi-
gated. It was found that the reaction is very sensitive to the
structure of starting diene and in the case of CHD proceeds
much more slowly. Both thermal and microwave (MW) activa-
tion (Scheme 3) was investigated to accelerate the reaction with
CHD. However, in all cases, the yields of the target cyclo-
adducts 3 were below 35% despite the full conversion of the

110°C
NO, o-xylene
_ @Q 8-24 h
~ + - -
Ar F screw-top vial
1h argon atm.

56:44
2m (44%)

major isomer (exo-2m)
3Jpe.F = 11.8 Hz

minor isomer (endo-2m)
3JneF = 9.6 Hz; 3Jyy.pe = 3.2 Hz

Scheme 2: The Diels—Alder reaction of nitrostyrene 1h with
spiro[2.4]hepta-4,6-diene.

nitrostyrenes 1 which is common for this type of dienophiles
(Scheme 3). The stereochemical assignment was made simi-
larly to the norbornene structures using 'H NMR spectroscopy
(Scheme 3). Larger values of 3JH6_F were observed for the
exo-F isomers. The presence of a strong EWG on the aryl sub-
stituent led to higher stereoselectivity. For example, approxi-
mately a 2:1 ratio was observed for the nitro- and carboxy-
methyl-substituted products 3b, 3¢, whereas in the absence of a
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130 °C
o-xylene
NO: 8-24 h
= + 7 ‘
Ar F screw-top vial
1 argon atm. NO,
Cl
3a (32%
53502;3 ©/ 3b (28%) /©/ 3¢ (26%)
=67: dr = 63:37
cl dr = 54:46 Meo,c” 7  dr=67:33 o,N

major isomer (exo-3c)

3JH6-F =15.7Hz

minor isomer (endo-3c)

3Jper = 13.5 Hz

Scheme 3: Diels—Alder reaction of nitrostyrenes 1 with CHD (dr = exo:endo). (a) Reaction under microwave activation.

strong EWG, the ratio was about 1:1 (3a). However, in contrast
to CPD derivatives, the major products formed in the reaction
with CHD have exo-configuration.

To gain deeper insights into the reaction, we carried out some
kinetic studies to evaluate and compare the reactivities of CHD
and CPD in the reactions with model nitrostyrene 1h

Ar Kexo

NO,
110°C; ©

(Scheme 4). All the kinetic runs were performed using a
~43-49 molar excess of the diene in o-xylene (1:1) to provide
pseudo-first order conditions. Conversions (F) of 1 were
measured by '"H NMR spectroscopy. The reactions were found
to proceed under the kinetic control since the isomer ratio
remained constant throughout the reaction course regardless of
the temperature (Table 1).

kexo Ar

NO,

NO, @ 50-130 °C;

o-xylene; —— /:< o-xylene;
1-24 h Ar F 1-480 min
K Ar = 4-CH30,CCgH4 p
71 _No, endo - 71_ZNo,
FAI’ Ktotal = Kexo + Kendo Ar
Scheme 4: Kinetic study of reactions of 1h with CPD and CHD.
Table 1: Kinetic parameters for the reactions of 1h with CPD and CHD.
entry diene T,°C molar ratio k*10% Kiotalr10® Kexo'105, Kendo™105. Reorr
exolendo s L/mol-s L/mol's L/mol-s
1 CPD 50 46:54 1.00 1.67 0.090 0.077 0.997
2 CPD 80 46:54 5.78 9.72 5.26 4.46 0.998
3 CPD 110 46:54 35.62 59.91 32.39 27.53 0.990
4 CPD 130 46:54 46.20 77.71 41.99 35.72 0.999
5 CHD 110 61:39 0.12 0.224 0.137 0.087 0.999
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The total effective pseudo-first order rate constants k* were ob-
tained by plotting the experimental values of In(co/c) versus
time with good correlations (Table 1). The overall second-order
rate total constants ko, Were calculated from the effective k*
and initial concentration of the diene (Table 1). The individual
constants for the endo and exo-isomers (kepgo and keyo) wWere
evaluated by multiplication of ki, With the molar fractions of
the isomers (Table 1). The data obtained demonstrated that the
overall reaction rate for CHD is 267 times lower than that for
CPD at 110 °C (Figure 4, Table 1). Such a large difference in
the reactivity of CHD and CPD was described in the literature.
For example, in model reactions with tetracyanoethene, the
difference was 2600-fold at 20 °C [76]. The activation parame-
ters were estimated for the reaction of 1h with CPD by plotting
In(k/T) versus 1/T according to the Eyring equation (Equations
2-4) [77].

=110 °C (CHD)

2 ©
& 3
——

=0=50 °C (CPD)
/=80 °C (CPD)
~0=110 °C (CPD)
==130 °C (CPD)

[ 50 100 150 200 250 300 350 400 450 500
t, min

Figure 4: Kinetic curves for the reactions of nitrostyrene 1h with CPD
(50-130 °C) and CHD at 110 °C.

In(k /T) = In(ky, / i)+ AS® / R—AH” /| RT @)

In(k,

endo

IT)=1.89-6208/T (Ryoy =0.989) (3

In(kyyy /T)=1.72=6207/T (Roory =0.989) (4

exo

The activation enthalpies (AH*) for exo- and endo-1h
were found to be identical for both reaction pathways
(51.6 kJ mol™!). Whereas the entropies of activation (AS*) were
-181.8 and —183.1 J mol~! K~! for the formation of the endo
and exo-isomers, respectively. The values obtained are typical
for concerted [4 + 2]-cycloaddition reactions [60]. The free
energies of activation (AG;ts“S) were calculated for
121.26 kJ mol™! for endo-1h and 121.75 kJ mol™! for exo-1h
and were consistent with the predicted ones.

Next, the reaction with some other cyclic dienes was investigat-
ed. The reaction with the unsymmetrical 1-methoxy-1,3-cyclo-

Beilstein J. Org. Chem. 2021, 17, 283-292.

hexadiene (Scheme 5) led to the formation of a mixture of four
products (regioisomers and stereoisomers, respectively) 3d in
40% overall yield. Two pairs of regioisomers were partially
separated by column chromatography with sufficiently slow
elution and analyzed by "H NMR spectroscopy. The structure
assignment was made as depicted in Scheme 5. The structures
of two pairs of regioisomers were assigned by chemical shifts of
the singlet of the methoxy group. The products having the MeO
and NO; groups in the adjacent position have the signal of the
methoxy protons shifted to a lower field. The assignment of the
exolendo-isomers was carried out by the position of the
benzylic proton (HS5 or H6) and its coupling constant to fluo-
rine (3Jys.p or 3JH6-F)-

/=<N02 . © 130 °C; o-xylene; 24 h
Ar F screw-top vial
o argon atm.
8
s (145 Ar
25705 i3.83) 2333
H3C NO. .

minor isomer (exo-3d-6-F)
3JnsF = 17.0 Hz

major isomer (endo-3d-6-F)
3JpsF = 13.7 Hz

3d (40%)

24:20

major isomer (exo-3d-5-F)
SJpeF = 15.0 Hz

minor isomer (endo-3d-5-F)
SJpeF = 12.7 Hz

Scheme 5: The Diels—Alder reaction of the nitrostyrene 1h with 1-me-
thoxy-1,3-cyclohexadiene.

The reaction with 7- and 8-membered cyclic dienes (1,3-cyclo-
heptadiene and 1,3-cyclooctadiene) did not result in the forma-
tion of the corresponding cycloadducts confirming that the reac-
tion is very sensitive to the structure of the dienes. Moreover, it
was found that furan did not react with nitrostyrenes 1.

Furthermore, we performed some subsequent transformations of
the fluorinated norbornenes prepared to investigate their chemi-
cal properties and to demonstrate their utility (Scheme 6). These
reactions were carried out to involve either the double bond or
the nitro group of the norbornene products. The treatment of
cycloadducts 2 with m-chloroperbenzoic acid afforded a series
of novel fluorinated epoxynorbornane derivatives 4 in high
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o Ar m-CICgH,CO3H
F

ho, DCM, rt
4a Ar=4-BrCgHs (81%, dr = 41:59)
4b Ar = 4-NO,CgHs (85%, dr = 33:67)
4c Ar=4-MeCgHs (87%, dr = 45:55)
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NMO,
Ar 0s0y(cat) HO Ar
acetone/water, rt

2 NO, NO,

5 Ar=4-BrCgHs
(65%, dr = 36:64)
t-BuOK
THF, rt

A?*Ar 6 Ar=4-NO,CgHs (77%)

F

Scheme 6: Selected chemical transformations of norbornenes 2 (dr = exo:endo).

yields (up to 87%). In all cases, the formation of mixtures of
only two products was observed in ratios similar to those of the
starting mixture 2. We believe that this is a result of an exo-
epoxidation which is preferred in norbornene systems [78,79].
Such a functionalization is very attractive to produce new reac-
tive building blocks bearing the norbornane scaffold. This ap-
proach can pave a straightforward way to numerous fluorine-
containing bicyclic compounds not previously available. The
syn-dihydroxylation of compound 2f with the N-methylmorpho-
line-N-oxide (NMO)-OsOy4 system resulted in a mixture of the
corresponding diols 5 in a 36:64 ratio in 65% yield. Again, exo-
dihydroxylation is to be expected [80-82]. The treatment of
norbornene 21 with -BuOK resulted in the selective elimina-
tion of nitrous acid to form the desired monofluorinated norbor-
nadiene 6 in 77% yield. No competitive elimination of HF was
observed. The Diels—Alder reaction-base-induced HNO; elimi-
nation sequence opens a straightforward way to novel fluori-
nated norbornadienes from B-fluoro-p-nitrostyrenes and CPD.

Conclusion

In summary, the Diels—Alder reaction of B-fluoro-p-nitro-
styrenes with cyclic 1,3-dienes was investigated. A series of
novel monofluorinated norbornenes was prepared in high yield
up to 97%. A number of novel monofluorinated
bicyclo[2.2.2]oct-2-enes was obtained in up to 40% yield. The
reactivity of CPD and its homologues was evaluated and com-
pared. The reaction rate for CHD proved to be 267 times lower
than that for CPD in a model reaction, whereas 1,3-cyclohepta-
diene and 1,3-cyclooctadiene were found to be unable to react.
The activation parameters of the reaction of nitrostyrene 1h
with CPD were estimated. In addition, the synthetic utility of
the norbornenes obtained was demonstrated. All the structures
obtained in this work were elucidated by NMR spectroscopy
and elemental analysis or HRMS.

Supporting Information

Supporting Information File 1

Copies of spectra, experimental section, and computational
details of DFT calculations.
[https://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-17-27-S1.pdf]
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7.1.3 Reaktivitat verschiedener N-Carbonsaureanhydride in einer

ringoffnenden Synthese von Polypeptiden

In Kooperation mit den Arbeitsgruppen - und - wurden o-substituierte und
N-methylierte NCAs (a(NNCAs) 120 synthetisch dargestellt und unter variierenden ring-
6ffnenden Bedingungen polymerisiert. Es konnte eine Verringerung des Polymerisations-
grades bei der Verwendung von verzweigten Initiator-Molekiilen im Vergleich zu linearen
Strukturen festgestellt werden. Derselbe Effekt ist ersichtlich, wenn verzweigte Substitu-
enten in o-Position verwendet werden, da die sterische Hinderung der Seitenkette einen
starken Einfluss auf den Initiierungsschritt und die erreichbare Kettenlange besitzt.
Dariiber hinaus wurde die Polymerisation von N-methylierten und N-unsubstituierten
NCAs auf Basis von a-Methionin verglichen. Um zu untersuchen, ob ein elektronischer
Einfluss vorherrscht, wurden die entsprechenden HOMO-LUMO-Energien auf CC-Level
berechnet. Aufgrund der unterschiedlichen Energieniveaus der Grenzorbitale ware im Fall
des N-methylierten NCAs 152 (in der Publikation NMMet-NCA) mit einem priméren
Amin 153 eine hohere Reaktivitédt zu erwarten. Dieser Trend steht jedoch im Widerspruch
zu den beobachteten Reaktivitaten. Da die verringerte Reaktivitat keine Folge der energeti-
schen Eigenschaften zu sein scheint, ist die erhohte sterische Hinderung aller Wahrschein-
lichkeit nach der dominierende Effekt fiir die verringerte Polymerisationskinetik (Abbil-

dung 7.3).15%¢]

Abbildung 7.3: Graphical abstract der Publikation ,An insight into the synthesis of
N-methylated polypeptides*.[>>]
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Die Synthese der Monomere sowie die darauf aufbauenden Polymerisationsreaktionen
wurden Von- und_ durchgefiihrt. Die quantenmechanischen Berech-
nungen wurden von J. Grof in Zusammenarbeit mit _, im Rahmen seiner wis-

senschaftlichen Hilfstatigkeit, durchgefithrt. An der Erstellung des Manuskripts Waren.
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! Reproduced from C. Muhl, L. Zengerling, J. Grof, P. Eckhardt, T. Opatz, P. Besenius, M. Barz, Polym. Chem.,
2020, 11, 6919-6927, with permission from the Royal Society of Chemistry.
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Insight into the synthesis of N-methylated
polypeptidest
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The ring-opening polymerization (ROP) of N-carboxy anhydrides (NCAs) is mostly divided into two classes:
NCAs of a-substituted amino acids and N-methylated NCAs of a-unsubstituted glycine derivatives (NNCAs).
The use of both monomer types offers different mechanistic features and results in a multitude of func-
tional materials. To combine these properties, the synthesis and ROP of a-substituted and N-methylated
NCAs (aNNCAs) of several amino acids were investigated. The current study provides insight into the
influence of polymerization conditions and the limitations caused by the enhanced steric demand of the
amino acid NCA monomers and their N-methylated derivatives. Namely, the effects of solvent polarity
(DMF and DCM) and steric demand of the initiator by using neopentyl amine (NPA) and n-butyl amine (nBu)
were studied. Analysis by HFIP-GPC and MALDI-ToF MS reveals that the polymerization and the resulting
polymers are tremendously affected by the steric demand of both the initiators and the monomers, while
electronic effects seem to have only minor influences. The experimental results are further compared with
computational studies, based on coupled cluster (CC) calculations, which underline that electronic effects
are of lower importance than steric constraints for the ROP of aNNCAs. Moreover, poly(N-methyl-L-meth-
ionine) forms helical secondary structures in solution. Therefore, this work combines mechanistic studies of
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Introduction

Amino acids and peptides can be modified synthetically in a ver-
satile manner to fulfill a desired function. Besides the incorpor-
ation of p-amino acids, cyclic amino acids or dehydroamino
acids, the N-alkylation of amino acids plays an important role in
modulating the solubility, metabolic stability and biological
activity."? The simplest form, N-methylation, prevents intra-
molecular hydrogen bonds and causes changes of conformation,
polarity and steric demand. Furthermore, the lipophilicity,®
membrane permeability’ and metabolic stability® are increased
and the proteolytic stability® is improved. All these properties
make N-methylated amino acids interesting building blocks for
the synthesis of polypeptides to obtain new biopolymers.
Currently, most of the ongoing research on polypeptides
is either focused on the synthesis, characterization and
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the ROP of aNNCAs with initial studies on the solution properties of these polypeptides.

polymerization of o-amino acids,”® N-substituted glycine

derivatives (polypeptoids)”'® and block copolymers thereof
(polypept(o)ids),"** but only a few publications have addressed
the synthesis and properties of N-substituted a-amino acid con-
taining polymers. An example for polypeptoids relies on the use
of the naturally occurring N-methyl glycine, also known as sarco-
sine. The corresponding N-substituted N-carboxy anhydride
(NNCA) can be polymerized by nucleophilic ring opening
polymerization (ROP) for the synthesis of the highly water-
soluble polysarcosine. Due to the absence of the acidic proton at
the nitrogen, only the normal amine mechanism (NAM) can
occur and thereby well-defined polymers with a low dispersity
(P < 1.1) are obtained."® The polymerization of NNCAs with longer
alkyl chains proceeds slowly (in the order Sar > EtGly > PrGly >
nBuGly > iBuGly).'® The reason for lower polymerization rates is
the steric hindrance for p-C branched NNCAs and the aggrega-
tion of the side chains for linear or y-C branched NNCAs."”

One of the most studied - and N-substituted polypeptides
is poly(N-methyl-L-alanine), which was first synthesized by a
ROP of the corresponding NNCA by Goodman and Fried in
1967.'% Using conformational energy calculations, CD and
NMR techniques, it was shown that this structure adopts a
right-handed helix with all-trans peptide bonds.'*' This
polymer could also be synthesized from an activated urethane
derivate of N-methyl-t-alanine with in situ NCA formation by

Polym. Chemn., 2020, 1, 6919-6927 | 6919
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heating in N,N-dimethylacetamide (DMAc) to 60 °C in the pres-
ence of the initiator n-butyl amine. The latter method is a
phosgene-free synthesis and benefits from the absence of HCI
to achieve control over molecular weights through the feed
ratio of the monomer to the initiator.**** Cosani et al. describe
their unsuccessful attempts in the polymerization of
N-benzylglycine, N-benzyl-t-alanine or N-methyl-.-phenyl-
alanine NCAs. As an alternative route for the preparation of
poly(N-methyl-y-methyl-L-glutamate) ~ and  poly(N-methyl-
y-ethyl-.-glutamate), they tested different methylation methods
on poly(y-methyl-i-glutamate) or poly(y-ethyl-.-glutamate).>*
Like poly(N-methyl-t-alanine), both polymers were found to
form a right-handed helix in a TFE solution of remarkably
high stability, which retained their conformation even in pure
TFA as observed by CD (circular dichroism) measurements.”> A
special case is the amino acid proline, the only proteinogenic
amino acid containing a secondary amine. Poly(r-proline)
(PLP) can form a right-handed PLP I helix (cis) in aliphatic
alcohols and a left-handed PLP II helix (trans) in water and
organic acids.”® The synthesis of well-defined PLP was challen-
ging due to the impurity of the monomer and termination
reactions in the polymerization. Highly pure NCA monomers
can be synthesized from N-(Boc)-protected r-proline and were
polymerized efficiently using dimethylamine as an initiator.>”

In this work we describe the synthesis of different
a-substituted and N-methylated NCAs («NNCAs) with various
side chains. Three synthetic strategies are widely used to
prepare N-methylated amino acids: reductive amination,
N-methylation by alkylation and a reductive ring opening of
5-oxazolidinones with a triethylsilane/TFA mixture.”®*° The
latter method introduced by Freidinger et al. proceeds without
racemization and was therefore chosen to synthesize NMMet
and NMLeu in the current work.”® The polymerization of these
aNNCAs strongly depends on the steric demand of the side
chain and the resulting electronic structure of the applied
monomers. Various conditions for the ROP of the prepared
aNNCAs were investigated to study the influence of initiators
with different steric demands and solvents with varying
polarities. The resulting polymers were analyzed via GPC and
MALDI-ToF measurements to obtain a deeper insight into the
mechanistic pathway of the polymerization. Furthermore, the
impact on secondary structure formation was investigated via
CD spectroscopy and the results were compared with previous
studies on these rarely described poly(N-alkylated
a-substituted amino acids).

Experimental part

Schlenk techniques were used for the reactions with air- and
moisture-sensitive reagents or intermediates, performed under
an argon atmosphere, using laboratory glassware, and dried
under high vacuum at 120 °C with a hot air gun. All the used
solvents and reagents were purchased from ACROS Organics
(Thermo Scientific GmbH, Nidderau), Alfer Aesar GmbH & Co.
KG (Karlsruhe), Carbolution Chemicals GmbH (Saarbriicken),

6920 | Polym. Chem., 2020, 1, 6919-6927
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Iris Biotech GmbH (Markredwitz), Merck KGaA (Darmstadt),
Sigma-Aldrich Chemie GmbH (Taufkirchen) and TCI
Deutschland GmbH (Eschborn). Prior to use, water was demi-
neralized, using PURELAB® flex by Elga. Solvents used for air-
or moisture-sensitive reactions were bought anhydrous. DCM
was dried using a solvent purification system. All the qualitat-
ive thin layer chromatography (TLC) analyses were carried out
using silica coated aluminum sheets (60 A, F,s,) purchased
from MACHEREY-NAGEL GmbH & Co. KG (Diiren). The detec-
tion of the analytes was performed using UV light (1 = 254 nm)
and the detection reagent ninhydrin or KMnO,. Flash chrom-
atography (FC) was performed by using silica gel with an
average grain size of 15-40 pm, purchased from ACROS
Organics™. Purification via medium pressure liquid chrom-
atography (MPLC) was performed on a Sepacore® Easy
Purification System (BUCHI Labortechnik AG) equipped with a
UV-Photometer C-640 (BUCHI) and a Fraction Collector C-660
(BUCHI). All runs were performed on a CHROMABOND Flash
RS 120 C,5 column (MACHEREY-NAGEL GmbH & Co. KG). Gel
permeation chromatography (GPC) was performed with hexa-
fluoroisopropanol (HFIP) containing 3 g L~' potassium tri-
fluoroacetate (KTFA) as an eluent at 40 °C. The column
material was modified silica gel (PFG columns, particle size:
7 um, porosity: 100 A and 4000 A), purchased from PSS
Polymer Standards Service GmbH. For calibration, polymethyl
methacrylate (PMMA, Polymer Standards Services GmbH) was
used and toluene was used as the internal standard. A refrac-
tive index detector (G1362A RID) and a UV/VIS detector (at
230 nm, Jasco UV-2075 Plus) were used for polymer detection.
All mass spectra were recorded on an electrospray ionization
spectrometer (ESI) QT of Ultima. MALDI-ToF mass spectra were
recorded using a Bruker rapifleX MALDI-ToF mass spectrometer
equipped with a 337 nm N, laser. Acceleration of the ions was
performed with pulsed ion extraction (PIE, Bruker) at a voltage
of 20 kV. The analyzer was operated in the reflection mode and
the ions were detected using a microchannel plate detector. The
mass spectra were processed using the X-TOF 5.1.0 software
(Bruker, Billerica, MA, USA). Sample preparation was performed
using  trans-2-[3-(4-tert-butylphenyl)-2-methyl-2-propenylidene]
malononitrile (DCTB) as the matrix, sodium trifluoroacetate as
the cationizing salt, and dichloromethane as the solvent. All
NMR spectra were recorded on a BRUKER Avance II 400 spectro-
meter and the measurements were carried out in deuterated sol-
vents (CDCl;, DMSO-ds, and D,0). All the recorded NMR
spectra were analyzed using MestReNova v12.0.0. CD spec-
troscopy was performed on a Jasco J-815 spectrometer at 20 °C.
The spectra were analyzed using Spectra Manager 2.0. All
spectra were recorded using a quartz cell with a path length of
1 mm at a concentration of ¢ = 0.25 g L™" polymer in HFIP. Oy
was calculated from the following equation:

o 0- M, repeating unit

) —1
Omr = 100y -1 [°eem® dmol ™)

With Miepeating unic = 147.1 g mol™, ¢y = 0.25 ¢ L™" and [ =
0.1 cm. All measurements of optical rotation were carried out

This journal is © The Royal Society of Chemistry 2020
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with a PerkinElmer 241 polarimeter at 589 nm. A quartz glass
cuvette with a path length of 10 cm was used.

Synthesis of N-methyl-.-methionine NCA (NMMet-NCA)

For the synthesis of NMMet-NCA, 2.0 g (10.2 mmol, 1 eq.) of
the corresponding amino acid was suspended in 150 mL of
freshly distilled, anhydrous THF. Diphosgene (0.97 mL,
8 mmol, 0.8 eq.) was added at room temperature at once to the
stirred suspension. After 15 min, the turbid solution became
clear and was further stirred at room temperature for 30 min,
before N, was bubbled through the solution for 10 min. The
solution was cooled with an ice bath and dry TEA (7.1 mL,
51.1 mmol, 5.1 eq.) was added slowly while precipitation
occurred (TEA-HCI). After filtration under a N, atmosphere,
THF was removed under high vacuum and the residue was dis-
solved again in a minimum amount of dry ethyl acetate. The
ethyl acetate solution was added to a mixture of dry n-hexane
and diethyl ether (1:1) and stored at —20 °C overnight. This
resulted in the crystallization of the corresponding NCA, which
was filtered under a N, atmosphere and dried to yield 1.4 g
(7.3 mmol, 72%). Crystal structure: CCDC 1976455; 'H-NMR
(400 MHz, CDCl3) 6 [ppm] = 4.29 (dd, *J = 3.6, 3.2 Hz, 1H,
-CH-), 3.00 (s, 3H, -NCH3), 2.67-2.51 (m, 2H, -CH,SCH3),
2.32-2.23 (m, 1H, -CH,CH,SCHj), 2.18-2.13 (m, 1H,
-CH,CH,SCH3;), 2.11 (s, 3H, -SCH;); "*C-NMR (101 MHz,
CDCly): & [ppm] = 168.64 (-COO), 152.13 (-CNOO), 59.82
(-CHN-), 28.86 (-NCHj), 28.43 (-SCH,), 27.94 (-SCH,CH,-),
15.56 (-SCH).

Synthesis of N-methyl-pL.-methionine NCA (pL.-NMMet-NCA)

The synthesis of p.-NMMet-NCA is analogous to the synthesis
of NMMet-NCA. After the crystallization of the NCA, the solu-
tion was decanted in order to separate the crystallized NCA
from the residual solvent. The NCA could not be collected via
filtration, since the melting point of the crystals was below
room temperature (20 °C). After decanting, the crystals melted
and the resulting colorless and clear oil (yield: 64 mg,
0.3 mmol, 67%) was dried under reduced pressure to remove
trace solvents. The oil was then characterized and used for
polymerization. "H-NMR (400 MHz, CDCl;) & [ppm] = 4.29 (dd,
3 = 3.6, 3.2 Hz, 1H, -CH-), 3.00 (s, 3H, -NCH3), 2.67-2.51 (m,
2H, -CH,SCH3), 2.32-2.23 (m, 1H, ~-CH,CH,SCH3;), 2.18-2.13
(m, 1H, -CH,CH,SCH,), 2.11 (s, 3H, ~SCH3).

Synthesis of N-methyl-pi-alanine NCA (NMAla-NCA)

N-Methyl-pr-alanine (1.70 g, 16.5 mmol, 1 eq.) was suspended
in 100 mL of anhydrous THF. After the addition of diphosgene
(1.59 mL, 13.2 mmol, 0.8 eq.), the suspension was stirred at
room temperature for 1.5 hours until it became clear. N, was
bubbled through the solution for 15 min and THF was
removed in vacuo. The residue was dissolved again in 20 mL of
anhydrous THF and added to 200 mL of n-hexane. After
storage at —20 °C overnight, NMAla-NCA (1.10 g, 8.2 mmol,
51%) crystallized and was collected via filtration under a N,
atmosphere and dried. Crystal structure: CCDC 1976456;t
"H-NMR (400 MHz, CDCl;) & [ppm] = 4.19 (q, *J = 7.0 Hz, 1H,

This journal is © The Royal Society of Chemistry 2020
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-CH-), 2.98 (s, 3H, -NCHj3), 1.54 (d, *J = 7.0 Hz, 3H, -CH,);
C-NMR (101 MHz, CDCl,): 6 [ppm] = 169.42 (-COO), 151.73
(-CNOO), 57.00 (-CHN-), 28.37 (-NCH3), 15.19 (-CHCHj).

Synthesis of N-methyl-.-leucine NCA (NMLeu-NCA)

N-Methyl-t-leucine (0.60 g, 3.7 mmol, 1 eq.) was suspended in
75 mL of anhydrous THF. After the addition of 1.9 mL phos-
gene in toluene (20% phosgene in toluene, 4 mmol, 1.1 eq.),
the suspension was stirred at room temperature for 15 min
until it became clear. Due to the incomplete reaction (reaction
control was performed via '"H-NMR), TEA (1.1 mL, 8 mmol,
2 eq.) was added to the cooled solution in order to convert
N-carbamoyl chloride to the corresponding NCA. The formed
precipitate (TEA-HCI) was filtered under a N, atmosphere and
THF was removed under reduced pressure from the clear,
colorless solution. The residual oil could neither be crystal-
lized nor precipitated and therefore the colorless oil was
characterized and used for polymerization (NMLeu-NCA:
0.30 g, 1.7 mmol, 46%). "H-NMR (400 MHz, CDCl;) § [ppm] =
4.14 (t, *] = 5.6 Hz, 1H, -CH-), 2.99 (s, 3H, -NCHj3), 1.93 (dsep,
%] = 6.6, 1.2 Hz, 1H, -CH(CHa),), 1.78 (dd, J = 5.7, 2.2 Hz, 2H,
-CH,CH(CH,),), 0.98 (dd, ¥ = 6.7, 1.1 Hz, 6H, -CH(CHs),);
C-NMR (101 MHz, CDCl,): 6 [ppm] = 168.66 (-COO), 151.94
(-CNOO), 59.47 (-CHN-), 37.86 (-CH,CH(CHj),), 28.56
(-NCHj), 24.00 (-CH,CH(CH,),), 22.86 (-CH(CH,),), 21.98
(-CH(CH),).

Ring-opening polymerization of xNNCAs

In the following, the procedure is described exemplarily for
the polymerization of NMAla-NCA, but it can be extended to
all other aNNCAs.

NMAIla-NCA (78.9 mg, 0.61 mmol, 50 eq.) was transferred
into a Schlenk tube under a dry nitrogen counter flow. Dry
DMF (0.9 mL) and absolute n-butylamine (1.21 pL, 0.89 mg,
0.01 mmol, 1 eq.) in dry DMF were added using a stock solu-
tion. A steady flow of dry nitrogen was sustained during the
polymerization, preventing any impurities from entering the
Schlenk tube, while ensuring the escape of the produced CO,.
The progress of the polymerization was monitored via IR spec-
troscopy by the decreasing intensities of the NCA-associated
carbonyl peaks at 1858 and 1788 cm™'. Samples were taken
using a nitrogen flushed syringe through a septum. If no con-
version was observed after 16 h, equimolar amounts (relative
to the initiator) of triethyl amine (TEA) in DMF were added,
using a stock solution. The polymer precipitated after com-
plete conversion in a mixture of cold diethyl ether and
n-hexane (2:1). The suspension was centrifuged (3000 rpm,
10 min, 0-5 °C) and decanted. This procedure was repeated
three times yielding poly(N-methyl-pi-alanine) (45 mg, 71%) as
a colorless solid.

Results and discussion

The synthesis of oNNCAs starts with the synthesis of the
corresponding amino acids. N-methyl-t-methionine and
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N-methyl-i-leucine were prepared via a reductive ring-opening
reaction using the corresponding Fmoc-protected 5-oxazolidi-
none according to literature procedures’®®’ and in the last
step the Fmoc-protecing group was removed. N-Methyl-pr-
alanine was synthesized starting from 2-bromopropanoic acid
and methylamine.”> The synthesis of o-substituted and
N-methylated N-carboxy anhydrides («aNNCAs) was performed
by suspending the corresponding N-methylated amino acids in
dry THF and adding diphosgene at room temperature
(Fig. 1A). After the suspension became clear, it was cooled
down with an ice bath and anhydrous TEA was added slowly to
precipitate the formed HCI, followed by filtration. In the case
of N-methyl-i-leucine (NMLeu-NCA), addition of TEA was
essential for ring closure, due to the reduced reactivity of the
intermediate N-carbamoyl chloride.

THF was removed under reduced pressure and the crude
product was dissolved in a minimum amount of dry ethyl
acetate. Addition of an excess amount of the n-hexane/diethyl
ether mixture (1:1 by volume) caused the precipitation of
aNNCAs, which could be collected by filtration under an inert
atmosphere. The dried oNNCAs were characterized via
"H-NMR spectroscopy (Fig. 1B-D). In addition, a small amount
of each oNNCA was crystallized for characterization by X-ray
diffraction. Crystal structures were obtained for all samples
except for the N-methyl-i-leucine NCA, for which we were
unable to obtain suitable crystals. In the next step, the ring-
opening polymerization of the prepared «NNCAs (Fig. 2A) was
carried out under various conditions, which are presented in
Table 1.

Monomer conversion could be monitored by FT-IR spec-
troscopy, since the intensities of the carbonyl vibration bands
at 1786 and 1854 cm™" are directly related to the remaining
NCA concentration. Only the ROP of the N-methyl-br-alanine

A
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i 8 .
2327

%

i
]

S
by
1007
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Fig. 1 Synthetic route for the preparation of «-substituted and
N-methylated N-carboxy anhydrides (structures 1, 2, 3 and 3b) using the
Fuchs—Farthing method®*** (A). 'H-NMR spectra of N-methyl-pL-
alanine NCA (NMAla-NCA) (B), N-methyl-L-leucine NCA (NMLeu-NCA)
(C) and N-methyl-L-methionine NCA (NMMet-NCA) (D) in CDCls. Crystal
structures via X-ray diffraction of NMAla-NCA and NMMet-NCA are illus-
trated in the corresponding NMR spectra.
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Fig. 2 Polymerization of «aNNCAs 1, 2, 3 and 3b in DMF (DCM) using
different initiators (n-butyl amine and neopentyl amine) (A). Proposed
accelerated amine mechanism through monomer activation (AAMMA) (B).
Proposed mechanism for initiator activation caused by the added tertiary
amine (TEA) (C).*®

Table 1 Conditions for the ROP of aNNCAs. The used solvent, initiators
and monomer to initiator ratios (M/1). In cases where no conversion was
observed after 12 h (no detectable change of aNNCA related carbonyl
peaks in the FT-IR spectrum), an anhydrous base (tertiary amine) was
added in equimolar amounts relative to the initiator

Sample Solvent Initiator M/1 Added base
NMAla-P1 DMF NPA 25 —
NMAla-P2 DMF NPA 50 —
NMAla-P3 DMF nBu 50 —
NMLeu-P1 DMF nBu 50 TEA
NMMet-P1 DMF NPA 50 DIPEA
NMMet-P2 DMF NPA + DABCO 25 —
NMMet-P3 DMF nBu 25 TEA
NMMet-P4 DCM NPA 50 TEA
pL-NMMet-P1 DMF nBu 25 TEA

NCA (NMAla-NCA) could be carried out to full conversion
without the addition of a tertiary amine, whereas the polymer-
ization of N-methyl-(p).-methionine (NMMet-NCA, p.-NMMet-
NCA) and NMLeu-NCA required equimolar amounts of a base
(relative to the initiator) until initiation could be detected and
reached full conversion after several days.

Complete conversion was confirmed by FT-IR spectroscopy
and is exemplarily shown with NMAla-P1 in Fig. S1.} Due to
this observation, the possible protonation of the initiator by
residual HCI was tested by the reaction with silver nitrate solu-
tion (AgNO;). Therefore, all the used monomers, initiators and
solvents were treated separately in relevant concentrations
with AgNO; solution. Since all samples showed no precipi-
tation of AgCl, the residual HCI content could be neglected.
Recently, Hadjichristidis and co-workers proposed the acceler-
ated amine mechanism through monomer activation
(AAMMA) for the ROP of NCAs, which is a combination of the
normal amine mechanism (NAM) and the activated monomer
mechanism (AMM) (Fig. 2B). They observed increased reaction
kinetics by the use of initiators having primary and tertiary
amines.>®> However, monomer activation like in AMM or
AAMMA is not possible for aNNCAs, due to N-methylation.
Therefore, it is most likely that addition of a tertiary amine
enhances only the reactivity of the attacking nucleophile due
to coordination effects (Fig. 2C).*° In this regard, a possible
reduced reactivity caused by the steric hindrance of the
initiator was investigated in more detail. Both neopentyl
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amine and the less bulky n-butyl amine showed no reaction
with the N-methylated NCAs of (p).-methionine and t-leucine,
unless equimolar amounts of TEA, DIPEA or DABCO were
added to the polymerization system.

However, steric demand in general seems to be a critical
factor for the ROP of oNNCAs, since NMAIla-NCA could be
initiated by both NPA and nBu, without the need for tertiary
amine addition. Therefore, polymerization was carried out
under various conditions and the resulting polymers were ana-
lyzed via HFIP-GPC (Fig. 3). The HFIP-GPC traces of NMAla-P1
to P3 showed an overall elution volume that is higher than
expected when compared to NPA initiated polysarcosine (pSar)
with a degree of polymerization (DP) of 50. Due to the same
monomer to initiator ratios (M/I = 50) used for the polymeriz-
ations of NMAIa-NCA and Sar-NCA together with comparable
solubility in HFIP, the elution volumes were expected to be
similar. Therefore, the discrepancy between elugrams is
caused by differences in the DP of the samples NMAla-P1 to
P3.

This means that a methyl group in the a-position is already
decreasing the polymerization efficiency if a methyl substitu-
ent on the N atom is also present. In addition, the use of the
less bulky n-butyl amine as the initiator leads to an increased
degree of polymerization compared to initiation by neopentyl
amine, when using similar M/I ratios. However, the steric
demand of the side chain in the a-position has a stronger
impact on the polymerization compared to the initiator itself.
The GPC analysis of NMLeu-P1 leads to the suggestion that the
polymerization of NMLeu-NCA is tremendously hampered and
only results in the production of low molecular weight oligo-
mers. The multiple shoulders at lower elution volumes with
decreasing intensities can be explained by the presence of
different oligomers. The GPC results underline the reduced
reactivity of the p-C branched NMLeu-NCA towards a nucleo-
philic attack of a primary amine. For further analysis, the
samples NMAla-P1 and P3 were characterized via MALDI-TOF

1 -
3 F —— NMAla-P1
© (NPA; M/I=25)
ZO08F _ \mAla-P2
€
5 b (NPA; M/I=50)
c —— NMAla-P3
TE‘O-S [ (n Bu; M/1=50)
c t — pSar,
3 04h (NPA; M/1=50)
S — NMLeu-P1
© F (nBu; M/I=50)
)
> L
2
0 1 n 1 1 1 1 n Il
14 16 18 20 22 24

elution volume / mL

Fig. 3 HFIP-GPC elugrams of NMAla-P1 to P3, NMLeu-P1 and polysar-
cosine for reference. For all the samples, toluene was used as the
internal standard (peak at 23.4 mL) and polymerizations were carried
out in anhydrous DMF.
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Fig. 4 Full MALDI-ToF spectra of NMAla-P1 (red) and NMAla-P3
(orange) (A) and the corresponding magnifications (B) with assignment
of the individual peaks.

mass spectrometry (Fig. 4). The average DPs were determined
relative to the most intensive peak and resulted in
X, maroi(NMAla-P1) = 16 and X, mauoi(NMAla-P3) = 29. Both
spectra showed additional polymer distributions caused by
water initiation, which is especially pronounced in the spec-
trum of NMAla-P1. In this case, initiation by traces of water
seems to be more effective than initiation by neopentyl amine,
given the higher intensity of water-initiation associated peaks
compared to peaks resulting from NPA-initiation. If the less
bulky n-butyl amine is used as an initiator, the H,O-initiation
related peaks decrease in intensity. These effects can also be
observed in the NMR spectra of NMAla-P1 (Fig. S21) and
NMAla-P3 (Fig. S31). The different amounts of the water
initiated polymer lead to a higher discrepancy between the
used M/I ratio and the DP determined via end group analysis
by NMR at NMAla-P1 and a less pronounced discrepancy at
NMAIla-P3. The discrepancy is due to a reduction in the inten-
sity for the initiator NMR signal compared to the polymer
backbone NMR signal, caused by water initiation.

MALDI-ToF analysis thus clearly reveals that NMAla-NCA
polymerization can be initiated by a primary amine, but the
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polymerization still suffers from the enhanced steric demand
of the NCA monomer. The use of less bulky initiators helps to
improve the initiation step, but does not seem to overcome the
reduced reactivity towards a nucleophilic attack due to the
high steric demand of the monomer. Our findings regarding
the preparation of poly(N-methyl-pr-alanine) are in line with
the results reported by Endo et al.>* They also obtained poly-
mers with lower DPs as calculated from the initiator to
monomer ratio, although they used a different approach for
the preparation of the polypeptoids. In their protocol, the NCA
was formed in situ, which can also contribute to the observed
reduced degrees of polymerization, because impurities are not
removed and could thus interfere with the polymerization.

To get a deeper insight into how the side chain influences
the polymerization rate, the ROP of NMMet-NCA was per-
formed under various conditions. The resulting polymers were
characterized by HFIP-GPC (see Fig. 5). In all cases, the
HFIP-GPC elugrams show the same trend as already observed
for the NMAla-based experiments. A comparison of the
N-methylated derivatives with the unmethylated derivatives of
poly-L-methionine reveals that all polymerizations resulted in
lower molecular weights as expected based on the monomer to
initiator ratio. In analogy to the ROP of NMAla-NCA, the use of
the less bulky initiator n-butyl amine slightly improved the
obtained degrees of polymerization, but in contrast the
addition of a tertiary amine was needed for the efficient
initiation of NMMet-NCA. Note that the polymerization of
NMMet-NCA proceeds significantly better than the ROP of
NMLeu-NCA (see Fig. 3, red-brown curve), even though the
side chains at the a-position are of comparable steric demand.

Very recently, Ling and co-workers have shown in a detailed
DFT study that linear and y-C branched N-substituents lead to
similar reaction barriers, regarding the calculated Gibbs free
energies for nucleophile addition."” Given the observed differ-
ences in polymerization efficiency between NMLeu-NCA and
NMMet-NCA, we conclude that branching in the side chains of
a-substituted and N-methylated aNNCAs decreases the carbo-
nyl reactivity much more compared to branching in the ali-
phatic side chains of N-alkylated and a-unsubstituted NCAs.

For additional insights, the samples NMMet-P1 to NMMet-
P3 were analyzed by MALDI-ToF and the comparison of all
three is shown in Fig. 6. In the mass spectra of NMMet-P1 and
P2, most peaks are related to initiation by water. This trend
could already be observed in the MALDI-ToF spectrum of
NMAla-P1 (Fig. 4) and shows again that the steric demand of
NPA presumably causes inefficient initiation. In comparison,
initiation by the less bulky n-butyl amine yields polymers with
a higher molecular mass, detectable by MALDI-ToF (Fig. 6)
and HFIP-GPC (Fig. 5). The DP assignment of NMMet-P3 was
performed using the most intense, initiator related peak and
resulted in X, marpr (NMMet-P3) = 8. This value has to be
taken with caution though, since the mass spectrum is biased
towards lower m/z ratios, due to a considerable mass discrimi-
nation effect.”

To further support our findings and validate our expla-
nation, coupled cluster (CC) calculations of the LUMO (lowest
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Fig. 5 HFIP-GPC elugrams of NMMet-P1 to P4, p.-NMMet-P1 and
poly-L-methionine for reference (A). For a better overview of the NMMet
samples, the elution volume between 19 and 23 mL is magnified (B). For
all the samples, toluene was used as the internal standard (peak at
23.4 mL). Bottom: Full MALDI-ToF spectra of NMMet-P1 (lower, purple),
NMMet-P2 (middle, dark blue) and NMMet-P3 (upper, light blue) (A) and
the corresponding magnifications (B) with assignment of the individual
peaks.

unoccupied molecular orbital) energies at the DLPNO-CCSD(T)
level of theory with the cc-pVDZ basis set were performed to
check for a possible electronic influence of the N-methyl sub-
stituents but the results were inconclusive. The CC method
was chosen over DFT because the former allows a comparison
of the calculated single point energies of different molecules
and also delivers highly accurate results.*** In Fig. 7 the cal-
culated frontier orbitals of NMMet-NCA, Met-NCA and ethyl-
amine are illustrated and also the relative energy of the indi-
vidual orbitals is provided.

Based on the Klopman-Salem theory, an interaction is
favored if the related orbitals are similar in geometry and
energy level.’”"! Based on the differences in frontier orbital
energy levels, a higher reactivity would be expected in the case
of NMMet-NCA with a primary amine, since the LUMO of
NMMet-NCA has a smaller energy difference to the HOMO of
ethyl amine (|AE| = 14.10 eV) compared to the LUMO of Met-
NCAQ7(|AE| = 14.31 eV. However, this trend disagrees with the
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Fig. 6 Full MALDI-ToF spectra of NMMet-P1 (lower, purple), NMMet-P2
(middle, dark blue) and NMMet-P3 (upper, light blue) (A) and the corres-
ponding magnifications (B) with assignment of the individual peaks.

observed reactivities of the NCAs. Since the reduced reactivity
does not seem to be a consequence of energetic properties, we
conclude that the increased steric hindrance dominates and is
the decisive factor for the decreased polymerization kinetics
upon the N-methylation of a-substituted NCAs. The results pre-
sented so far, generated by experimental observations and
GPC and MALDI-ToF analyses, showed decreased polymeriz-
ation efficiency and lower degrees of polymerizations with
increasing steric demand of the initiator and the substituents
in the a-position of the applied NCA monomer. The reduced
reactivity is also reflected in the need for the addition of a
base (TEA) in order to start and promote the polymerization.
These findings can be related exclusively to an enhanced steric
hindrance, since an energetic contribution could be excluded
by the comparison of the involved frontier orbitals, which were
calculated using CC.

Besides differences in the polymerization rates, we also
expected differences in the solution properties between poly-
peptides and poly(N-methylated a-amino acids), because
N-methylation is known to suppress the formation of second-
ary structures of polypeptides due to the lack of intramolecular
hydrogen bonding. However, hydrophobic side chains are still
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present and can contribute to interactions of the individual
chain segments and domains. The use of enantiopure mono-
mers may therefore lead to secondary structure formation,
which can be seen in the CD spectrum of NMMet-P3 (Fig. 8).
The CD pattern of NMMet-P3 in HFIP shows a broad sym-
metric negative band at 226 nm and a positive band at
195 nm. The results have strong similarities to previous
studies by Cosani et al. where they observed similar values
(min(@pg) = 228 nm; max(@ygr) = 196 nm) for poly(N-methyl-
y-methyl-i-glutamate) and poly(N-methyl-y-ethyl-.-glutamate)
in TFE.>® Along with conformational studies on poly(N-methyl-
t-alanine), carried out by Goodman et al, the authors pro-
posed a right-handed helix as the secondary structure.'®
Despite a small blue shift of 1-2 nm for both bands (positive

—— NMMet-P3

1 1 1 1 1
180 200 220 240 260
A /nm

Fig. 8 CD spectrum of NMMet-P3 in HFIP (c = 0.25 g L™%).
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and negative), our observations match the results obtained by
Cosani et al. Therefore, it is most likely that poly(N-methyl-L-
methionine) also forms a helical secondary structure. Since
N-methylation entails the loss of H-bond formation, the result-
ing structure has an increased hydrophobic character. The use
of polar solvents, like DMF, could in consequence cause the
formation of hydrophobic domains, due to insufficient solubil-
ization of the polymer chains. In this regard, the polymeriz-
ation of NMMet-NCA was further carried out in DCM to
examine the influence of the solvent on the reaction pro-
perties. As can be seen in Fig. 4 (turquoise curve), the use of a
less polar solvent, compared to DMF, has no benefit on the
resulting polymerization and instead causes a bimodal distri-
bution in HFIP-GPC.

Conclusions

In the present work, the influence of N-methylation on
the polymerization properties of a-substituted N-carboxy
anhydrides (NCAs) was investigated. To this end, different
a-substituted and N-methylated NCAs («aNNCAs) were prepared
and polymerized under various conditions. Next to the increas-
ingly popular NCA polymerization of N-methylated glycine (sar-
cosine), and few reports using N-methylated alanine, we were
intrigued that a strategy to polymerize «NNCAs had not been
reported. We were able to demonstrate that the steric demand
of both the initiator and side chain of the monomer has a
major impact on the achievable degree of polymerization of
the resulting polymer. The steric hindrance of the side chain
in the a-position of the monomer is recognized as the major
contribution to the low reactivity towards a nucleophilic attack
by an amine. This strongly influences the initiation step of the
polymerization and achievable chain lengths. Using the less
bulky n-butyl amine compared to neopentyl amine resulted in
more efficient initiation and propagation. Polymerization also
benefitted from a heteroatom with free electron pairs in the
side chain of the aNNCA, as shown with N-methyl-.-methion-
ine. On the other hand, solvent polarity did not seem to influ-
ence the polymerization of xNNCAs. Moreover, the synthesized
poly(N-methyl-a-amino acids) tend to form helical secondary
structures in solution, which is in agreement with previously
reported investigations using poly(N-methyl-L-alanine).
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In silico Betrachtung von Reaktionsmechanismen

7.1.4 Bestimmung des Substituenteneinflusses bei der

photochemischen Dehydrierung von N-Heterozyklen

In der Arbeitsgruppe Opatz wurde eine Methode zur photochemischen Dehydrierung von
N-Heterozyklen 123 (in der Publikation 1a-t) untersucht und die optimierten Bedingun-
gen erfolgreich auf 27 Substrate mit Ausbeuten von 17 bis zu 89% angewendet. Die ent-
wickelte Methode kann sowohl fiir Pyridinon- und Chinolon-Strukturen (in der Publika-
tion 2a-t) verwendet werden als auch zur Darstellung von Azocinonen (in der Publikati-
on 12a-e) in einem Eintopf-Verfahren mit Acetylendiestern (in der Publikation 11a und
b). Durch die Verwendung von Sauerstoff als terminales Oxidationsmittel und sichtbarem
Licht in Verbindung mit Rhodamin 6G als organischer Photokatalysator zeichnet sich die

Reaktion durch eine hohe Umweltfreundlichkeit und eine hohe Kosteneffizienz aus.

Zur Untersuchung des Substituenteneinflusses am Stickstoffatom wurden Geometrie-
optimierungen unterschiedlich substituierter Dihydropyridinone 154, 155 und 156 (in der
Publikation 2a, 2w und 2x) auf DFT-Level durchgefiihrt. Im Gleichgewichtszustand wurde
an ortho-substituierten Aryl-Gruppen eine Drehung des aromatischen Rings im Vergleich
zu einem Phenylsubstituenten festgestellt. Aus dieser Rotation resultiert ein geringerer
Orbitaliiberlapp des m-Systems mit dem freien Elektronenpaar des Stickstoffatoms, wo-
durch die Oxidation mittels Einelektronentransfer (single electron transfer, SET) auf den
Photokatalysator erschwert und somit die ausbleibende Reaktivitdt unter den gewéahlten

Reaktionsbedingungen erklirt (Abbildung 7.4).5%7]

One method ... ° O

Rh6G - N R
Ar
SR, N /TR
AT three heterocycles Af ©one-pot

Abbildung 7.4: Graphical abstract der Publikation ,Synthesis of 2,3-Dihydro-4-pyridones,
4-Quinolones, and 2,3-Dihydro-4-azocinones by Visible-Light Photocata-
« [557]

lytic Aerobic Dehydrogenation™.
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Alle synthetischen Experimente wurden Von_ und_ durch-

gefiihrt. Die DFT-Berechnungen wurden von J. Grof3 durchgefiithrt und das Manuskript von

I ) Groff und T. Opatz erstellt."

12 Reprinted with permission from A. Sevenich, P. S. Mark, T. Behrendt, J. Grof3, T. Opatz, Eur. J. Org. Chem.
2020, 1505-1514, Copyright ©2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim,
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Synthesis of 2,3-Dihydro-4-pyridones, 4-Quinolones, and 2,3-
Dihydro-4-azocinones by Visible-Light Photocatalytic Aerobic

Dehydrogenation

Adrian Sevenich,® Paulina Sophie Mark,'? Torsten Behrendt,!® Jonathan GroB,”™ and

Till Opatz*[®!

Abstract: The synthesis of 2,3-dihydro-4-pyridones and 4-quin-
olones was realized by visible-light mediated photoredox-
catalyzed aerobic dehydrogenation of 4-piperidones and 2,3-
dihydro-4-quinolones. This method enables the synthesis of
cyclic enaminones in up to 89 % yield under mild and eco-
friendly conditions and with a high tolerance of functional
groups using oxygen as an inexpensive terminal oxidant and

rhodamine 6G as a readily available organic photocatalyst. The
process can be extended to access 2,3-dihydro-4-azocinones in
up to 62 % vyield via a [2+2] cycloaddition/ring-expansion se-
quence in a telescoping one-pot reaction. Hence, a protocol
for the synthesis of three different types of N-heterocycles was
developed on the same general transformation.

Introduction

Owing to the vinylogous transposition of the reactivity of the
amine nitrogen and the carbonyl group, enaminones show a
versatile reactivity pattern.!"! Their simple cyclic representatives
such as 2,3-dihydro-4-pyridines are attractive building blocks
and can e.g. be used as precursors for piperidine-based target
molecules.? Consequently, they have been applied as building
blocks for drugst or for alkaloid natural products such as indol-
izidines and quinolizidines.'*?*2<4 |n addition, they represent
key structures in drug candidates like peptidomimetic opi-
oids,™ flavivirus inhibitors' and antibacterial oxazolidinones.””2
Their benzo-fused relatives, the 4-quinolones, are one of the
largest class of antimicrobial agents®® and have recently at-
tracted further attention due to their antitumor and anti-HIV
activity.[Sb'Sc'Ql

Dehydrogenation has been used as a direct strategy to ac-
cess cyclic enaminones since preformed heterocycles can serve
as the starting materials.?<3<°! To this end, multistep proce-
dures based on the Polonovski reaction!'02104109] or the Sae-
gusa oxidation”>1°M have been used extensively. Among the
one-step procedures, Hg(OAC)Z[wb,mmok] and DDQ!0e10i10n]
have been applied by various groups. Nicolaou et al. found
complexes of IBX and various amine N-oxides to enable the
reaction under mild condition.'®"19%1%7 However, these proce-
dures generally suffer from lengthy sequences, the use of ex-
pensive or ecologically problematic reagents or catalysts and,
most notably, stoichiometric amounts of oxidants being re-

[a] Institute of Organic Chemistry, Johannes Gutenberg University,
Duesbergweg 10-14, 55128 Mainz, Germany
E-mail: opatz@uni-mainz.de
https://ak-opatz.chemie.uni-mainz.de/
= Supporting information and ORCID(s) from the author(s) for this article are
(0] available on the WWW under https://doi.org/10.1002/ejoc.201900584.
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quired to effect the dehydrogenation. First achievements to re-
place stoichiometric reagents by oxygen as terminal oxidant
have been reported by Stahl et al. who proposed a
Pd(DMSO),(TFA), catalyst which enables the dehydrogenation
of cyclic ketones (Scheme 1).'°1 The group of Mizuno found a
heterogeneous catalyst system consisting of gold nanoparticles
supported on manganese oxide to perform the aerobic de-
hydrogenation of [-heteroatom-substituted ketones.l'%?! Re-
cently, a photoredox catalyzed approach was reported by Jiang
et al. using the non-commercial dicyanopyrazine chromophore
(DPZ) as a photocatalyst in combination with oxygen to obtain
2,3-dihydro-4-pyridones and 4-quinolones on a limited
scale.l0!

Photoredox catalysis through organic dyes has proven to be
a valuable and often eco-friendly tool for performing a large
variety of selective transformations on amines under mild con-
ditions,!"" which were also investigated in our labs.'? It was
therefore attempted to overcome the drawbacks of above-men-
tioned protocols for the synthesis of cyclic enaminones using
an inexpensive commercially available organic dye as catalyst
and oxygen as a sustainable, no-waste oxidant.

Partially saturated azocines have recently attracted attention
due to their occurrence in natural products such as the manz-
amine alkaloids!"®! and their various biological activities,'3'4
for example against leishmaniasis.!'3? To access this interesting
group of eight-membered N-heterocycles, ring-expansion has
become a common strategy which can e.g. be initiated by [2+2]
cycloaddition of acetylene esters and cyclic enamine containing
structures.'¥215 |n this context, it appeared possible to com-
bine the photocatalytic dehydrogenation step with a subse-
quent light-independent reaction like a [2+2] cycloaddition ulti-
mately leading to ring-expansion. This would provide a direct
access to eight-membered N-heterocycles from a completely

© 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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o S5%PdDMSO)(TFA), o
O,, EtOAc or DMSO,
60-80 °C, 24-48 h - metal catalyst
ﬁlj : ﬁ - high temperatures
N R' = Me: 74% N - scale: 0.8 mmol

R R' =Boc: 72% R!

b) Mizuno et al., 2016:
3.6 mol% Au/OMS-2

(o} O ai 0
R? 2  ar R% _metal catalyst
ﬁ M | - high temperatures
- scale: 0.5 mmol

N 3 examples N
R 64-90% R
) Jiang et al., 2017:

DPZ (0.5 mol%), air _
Et;N (0.25 eq.), ACN - nonvcgmmerma\
J\)ﬁ blue LED, rt, 35 min organic catalyst

- mild conditions

14 examples N~ -scale:
45-75% Ar 0.1-1.0 mmol
Rh6G (1 mol%), - inexpensive
R2 O,, DMF, R2 organic catalyst
green LED, rt, 16-44 h - mild conditions
LA
- scale:
20 examples \ 0.3-6.6 mmol
22-89% Ar - versatile method
1. procedure above Q
2.R'0,C COsR’ N\, COR'

ACN, 90 °C, 20 h

5 examples
42-62%, one-pot A

0" ™ N Me
H
DPZ rhodamine 6G

Iz

Scheme 1. Overview of catalytic one-step syntheses of cyclic enaminones by
aerobic dehydrogenation.

saturated six-membered nitrogen containing precursor via the
intermediate enaminone.

Here, we describe the synthesis of cyclic enaminones like 2,3-
dihydro-4-pyridones and 4-quinolones by visible light-mediated
aerobic dehydrogenation and exploited their reactivity to
provide access to another class of N-heterocycles, namely 2,3-
dihydro-4-azocinones in a one-pot reaction.

Results and Discussion

We started our optimization studies in terms of reaction yield
by evaluating various xanthene dyes which have commonly
been used for amine oxidations.!'">1""123] |nterestingly, the
most frequently used catalysts rose bengal (RB, 5) and eosin Y
(EY, 4) gave no clean reactions ,(Table 1, entries 2 and 3). Al-
though the starting material was consumed very rapidly, the
product yield remained always moderate, at both low and high
conversion, indicating that 2 might not be stable under these
conditions. Indeed, the C=C bond cleavage of enamines and
enaminones under visible light catalyzed aerobic conditions us-

Eur. J. Org. Chem. 2020, 1505-1514

www.eurjoc.org 1506
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ing RB and EY is well documented.l'® Even though there have
been debates as to whether or not singlet oxygen is involved
in this reaction,'%7 it is obvious that these conditions are not
suitable and overcoming this issue would be a key challenge
for the outlined approach. The low yields of 2 observed using
RB and EY are in agreement with the observations by Jiang and
may have prompted them to use a non-commercial dye.l'%
Gratifyingly, fluorescein (3) and rhodamine 6G (7) gave the
product 2 in satisfactory yields, with 7 being slightly superior
(entry 5). Further evaluation of different solvents (entries 6 to
11) revealed DMF to be the best choice.

Table 1. Optimization studies for the photocatalytic dehydrogenation.?!

o
\nc,uli\
|
N
‘

green LED
)
solvent, 25 °C, 16 h Ph
1a 2a
e
Y. Y |
| CO,R"
Y CO,H X | X
X X . .
[ ) Ron 0 N
0 oY o R R
X X rhodamine B (6)
fluoresceine (3) (X,Y=H) (X,R"=H, R,R'=Et)
eosin Y (4) (X=Br, Y=H) rhodamine 6G (7)

rose bengal (5) (X=I, Y=CI) (X=Me, R'=H, R,R"=Et)

Entry Cat. [mol-%]  Solvent 1a [%]® 2a [%]®!
1 3 (5) DMF <1 58l
2 5 (5) DMF <1 36
3 4 (5) DMF <1 49
4 6 (5) DMF 13 53

5 7 (5) DMF 15 61

6 7(5) DMSO 58 21

7 7 (5) MeOH 96 2

8 7 (5) DCM 42 35
9 7 (5) PhMe 85 9

10 7 (5) ACN 37 42
11 7 (5) THF 15 49
12 7 (5) DMF 65 244
13 7 (10) DMF 29 47
14 7) DMF 10 66
15 7 (1.5 DMF <1 72
16 7 (1) DMF <1 77 (70)
17 7 (0.5) DMF 4 68
18 7 (0.1) DMF 7 59
19 - DMF 96 0

20 7 () DMF 98 0if!
21 7 (1) DMF 96 old!

[a] Reaction conditions: 1a (0.3 mmol), 1 mL of dry solvent, RGB LED stripe
(=~ 80 W) on green. [b] Yield determined by 'H-NMR using 1,4-bis(trimethyl-
silyl)benzene as internal standard. [c] RGB LED stripe (= 80 W) on blue. [d]
Air was used instead of oxygen. [e] Isolated yield in brackets. [f] In the dark.
[g] Argon instead of oxygen atmosphere.

Replacement of oxygen by air led to reduced conversion
showing that a fast catalyst quenching is vital for fast reaction
kinetics. Variation of the catalyst loading (entries 13 to 18)
showed a faster reaction at lower catalyst loading, with 1 mol-
% as the optimum (entry 16). Most probably, at higher catalyst
loading, light absorption is limited to a very small volume close
to the surface of the vial and collision of excited catalyst with

© 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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substrate molecules during the lifetime of the excited state is
less likely. Further decreasing the catalyst loading resulted in a
slightly decreased yield and conversion but a still satisfactory
yield of 59 % was achieved with only 0.1 mol-% catalyst (entry
18), which is in good agreement with previous observations of
organic dyes in part being highly efficient at even low catalyst
loadings.'?? In the absence of catalyst, light or oxygen the
starting material remained untouched (entry 19 to 21). Various
additives, light sources or variations of oxygen delivery were
also taken into account in our studies but did not produce bet-
ter results in terms of product yield or reaction time (see Sl for
further screenings).

With the improved reaction conditions, the scope of this re-
action was evaluated (Scheme 2). A variety of functional groups
were tolerated and moderate to high yields (2b, 2d-e, 2j-I,
2s) could be achieved with electron donating and withdrawing

Rh6G (1 mol%), 0
0,, DMF, R2
green LED, rt ‘ -
N
1 2 R'
2aR=H, 16 h, 70% [}

2b R = Me, 16 h, 75%
2¢R = OMe, 36 h, 36% (21%)®
2dR=F, 16 h, 57% o

2eR=Cl, 16 h, 63% Ph
2fR=Br, 18 h, 33% 20,23 h,
88% (8%)®

(o]
0
N
2gR=1,16 h, 22%
2h R =CF3, 44 h, 29% (5%) D)
R 2i R = NO3, 30 h, 33% 11%)“’)
(0]
Qe
iNl

2j R = CONHMe, 22 h, 50%©)

2p,34h,

2k R = Me, 16 h, 62% 89% (11%)®

2IR = OMe, 16 h, 65%

2m R = CO,Me, 28 h, 38% (7%)®)

2n R =CN, 42 h, 40% (16%)® 29,17 h,
1% (11%)©)

o] (e} o}
Cco,Me
\ I |
N (0]

N
i
0, (oo
2r,20 h, Me Me 37°/(°)

35% (15%)® O 2s, 15h, Ph
o (15%) \) 58% 2, 17%
Limitations: 0 (0]
ﬁ 2u R =Pr, 26 h, 21% conv.)
| N 2v R = Boc, 20 h, no conv.®

N 1
R R
©/ 2w R =Me, 32 h, 15% conv.@
2x R =Cl, 16 h, low conv.

Scheme 2. Scope of cyclic enaminones by photocatalytic dehydrogenation.
@ Reaction conditions: 1 (0.3 mmol), 1 mL of dry solvent, 7 (1 mol-%), 1 atm
0,, RGB LED stripe (= 80 W) on green, 25 °C. ® Yield of recovered starting
material. ©© No extraction performed due to high polarity of product. @ As
judged by "H-NMR.

Eur. J. Org. Chem. 2020, 1505-1514

Wwww.eurjoc.org 1507

Eur|OC

European Journal
of Organic Chemistry

Full Paper

groups such as Me, OMe, F, Cl, or CONHMe. Strongly electron
withdrawing groups like CF; and NO, led to increased reaction
times and lower yields (2h, 2i). Even Br- and |-substituents were
tolerated, although partial halogen transfer with formation of
dihalogenated species was observed (2f, 2g). In the case of the
3-carboxy substituted starting material, product 2t was formed
as the sole regioisomer. The moderate yield can be partly ex-
plained by the formation of 2t” as a by-product, most probably
caused by a Bayer-Villiger reaction of 2t with H,0, generated
in the course of the reaction. At prolonged reaction times, over-
oxidation to 4-pyridons and oxidative cleavage of the enamin-
one's C=C bond (vide supra) were frequently observed as side
reactions of various substrates. The yields of 4-quinolones (20,
2p) were generally higher and in the range of 90 %, which can
be explained by increased product stability and fewer possibili-
ties of side reactions such as over-oxidation. In addition, they
provide better stabilization of the intermediates 9 and 10
(Scheme 3) which seem to be crucial for a rapid and clean reac-
tion. On the other hand, N-alkyl substituents devoid of any sta-
bilizing effect (2u) gave only unsatisfactory conversions, pre-
sumably due to the lower HOMO energy of the unconjugated
nitrogen lone pair. The same was observed with ortho-substitu-
ents (2w, 2x) which force the aromatic ring out of conjugation
with the lone pair, leading to decreased orbital overlap accord-
ing to DFT calculations (see the supporting information). N-1-
naphthyl substituents are however tolerated in the reaction (2p,

2q).
o o
H
/ SET —— ) .~ 2
Ne
ie HoP R
1 Rh6G ™ RhSG 9 10
)/’Oé@ 2
s
"Ny
N7 = N H20;
\, > mee ~ \ R
. ) ° 2

Scheme 3. Plausible reaction mechanism.

A plausible reaction mechanism is depicted in Scheme 3.
After absorption of light, the catalyst 7 can react with substrate
1 to furnish the amine radical cation 9 by single electron trans-
fer (SET). Upon reaction with molecular oxygen through a sec-
ond SET step, the catalyst 7 is recycled leading to formation of
a superoxide radical anion capable of abstracting a hydrogen
atom from 9.1'”1 By these means, the hydroperoxide anion and
iminium ion 10 is formed, the latter undergoes rapid deproto-
nation to the more stable enaminone 2 furnishing hydrogen
peroxide as a by-product.

To demonstrate the synthetic value of this protocol, the reac-
tion was performed on a gram scale (Scheme 4). For this pur-
pose, a steady stream of oxygen was slowly bubbled through
the solution to ensure sufficient availability of the oxidant. Be-
sides an increase in reaction time, the dehydrogenation of 1a
proceeded smoothly to give the enaminone 2a in 60 % isolated
yield.

© 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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0, bubbling 0
flj rhodamine 6G (7)
\
green LED N

‘ DMF, 25°C, 48 h Ié’h

1a 2a
1.15 g, 6.59 mmol 60% isolated yield

Scheme 4. Gram-scale synthesis of 2a.

With ample amounts of the cyclic enaminone 2 in hand, the
[2+2] cycloaddition/ring-expansion sequence was to be opti-
mized and the applicability of the photoredox-catalyzed de-
hydrogenation to the synthesis of azocinone derivatives had to
be demonstrated (Table 2). The studies were begun using a
modified protocol of the microwave-assisted cycloaddition of
DMAD (11a) reported by the Stanovnik laboratory.[>®! With the
aim to develop a one-pot reaction, rhodamine 6G (7) and DMF
were added to all screening reactions to imitate the conditions
after the dehydrogenation step. Indeed, the cycloaddition went
smoothly to yield directly the eight-membered heterocycle 12a.

Table 2. Optimization studies for the photocatalytic dehydrogenation.?!

O Meo,c—=CcoMe X
ﬁj 11a Ny COMe
% .

N conditions N Vi CO,Me
)

Ph Ph

2a 12a

Entry Co-solvent ~ Temp.[°)C] ~ Time [h]  2a[%]®  12a [%]®

1 DMF 120 2 3 67

2 DCM 120 2 26 49

3 PhMe 120 2 25 53

4 ACN 120 2 4 74

5 ACN 150 15 3 68

6 ACN 105 6 12 79

7 ACN 2 17 7 88 (85)
8 ACN 2 20 n.d. (62)lted]

[a] Reaction conditions: 2a (0.3 mmol), 7 (1 mol-%), 1 mL of DMF, 1 mL of
co-solvent, 11a (3.0 equiv.), sealed vessel, microwave irradiation. [b] Yield
determined by 'H-NMR using 1,4-bis(trimethylsilyl)benzene as internal stan-
dard, n.d. = not determined. [c] Isolated yields in brackets. Oil bath instead
of microwave heating. [d] One-pot reaction starting from 1a.

A short screening of co-solvents (entries 1 to 4) revealed
acetonitrile to be the best choice of this group. Next, the reac-
tion temperature was investigated. At higher temperature, the
reaction was faster but a decrease in yield was observed (entry
5). Gradually decreasing the temperature led to longer reaction
times but significantly increased yields. Finally, the best results
were obtained when the reaction mixture was simply heated in
an oil bath overnight (entry 7). In the end, a telescoped one-
pot reaction starting from 1a was performed proving the possi-
bility to access eight-membered N-heterocycles 12 directly
from piperidones 1 (entry 8).

The scope of the one-pot synthesis of azocinones 12 from
piperidones 1 and acetylene dicarboxylates 11 is displayed in
Scheme 5. The reaction gave a variety of 2,3-dihydro-4-azocin-
ones in synthetically useful yields (12a-e). It appeared tempt-
ing to investigate simple acetylenic esters 11c and 11d in the
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one-pot reaction of 1a, but no conversion took place even at
120 °C and the enaminone 2a was the only product isolated in
both cases. Apparently, only very electron deficient acetylenes
do react with 2. Furthermore, we wondered whether benzo-
[blazocinone 12f could be obtained by reacting 1o with 11a in
this sequence but again, only the 4-quinolone 20 could be iso-
lated. This observation might be explained by the high stability
and hence low reactivity of the 4-quinolone 20 so that no
cycloaddition takes place. A plausible mechanism of the cyclo-
addition/ring-expansion sequence is illustrated in Scheme 6.
[2+2] cycloaddition of acetylene ester 11 and enaminone 2 fur-
nish cyclobutene intermediate 13. The cycloaddition can be ei-
ther concerted (path a) or stepwise (path b).l'*®) There had
been some debate about the ring opening mechanism of cis-
bicyclo[4.2.0]oct-7-ene-intermediates such as 13.1'® The isola-
tion of cis,cis-products in almost all cases has led to the assump-
tion that ring opening may occur in a disrotatory fashion, which
would violate the Woodward-Hoffmann rules. However, some
studies have shown that trans,cis-products can be obtained un-
der carefully controlled and mild reaction conditions.!'8<8d] Re-
cent studies based on computational calculation revealed the
conrotatory ring opening, followed by isomerization to be the
most likely pathway.['®7 To determine the geometry of double
bonds in 12a, 3Jc coupling constants between the methine
protons and corresponding carbons were measured by CLIP-
HSQMBC!"™ and compared to literature values. Usually a cis-
arrangement between C and H results in smaller values than in
the case of a trans-arrangement (see Figure S2 in the SI).12%
From the measured values, the (2E,4E)-geometry was rational-
ized for 12a which is consistent with the geometry of similar
compounds.'*?'8¢) Although none of the intermediates 14
have been observed, we assume the mechanism to proceed by

fe) 1. Rh6G (1 mol%), Oy, [e)
DMF, green LED, 16 h .
ﬁj 2.11, ACN, 90 °C, 20 h Ny~ COR
2 LAavh= AN
one-pot N _ /T CoR!
Ar R'=Me (11a) /
4 Ar
1 R' = Et(11b) 12
0 o)
A~ COMe K\} CO,Me X COzMe
N—7 COzMe ZC0o,Me N_Z "COMe

/
Ph 12a, 62% 12b, 57% 12c, 46%
0 0
OMe

N\, -CO,Me Me N\, -COzEt
N—? ~CO.Me N—7 TCOEt
12d, 42% Ph 12e, 51% Q
N\ COsMe
¢ Limitations: R? = H (11¢) N £ ~COo,Me
R2 COEt  R?=Me (11d) PH 12f, not obs.

Scheme 5. Scope of the one-pot synthesis of azocine-derivatives from piper-
idones. Reaction conditions: 1 (0.3 mmol), 1 mL of dry DMF, 7 (1 mol-%),
1 atm O,, RGB LED stripe (= 80 W) on green, 25 °C, then: 1 mL of co-solvent,
11 (3.0 equiv.), 90 °C, oil bath.
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a conrotatory electrocyclic ring opening of 13. The isomeriza-
tion to 12 in the cause of the reaction should be promoted by
the push-pull character of intermediate 14. The same geometry
of 12 was obtained, when the reaction was performed either
in a one-pot fashion starting from 1a or from isolated 2a,
which shows that product geometry was not affected by any
by-product from the previous dehydrogenation step, such as
H,0,.

9 GoRr 8:‘ OR 02 _OR
Oy i 2
N ~ | co,r Ppath (b)
A COR ®. 2 e— f—'CoR
2 11 ND N 1
Ar Ar
J path (a)
RO,C CO,R | con-
rotatory HX COZR
Hu, o H
0o N=Ar COQR 7 "COR
oo 2542 2Z4E) 14
H o] H
i dis-
: rotatory N-COR i omerization
N—? TCOR
A H
(2E AE)12

Scheme 6. Plausible mechanism of the cycloaddition/ring-expansion se-
quence.

Conclusions

In summary, a mild and environmentally benign protocol for
the synthesis of 2,3-dihydro-4-pyridones and 4-quinolones by
means of visible-light mediated dehydrogenation using oxygen
as a terminal oxidant and inexpensive rhodamine 6G as photo-
catalyst was developed. To the best of our knowledge, there is
currently no cheaper and more sustainable way to effect this
transformation. The reported method tolerates a variety of
functional groups and was successfully performed on a gram
scale. In addition, it can be extended to access azocinones in
a simple one-pot procedure. This versatile protocol could find
application in the synthesis of natural products and drug pre-
cursors. Overcoming the necessity of N-aryl groups would make
this method even more versatile and could eventually provide a
general method to convert Mannich products into enaminones.
Furthermore, better control of oxygen supply to increase effi-
ciency and to avoid over-oxidation, potentially by means of
flow chemistry, will remain a challenge for further investiga-
tions.

Experimental Section

General Information: All chemicals were obtained from commer-
cial suppliers and used without purification unless stated otherwise.
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Anhydrous DCM was distilled from calcium hydride under nitrogen.
Anhydrous toluene and THF were distilled from sodium/benzo-
phenone under nitrogen. Extra dry DMF, ACN, MeOH and DMSO
were purchased from Acros Organics (AcroSeal®). The eluents for
column chromatography cHex and EtOAc were purchased in techni-
cal grade and distilled prior to use. [D]Chloroform was stored over
sodium sulfate and alumina (Brockmann activity 1). Chromato-
graphic purification was performed on silica gel (35-70 um, Acros
Organics). Automated flash chromatography was performed on an
Isolera™ Flash Purification System (Biotage) with an integrated di-
ode array detector using SNAP KP-Sil cartridges. TLC was carried
out on silica plates (TLC Silica 60 F254 by Merck). NMR spectra were
recorded on a Bruker Avance-lll HD ("H-NMR: 300 MHz, '*C-NMR:
755 MHz), a Bruker Avance-ll ("H-NMR: 400 MHz, '3C-NMR:
100.6 MHz) or a Bruker Avance-lll ("H-NMR: 600 MHz, '*C-NMR:
151.1 MHz) spectrometer. Chemical shifts are referenced to residual
solvent signals (CDCl5: 7.26 ppm and 77.16 ppm, [Dg]DMSO:
2.50 ppm and 39.52 ppm for 'H-NMR and "3C-NMR respectively)
and reported relative to TMS. IR spectra were recorded on a FTIR-
spectrometer (Bruker Tensor 27) with a diamond ATR unit and are
reported in terms of frequency of absorption ¥ [cm™']. ESI mass
spectra were recorded on a 1200-series HPLC-system or a 1260-
series Infinity Il HPLC-system (Agilent-Technologies) with binary
pump and integrated diode array detector coupled to a LC/MSD-
Trap-XTC-mass spectrometer (Agilent-Technologies) or a LC/MSD In-
finitylab LC/MSD (G6125B LC/MSD). HRMS spectra were recorded
on a Micromass-Q-TOF-Ultima-3-mass spectrometer (Waters) with
LockSpray-interface and a suitable external calibrant. Melting points
were determined in open capillary tubes using a Kriiss-Optronic
KSP 1 N thermoelectric melting point meter. Reactions accelerated
by microwave heating were performed in a Discover monomode
apparatus from CEM in glass vials sealed with septa under constant
temperature.

Compounds 1a-f, 1Th-i, 1k-n, 19-5,12" 1,221 10,1231 1p,23] and 1t24
were prepared by known procedures and their spectroscopic data
are in accordance to those reported in the literature. Compounds
1u and 1v were obtained from commercial suppliers. Compound
1g, 1j, Tw and 1x" were prepared by known procedures but have
not been characterized yet.

1-(4-lodophenyl)piperidin-4-one (1g): Yield: 64.9 %, yellow solid;
R = 0.39 (cHex/EtOAc = 3:1); mp: 98.1-100.2 °C; 'H-NMR, COSY
(400 MHz, [D]Chloroform) 6 = 7.57-7.52 (m, 2H, H3’, H5'), 6.75-6.71
(m, 2H, H2’, H6"), 3.58 (t, J = 6.1 Hz, 4H, H2, H6), 2.53 (t, J = 6.1 Hz,
4H, H3, H5); "3C-NMR, HSQC, HMBC (101 MHz, [D]Chloroform) & =
207.75 (C4), 148.80 (C1"), 138.24 (C3’, C5'), 117.89 (C2’, C6'), 81.47
(C4’), 48.40 (C2, C6), 40.59 (C3, C5). IR: v = v = 2824, 1716, 1583,
1490, 1381, 1357, 1315, 1221, 1086, 989, 808; ESI-MS: 302.1 (100 %)
[M + HI*; HRMS (ESI): m/z = 302.0034 ([M + H]*, calcd. 302.0036).

N-Methyl-4-(4-oxopiperidin-1-yl)b ide (1j): Yield: 61.4 %,
yellow solid; R; = 0.25 (100 % EtOAc); mp: 134.6-137.6 °C; "H-NMR,
COSY (400 MHz, [D]Chloroform) 6 = 7.74-7.69 (m, 2H, H3’, H5'),
6.93-6.88 (m, 2H, H2, H6’), 6.30-6.17 (m, 1H, NH), 3.69 (t, J = 6.1 Hz,
4H, H2, H6), 2.97 (d, J = 4.8 Hz, 3H, CHs), 2.54 (t, J = 6.1 Hz, 4H, H3,
H5); 3C-NMR, HSQC, HMBC (101 MHz, [D]Chloroform) 207.65 (C4),
167.80 (CONH), 151.03 (C1’), 128.73 (C3’, C5'), 124.67 (C4"), 113.94
(C2’, C6'), 47.28 (C2, C6), 40.46 (C3, C5), 26.86 (CH5). IR: v = 3336,
2968, 2901, 1712, 1606, 1551, 1509, 1387, 1358, 1297, 1219, 768;
ESI-MS: 233.2 (100 %) [M + H]*, 255.2 (38.5%) [M + Na]*, 487.4
(20.9 %) [2M + Nal*; HRMS (ESI): m/z = 233.1282 ([M + H]*, calcd.
233.1285).

1-(o-Tolyl)piperidin-4-one (1w): Yield: 70.4 %, yellow solid; R; =
0.21 (cHex/EtOAc = 20:1); mp: 66.9-68.7 °C; 'H-NMR, COSY
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(400 MHz, [D]Chloroform) ¢ = 7.25-7.21 (m, 1H, H3’), 7.21-7.16 (m,
1H, H5’), 7.06-7.01 (m, 2H, H4’, HE'), 3.22 (t, J = 6.1 Hz, 4H, H2, H6),
2.61 (t, J = 6.1 Hz, 4H, H3, H5), 2.40 (s, 3H, CHs); '3C-NMR, HSQC,
HMBC (101 MHz, [D]Chloroform) ¢ = 208.75 (C4), 150.81 (C1"),
132.72 (C2'), 131.25 (C3’), 126.74 (C5’), 123.89 (C4’), 119.48 (C6"),
52.11 (C2, C6), 42.28 (C3, C5), 17.94 (CH3); ESI-MS: 190.2 (100 %) [M
+ HI*; HRMS (ESI): m/z = 190.1225 ([M + H]*, calcd. 190.1226).

1-(2-Chlorophenyl)piperidin-4-one (1x): Yield: 31.7 %, colorless
solid; R¢ = 0.50 (cHex/EtOAc = 3:1); mp: 83.1-83.5 °C; "H-NMR, COSY
(400 MHz, [D]Chloroform) 6 = 7.40 (dd, J = 7.9, 1.5 Hz, TH, H3"), 7.23
(ddd, J = 8.0, 7.3, 1.5 Hz, 1H, H5’), 7.06 (dd, J = 8.0, 1.5 Hz, 1H,
H6’), 7.04-6.99 (m, TH, H4'), 3.34 (t, J = 6.1 Hz, 4H, H2, H6), 2.64 (t,
J = 6.1 Hz, 4H, H3, H5); "*C-NMR, HSQC, HMBC (101 MHz, [DIChloro-
form) 6 = 208.52 (C4), 148.66 (C1"), 130.79 (C3’), 129.06 (C2’), 127.74
(C5’), 124.38 (C4), 120.90 (C6"), 51.49 (C2, C6), 42.02 (C3, C5). IR: v =
2816, 1716, 1588, 1481, 1379, 1311, 1209, 1958, 1039, 756; ESI-MS:
210.1 (100 %) [M + H]*, 212.1 (43.0 %) [M + H]*; HRMS (ESI): m/z =
210.0680 ([M + HI*, calcd. 210.0680).

General Procedure for the Photoredox-catalyzed Aerobic De-
hydrogenation: A 10 mL glass vial was charged with the 4-piper-
idone or 2,3-dihydro-4-quinolone 1 (0.300 mmol, 1.00 equiv.), rhod-
amine 6G (7) (0.003 mmol, 1 mol-%) and anhydrous DMF (1.00 mL).
The vial was sealed with a rubber septum and the mixture was
stirred until rhodamine 6G was completely dissolved. The reaction
vessel was flushed with oxygen for 2 minutes and placed inside a
flask, covered with LED stripes (see S| for irradiation setup). The
mixture was stirred under irradiation with green LED stripes, until
the starting material 1 was almost consumed completely (as judged
by TLC or LC-MS analysis). Water was added and the mixture was
extracted with Et,0 to remove most of the DMF. For 2j and 2t
the extraction step was skipped due to the high polarity of these
compounds. The organic phases were combined and the solvent
was removed in vacuo. The crude product was purified by auto-
mated flash column chromatography (SiO,, cHex/EtOAc).

1-Phenyl-2,3-dihydropyridin-4(1H)-one (2a): Yield: 364 mg,
0.210 mmol, 70 %, orange solid; R; = 0.24 (cHex/EtOAc = 2:3); mp:
89-90 °C; "H-NMR, COSY (400 MHz, [D]Chloroform) ¢ = 7.44 (d, J =
7.8 Hz, 1H, H6), 7.43-7.33 (m, 2H, H3’, H5"), 7.20-7.10 (m, 1H, H4),
7.12-7.07 (m, 2H, H2’, H6"), 5.22 (d, J = 7.8 Hz, 1H, H5), 4.00 (t, J =
8.1 Hz, 2H, H2), 2.65 (t, J = 8.1 Hz, 2H, H3); "*C-NMR, HSQC, HMBC
(101 MHz, [D]Chloroform) 0 = 192.04 (C4), 149.71 (C6), 145.23 (C1),
129.74 (C3’, C5'), 12447 (C4), 118.29 (C2’, C6'), 102.17 (C5), 47.66
(C2), 36.05 (C3). IR: v = 3058, 1645, 1572, 1494, 1315, 1219, 1178,
758, 694, 530; ESI-MS: 174.0 (100) [M + HI*, 196.0 (20) [M + Nal*.
The analytical data are consistent with those reported in the litera-
ture.2]

1-(p-Tolyl)-2,3-dihydropyridin-4(1H)-one (2b): Yield: 420 mg,
0.224 mmol, 75 %, orange solid; R = 0.23 (cHex/EtOAc = 2:3); mp:
69.5-71.4 °C; "H-NMR, COSY (400 MHz, [D]Chloroform) ¢ = 7.39 (d,
J = 7.7 Hz, 1H, H2), 7.20-7.15 (m, 2H, H3’, H5’), 7.01-6.96 (m, 2H,
H2’, H6"), 5.19 (d, J = 7.7 Hz, TH, H3), 4.00-3.93 (m, 2H, H6), 2.66-
2.60 (m, 2H, H5), 2.33 (s, 3H, CHs); ">*C-NMR, HSQC, HMBC (101 MHz,
[DIChloroform) ¢ = 191.96 (C4), 150.01 (C2), 142.95 (C1’), 134.36
(C4), 130.23 (C3’, C5'), 118.46 (C2’, C6"), 101.58 (C3), 47.88 (C6),
36.02 (C5), 20.81 (CHs). IR: v = 1644, 1573, 1513, 1304, 1272, 1215,
1176, 1105, 1027, 800; ESI-MS: 188.1 (100 %) [M + H]*. The analytical
data are consistent with those reported in the literature.['%°!

1-(4-Methoxyphenyl)-2,3-dihydropyridin-4(1H)-one (2c): Yield:
22.0 mg, 0.108 mmol, 36.1 %, yellow solid; R¢ = 0.13 (cHex/EtOAc =
2:3); mp: 102.2-102.9 °C; "H-NMR, COSY (400 MHz, [D]Chloroform)
7.34 (d, J = 7.7 Hz, 1H, H2), 7.06-7.02 (m, 2H, H2’, H6'), 6.93-6.88
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(m, 2H, H3’, H5%), 5.17 (d, J = 7.7 Hz, 1H, H3), 3.95 (dd, J = 8.1, 7.2 Hz,
2H, H6), 3.81 (s, 3H, CH;), 2.64 (dd, J = 8.1, 7.2 Hz, 2H, H5); 3C-NMR,
HSQC, HMBC (101 MHz, [D]Chloroform) ¢ = 191.85 (C4), 156.97
(C4"), 150.57 (C2), 139.03 (C1"), 120.51 (C3’, C5'), 114.90 (C2, C6),
101.16 (C3), 55.73 (CH5), 48.48 (C6), 36.05 (C5). IR: v = 1629, 1575,
1510, 1463, 1306, 1287, 1242, 1221, 1173, 1038, 806; ESI-MS: 204.1
(100 %) [M + HI*, 226.1 (30.7 %) [M + Nal*, 429.2 (35.7 %) [2M +
Na]*. The analytical data are consistent with those reported in the
literature.l%°!

1-(4-Fluorophenyl)-2,3-dihydropyridin-4(1H)-one (2d): Yield:
32.4 mg, 0.169 mmol, 57 %, orange solid; R = 0.12 (cHex/EtOAc =
2:3); mp: 110.2-113.4 °C; "H-NMR, COSY (400 MHz, [D]Chloroform)
0 =735 (d, J = 7.8 Hz, 1H, H2), 7.09-7.04 (m, 4H, H2’, H3’, H5,
H6"), 5.20 (d, J = 7.8 Hz, 1H, H3), 3.96 (dd, J = 8.1, 7.2 Hz, 2H, H6),
2.64 (dd, J = 8.1, 7.2 Hz, 2H, H5); "*C-NMR, HSQC, HMBC (101 MHz,
[DIChloroform) 6 = 191.90 (C4), 159.72 (d, J = 244.9 Hz, C4’), 150.02
(C2), 141.69 (d, J = 2.9 Hz, C1"), 120.31 (d, J = 8.1 Hz, C2’, C6'), 116.49
(d, J = 22.8 Hz, C3’, C5’), 102.05 (C3), 48.20 (C6), 35.98 (C5). IR: v =
1632, 1577, 1508, 1316, 1306, 1276, 1214, 1181, 1164, 832, 818, 499;
ESI-MS: 192.0 (100 %) [M + H]*, 214.0 (12.1 %) [M + Nal]*. The analyt-
ical data are consistent with those reported in the literature.l'%°!

1-(4-Chlorophenyl)-2,3-dihydropyridin-4(1H)-one  (2e): Yield:
39.4 mg, 63 %, colorless solid; Rf = 0.27 (cHex/EtOAc = 1:4); mp:
98.7-99.8 °C; 'H-NMR, COSY (400 MHz, [D]Chloroform) ¢ = 7.37 (d,
J = 7.8 Hz, 1H, H2), 7.35-7.30 (m, 2H, H3’, H5’), 7.04-6.99 (m, 2H,
H2’, H6"), 5.22 (d, J = 7.8 Hz, 1H, H3), 3.99-3.92 (m, 2H, H6), 2.67-
2.61 (m, 2H, H5); "*C-NMR, HSQC, HMBC (101 MHz, [D]Chloroform)
0 =191.91 (C4), 149.18 (C2), 143.81 (C1’), 129.75 (C3’, C5%), 129.70
(C4’), 119.47 (C2’, C6"), 102.74 (C3), 47.71 (C6), 35.97 (C5). IR: v =
3058, 2836, 1637, 1565, 1492, 1312, 1300, 1216, 1175, 1093, 798;
ESI-MS: 208.0 (100 %) [M + HI*, 209.9 (32.8 %) [M + H]*; HRMS
(APCI): m/z = 208.0525 ([M + HJ]*, calcd. 208.0524).

1-(4-Bromophenyl)-2,3-dihydropyridin-4(1H)-one  (2f): Yield:
24.8 mg, 33 %, yellow solid; R¢ = 0.17 (cHex/EtOAc = 2:3); mp: 122.6—
124.5 °C; "H-NMR, COSY (400 MHz, [D]Chloroform) ¢ = 7.50-7.46 (m,
2H, H3’, H5'), 7.38 (d, J = 7.8 Hz, 1H, H2), 7.00-6.94 (m, 2H, H2’,
H6’), 5.24 (d, J = 7.8 Hz, 1H, H3), 3.97 (dd, J = 8.0, 7.1 Hz, 2H, He),
2.66 (dd, J = 8.0, 7.1 Hz, 2H, H5); "*C-NMR, HSQC, HMBC (101 MHz,
[D]Chloroform) ¢ = 191.93 (C4), 149.02 (C2), 144.30 (C1’), 132.72
(C37, €5), 119.77 (C2’, C6"), 117.22 (C4), 102.93 (C3), 47.66 (C6),
36.02 (C5). IR: v = 1644, 1596, 1567, 1491, 1311, 1266, 1217, 1177,
821, 800; ESI-MS: 252.2 (99.5 %), 254.0 (100 %) [M + HI*, 274.0
(9.2 %), 276.0 (8.6 %) [M + Na]*; HRMS (APCl): m/z = 252.0019 ([M
+ HI*, caled. 252.0019).

1-(4-lodophenyl)-2,3-dihydropyridin-4(1H)-one (2g):  Yield:
20.0 mg, 0.0669 mmol, 22 %, orange solid; R¢ = 0.19 (cHex/EtOAc =
2:3); mp: 158.5-161.6 °C; "H-NMR, COSY (400 MHz, [D]Chloroform)
0 = 7.70-7.64 (m, 2H, H3’, H5"), 7.38 (d, J = 7.8 Hz, 1H, H2), 6.88-
6.83 (m, 2H, H2’, H6"), 5.25 (d, J = 7.8 Hz, 1H, H3), 3.97 (dd, J = 8.0,
7.1 Hz, 2H, H6), 2.66 (dd, J = 8.0, 7.1 Hz, 2H, H5); "*C-NMR, HSQC,
HMBC (101 MHz, [D]Chloroform) ¢ = 191.94 (C4), 148.84 (C2), 144.97
(C17), 138,67 (C3’, C5"), 120.05 (C2’, C6"), 103.10 (C3), 87.57 (C4"),
47.55 (C6), 36.04 (C5). IR: v = 1649, 1594, 1572, 1488, 1312, 1299,
1264, 1247, 1218, 1177, 817; ESI-MS: 300.0 (100 %) [M + H]*, 322.0
(9.9 %) [M + NaJ*; HRMS (APCl): m/z = 299.9878 (IM + HI*, calcd.
299.9880).

1-[4-(Trifluoromethyl)phenyl]-2,3-dihydropyridin-4(1H)-one
(2h): Yield: 20.7 mg, 0.0858 mmol, 29 %, yellow solid; R = 0.19
(cHex/EtOAc = 2:3); mp: 119.2-121.8 °C; 'H-NMR, COSY (400 MHz,
[DIChloroform) ¢ = 7.66-7.62 (m, 2H, H3’, H5), 7.47 (d, J = 7.8 Hz,
1H, H2), 7.19-7.16 (m, 2H, H2’, H6’), 5.32 (d, J = 7.8 Hz, 1H, H3),
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4.07-4.01 (m, 2H, H6), 2.74-2.67 (m, 2H, H5); '*C-NMR, HSQC, HMBC
(101 MHz, [D]Chloroform) ¢ = 192.04 (C4), 148.27 (C2), 147.72
(C1"), 127.10 (q, J = 3.7 Hz, C3’, C5), 125.97 (q, J = 33.1 Hz, C4")*,
124.07 (q, J = 271.5 Hz, CF3)*, 117.54 (C2’, C6"), 104.08 (C3), 47.35
(C6), 36.08 (C5); *Outer quartet signals can hardly be seen due to
their low intensity. IR: ¥ = 1642, 1563, 1519, 1313, 1283, 1219, 1196,
1173, 1103, 1068; ESI-MS: 242.1 (100 %) [M + HI*, 264.0 (5.6 %) [M
+ Na]*; HRMS (APCI): m/z = 242.0793 (M + H]*, calcd. 242.0787).

1-(4-Nitrophenyl)-2,3-dihydropyridin-4(1H)-one (2i): Yield:
21.6 mg, 0.099 mmol, 33 %, yellow solid; R¢ = 0.26 (cHex/EtOAc =
1:4); mp: 125-135 °C; 'H-NMR, COSY (400 MHz, [D]Chloroform) ¢ =
8.30-8.22 (m, 2H, H3’, H5"), 7.52 (d, J = 8.0 Hz, 1H, H2), 7.20-7.13
(m, 2H, H2’, H6"), 5.40 (d, J = 8.0 Hz, 1H, H3), 4.11-4.06 (m, 2H, H6),
2.76-2.69 (m, 2H, H5); "3C-NMR, HSQC, HMBC (101 MHz, [D]Chloro-
form) 6 = 191.96 (C4), 149.75 (C1"), 146.99 (C2), 143.19 (C4'), 125.86
(C3’, C5%), 116.84 (C2’, C6"), 105.71 (C3), 47.22 (C6), 36.04 (C5). IR:
v = 1655, 1573, 1501, 1310, 1284, 1221, 1181, 1113, 854, 751; ESI-
MS: 219.1 (100 %) [M + H]*. The analytical data are consistent with
those reported in the literature.l?!

N-Methyl-4-[4-ox0-3,4-dihydropyridin-1(2H)-yllbenzamide (2j):
Yield: 34.6 mg, 0.150 mmol, 50 %, yellow solid; R¢ = 0.19 (EtOAc/
MeOH = 10:1); mp: 177.4-178.8 °C; "H-NMR, COSY (400 MHz,
[DIChloroform) ¢ = 7.85-7.79 (m, 2H, H3’, H5), 7.46 (d, J = 7.8 Hz,
1H, H2), 7.12-7.07 (m, 2H, H2’, H6"), 6.58 (q, J = 4.8 Hz, 1H, NH), 5.25
(d, J = 7.8 Hz, 1H, H3), 4.03-3.98 (m, 2H, H6), 2.97 (d, J = 4.8 Hz,
3H, CHs), 2.68-2.62 (m, 2H, H5); 3C-NMR, HSQC, HMBC (101 MHz,
[D]Chloroform) 6 = 192.11 (C4), 167.15 (CO), 148.55 (C2), 147.22
(C1), 129.96 (C4"), 128.73 (C3’, C5'), 117.26 (C2’, C6"), 103.44 (C3),
47.26 (C6), 35.99 (C5), 26.95 (CH;). IR: ¥ = 1636, 1563, 1504, 1409,
1304, 1277, 1218, 1178, 767, 728; ESI-MS: 231.2 (100 %) [M + HI*,
253.2 (47.5%) [M + Nal*, 483.1 (19.9%) [M + Na]*; HRMS (ESI):
m/z = 231.1130 ([M + H]*, calcd. 231.1128).

1-(m-Tolyl)-2,3-dihydropyridin-4(1H)-one (2k): Yield: 34.3 mg,
0.183 mmol, 62 %, yellow oil; R; = 0.25 (cHex/EtOAc = 2:3); "H-NMR,
COSY (400 MHz, [D]Chloroform) 6 = 7.43 (d, J = 7.8 Hz, 1H, H2), 7.25
(td, J = 7.6, 0.7 Hz, 1H, H5'), 6.94-6.98 (m, 1H, H6'), 6.92-6.87 (m,
2H, H2’, H4"), 5.20 (d, J = 7.8 Hz, TH, H3), 4.03-3.94 (m, 2H, H6), 2.68—
2.59 (m, 2H, H5), 2.37 (s, 3H, CH3); '*C-NMR, HSQC, HMBC (101 MHz,
[D]Chloroform) ¢ = 192.11 (C4), 149.86 (C2), 145.23 (C1’), 139.79
(C3"), 129.53 (C5"), 125.31 (C6'), 119.07 (C4), 115.42 (C2'), 101.89
(C3), 47.70 (C6), 36.03 (C5), 21.65 (CHs). IR: v = 1647, 1572, 1494,
1467, 1309, 1274, 1228, 1184, 778, 696; ESI-MS: 188.1 (100 %) [M +
HI*, 210.0.1 (8.4 %) [M + Nal*, 397.1 (8.6 %) [2M + Na]*; HRMS
(APCI): m/z = 188.1071 ([M + H]*, calcd. 188.1070).

1-(3-Methoxyphenyl)-2,3-dihydropyridin-4(1H)-one (2I): Yield:
39.8 mg, 0.196 mmol, 65 %, orange solid; R¢ = 0.18 (cHex/EtOAc =
2:3); mp: 67.3-68.8 °C; 'H-NMR, COSY (400 MHz, [D]Chloroform) 6 =
743 (d, J = 7.8 Hz, 1H, H2), 7.27 (t, J = 8.2 Hz, 1H, H5’), 6.69-6.65
(m, 2H, H4’, H6'), 6.60 (t, J = 2.3 Hz, TH, H2’), 5.21 (d, J = 7.8 Hz, 1H,
H3), 3.97 (dd, J = 8.1, 7.1 Hz, 2H, H6), 3.81 (s, 3H, CH3), 2.64 (dd, J =
8.1, 7.1 Hz, 2H, H5); ">*C-NMR, HSQC, HMBC (101 MHz, [D]Chloro-
form) & = 192.20 (C4), 160.71 (C3’), 149.66 (C2), 146.43 (C1’), 130.53
(C5), 110.56, 109.37 (C4’, C6’), 104.76 (C2'), 102.15 (C3), 55.52 (CH3),
47.62 (C6), 35.99 (C5). IR: v = 1646, 1572, 1497, 1310, 1280, 1251,
1237, 1202, 1173, 1051; ESI-MS: 204.1 (100 %) [M + H]*, 226.1
(21.3 %) [M + Na]*, 429.3 (20.1 %) [2M + Na]*. The analytical data
are consistent with those reported in the literature.['°°!

Methyl 3-[4-Oxo-3,4-dihydropyridin-1(2H)-yl]lbenzoate (2m):
Yield: 26.3 mg, 0.114 mmol, 38 %, yellow oil; R¢ = 0.14 (cHex/EtOAc =
2:3); "H-NMR, COSY (400 MHz, [D]Chloroform) 6 = 7.79 (dt, J = 8.0,
1.2 Hz, 1H, H4), 7.75 (dd, J = 2.6, 1.2 Hz, 1H, H2"), 7.46 (d, J = 7.8,
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1H, H2), 7.45 (t, J = 8.0, TH, H5"), 7.28 (ddd, J = 8.0, 2.6, 1.2 Hz, 1H,
H6’), 5.26 (d, J = 7.8 Hz, 1H, H3), 403 (dd, J = 8.1, 7.1 Hz, 2H, H6),
3.92 (s, 3H, CHs), 2.67 (dd, J = 8.1, 7.1 Hz, 2H, H5); "*C-NMR, HSQC,
HMBC (101 MHz, [D]Chloroform) 6 = 192.02 (C4), 166.38 (COOMe),
149.08 (C2), 145.30 (C17), 131.75 (C37), 129.88 (C5"), 125.22 (C4"),
122.24 (C6%), 118.93 (C2), 103.00 (C3), 52.54 (CH5), 47.58 (C6), 36.02
(C5). IR: v = 1718, 1648, 1570, 1306, 1262, 1242, 1219, 1177, 1108,
755; ESI-MS: 232.1 (100 %) [M + H]*, 254.1 (30.2 %) [M + Na]*, 485.1
(18.6 %) [2M + Na]*; HRMS (ESI): m/z = 232.0971 (M + H]*, calcd.
232.0968).

3-[4-0Ox0-3,4-dihydropyridin-1(2H)-yl]benzonitrile (2n): Yield:
23.7 mg, 0.120 mmol, 40 %, yellow solid; R¢ = 0.11 (cHex/EtOAc =
2:3); mp: 126.1-130.0 °C; "H-NMR, COSY (400 MHz, [D]Chloroform)
O =7.54-7.45 (m, 1H, H5’), 7.42-7.38 (m, 2H, H2, H4’), 7.36-7.30 (m,
2H, H2’, H6'), 530 (d, J = 7.9 Hz, 1H, H3), 4.05-3.97 (m, 2H, H6),
2.72-2.66 (m, 2H, H5); ">*C-NMR, HSQC, HMBC (101 MHz, [D]Chloro-
form) 0 = 191.82 (C4), 148.06 (C2), 145.70 (C1’), 130.76 (C5), 127.34
(C4"), 122.01 (C6’), 120.91 (C2"), 118.16 (CN), 113.89 (C3’), 104.21
(C3), 47.38 (C6), 35.99 (C5). IR: v = 2230, 1647, 1570, 1490, 1464,
1311, 1277, 1225, 1178, 1112, 796; ESI-MS: 199.1 (100 %) [M + HI*,
221.0 (9.2%) [M + Na]*; HRMS (APCI): m/z = 199.0871 (IM + HI*,
calcd. 199.0866).

1-Phenylquinolin-4(1H)-one (20): Yield: 58.4 mg, 0.264 mmol,
88 %, colorless solid; Ry = 0.07 (cHex/EtOAc = 2:3); mp: 124.5-
126.2 °C; "H-NMR, COSY (400 MHz, [D]Chloroform) 6 = 8.43 (dd, J =
8.1, 1.6 Hz, 1H, H5), 7.61-7.51 (m, 4H, H2, H3’, H4’, H5'), 7.46 (ddd,
J=86,70, 1.6 Hz, 1H, H7), 7.39-7.35 (m, 2H, H2’, H6’), 7.32 (ddd,
J=8.1,7.0,1.1 Hz, TH, H6), 7.00-6.96 (m, 1H, H8), 6.33 (d, J = 7.8 Hz,
1H, H3); "3C-NMR, HSQC, HMBC (101 MHz, [D]Chloroform) ¢ =
178.31 (C4), 142.80 (C2), 141.37, 141.35 (C8a, C1"), 131.90 (C7),
130.37 (C3, C5'), 129.57 (C4"), 127.60 (C2’, C6"), 126.59 (C4a), 126.56
(C5), 123.92 (C6), 117.36 (C8), 110.22 (C3). IR: ¥ = 1626, 1589, 1550,
1493, 1479, 1465, 1365, 1290, 1237, 769, 704; ESI-MS: 222.1 (100 %)
[M + H]*, 465.2 (8.1 %) [2M + Nal*. The analytical data are consistent
with those reported in the literature.?!

1-(Naphthalen-1-yl)quinolin-4(1H)-one (2p): Yield: 72.0 mg,
0.265 mmol, 89 %, yellow solid; R = 0.15 (cHex/EtOAc = 2:3); mp:
174.2-178.3 °C; "H-NMR, COSY (400 MHz, [D]Chloroform) 6 = 8.54-
8.44 (m, 1H, H5), 8.07 (dt, J = 8.4, 1.0 Hz, 1H, H4), 8.00 (dt, J = 8.2,
1.0 Hz, 1H, H5"), 7.64 (dd, J = 8.4, 7.3 Hz, 1H, H3'), 7.60 (d, J = 7.7 Hz,
1H, H2), 7.59-7.54 (m, 2H, H2", H6'), 7.42 (ddd, J = 8.2, 6.8, 1.2 Hz,
1H, H7%), 7.37-7.27 (m, 3H, H6, H7, H8'), 6.70-6.64 (m, 1H, H8), 6.41
(d, J = 7.7 Hz, 1H, H3); "*C-NMR, HSQC, HMBC (101 MHz, [D]Chloro-
form) 0 = 178.48 (C4), 143.35 (C2), 141.96 (C8a), 137.45 (C1’), 134.64
(C4a’), 132.10 (C7), 130.41 (C4’), 130.09 (C8a"), 128.71 (C5'), 128.14
(C7"), 127.37 (C6'), 126.54 (C4a), 126.51 (C5), 126.14 (C2), 125.83
(C3"), 123.95 (C6), 122.16 (C8’), 117.63 (C8), 110.41 (C3). IR: v = 1624,
1606, 1590, 1551, 1478, 1395, 1365, 1289, 773, 729; ESI-MS: 272.1
(100 %) [M + HI*, 565.3 (11.1 %) [2M + Nal]*; HRMS (ESI): m/z =
272.1073 ([M + HI*, calcd. 272.1070).

1-(Naphthalen-1-yl)-2,3-dihydropyridin-4(1H)-one (2q): Yield:
27.5 mg, 0.123 mmol, 41 %, brown solid; R¢ = 0.20 (cHex/EtOAc =
2:3); mp: 90.0-98.9 °C; "H-NMR, COSY (400 MHz, [D]Chloroform) 6 =
8.05-8.01 (m, 1H, H8), 7.94-7.91 (m, 1H, H5’), 7.82 (dt, J = 8.4,
1.1 Hz, TH, H2"), 7.65-7.52 (m, 2H, H6", H7"), 7.48 (dd, J = 8.4, 7.3 Hz,
1H, H3'), 7.33 (d, J = 7.6 Hz, 1H, H2), 7.30 (dd, J = 7.3, 1.1 Hz, 1H,
H4'),5.27 (d, J = 7.6 Hz, 1H, H3), 3.99 (t, J = 7.6 Hz, 2H, H6), 2.92-2.63
(br m, 2H, H5); 3C-NMR, HSQC, HMBC (101 MHz, [D]Chloroform)
0 =192.10 (C4), 153.81 (C2), 142.73 (C1’), 134.83 (C4a’), 128.97
(C8a"), 128.85 (C5'), 127.88 (C2"), 127.27, 126.89 (C6’, C7'), 125.73
(C3"), 122.45 (C8'), 121.77 (C4"), 101.26 (C3), 51.10 (C6), 36.57 (C5).
IR: v = 1644, 1585, 1570, 1395, 1300, 1221, 1173, 1111, 799, 774;
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ESI-MS: 224.1 (100 %) [M + HI*, 246.1 (10.2 %) [M + Nal*, 469.1
(12.5 %) [2M + Na]*; HRMS (ESI): m/z = 224.1071 (M + H]*, calcd.
224.1070).

1-(2,3-Dihydrobenzo[b][1,4]1dioxin-6-yl)-2,3-dihydropyridin-
4(1H)-one (2r): Yield: 24.6 mg, 0.106 mmol, 35 %, orange needles;
R¢ = 0.24 (cHex/EtOAc = 1:4); mp: 163.3-170.9 °C; 'H-NMR, COSY
(400 MHz, [D]Chloroform) 6 = 7.33 (d, J = 7.7 Hz, 1H, H2), 6.85 (d,
J =87 Hz, 1H, H8'), 6.62 (d, J = 2.8 Hz, 1H, H5'), 6.59 (dd, J = 87,
2.8 Hz, 1H, H7"), 5.17 (d, J = 7.7 Hz, 1H, H3), 430-4.21 (m, 4H, H2",
H3’), 3.95-3.88 (m, 2H, H6), 2.67-2.58 (m, 2H, H5); "*C-NMR, HSQC,
HMBC (101 MHz, [D]Chloroform) ¢ = 191.96 (C4), 150.30 (C2), 144.12
(C4a’), 140.96 (C8a"), 139.63 (C6"), 118.03 (C8"), 112.09 (C7’), 108.31
(C5"), 101.39 (C3), 64.67, 64.40 (C2’, C3), 48.27 (C6), 36.04 (C5). IR:
v = 1627, 1576, 1506, 1316, 1284, 1254, 1213, 1067, 894, 866; ESI-
MS: 232.1 (100 %) [M + HI*, 254.2 (26 %) [M + Na]*, 485.2 (54 %)
[2M + NaJ*; HRMS (ESI): m/z = 232.0970 ([M + H]*, calcd. 232,0968).

1-(3,5-Dimethylphenyl)-2,3-dihydropyridin-4(1H)-one (2s):
Yield: 35.2 mg, 0.175 mmol, 58 %, yellow oil; R¢ = 0.18 (cHex/EtOAc =
2:3); "TH-NMR, COSY (400 MHz, [D]Chloroform) ¢ = 7.44 (d, J = 7.7 Hz,
1H, H2), 6.82-6.80 (m, 1H, H4"), 6.75-6.72 (m, 2H, H2’, HE"), 5.21 (d,
J =77 Hz, 1H, H3), 3.99 (dd, J = 8.1, 7.1 Hz, 2H, H6), 2.64 (dd, J =
8.1, 7.1 Hz, 2H, H5), 2.34 (s, 6H, 2 x CHs); "*C-NMR, HSQC, HMBC
(101 MHz, [D]Chloroform) ¢ = 192.11 (C4), 149.94 (C2), 145.23
(C1), 139.52 (C3’, C5'), 126.24 (C4), 116.22 (C2, C6), 101.64 (C3),
47.72 (C6), 36.01 (C5), 21.51 (2 x CH5). IR: v = 1648, 1606, 1573,
1474, 1328, 1306, 1235, 1192, 1177, 840; ESI-MS: 202.1 (100 %) [M
+ H]*. The analytical data are consistent with those reported in the
literature.l0°!

Methyl 4-Oxo-1-phenyl-1,4,5,6-tetrahydropyridine-3-carboxyl-
ate (2t): Yield: 20.9 mg, 0.0904 mmol, 30 %, yellow oil; R; = 0.14
(EtOAC = 100 %); "H-NMR, COSY (400 MHz, [D]Chloroform) ¢ = 8.51
(s, TH, H2), 7.48-7.41 (m, 2H, H3’, H5"), 7.31-7.27 (m, 1H, H4"), 7.25-
7.21 (m, 2H, H2’, H6"), 4.12-4.07 (m, 2H, H6), 3.80 (s, 3H, OCHs),
2.76-2.70 (m, 2H, H5); "3C-NMR, HSQC, HMBC (101 MHz, [D]Chloro-
form) 6 = 186.93 (C4), 165.90 (COOMe), 156.60 (C1), 144.36 (C1’),
130.01 (C3’, C5'), 126.73 (C4), 119.81 (C2’, C6'), 103.57 (C3), 51.70
(OCHs,), 48.27 (C6), 36.39 (C5). IR: v = 1720, 1666, 1571, 1494, 1386,
1323, 1257, 1202, 1147, 1071, 762; ESI-MS: 232.1 (100 %) [M + HI*,
254.1 (36.4 %) [M + Nal*, 485.2 (68.1 %) [2M + Nal*; HRMS (ESI):
m/z = 232.0972 ([M + H]*, calcd. 232.0968).

Methyl 7-Oxo-4-phenyl-4,5,6,7-tetrahydro-1,4-oxazepine-2-
carboxylate (2t): Yield: 12.5 mg, 0.0506 mmol, 17 %, yellow oil;
R¢ = 0.58 (cHex/EtOAc = 2:3); "H-NMR, COSY (400 MHz, [D]Chloro-
form) 6 = 7.62 (s, TH, H3), 7.41-7.36 (m, 2H, H3’, H5), 7.20-7.15 (m,
1H, H4"), 7.14-7.10 (m, 2H, H2’, H6"), 4.11-4.07 (m, 2H, H5), 3.81 (s,
3H, OCHs), 3.12-3.09 (m, 2H, H6); '*C-NMR, HSQC, HMBC (101 MHz,
[DIChloroform) 169.44 (C7), 164.38 (COOMe), 145.77 (C1"), 129.86
(C3’, €5%), 128.39 (C3), 125.00 (C4’), 119.82 (C2’, C6'), 119.69 (C2),
52.32 (OCH3), 47.69 (C5), 35.41 (C6). IR: v = 1756, 1709, 1645, 1595,
1495, 1266, 1242, 1216, 1145, 756; ESI-MS: 248.1 (100 %) [M + HI*,
270.1 (28.0 %) [M + Nal*, 517.2 (49.5 %) [2M + Na]*; HRMS (ESI):
m/z = 248.0920 ([M + H]*, calcd. 248.0917).

Gram Scale Procedure for the Photoredox-catalyzed Aerobic
Dehydrogenation: A 30 mL glass vial was charged with 1a (1.15 g,
6.59 mmol, 1.00 equiv.), rhodamine 6G (7) (0.0659 mmol, 1 mol-%)
and anhydrous DMF (22.0 mL). The mixture was stirred until rhod-
amine 6G was completely dissolved. A steady stream of oxygen was
slowly bubbled through the solution (one bubble per second) using
a disposable glass Pasteur pipette (see Sl for irradiation setup). The
mixture was stirred under irradiation with green LED stripes, until
the starting material 1a was almost consumed completely as

Eur. J. Org. Chem. 2020, 1505-1514

www.eurjoc.org 1512

Eur|OC

European Journal
of Organic Chemistry

Full Paper

judged by TLC and LC-MS analysis (careful monitoring the reaction
progress is recommended to avoid over-oxidation). Water (50 mL)
was added and the mixture was extracted with Et,O (4 x 50 mL) to
remove most of DMF. The organic phases were combined, dried
with Na,SO,, filtered and the solvent was removed in vacuo. The
crude product was purified by column chromatography (SiO,, cHex/
EtOAc = 2:3) to yield 2a (680.2 mg, 3.927 mmol, 60 %).

General Procedure for the One-pot Synthesis of Azocinones:
The synthesis was performed according to the general procedure
of the dehydrogenation, with the following exception: After irradia-
tion the reaction vessel was flushed with argon for 2 minutes, fol-
lowed by addition of anhydrous ACN (1.00 mL) and the respective
acetylene ester 11 (0.900 mmol, 3.00 equiv.). The reaction mixture
was heated at 90 °C in an oil bath for 20 h, followed by the usual
work-up as described above.

Dimethyl (2E,4E)-6-Oxo-1-phenyl-1,6,7,8-tetrahydroazocine-
3,4-dicarboxylate (12a): Yield: 58.2 mg, 0.185 mmol, 62 %, orange
resin; Ry = 0.50 (cHex/EtOAc = 2:3); "TH-NMR, COSY (400 MHz,
[DIChloroform) ¢ = 7.63 (s, 1H, H2), 7.39-7.32 (m, 2H, H3’, H5'), 7.24-
7.19 (m, 1H, H4'), 7.14-7.09 (m, 2H, H2’, H6"), 6.63 (s, 1H, H5), 4.35
(s, 2H, H8), 3.79 (s, 3H, 4-CO,CHs), 3.62 (s, 3H, 3-CO,CHs), 2.56 (s,
2H, H7); "*C-NMR, HSQC, HMBC (101 MHz, [DIChloroform) 6 =
205.67 (C6), 168.61 (3-C0O), 168.27 (4-CO), 146.49 (C1’), 144.79 (C2),
134.12 (C4), 132.64 (C5), 129.83 (C3’, C5'), 126.39 (C4"), 122.84 (C2/,
C6%), 97.23 (C3), 52.71 (4-CO,CH3), 51.78 (3-CO,CH3), 47.35 (C8),
38.72 (C7). IR: v = 1726, 1705, 1610, 1582, 1494, 1435, 1239, 1203,
1091, 1057; ESI-MS: 284.1 (39.5 %) [M - OMe]*, 316.1 (100 %) [M +
HI*, 338.1 (44.8 %) [M + Nal*, 653.3 (39.3 %) [2M + Nal*; HRMS (ESI):
m/z = 338.0994 ([M + Na]*, calcd. 338.0999).

Dimethyl (2E,4E)-6-Oxo-1-(p-tolyl)-1,6,7,8-tetrahydroazocine-
3,4-dicarboxylate (12b): Yield: 56.6 mg, 0.172 mmol, 57 %, orang
resin; Ry = 0.57 (cHex/EtOAc = 2:3); "H-NMR, COSY (400 MHz,
[DIChloroform) 6 = 7.61 (s, 1H, H2), 7.18-7.15 (m, 2H, H3’, H5'), 7.03-
6.98 (m, 2H, H2’, H6"), 6.62 (s, 1H, H5), 3.92-3.67 (br m, 2H, H8), 3.81
(s, 3H, OCHs), 3.63 (s, 3H, OCHs), 2.55 (br m, 2H, H7), 2.33 (s, 3H,
ArCHs); '3C-NMR, HSQC, HMBC (101 MHz, [D]Chloroform) ¢ = 205.80
(C6), 168.72 (CO,Me), 168.44 (CO,Me), 145.18 (C2), 144.19 (C1"),
136.52 (C4'), 134.27 (C4), 132.43 (C5), 130.40 (C3’, C5"), 123.09 (C2’,
C6'), 96.75 (C3), 52.75 (OCH3), 51.79 (OCH3), 47.58 (C8), 38.59 (C7),
20.95 (ArCHs). IR: v = 1726, 1704, 1581, 1511, 1434, 1305, 1238,
1202, 1090, 1057; ESI-MS: 298.1 (44.1 %) [M - OMe]*, 330.2 (100 %)
[M + HI*, 352.2 (20.5 %) [M + Nal]*, 681.3 (46.7 %) [2M + Na]*; HRMS
(ESI): m/z = 352.1156 ([M + Nal*, calcd. 352.1155).

Dimethyl (2E,4E)-1-(3-Methoxyphenyl)-6-oxo-1,6,7,8-tetrahy-
droazocine-3,4-dicarboxylate (12c): Yield: 47.9 mg, 0.139 mmol,
46 %, orange resin; Re = 0.44 (cHex/EtOAc = 2:3); 'H-NMR, COSY
(400 MHz, [D]Chloroform) 6 = 7.65 (s, 1H, H2), 7.27 (t, J = 8.2 Hz,
1H, H5"), 6.76 (ddd, J = 8.2, 2.3, 0.8 Hz, 1H, H4), 6.71 (ddd, J = 8.2,
2.3, 0.8 Hz, TH, H6'), 6.67-6.60 (m, 2H, H5, H2'), 4.34 (br m, 2H, H8),
3.81 (s, 3H, CO,CHs), 3.80 (s, 3H, ArOCHs), 3.64 (s, 3H, CO,CHs), 2.57
(br m, 2H, H7); 3C-NMR, HSQC, HMBC (101 MHz, [D]Chloroform)
0 = 205.62 (C6), 168.63 (CO,Me), 168.32 (CO,Me), 160.70 (C3"),
147.71 (C17), 144.67 (C2), 134.25 (C4), 132.65 (C5), 130.61 (C5),
114.93 (C6), 111.53 (C4), 109.07 (C2), 97.37 (C3), 55.61 (ArOCH;),
52.77 (CO,CH5), 51.85 (CO,CH3), 47.36 (C8), 38.86 (C7). IR: v = 1725,
1705, 1582, 1491, 1435, 1330, 1237, 1194, 1172, 1090, 1051, 777;
ESI-MS: 314.1 (62.7 %) [M - OMe]*, 346.2 (100 %) [M + HI*, 368.1
(20.5 %) [M + Nal*, 713.3 (26.8 %) [2M + Na]*; HRMS (APPI): m/z =
346.1290 (M + H]*, calcd. 346.1285).

Dimethyl (2E,4E)-1-(4-Fluorophenyl)-6-oxo-1,6,7,8-tetrahydro-
azocine-3,4-dicarboxylate (12d): Yield: 42.4 mg, 0.127 mmol,
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42 %, orange resin; Ry = 0.51 (cHex/EtOAc = 2:3); "H-NMR, COSY
(400 MHz, [D]Chloroform) ¢ = 7.53 (s, 1H, H3), 7.13-7.03 (m, 4H, H2’
, H3’, H5’, H6'), 6.65 (s, TH, H5), 3.88-3.66 (br m, 2H, H8), 3.80 (s, 3H,
CHs), 3.63 (s, 3H, CH5), 2.54 (br m, 2H, H7); 3C-NMR, HSQC, HMBC
(101 MHz, [D]Chloroform) ¢ = 205.58 (C6), 168.58 (CO,Me), 168.22
(CO,Me), 160.91 (d, J = 247.3 Hz, C4’), 144.97 (C2), 14284 (d, J =
2.9 Hz, C1’), 133.97 (C4), 132.79 (C5), 125.34 (d, J = 8.2 Hz, C2/,
C6%), 116.73 (d, J = 22.8 Hz, C3’, C5'), 97.33 (C3), 52.78 (CH3), 51.87
(CHs), 47.93 (C8), 38.49 (C7). IR: v = 1702, 1609, 1585, 1506, 1434,
1230, 1201, 1158, 1090, 1057, 730; ESI-MS: 302.1 (41.1 %) [M -
OMe]*, 334.1 (100 %) [M + HJ*, 356.1 (61.4 %) [M + Na]*, 689.3
(62.7 %) [2M + Nal*; HRMS (ESI): m/z = 334.1086 ([M + H]*, calcd.
334.1085).

Diethyl (2E,4E)-6-Oxo-1-phenyl-1,6,7,8-tetrahydroazocine-3,4-
dicarboxylate (12e): Yield: 52.4 mg, 0.153 mmol, 51 %, orange
resin; Ry = 0.59 (cHex/EtOAc = 2:3); "H-NMR, COSY (400 MHz,
[DIChloroform) ¢ = 7.65 (s, 1H, H2), 7.40-7.34 (m, 2H, H3’, H5'), 7.25-
7.20 (m, TH, H4"), 7.15-7.11 (m, 2H, H2’, H6"), 6.63 (s, TH, H5), 4.57-
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European Journal
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Computergestiitzte Strukturaufklarung kleiner organischer Molekile

7.2 Computergestiitzte Strukturaufklarung kleiner

organischer Molekiile

7.2.1 Benchmarkstudie iiber die Genauigkeit von DFT-Methoden
in der VCD-Spektroskopie

Um die Anwendbarkeit verbreiteter DFT-Methoden in der Vorhersage von VCD-Spektren
zu beurteilen, wurde innerhalb der Forschungsgruppe Opatz ein systematischer Vergleich
durchgefithrt. Dafiir wurden die VCD-Spektren von sechs chiralen Verbindungen 125-130
(in der Publikation 1-6) aufgenommen und mittels quantenmechanischer Methoden be-
rechnet. Fiir jedes Molekiil wurden insgesamt 480 Spektren simuliert, die sich aus den
Kombinationen von 15 Funktionalen, 16 Basissatzen und zwei Solvatationsmodellen erge-
ben. Um die Ubereinstimmung zwischen gemessenen und in silico generierten Spektren zu
quantifizieren, wurde unter Verwendung der Software SpecDis der enantiomere Ahnlich-
keitsfaktor (enantiomeric similarity index, ESI) bestimmt.*#>'>] Anhand dieses Wertes wur-
de sowohl die Genauigkeit jeder Kombination fiir die Molekiile 125-130 bewertet als auch
die Unterschiede der Funktionale, Basissiatze und Solvatationsmodelle isoliert betrachtet.
Abschlieflend wurden vielversprechende Varianten fiir chirale Molekiile mit unbekannter

558]

absoluter Konfiguration empfohlen (Abbildung 7.5).!

Experimental

Calculated by DFT

18‘00 17‘00 16‘00 15‘00 14‘00 13‘00 12‘00 11‘00 10‘00

v

Abbildung 7.5: Graphical abstract der Publikation ,Comparison of different density func-
tional theory methods for the calculation of vibrational circular dichroism
spectra“ 5]
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Resultate und Diskussion

Die VCD-Spektren von Thiocampher 130 (in der Publikation 6) wurden von J. Grof§
gemessen und simuliert. Im Rahmen eines Forschungsmoduls wurde Sulfoxid 129 (in der
Publikation 5) Von- dargestellt sowie die dazugehorigen VCD-Spektren aufgenom-
men. Die experimentelle Bestimmung sowie die in silico Vorhersage der VCD-Spektren der
Verbindungen 125-128 (in der Publikation 1-4) erfolgte durch -, - undl

_. Die Datensétze aller Molekiile wurden von J. Grof3, _, - und
_ ausgewertet. _ hat im Rahmen einer wissenschaftlichen Hilfs-

tatigkeit erheblich zur Auswertung des Vergleichs simulierter und gemessener Spektren

beigetragen und die VCD-Spektren von Sulfoxid 129 (in der Publikation 5) simuliert. Das

Manuskript wurde von J. Grof3, _,-, -, _ und T. Opatz

verfasst.'®

13 Reprinted under the terms of the Creative Commons Attribution License CC BY 4.0. Copyright ©2023 7.
Grof3, 3. Kiihlborn, S. Pusch, C. Weber, L. Andernach, G. Renzer, P. Eckhardt, J. Brauer, T. Opatz, Chirality, 2023,
1-13, Chirality published by Wiley Periodicals LLC.
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1 | INTRODUCTION

In 1874, van't Hoff included the spatial configuration of
aliphatic carbon atoms into organic structural formulae.’
The first experiments to determine the absolute configu-
ration (AC) of an organic molecule were reported by
Bijvoet et al. not earlier than 1951. These authors used X-
rays, more precisely zirconium K, radiation, to assign the
configuration of sodium rubidium tartrate using anoma-
lous dispersion. Thereby, they confirmed Fischer's
convention, who had previously ascribed the correct AC
to L-(4)-tartaric acid.?

The correct determination of the AC of organic mole-
cules is crucial to many areas such as asymmetric cataly-
sis, natural product total synthesis, or pharmaceutical
applications. Circular dichroism (CD) is one of the
chirality-sensitive optical properties of molecules and can

J. Grof and Dr. J. Kiihlborn contributed equally.

The determination of the absolute configuration (AC) of an organic molecule
is still a challenging task for which the combination of spectroscopic with
quantum-mechanical methods has become a promising approach. In this
study, we investigated the accuracy of DFT methods (480 overall combinations
of 15 functionals, 16 basis sets, and 2 solvation models) to calculate the VCD
spectra of six chiral organic molecules in order to benchmark their capability
to facilitate the determination of the AC.

absolute configuration determination, basis set, benchmark, DFT, functional, solvation,

be exploited in combination with quantum-mechanical
calculations for the assignment of the AC while no chem-
ical derivatization or reference system is needed.** This
phenomenon is based on the differential absorption of
left- and right-circularly polarized light by a given mole-
cule, resulting in mirror image CD spectra of a pair of
enantiomers.” The visible-ultraviolet spectral region is
used for electronic CD (ECD) as higher energy photons
cause electronic excitations (e.g., n — n* or m — 7%)
whereas irradiation in the infrared (IR) region leads to
vibrational excitations, enabling the measurement of
vibrational CD (VCD) spectra.®

An ECD spectrum in liquid phase was first recorded
by Cotton in 1895, while it took almost a further century
until the first VCD measurements were reported.”® The
latter was measured by Holzwarth et al. in 1974 and a
year later was confirmed independently by Nafie et al.”'°
For these measurements, crystallization of the sample
and the presence of heavy atoms was not required

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided

the original work is properly cited.
© 2023 The Authors. Chirality published by Wiley Periodicals LLC.
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anymore. VCD is normally measured for neat liquid or
solution samples but can also be measured in the gas
phase and in the solid phase.®

While the sensitivity of ECD is two orders of magni-
tude higher compared with VCD (resulting in a smaller
amount of the sample being required), the compound of
interest needs to have a chromophore close to a stereo-
genic center or another stereogenic element so that ECD
spectroscopy can safely be applied. In contrast, VCD is
even suitable for saturated hydrocarbons. In combination
with Raman optical activity spectroscopy, these three
chiroptical spectroscopies can usefully complement each
other and offer specific advantages in the investigation of
various stereochemical aspects.>®11-1¢

The simulation of VCD spectra requires suitable
quantum-mechanical methods to calculate the vibra-
tional rotational strengths. While the magnetic dipole
transition moments contribute to them, the calculation is
not possible  within the  Born-Oppenheimer
(BO) approximation.’” In the late 20th century, several
ad hoc approaches were proposed (e.g., the fixed partial
charge model,'® a coupled oscillator model,'* or a local-
ized molecular orbital model?°) but none of these proved
to be generally useful.?’ Stephens reported in 1985 a solu-
tion for the calculation of magnetic dipole transition
moments of vibrational transitions and subsequently, the
first predicted VCD spectra at DFT level in 1994.'7-%
Until today, analytical derivative methods®*** in combi-
nation with gauge-invariant atomic orbital (GIAO) basis
sets are applied for the prediction of vibrational rota-
tional strengths by the calculation of the harmonic force
field (HFF), the atomic polar tensors (APTs), and the
atomic axial tensors (AATS) in a cost-efficient and accu-
rate manner using DFT.>>%’

Although visual comparison of measured and calcu-
lated VCD curves is often sufficient to decide on the cor-
rect AC, a quantitative comparison relies on the use of
algorithms and computer programs.”*?° In 2010, one of
the first methods was published by Shen et al
(SimVCD),* followed by the freely available software
CDSpecTech by Covington and Polavarapu®® and SpecDis
by Bruhn et al.**' The latter was developed initially for
the comparison of experimental and calculated UV and
ECD curves but was then extended to cover IR and VCD
as well. The similarity factors f and f* (enantiomeric f)
were introduced to quantify the degree of matching of
two curves (in this case experimental and calculated
IR/VCD spectra) within a given range of wavelengths.
Their values reach from 0 to 1, with 1 representing an
ideal match. The absolute value of their difference
(If = f¥]) of the similarity factors of both enantiomers
is called the A-value or enantiomeric similarity index
(ESI), introduced by Bultinck et al.,>*** and serves

as a useful measure to differentiate between two
enantiomers.

The calculation of a sufficient number of excited
states is necessary for ECD prediction of the whole range
of the experimental spectrum,’ for which the time-
dependent density functional theory (TD-DFT) method
may be very cost effective.>> A computational flowchart
was presented by Bruhn et al. for the AC determination
by ECD including conformational analysis, optimization
of the geometries, solvent effects and Boltzmann weight-
ing.*® This general procedure can also be adapted to
VCD, where the DFT level of theory is sufficient for the
calculation of vibrational rotational strengths to simulate
the spectra (see the Supporting Information).>> To
achieve more accurate predictions and avoid arbitrary
wavenumber shifts, anharmonic corrections at the
second-order level of vibrational perturbation theory
(VPT2)*” can be applied, which have been successfully
demonstrated for small molecules in recent years.*** By
applying the generalized VPT2 approach, Fus¢ et al.
were able to compare experimental IR and VCD spectra
with predicted spectra in the range of 900-9000 cm™*
including the fundamental and overtone CH-stretching
regions and the mid-IR region.*” Despite the increased
computational costs, a perfect match has not yet
been accomplished, and most AC determinations of
flexible or larger molecules still rely on the calculation of
harmonic spectra. Suitable programs for quantum-
mechanical calculations are, among others, the
Amsterdam Modeling Suite,** Dalton,** Gaussian,** and
TURBOMOLE.*

The reader should bear in mind that AC determina-
tion is still not a black-box method and every computa-
tional method is prone to error.*® For detailed
information about the various methods of VCD spectra
calculation, the quantum-mechanical theory behind
them, MD simulations for the explicit description of sol-
vent effects, and the transfer to machine learning

methods, the reader shall be referred to the existing liter-
ature 17,21,25,46-54

2 | AIM OF THE CONDUCTED
RESEARCH

The proposed procedure is analogous to that published
by Pescitelli and Bruhn (summarized in Figure 1).>°

1. A conformational search needs to be performed, ide-
ally on a low-cost computational level (e.g., MMFF>
or AM1°%/PM6).°” The main goal in this step is to
obtain as many conformers as possible for a precise
description of the conformational ensemble.
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FIGURE 1 Flowchart for the general procedure to enable AC
determination by VCD calculations.
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2. A geometry optimization for each molecule from the
obtained ensemble at DFT level with a given combina-
tion of functional/basis set/solvation model is the sec-
ond step. Depending on the computational resources
available, either a threshold can be applied to restrict
the low-energy conformers, or every conformer can be
kept until the Boltzmann weighting (Step 4).

. Subsequently, an energy and frequency calculation
must be performed for the optimized structures with
the same method used for the geometry optimization.
With the latter, true energy minima for each con-
former can be confirmed by frequency analysis. Also,
the desired vibrational rotational strengths for the pre-
diction of the spectra are calculated in this step.

. A Boltzmann weighting based on the calculated ener-
gies needs to be performed for the conformer ensem-
ble. This can be either done manually or with suitable
programs (e.g., SpecDis).

. Now, the theoretical spectra can be plotted by convert-
ing the calculated vibrational frequencies, dipole
strengths and rotational strengths into Lorentzian line
shape functions."’*® Together with the previously
obtained population-weighting factors, an averaged
and Boltzmann-weighted IR and VCD spectrum can
be generated.

. In the last step, the obtained spectra are compared
with the experimental spectra in a given wavelength
region. For the best overlap, the scaling factor
(to compensate a general frequency shift of the calcu-
lated spectra)®®>? and the band width y of the Lorentz
curves need to be optimized. For both parameters, a
range can be set to limit the employed cross-section
algorithm (see the Supporting Information for the
herein applied settings).> To prevent confirmation

w

I

w

(o)}

T W LE Y-

bias, as the AC is still unknown at this point, these
values should be generated based on the comparison
of IR-spectra alone and subsequently be applied to the
predicted VCD spectrum to quantify the AC determi-
nation (e.g., using the ESI value).

7. If insufficient values are obtained, one should choose
a different combination of functional and basis set
and start over from Step 2 with a new geometry
optimization.

In this benchmark analysis, calculations were solely
conducted at the DFT level of theory. This approach has
the advantage of low computational cost compared with
more sophisticated post-HF ab initio approaches. Several
classes of functionals, basis sets (Table 1) and two solva-
tion models (IEFPCM**%*¢! and SMD)®* were compared
to each other (see the Supporting Information for the
respective xyz files). To cover a broad range of func-
tionals, hybrid functionals, long-range-corrected func-
tionals, and pure exchange-correlation functionals were
taken into account, both with and without dispersion cor-
rection. These functionals were combined with several
standard Dunning, Pople, and Karlsruhe basis sets
(Table 1). For further insights, the reader is kindly
referred to existing literature.®*~%

With this paper, we intend to recommend a general
approach on how to determine the AC of a chiral mole-
cule by VCD using the free software SpecDis and without
having to use too cost-intensive methods.

3 | THE APPROACH

The investigated molecules were selected to ensure clar-
ity and comparability of the results. For the benchmark-
ing analysis, fewer complex structures were chosen to
keep the computational cost at a reasonable level. Fur-
thermore, the molecules should have as few conformers
as possible (ideally just a single one), contributing to
cost-efficiency and reducing potential errors due to miss-
ing conformers in this benchmark approach. The solubil-
ity in carbon tetrachloride was the topmost criterion for
the experimental spectroscopic part because it is a pre-
ferred solvent for VCD spectroscopy. Furthermore, car-
boxylic acids were excluded because they can form
dimers in solution which are challenging to incorporate
in the theoretical part.107 Based on these criteria, we
chose (1R,4R)-camphor (1), (2'R,3'R)-caripyrin (2), (R)-
propylene oxide (3), (S)-1-phenethylamine (4), (R)-methyl
p-tolyl sulfoxide (5), and (1R,4R)-thiocamphor (6)
(Figure 2). Except for the sulfoxide 5, which was prepared
synthetically, all compounds were purchased from com-
mercial sources.
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TABLE 1 Chosen functionals and basis sets for the theoretical prediction of IR- and VCD spectra.

Functional

Hybrid

Long-range-corrected

Exchange—correlation (GGA and meta-GGA)

mPW1PW91%%7*
B3LYP22,76778

Basis set
6-31G™ Pople
6-31G(d)’>7%°

PW6B9S®! 6-31G(d,p)™>7*%°
Mo06-2X"* 6-31+G(d,p)75'79'8“*82
PBEQ7*53:54 6-31-4+G(d,p)7> 70082
B3P86"*% 6-311G*%
B3PW9171’72’74’76’88’89 6'311G(d)79’80’86’87
TPSSh®*%° 6-311G(d,p)" 05657

CAM-B3LYP**
LC-wPBE"""?
®B97X-D*%
TPSS*
PBES}.SA
BP86"
B97-D3102-105

6-311+G(d p)79.80,82.86,87
6_311++G(d,p)79,80.82,86.87

def2-SVP?+98 Karlsruhe
def2-TZVP**

def2-TZVPP** %

cc»pVDZmO'101 Dunning
cc_pVTZLOO,IOL

aug-cc-pVTZ'%

Note: Thus, a total number of 480 combinations were calculated and checked for similarity for each molecule.

Me_ Me O
Me,, Me TN Me
0 O NN-e
N~ >co,Me
1 2 3
v (0]
e %
S-'"Me
““NHZ Me Me
Me/,.
S
4 Me 5 6

FIGURE 2 Molecular structures and absolute configurations of
the examined compounds.

The results were evaluated including all compounds
and additionally without the sulfur-containing com-
pounds 5 and 6 because they were expected to behave dif-
ferently due the presence of a polarizable third-row
element. Technical, experimental, and computational
details are specified in the Supporting Information, the
coordinate files are in an additional zip file and the ESI
value was used as the major evaluation criterion. The
reader should keep in mind that a low ESI value does not
necessarily correspond to a poor qualitative description
of the experimental spectrum but can also result from
poorly determined fitting parameters (see the Supporting
Information). The quality of VCD spectra of flexible

molecules also depends on the adequate description of
the conformer ensemble in solution and another combi-
nation of functional/basis set/solvation model may be bet-
ter suited for the correct description of equilibrium
geometries and conformational populations.'**

4 | RESULTS AND DISCUSSION

Sorting the respective levels of theory for the single mole-
cules based on the ESI revealed that there are combina-
tions that produce values higher than 80% for every
molecule except for sulfoxide 5. In those cases, the deter-
mination of the AC can be regarded as certain. For sulf-
oxide 5, values of higher than 60% were obtained while
values higher than 70% were not. This might be due to
the aforementioned considerations regarding sulfur com-
bined with the fact that the sulfur itself is the stereocen-
ter of this compound.

5 | EVALUATION OF MEAN
VALUES AND STANDARD
DEVIATION

The calculation and plot of the mean values and standard
deviations of the respective ESI values for every combina-
tion of functional/basis set/solvation model examined dis-
plays a common issue of DFT methods (Figure 3). About
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FIGURE 3  Averaged ESI values 100%
and standard deviations for all
compounds (blue) and excluding the
sulfur-containing compounds (red),

%
sorted by mean values in descending L
order. For the sake of clarity, the © ™
standard deviation is only printed in one _g
direction. > 60%
7]
Ll
o
S 10%
©
S
g
<
20%
0%
FIGURE 4 The averaged ESI values 100%

sorted by the difference of the mean
value and the respective standard
deviation in descending order, for all 80%
compounds (blue) and molecule 1-4.
The standard deviation is only printed
in one direction to indicate the lower

@
S
x®

limitation.

S
]
=

Averaged ESI value
[
o

0%

-20%

50% of them produces quite high averaged ESI values of
around 50% or higher but the deviation is also relatively
high, especially in the case where all molecules were
included (blue data set). An overall higher averaged ESI
is achieved when only the molecules devoid of sulfur
were evaluated (red data set), indicating a higher accu-
racy for light atom structures. The highest average values
for a single combination reached in this work were above
70% (see the Supporting Information). In detail, there are
14 combinations that are above this threshold and it is
striking that among these, the only basis sets represented

" Chiralicy BGPTSR

Combinations sorted in descending order

Combinations sorted by difference
of mean value and standard deviation

are Dunning's correlation consistent (cc) triple zeta basis
sets cc-pVTZ and aug-cc-pVTZ.'%%°1% The most fre-
quently occurring functionals were either hybrid (seven
times) or long-range corrected functionals (six times), but
there is no trend regarding the solvation model observ-
able. When the sulfur-containing compounds 5 and 6 are
not considered, the top 13 combinations reach averaged
ESI values above 75%, this time including Pople, rede-
fined Karlsruhe and Dunning basis sets, four, four, and
five times, respectively. Among these 13, there is four
times the B3LYP,>*7®7® three times the Coulomb-
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attenuated extended CAM-B3LYP,”' and six times the
@B97X-D?*>* functional. This supports the finding of the
overall good performance of hybrid and long-range cor-
rected functionals. A similar effect has been observed by
Tsuneda and Hirao for the reproducibility of van der
Waals bonds and the calculation of oscillator strengths in
time-dependent DFT calculations using the latter class of
functionals.'®

When computing and plotting the difference between
mean values and standard deviation (Figure 4), the lower
limitations of the combinations are revealed (blue: all
molecules, red: excluding sulfur). If the sulfur-containing
molecules are excluded, a higher precision of the aver-
aged ESI values is observable. In general, the plotted
lower limitation lines show a relatively flat trend until
reaching the negative spikes on the right edge of the
graph. This again shows that DFT methods have a rea-
sonable performance on average. Notably, those negative
spikes (blue and red) almost exclusively contain the
widely applicated Pople basis sets (without any additional
polarization or diffuse functions)’>***” which is also true
for the graph in Figure 3, albeit to a lesser extent (see the
Supporting Information).

20%

It is noteworthy that one of the most frequently used
combinations  (B3LYP/6-311G(d,p)/SMD)>>26276-8086.87
ranks second in this evaluation (just first and second row
elements).

6 | EVALUATION OF THE 100 TOP
AND BOTTOM COMBINATIONS

Extending this statistical approach to the top 100 and bot-
tom 100 combinations sorted by the mean values of the
ESI and the difference between them and the standard
deviation (Figure 5) gives a more general trend of how
these perform in VCD calculation (the bottom 100 combi-
nations are displayed in the Supporting Information).

7 | FUNCTIONALS

Regarding the functionals (Figure 5, top), the first thing
to notice is that they appear similarly often in the same
plotted categories, regardless of whether sulfur is
included or not. The combinations using B3P86, %%

10% n
0% Jin{
-

iF Q_;‘b N ”
s\'g Q’ 6" EF & <2<§/
& Q,"’ ~ ‘2;5 5
& & Q,
& v )
20%

10%

0%

= top means
® top means w/o sulfur

= top means—std.dev.
® top means—std.dev. w/o sulfur

%@Q,‘b".:
QQQ;QO

gbfb

FIGURE 5 Occurrence of the
respective examined functionals (top)
and basis sets (bottom) among the top
100 combinations sorted by mean values
and difference between mean value and
standard deviation. The results were
evaluated with and without the sulfur-
containing compounds.
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B3PW91,7H7274768589 and »B97X-D*>** are the most fre-
quent among the top 100 combinations and in the case
where the difference between the mean value and the
standard deviation is investigated (blue and orange bar).
For the previous two functionals, this finding is in accor-
dance with the studies of Ravichandran and Banik, who
obtained similar results by benchmarking the potential of
DFT methods to calculated vibrational frequencies (just
IR), but it should be noted that the authors did not inves-
tigate the influence of different basis sets or a solvation
model.'” Barone et al. also reported on the good results
that can be obtained with wB97X-D functional in con-
junction with double-C basis sets, after the authors bench-
marked, among others, the equilibrium geometry and
harmonic vibrational properties of 10 organic molecules
of atmospheric and astrochemical relevance and com-
pared the results with experimental values or high-level
CCSD(T) computations.'*®

In the hybrid functional class, mPW1PW91%74 is the
next most frequent among the top 100 combinations,
while TPSSh®”>® is the least. The other functionals are
represented more or less equally in the top 100 and
bottom 100 combinations. These results align with
the extensive investigations of Goerigk and Grimme,
who studied the performance of DFT methods
regarding the calculation of thermochemistry, kinetics,
and noncovalent interactions and came to the
conclusion that hybrid functionals only had a medium
performance.'**

The range-separated functional CAM-B3LYP®' per-
forms quite well, whereas the remaining investigated
functional from this class (LC-wPBE’'"7%) is the most fre-
quent among the bottom 100 combinations. Regarding
the class of GGA and mGGA functionals, PBE*”® and
BP86®° appear quite often in the top 100, B97-D3'*>71%3
shows a balanced performance, and TPSS® appears the
second most frequent among the bottom 100.

8 | BASIS SETS

In terms of the basis sets examined (Figure 5, bottom),
the large Dunning basis sets perform quite well and occur
the most amidst the top 100. The Karlsruhe basis sets
(def2-TZVP and def2-TZVPP)**~*® behave similarly. The
smaller basis sets of the two previous classes, cc-
pVDZ™7> and def2-SVP,***® as well as the Pople basis
sets 6-31G”° and 6-311G***” are found most often among
the bottom 100 in both cases. This might be due to the
fact that these basis sets consist of too few basis functions
to describe the system sufficiently.

Regarding the other Pople basis sets, 6-311G
(d,p)”*#*8¢87 performs quite well when all molecules are

taken into account (blue bars). If sulfur is excluded,
6-311+G(d,p) and 6-311++G(d,p)”***8%5657 have the
highest share among the top 100 combinations
(black bars).

9 | SOLVATION MODELS

In terms of the solvation model, it does not seem to make
a difference whether the model based on density (SMD)**
or the integral equation formalism model polarizable
continuum model (IEFPCM)**%%¢! is used (see the Sup-
porting Information).

10 | EVALUATION OF THE BEST
PERFORMING COMBINATIONS FOR
SINGLE COMPOUNDS

As already mentioned, there are several combinations
that reached ESI values higher than 80% for every com-
pound except for the sulfoxide (5). Only two combina-
tions could exceed the aforementioned barrier for three
molecules, each time using the ®B97X-D°*** functional
and the SMD®* solvation model, in conjunction with the
6-311+G(d,p)"*5*828687 and the aug-cc-pVTZ basis
set.'® The occurrence of a single combination (blue bars)
and when a combination achieved for two molecules an
ESI higher than 80% (orange bars), as well as the corre-
sponding evaluation where the sulfur-containing com-
pound 6 was excluded, were plotted (grey and yellow
bars). Regarding the distribution of functionals and basis
sets among these combinations (Figure 6), there are simi-
larities and differences compared with the previous
considerations.

11 | FUNCTIONALS

The functionals that reached >80% ESI for one com-
pound (blue and grey bars) are more or less equally dis-
tributed (Figure 6, top), while mPW1PW91,%7*
PBEO0,>®*% and wB97X-D°*** being most frequent.
Regarding the occurrence for two molecules, MO06-2X,74
B3P86,”%% and wB97X-D**** perform the best when all
molecules are considered (orange bars), whereas
B3LYP**7%7® and @B97X-D*>*? stand out when thiocam-
phor (6) is excluded (yellow bars). These findings are in
accordance with the previously made observations that
hybrid and long-range-corrected functionals can show a
good performance, whereas the hybrid version
(TPSSh**°) and the meta-GGA functional TPSS” are
again among the least frequent.
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FIGURE 6 Occurrence of the respective examined functionals
(top) and basis sets (bottom) among the combinations that reached
over 80% ESI for at least one specific compound.

Nevertheless, the subpar performance of LC-
@PBE”"" on the other hand is rather surprising, but it
was also among the less frequent functionals in the previ-
ous evaluation (vide supra).

12 | BASIS SETS

In terms of the basis sets (Figure 6, bottom), the occur-
rence in a single combination is almost independent on
whether sulfur is included or not (blue and grey bars),
comparable to the behavior of the functionals. Again, the
Dunning (cc-pVIZ and aug-cc-pVTZ)'**10M1%  and
Karlsruhe basis sets (def2-TZVP and def2-TZVPP)***® are
well represented but once more without cc-pvVDZ***1%!
and def2-SVP.***® The four basis sets mentioned foremost
are also the most frequent amidst those combinations that
reached at least 80% ESI for two compounds (orange bar).
If sulfur is excluded, the Pople basis sets 6-311+G(d,p)
and  6-3114++G(d,p)"**%*8%7  show the highest
occurrence (yellow bar). The overall outstanding perfor-
mance of the two triple zeta Dunning basis sets in combi-
nation with DFT functionals should be emphasized
because these basis sets were originally developed using
configuration interaction (CI) methods."® Nevertheless,

this indicates that moving from double zeta (in the case
of the Dunning basis sets) and split valence (in the
case of the Ahlrichs basis sets) to the respective triple
zeta basis sets gives a significant improvement of the
results.

Regarding the Pople basis sets, there is a similar trend
observable as previously, where smaller basis sets are less
frequent among the high ESI values, especially when the
occurrence for two molecules of the test set is investi-
gated. In fact, it is clearly indicated that going from split
valence double to triple zeta and adding diffuse functions
gradually increases the accuracy because these basis sets
become more frequent (blue and grey bars).

13 | SOLVATION MODELS

Again, the choice of the solvation model does not seem to
make a crucial difference (a graphical representation can
be found in the Supporting Information). Continuum
models consider isotropic solvents, to which carbon tetra-
chloride approximately belongs, whereas SMD is a more
universal solvation model and offers specifically parame-
terized radii to construct the solute cavity. Ultimately,
both SMD®* and IEFPCM**%! solve the Poisson-
Boltzmann equation similarly.®*

14 | EVALUATION BY SINGLE
COMPOUNDS

Unsurprisingly, the methods that performed well for cari-
pyrin (2) and propylene oxide (3) are very similar. Among
these two, there is a high share of the B3LYP?**7%7® func-
tional with triple zeta basis sets (Pople, Karlsruhe, and
Dunning equally distributed). Surprisingly, there is exclu-
sively the SMD®? solvation model being present.

The combinations that worked well on camphor (1)
and thiocamphor (6) are almost identical but they differ
completely from the ones of caripyrin (2) and propylene
oxide (3). Interestingly, some of these methods
(M06-2X,”* PBE0,”***#** and wB97X-D°**?) in conjunc-
tion with larger Pople basis sets also performed well for
phenethylamine (4), although these compounds differ
significantly in their structure. In this case, almost only
the TEFPCM**%*®! solvation model was present. More-
over, camphor (1), thiocamphor (6), and phenethylamine
(4) were the only molecules where the two combinations
already mentioned could achieve ESI values above 80%
for all three molecules (vide supra).

After filtering these methods by their computational
requirements to single out accurate but also cost-efficient
methods which can also be applied to larger molecules,
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we obtain the following list which could serve as starting
point for the elucidation of the AC applying VCD
spectroscopy:

« Chiral epoxides: B3LYP/6-311+G(d,p)/SMD.

« Bicyclic (thio)ketone or chiral amine: M06-2X/6-311
+G(d,p)/IEFPCM, PBE0/6-311G(d)/IEFPCM, and
®wB97X-D/6-311+G(d,p)/IEFPCM.

If sulfur-containing molecules give insufficient
results, higher order polarization functions may be neces-
sary, as described by Scholten et al.''* The good perfor-
mance of the PBEO functional’®**#* is surprising because
it is one of the few parameter-free functionals. Despite
the overall good performance of the triple zeta Dunning
and Ahlrichs basis sets, they are not included in the fore-
going list due to their reduced cost-efficiency.

15 | CONCLUSION

The present work shows that there is no single combina-
tion to recommend in terms of the calculation of VCD
spectra which is a common phenomenon of DFT
methods. This leads to the outcome that there is no “one
size fits all” multi-purpose method. However, based on
the results of this study combined with our experience in
successful calculation of VCD spectra and AC determina-
tion, some general advice can be given. In any case, it is
always recommended to validate the results by simulat-
ing the VCD spectra with a different combination of func-
tional/basis set/solvation model to exclude
misassignments. Additional chiroptical methods, X-ray
crystallography, or further measures, such as the confi-
dence level, statistical robustness, or the vibrational dis-
symmetry factor, can also be applied to support the
reliability of the AC assignment. 313114

» For the conformer distribution of larger molecules,
force field, semi-empiric, or cost-efficient DFT methods
are advised. Subsequent confinement of the conformer
ensemble based on the relative energy might be useful.

+ GGA and meta-GGA functionals are disadvantageous
while hybrid and range-separated functionals are
favored.

+ Combinations worth trying are:

o B3LYP/6-311G(d,p)/SMD

o wB97X-D/6-311+G(d,p)/SMD
o M06-2X/6-311+G(d,p)/IEFPCM
o PBE0/6-311G(d)/IEFPCM.

The Opatz group has particularly good experience
with the hybrid density functionals B3LYP**7*"® and

" Chiralicy  BYVIRSEEGL

B3PW917H7274768889 combined with the Pople basis set
6-311G(d,p)"*%*#%7 and the IEFPCM**%*¢! solvation
model in the determination of the AC of natural products
(e.g., dioxolanones,"'®> hymenosetin,'*® caripyrin,'*” and
oxalicumone C''®), pesticides (imazalil),'** synthetic can-
nabinoids (MDMB-CHMCZCA),'® and synthetic prod-
ucts (e.g., 2,3-dihydro-1H,5H-pyrazolo[1,2-a]pyrazoles,'*!

an oxazinone derivative,””> and cyclopenta[b]
benzofurans'?).
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7.2.2 Differenzierung von Diastereomeren in der Synthese eines

HIV-Integrase-Inhibitors

In der Arbeitsgruppe Opatz wurde eine Syntheseroute zu Dolutegravir-Natrium (137, in
der Publikation 15) uiber sechs lineare Stufen entwickelt, die ohne chromatographische
Reinigungsschritte auskommt. Dabei konnte nicht nur eine Gesamtausbeute von bis zu
51% erreicht, sondern auch die Umsetzbarkeit im Grammmafistab demonstriert werden.
Bei der intramolekularen Transacetalisierung von 132 (in der Publikation 34), dem ent-
scheidenden Syntheseschritt bei der Konstruktion des B- und C-Rings, konnen zwei diaste-
reomere Verbindungen 133 und 134 auftreten. Unter den gewiahlten Reaktionsbedingun-
gen wurde ausschliefllich ein Diastereomer isoliert und der Vergleich von gemessenen und
simulierten VCD-Spektren ermoglichte die eindeutige Bestimmung der Konfiguration des

gebildeten Oxazinons 133 (in der Publikation 35) als C-4R und C-9aS (Abbildung 7.6).55*")

20ne pot 1,4-addition &
regioselective cyclization

(o} ONa
1diastere|ose||ective (LN)K[;.» o H F 3amide
intramolecular ' coupling &
transacetalization 1\/N“/ -N Borm
H

salt formation
(o) F

51% IY over 6 steps

e no chromatography o straightforward
chemistry

Abbildung 7.6: Graphical abstract der Publikation ,Six-Step Gram Scale Synthesis of the
HIV Integrase Inhibitor Dolutegravir Sodium®.[*>’]

Die Syntheseroute wurde Von- entwickelt und optimiert sowie alternative Synthe-
serouten zusammen mit- untersucht. Die VCD-Spektren von Oxazinon 133 (in der
Publikation 35) wurden von |Jj im Rahmen eines Forschungsmoduls aufgenommen
und mittels DFT-Berechnungen simuliert. Die Spektren des anderen moglichen Diastereo-
mers 134 wurden von J. Grof3 simuliert. Das Manuskript wurden von -, J. Grof3 und
T. Opatz erstellt.'

1 Reprinted with permission from J.-P. Dietz, T. Lucas, . Grof3, S. Seitel, J. Brauer, D. Ferenc, B. F. Gupton,
T. Opatz, Org. Process Res. Dev. 2021, 25, 1898—1910. Copyright ©2021, American Chemical Society.
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ABSTRACT: A short and practical synthesis for preparing the active pharmaceutical ingredient dolutegravir sodium was developed.
The convergent strategy starts from (R)-3-amino-1-butanol and establishes the BC ring system in a 76% isolated yield over four
steps. Ring A was constructed by a one-pot 1,4-addition to diethyl-(2E/Z)-2-(ethoxymethylidene)-3-oxobutandioate and subsequent
MgBr,-OEt,-mediated regioselective cyclization. Amide formation with 2,4-difluorobenzylamine was either performed from the free
carboxylic acid or through aminolysis of the corresponding ethyl ester. Final salt formation afforded dolutegravir sodium in a 48—
51% isolated yield (HPLC purity of 99.7—99.9%) over six linear steps.

KEYWORDS: dolutegravir sodium, active pharmaceutical ingredient, antivirals, integrase inhibitors, carbamoyl pyridones

B INTRODUCTION

Infection with the human immunodeficiency virus (HIV) has
become controllable in recent years due to enormous progress
in development of highly active drugs, which are given for
antiretroviral therapy (ART)." ART requires the adminis-
tration of at least three different antiviral drugs to suppress the
development of resistances.” Differentiated by the target
enzyme, there are several classes of HIV-inhibiting drugs.
The class of integrase strand transfer inhibitors (INSTIs)
interferes with the HIV integrase enzyme and prevents it from
inserting viral DNA into the human genome. INSTIs have
been introduced in 2007 with the launch of raltegravir (1)
followed by elvitegravir (2, 2012), dolutegravir (3, 2013),
bictegravir (4, 2018), and cabotegravir (5, 2021)° (Scheme
1.}

The last three compounds exhibit a high similarity in their
molecular structures, assigning them to the group of carbamoyl
pyridine INSTIs. Dolutegravir (3), usually administered orally
as its sodium salt, was recently recommended by the World
Health Organization for first-line treatment of HIV initiating
ART® As a consequence, the demand of this important
medication could further rise.

All synthetic approaches to 3 that have been published
before 2019 have been carefully reviewed."® Since then, four
more routes were disclosed.” ' Most of the published
syntheses follow a similar strategy, which is represented here
by the hitherto most efficient approach from Micro Labs
(2016)"" (Scheme 2). The highly functionalized pyridone 7
(ring A) is constructed first, which then undergoes cyclization
with (R)-3-amino-1-butanol (13) to construct rings B and C.
Deprotection of the usually protected enol and treatment with
sodium hydroxide furnish dolutegravir sodium (1S5). The
seven-step synthesis by Micro Labs afforded 15 in a 35%
overall yield. This retained synthesis concept could be

© 2021 American Chemical Society

~ ACS Publications

attributed to the late-stage introduction of the expensive
amino alcohol 13.

Since the discovery of dolutegravir and the emerging
demand of (R)-3-amino-1-butanol (13), more efficient
syntheses of this crucial building block have been developed
with the consequence of a decreasing market price.12 Thus, an
earlier introduction of 13 could add additional value by
bringing more diversification to the synthetic portfolio of
dolutegravir. Extending the scope of industrially applicable
synthetic routes should encourage generic manufacturing to
ensure global supply of this important drug.

Here, a new synthetic route should be investigated by taking
13 as a starting material (Scheme 3). By using commodity
chemicals, the ring system BC (16) should be constructed first.
Next, 16 should be reacted with readily accessible diethyl-(2E/
Z)-2-(ethoxymethylidene)-3-oxobutandioate (17) to install
ring A. Amide coupling with 2,4-difluorobenzylamine and
salt formation follow in the last step. All in all, an industrially
feasible synthesis route was intended to be developed.

B RESULTS AND DISCUSSION

Synthesis of the Ring System BC. The synthesis of
amine 16 has already been described twice in the patent
literature. Lerner et al. reported a five-step synthesis starting
from ethyl bromoactetate (19) furnishing amine 16 in a 24%
overall yield."® The crucial cyclization with amino alcohol 13
gave only a 55% yield under microwave conditions, and

Received: April 21, 2021
Published: July 12, 2021

https:/doi.org/10.1021/acs.oprd.1c00139
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Scheme 1. Structures of Raltegravir (1), Elvitegravir (2), Dolutegravir (3), Bictegravir (4), and Cabotegravir (5)
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Scheme 2. Synthesis of Dolutegravir by Micro Labs (2016)
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Scheme 3. Retrosynthetic Strategy toward Dolutegravir (15)
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chromatographic steps were required. During our synthetic
work, a patent from the Virginia Commonwealth University
was disclosed, which describes a similar but more efficient
approach toward 16."’ The methyl ester of intermediate 24
was prepared in three steps from methyl glycinate hydro-
chloride (23) in a 66% vyield. The cyclization step was
performed in a toluene/methanol/acetic acid mixture and
achieved a 71% yield after column chromatography. Removing
the Cbz group at higher hydrogen pressure gave slightly better
results, and amine 16 was finally obtained in 44% over five

steps. The synthesis was even performed on a multigram scale
but required two chromatographic steps (Scheme 4).

A potentially shorter approach could be achieved by first N-
acylating 13 with chloroacetyl chloride (25) (Scheme 5).
Subsequent alkylation with aminoacetaldehyde dimethyl acetal
(8) would furnish the acyclic precursor 27. Acid-catalyzed
intramolecular transacetalization would in turn afford the
desired amine 16.

When the acylation of 13 was performed under standard
conditions (NEt;, DCM, 0 °C), a mixture of desired 26 and
N,O-bis-acylated compound 28 was obtained (Scheme 6).

1899 https://doi.org/10.1021/acs.oprd.1c00139
Org. Process Res. Dev. 2021, 25, 1898—1910
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Scheme 4. Known Syntheses of Amine 16
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Scheme 5. Retrosynthetic Proposal toward Amine 16
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Nevertheless, 28 could be easily saponified to 26 by just
adding an aqueous base to the crude reaction mixture. After
extractive workup, only a 40% isolated yield of 26 was
obtained. It turned out that large amounts of 26 had remained
in the aqueous phase. When water was removed in vacuo and
the salty residue was suspended in ethyl acetate, a further 40%
of 26 could be isolated.

Due to the high polarity of 26, the whole process was
adjusted by using continuous extraction. After complete
saponification of 28, which was followed by GC—MS, the
organic phase was separated and additionally extracted with
water. The combined aqueous phases were neutralized with an
acid, transferred into a Kutscher-Steudel apparatus, and
continuously extracted for 72 h with ethyl acetate. This
procedure enabled the isolation of 26 in a 91% isolated yield
(Scheme 7). It should be noted that 26 showed high purity
according to "H NMR and no further purification step was
required. As an ambient-pressure distillation is involved in this
continuous extraction, apparatus improvements can likely
accelerate the procedure.

Scheme 7. N-Acylation of 13 with Chloroacetyl Chloride
(0}

1.Cl)k/CI
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)\/\OH - T . )\/\OH

91%
13 4.0 g scale 2

In the next step, 26 should be used for alkylating
aminoacetaldehyde dimethyl acetal (8) to form the secondary
amine 27. The reaction was performed either by heating in
toluene or by stirring at r.t. in DCM in the presence of sodium
iodide (Scheme 8). After aqueous workup, only 33—45% of
crude 27 could be isolated. As already reported for the
previous reaction, a significant quantity of 27 remained in the
aqueous phase, which could not be separated from excess
amine 8. Through LC—MS, one main impurity could be
identified as the tertiary amine 29. To circumvent its formation
and to solve the water solubility issue, another strategy was
chosen.

By converting primary amine 8 into a secondary and more
lipophilic amine first, subsequent alkylation would lead to a
tertiary and better extractable amine. Benzylation of 8 proved
to be a good option as it can be easily reverted by
hydrogenation. N-Benzyl-2,2-dimethoxyethylamine (30) was
prepared in two different ways (Scheme 9). When heating
chloroacetaldehyde-dimethylacetal (31) with an excess of
benzylamine (32) in toluene, 77% of 30 was isolated after
distillation. According to a procedure from Luu et al., 30 could
also be prepared through reductive amination from stochio-
metric amounts of benzaldehyde (33) and aminoacetaldehyde
dimethyl acetal (8)."* The latter method furnished 30 in a 97%
isolated yield.

Scheme 6. N-Acylation of 3-(R)-Amino-1-butanol (13)

o)
Cl)l\/m

Cl
25 l cl
/NKHZ/\ NEt; DCM, 0~ "NH

0°Cort,1h + 0O
OH —————— /k/\OH

Cl
1N NaOH
NH o ° . O~ "NH
0°C—>rt,1h
RS AU THE LN
/k/\ OJJ\/CI /V\/\OH
28 26
40% 1Y from organic phase
40% 1Y from aqueous phase
1900 https://doi.org/10.1021/acs.oprd.1c00139
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Scheme 8. N-Alkylation of Aminoacetaldehyde Dimethyl Acetal (8) with 26
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Scheme 9. Synthesis of N-Benzyl-2,2-dimethoxyethylamine (30) by N-Alkylation or Reductive Amination

NH,

[o}

©)J\H
33 (1.0 eq.)
1.MeOH, r.t, 18 h

oM 32(3.0eq) OMa] 2 NaBH, (1.5 eq.), oM
Y Toluene, 111°C, 7 d H/\( | 0ecort1ah | HNTYONC
OMe — 7 OMe T et% g OMe
i 4.7 g scale 30 8.0 g scale
Using secondary amine 30 instead of primary amine 8 for LC—MS. As the undesired diastereomer with opposite
the alkylation gave much better results (Scheme 10). The configuration at the acetalic center was not isolated and
characterized, diastereoselectivity can only be assumed based
Scheme 10. Synthesis of Tertiary Amine 34 from 26 and 30 on the second largest HPLC peak to amount at least to 44:1
by Heating in MeCN in the Presence of KI and K,CO, (for details, see the Supporting Information). When the
oM reaction was performed on an 11.5 g scale, crude 35 was
e OMe . . . . . .
©/\ﬁ/\r )\ isolated in a 92% yield as a brown oil, which only contained
OMe MeO slight impurities. For the workup, the reaction mixture was
cl 30 (1.0 eq.) N . . . . .
; neutralized with sodium hydroxide and extracted with ethyl
KI (1.0 eq.), K,CO3 (2.0 eq.) i : A
P NH MeCN, 82 °C, 3 h O NH acetate. The stereoconfiguration of 35 was verified by VCD
9% PN spectroscopy and comparison of the experimental data with
OH 6.1 g scale OH calculations using density functional theory (for more details,
2 34 see the Supporting Information). The enantiomeric excess was
determined by chiral HPLC. Racemic 35 was prepared as a
reaction was performed in acetonitrile (MeCN) in the reference material in the same way starting from rac-3-amino-
presence of potassium iodide (KI) and potassium carbonate 1-butanol (rac-35).
(K,CO3). Complete conversion of 26 was observed after 24 h The benzyl group was subsequently removed by hydro-
at r.t. or after 3 h when heating to reflux. For workup, MeCN genation (Scheme 11), and crude amine 16 was obtained in a
was removed and an extraction from water/ethyl acetate
furnished 34 as a slightly brownish oil. Again, the reaction Scheme 11. Debenzylation of 3§ by Hydrogenation
proceeded very cleanly, and no further purification of the o
product was necessary. Pd/C, H, (1 atm)
34 cyclized cleanly in aqueous hydrochloric acid to the N)S Q MeOH, rt, 7d
desired diastereomer of oxazinone 35. At least 6 N HCI was o/*\/N T e
. . H 8.4 g scale
necessary to achieve complete conversion after 48 h at r.t. 35
(Table 1). Only small amounts of byproducts were detected by 8% 1Y over 4 steps
Table 1. Intramolecular Transacetalization of 34
OMe 96% yield (78% IY over four steps) as a brown-orange oil,
/H which solidified after a while to a beige and free-flowing solid.
Meo N\/@ According to LC—MS and 'H NMR, minor impurities could
i ag. HCI be detected in the crude material (see the corresponding
rl 48 h . . .
07 NH J\ \/@ spectra in the Supporting Information). Crude 16 was used for
/kﬂ the next step, and no further purification efforts were
2 OH investigated.
35 (ee = 99.8%) Construction of Ring A. Jee et al. also reported a synthesis
entry solvent conversion [%]” IV [%] route to dolutegravir starting from the ring system BC (16)
1 1 N HCI 4 B (Scheme 12).'" Intermediate 39, which contains the crucial
3 3N HCI 34 B tricarbonyl moiety, was installed in two steps in a 89% yield.
3t 6 N HCl 100 9 Ring A was constructed by regioselective cyclization using
magnesium bromide ethyl etherate (MgBr,-OEt,) and triethyl-
“Determined by LC—MS and UV absorption at 254 nm. "11.5 g amine (65% yield of 40). Subsequent amide coupling afforded
scale. the desired dolutegravir 3 in a 67% yield. The route depicts the
1901 https://doi.org/10.1021/acs.oprd.1c00139
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Scheme 12. Synthesis of Dolutegravir (3) by Jee et al.
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first one reported where the ring system AB was constructed
first. The overall yield was only 17%, and five chromatographic
steps were required.

Enaminone 39 should be also accessible in a single step by
1,4-addition from the corres}i)onding enol ether 17. According
to a procedure of Jones,'” 17 was prepared from the
commercially available diethyl oxalacetate sodium salt (in
two steps) (Scheme 13). The salt 41 had to be acidified first to

Scheme 13. Synthesis of Enol Ether 17 by Condensation of
42 with TEOF and Ac,0

1. IN HCI
0°Cort
2. TEOF, Ac,0O o)

OR
120-140°C, 3 h
Etozc\/\w2E1 120-140°C, 3h Etozcj)kcozEt

72%
41,R=Na
42 R=H 15.0 g scale Eo” 17

obtain diethyl oxalacetate (42), which was then condensed
with triethyl orthoformate (TEOF) in the presence of acetic
anhydride (Ac,0). The reaction could be performed in a
distillation apparatus, and 17 was directly distilled out of the
reaction mixture resulting in a 72% yield over two steps.

Amine 16 readily underwent 1,4-addition to 43 in several
solvents (DCM, MeCN, EtOH, THF, and toluene). The
formation of only one geometrical isomer of 43 could be
detected by NMR and LC—MS (for more details, see the
Supporting Information). Regarding the regioselective cycliza-
tion, it turned out that using strong bases like KO'Bu, NaOEt,
or NaH predominantly led to the formation of a product
mixture. Applying the conditions of Jee et al, using a
combination of magnesium bromide ethyl etherate (MgBr,:
OEt,) and triethylamine (NEt,) looked more promising, and
predominant conversion to ester 18 (81 area % (254 nm), 35
area % (315 nm)) could be observed (entry 1, Table 2)."
Nevertheless, there was still significant byproduct formation
according to the HPLC trace at 315 nm and 'H NMR.
According to LC—MS data (m/z = 351), it is assumed that the
main byproduct could be pyrrole 45 (Figure 1), which could
form in an undesired S-exo cyclization with the keto group
adjacent to the ester group.

Furthermore, the reported workup method, which consisted
of dissolving the crude reaction mixture in sat. NaHCO;
solution followed by extraction, led to formation of barely
soluble magnesium salts, which complicated the extraction.

Table 2. Screening Conditions for Building Up Ring A
(o)

o) Eto2cﬂ)‘\COZEt o o)
(LN E0” 17 (1.0eq) ELN o
A NH _DCM.rt,24h AN

MgBry-Et;,0 (1.25 eq.)
OEt | base (2.0 eq.)
OEt | DCM,0°C > r.t.

o oH
LT
AN OEt

(0] [©) (0]
H H
16 43 o] H 18 (o]
area % 18
entry base t [h] 254 nm 315 nm
1 NE, 2 81 35
2 DIPEA 2 91 44
3 2,6-lutidine 24 90 37
4 N,N-dimethylaniline 24 48 9
N pyridine 2 67 22
65 91 71
6 pyridine” 65 94 84
“Determined by LC—MS and UV absorption. “Three equivalents were used.
1902 https://doi.org/10.1021/acs.oprd.1c00139
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. /i\/N )—COOEt
H

45

Figure 1. Proposed structure of byproduct 4.

Additionally, ester 18 was partly saponified under these
conditions.

For optimization, bases other than NEt; were investigated
first. When diisopropylethylamine (DIPEA) was used,
conversion slightly improved to 91 area % (254 nm) and 44
area % (315 nm) (entry 2, Table 2). Using 2,6-lutidine as a
base resulted in a similar result to NEt; (entry 3, Table 2),
while N,N-dimethylaniline gave only low conversion (entry 4,
Table 2). With pyridine, the reaction proceeded much slower
but also cleaner (91 area % (254 nm) and 71 area % (315 nm)
conversion after 65 h) (entry S, Table 2). Increasing the
equivalents of pyridine (3.0) additionally improved the
conversion (entry 6, Table 2).

For the workup, the reaction mixture was cooled, quenched
with 1 N HCI, and extracted with DCM. When the reaction
was performed on a 2 g scale, a 95% isolated yield of crude 18
was obtained. The orange-reddish solid showed purities of 94
area % (254 nm) and 87 area % (315 nm) (Scheme 14).

Crude 18 could be washed with ethyl acetate to remove
impurities, but as some material was lost in this step, the crude
material was used for the next step. As an alternative procedure
for purification, it turned out that saponification furnished acid
19 in a pure form. A simple one-pot procedure was developed
by adding aqueous 1 N NaOH to the DCM extract of ester 18.
After stirring the two-phase mixture overnight, 18 was
completely saponified to acid 19. Impurities stayed in the
organic phase, and acid 19 precipitated out of the aqueous
phase after acidification. Filtration and drying afterward
afforded 19 as a colorless solid in a 72% yield over three
steps (Scheme 15).

‘While investigating the regioselective cyclization, it was also
considered to replace MgBr, OEt, by cheaper and more widely
available MgCl,. From all tested conditions, only heating in
MeCN showed promising results (for more details, see the
Supporting Information). Conversion to ester 18 was usually
lower (85 area % (254 nm), 73 area % (315 nm)). As also
partly saponification to acid 19 was observed, it appeared more
reasonable to drive the reaction completely toward 18. After
removing MeCN, workup and saponification were performed
as mentioned above to furnish a 53% isolated yield of 19
(Scheme 16).

Amide Coupling. Aminolysis of an ethyl ester moiety with
2,4-difluorobenzylamine by heating in toluene in the presence
of acetic acid has already been reported in the literature for
other dolutegravir building blocks.'"'®'” The toluene/acetic

acid conditions showed to be appropriate also for ester 18 and
were thus optimized (for more details, see the Supporting
Information). After heating overnight in the presence of an
excess of amine and acetic acid (both 2.5 equiv), full
conversion to dolutegravir (3) was detected by LC—MS. It
turned out be more efficient when the aqueous workup was
omitted. After complete conversion of ester 18, all volatiles
were removed in vacuo, and the residue was dissolved in hot
EtOH and treated with sodium hydroxide (NaOH). After
filtration and washing, the filtered salt was heated again in
EtOH and hot-filtered to increase the purity. After drying,
dolutegravir sodium (DTG-Na, 15) was obtained in a 70%
isolated yield (HPLC purity of 99.7% (254 nm)) (Scheme 17).

The amide coupling of acid 19 with amine 10 has been
reported in the patent literature. By using the expensive
coupling reagent HATU (1-[bis(dimethylamino)methylene]-
1H-1,2,3-triazolo[4,5-b]pyridinium 3-oxide hexafluorophos-
phate), N-methylpyrrolidine, and DMF as the solvent, 15
was isolated in a 55% yield after purification by preparative
HPLC." The reaction has also been described for preparing
bictegravir (4), but 1,1-carbonyldiimidazole (CDI) was used
instead as a coupling reagent in this case.'” Following this
protocol, acid 19 was activated with CDI by stirring for 2 h in
dimethyl carbonate (DMC) at 80 °C. Amine 10 was added at
r.t, and clean conversion to 3 was detected by LC—MS after 2
h. Aqueous workup afforded crude dolutegravir (3), which was
converted to the sodium salt as mentioned above giving 15 in a
94% isolated yield showing an HPLC purity of 99.9% (254
nm) (Scheme 18).

When only 1.7 equiv of CDI were used, incomplete
conversion was observed. As a consequence, the final product
contained more nonremovable traces of acid 19 or ester 18.
The reaction was once performed in a smaller scale (0.3 g)
with skipping the aqueous workup the same as reported for
aminolysis of ester 18. A similar isolated yield (91%) was
obtained, but 15 was slightly less pure (99.7%, 254 nm).

Bl CONCLUSIONS

A practical synthesis route to dolutegravir sodium starting from
(R)-3-amino-1-butanol (13) was introduced (Scheme 19).
First, a new four-step and highly yielding synthesis to the ring
system BC containing amine 16 was developed. It is
noteworthy that the reaction sequence proceeded without
significant byproduct formation and no cost-intensive
purification steps had to be used. The regioselective cyclization
to ring A was carefully optimized and significantly improved.
Furthermore, efficient access to acid 19 was demonstrated.
Ester 18 was isolated in a higher yield admittedly but showed a
lower purity than acid 19. Both compounds could be
transformed to desired DTG-Na in similar overall yields.
Conversion of ester 18 with 2,4-difluorobenzylamine required
harsher conditions but less expensive reagents (toluene and

Scheme 14. Synthesis of Ester 18 by One-Pot 1,4-Addition of Amines 16 with 17 Followed by Regioselective Cyclization
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Scheme 15. Synthesis of Acid 19 by One-Pot 1,4-Addition of Amines 16 to 43 Followed by MgBr,-Mediated Regioselective

Cyclization and Saponification
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Scheme 16. Synthesis of Acid 19 by One-Pot 1,4-Addition of Amines 16 to 43 Followed by MgCl,-Mediated Regioselective

Cyclization and Saponification
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Scheme 17. Synthesis of DTG-Na (15) by Aminolysis of Crude Ester 18 and Subsequent Salt Formation
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Scheme 18. Synthesis of DTG-Na (15) by Amide Coupling of Acid 19 and Subsequent Salt Formation
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acetic acid), while acid 19 showed a cleaner conversion under
milder conditions by using CDI as a coupling reagent.
Ultimately, both transformations represent attractive routes
and enable new synthetic access to DTG-Na.

B EXPERIMENTAL SECTION

All employed chemicals were commercially available and used
without prior purification except 2,4-difluorobenzylamine,
which was distilled and stored over a nitrogen atmosphere.
Anhydrous solvents were taken from a solvent purification
system and under a nitrogen atmosphere. Oven-dried glass-
ware was dried in an oven at 150 °C overnight, assembled
while still hot, cooled to room temperature, and then purged
with nitrogen. NMR spectra were recorded on a Bruker
Avance-IIT HD instrument (‘H NMR, 300 MHz; 3C NMR, 75
MHz) or a Bruker Avance-III HD instrument (‘H NMR, 400
MHz; *C NMR, 101 MHz; '°F NMR, 377 MHz) with a $ mm
BBFO probe. The chemical shifts 5 were expressed in ppm

downfield from tetramethylsilane ("H NMR and '*C NMR).
Deuterated solvents (CDCl; and DMSO-d;) served as an
internal reference. The reported signal splittings were
abbreviated as follows: s, = broad singlet, s = singlet, d =
doublet, and t = triplet. Coupling constants ] are reported in
Hz. ESI-MS spectra were recorded on a 1260-series Infinity II
HPLC system (Agilent Technologies) with a binary pump and
an integrated diode array detector coupled to an LC/MSD
Infinitylab LC/MSD (G6125B LC/MSD) mass spectrometer.
For high-resolution (HR) mass spectra, an Agilent 6545 Q-
TOF spectrometer and a suitable external calibrant were used.
Analytical HPLC was carried out with an Agilent 1260 Infinity
system equipped with a binary pump, a diode array detector,
and an LC/MSD InfinityLab LC/MSD (G6125B LC/MSD)
mass spectrometer. An Ascentis Express C18 column (2.7 ym,
2.1 mm X 30 mm, 40 °C) or an ACE C18 PFP column (3 ym,
46 mm X 150 mm, 40 °C) with gradient elution using
acetonitrile/water (+0.1% formic acid) and a flow rate of 1.0

1904 https://doi.org/10.1021/acs.oprd.1c00139
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Scheme 19. Here Reported Synthesis of DTG-Na (15)
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mL/min was used. Chiral HPLC was performed on a 1260-
series Infinity II HPLC system (Agilent Technologies) in a
normal phase and isocratic mode with EtOH/n-hexane as the
mobile phase. A Daicel Chiralpak IF-3 column (3 ym, 4.6 mm
X 250 mm, 40 °C) was used for enantiomeric excess
determination. Gas chromatography was performed on an
Agilent 8890 gas chromatograph equipped with a 5977 GC/
MS detector. An Agilent Technologies HP SMS UI column
(30 m X 025 mm X 0.25 ym) as a stationary phase with
helium as a carrier gas and a flow rate of 1.2 mL/min was used.
The following parameters were used: an inlet temperature of
250 °C, a transfer line temperature of 250 °C, an ion source
temperature of 230 °C, an MS-quadrupole temperature of 150
°C, and an initial oven temperature of 40 °C for 2 min with a
temperature ramp of 50 °C/min to 320 °C over 5.6 min
followed by 7.4 min holding. IR spectroscopy was conducted
on a Bruker Tensor 27 FTIR spectrometer using a diamond
ATR unit. Thin-layer chromatography was performed on
Merck F,, silica gel plates. Spots were visualized with UV light
(4 = 254 nm) or stained with appropriate reagents. Melting
points are uncorrected and were taken by using a Kriiss
KSPIN digital melting point apparatus. Optical rotations were
measured on a PerkinElmer 241 MC polarimeter.
4-Hydroxybutan-2-one Oxime, 44. According to a
modified procedure by Budidet et al,”’ a solution of 4-
hydroxybutan-2-one (95%, 5.0 mL, S5 mmol, 1.0 equiv) in
EtOH (60 mL) was cooled in an ice bath. Hydroxylamine
hydrochloride (4.6 g, 66.0 mmol, 1.2 equiv) was added, and
the pH was adjusted to 6 by slow addition of aq. sodium
hydroxide solution (40 wt %). The colorless suspension was

1905

stirred for 4 h at r.t. (complete conversion detected by GC—
MS) before it was filtered. The solvent was removed in vacuo
at 40 °C, and the residue was suspended in EtOAc (S0 mL).
After drying over Na,SO,, all volatiles were removed in vacuo
at 40 °C to obtain 44 as a mixture of anti/syn isomers (5.60 g,
54.3 mmol, 99%) as a colorless viscous oil. M (C,H,NO,) =
103.12 g/mol. R; (SiO,) = 021 (EtOAc), stained with a
ninhydrin reagent. IR (ATR): v = 3249, 2889, 1660, 1427,
1370, 1261, 1050 cm™. 'H NMR, COSY (400 MHz, DMSO-
dg): 8 = 10.26/10.17 (s, 1H, —NOH), 4.62—4.56/4.55—4.48
(m, 1H, —OH), 3.59—3.50 (m, 2H, H-4), 2.41/2.25 (t, = 6.8
Hz, H-3), 1.78/1.73 (s, 3H, H-1) ppm. *C NMR, HSQC,
HMBC (100 MHz, DMSO-di): 6 = 154.1/153.8 (C-2), 58.4/
57.3 (C-4), 38.8/32.1 (C-3), 20.2/13.5 (C-1) ppm. GC—MS:
m/z = 58.1 (100%). ESI-HRMS: calcd for [C,H,NO, + H],
m/z = 104.0706; found, m/z = 104.0703.
rac-3-Aminobutan-1-ol, rac-13. According to a modified
procedure by Budidet et al,** a suspension of 4-hydroxy-2-
butanone oxime (44, 8.60 g, 83.4 mmol) and Raney nickel (10
wt %) in MeOH (70 mL) was hydrogenated in an autoclave
for 28 h (10 bar H,, 45 °C) (reaction control by TLC). The
suspension was suction-filtered over celite, and the celite cake
was washed several times with MeOH. All volatiles were
removed in vacuo at 40 °C in order to obtain rac-13 as a
colorless oil (6.91 g, 77.6 mmol, 93%), which was used for the
next step without further purification. M (C,H,;NO) = 89.14
g/mol. T, = 81—83 °C (22 mbar); lit. 95-97 °C (28 mbar).”!
R; (8i0,) = 0.19 (EtOAc:MeOH:NEt; = 2:1:1), stained with
ninhydrin reagent. IR (ATR): v = 3347, 3280, 3183, 2957,
2924, 2870, 1599, 1455, 1375, 1062 cm™'. 'H NMR, COSY

https://doi.org/10.1021/acs.oprd.1c00139
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(400 MHz, CDCL,): & = 3.84—3.72 (m, 2H, H-1), 3.17-3.04
(m, 1H, H-3), 2.69 (sg, 3H, —OH and —NH,), 1.66—1.57 (m,
1H, H,-2), 1.53—1.42 (m, 1H, Hy-2), 1.13 (d, 3] = 6.4 Hz, 3H,
H-4) ppm. 3C NMR, HMBC, HSQC (101 MHz, CDCL,): § =
62.4 (C-1), 48.0 (C-3), 39.5 (C-2), 25.8 (C-4) ppm. ESI-
HRMS: caled for [M + H]Y, m/z = 90.0913; found, m/z =
90.0913. The spectrometric data are consistent with literature
values.”
(R)-2-Chloro-N-(4-hydroxybutan-2-yl)acetamide, 26.
In an oven-dried Schlenk flask, 13 (4.00 g, 44.9 mmol, 1.0
equiv) was dissolved in DCM (80 mL). NEt; (10.0 mL, 71.8
mmol, 1.6 equiv) was added, and the solution was cooled in an
ice bath. Chloroacetyl chloride (25, 5.3 mL, 67 mmol, 1.5
equiv) was added dropwise over 10 min, cooling was removed,
and the dark red-brown solution stirred for 1 h at r.t.
(complete consumption of 13 detected by TLC). While
cooling, first water (64 mL) and then 3 N NaOH (32 mL)
were added to the reaction mixture. The cooling bath was
removed, and the two-phasic mixture was stirred vigorously for
90 min at r.t. (complete saponification to 26 detected by GC—
MS). The organic phase was separated and extracted with
water (3 X 40 mL). The combined aqueous phases were
cooled and adjusted to pH = 7—8 using conc. HClL. The
solution was transferred into a Kutscher-Steudel apparatus and
extracted continuously with EtOAc for 72 h. The orange
organic phase was dried over Na,SO, and filtered, and the
solvent was removed in vacuo at 40 °C. 26 was obtained as an
orange-brown viscous oil (6.73 g, 40.6 mmol, 91%) and used
for the next step without any further purification. M
(C¢H,CINO,) = 165.63 g/mol. [a]ify= —32.7 (CHCL, ¢ =
10 mg/mL). R (SiO,) = 0.30 (EtOAc), stained with ninhydrin
reagent. IR (ATR): v = 3280, 2936. 1651, 1543, 1056 cm™".
H NMR, COSY (300 MHz, CDCL,): 5 = 6.68 (s, 1H, -NH-),
4.27—4.12 (m, 1H, H-2), 3.71-3.54 (m, 2H, H-4"), 3.01 (s,
1H, -OH), 1.93—1.80 (m, 1H, H,-3'), 1.53—1.41 (m, 1H, H,-
3"), 1.26 (d, %] = 1.3 Hz, 3H, H-1') ppm. *C NMR, HMBC,
HSQC (75 MHz, CDCl,): § = 166.6 (C-1), 58.9 (C-4'), 43.2
(C-2"), 42.6 (C-2), 39.5 (C-3"), 20.9 (C-1") ppm. GC—MS:
m/z = 120.1 (100%). ESI-HRMS: calcd for [M + H]*, m/z =
166.0629; found, m/z = 166.0633.
N-Benzyl-2,2-dimethoxyethylamine, 30. For method 1,
benzylamine (32, 12.2 g, 113 mmol, 3.0 equiv) and
chloroacetaldehyde-dimethylacetal (31, 4.71 g, 38 mmol, 1.0
equiv) were dissolved in toluene (50 mL) and heated to reflux
for seven days. The suspension was cooled in an ice bath and
filtered, toluene was then removed in vacuo at 40 °C. The
residue was distilled under vacuum to afford 30 as a colorless
liquid (5.71 g, 29.2 mmol, 77%). For method 2, according to a
modified procedure from Luu et al,'"* to a solution of
aminoacetaldehyde dimethyl acetal (8, 7.91 g, 75.2 mmol) in
dry methanol (300 mL), prepared in an oven-dried Schlenk
flask under a nitrogen atmosphere, was added freshly distilled
benzaldehyde (33, 7.60 mL, 75.2 mmol, 1.0 equiv), and the
solution was stirred for 18 h at r.t. While cooling in an ice bath,
NaBH, (4.30 g, 114 mmol, 1.5 equiv) was added portion-wise
over 3 min. The ice bath was removed, and the suspension was
stirred at r.t. for 18 h. The reaction was quenched by adding
sat. NaHCO, solution (30 mL), and the mixture was extracted
with DCM (3 X 60 mL). The combined organic phases were
washed once with brine (150 mL), dried over Na,SO,, and
filtered. After removing all volatiles in vacuo at 40 °C, 30 was
obtained as a clear colorless liquid (14.19 g, 72.7 mmol, 97%)
and used for the next step without further purification. M

(C1H;;NO,) = 195.26 g/mol. T, = 130—138 °C (13 mbar);
lit., 147—149 °C (18 mbar).”® R; (SiO,) = 0.35 (EtOAc + 1%
NEt;). IR (ATR): v = 2934, 2830, 1454, 1192, 1127, 1056
cm™. 'H NMR, COSY (300 MHz, CDCLy): § = 7.34—7.20
(m, $H, Ar-H), 4.49 (t, 3] = 5.5 Hz, 1H, H-2), 3.81 (s, 2H,
—CH,Ar), 3.37 (s, 6H, 2x OCH,), 2.75 (d, ¥ = 5.5 Hz, 2H,
H-1), 1.54 (s, 1H, -NH-) ppm. *C NMR, HMBC, HSQC
(75 MHz, CDCL,): 6 = 140.3 (Ar-C-1), 128.5 (Ar-C-3 and Ar-
C-5), 128.3 (Ar-C-2 and Ar-C-6), 127.1 (Ar-C-4), 104.1 (C-
2), 54.1 (2x —OCHj), 54.0 (—CH,Ar), 50.7 (C-1) ppm. ESI-
MS: m/z = 196.1 (100%, [M + H]"). The spectroscopic data
are consistent with literature values.'*
(R)-2-(Benzyl(2,2-dimethoxyethyl)amino)-N-(4-hy-
droxybutan-2-yl)acetamide, 34. To a solution of 30 (6.11
g, 36.9 mmol, 1 equiv) in MeCN (40 mL) were added K,CO,
(10.2 g, 73.8 mmol, 2.0 equiv) and KI (6.13 g, 36.9 mmol, 1.0
equiv) while stirring, followed by a solution of 26 (7.21 g, 36.9
mmol, 1.0 equiv) in MeCN (40 mL) and additional MeCN
(130 mL). The suspension was heated to reflux for 3 h (full
conversion detected by LC—MS, 254 nm). The solvent was
removed in vacuo at 40 °C, and the salt-like residue was
suspended in EtOAc (150 mL) and water (210 mL). The
mixture was transferred into a separatory funnel, and the
organic phase was separated. The aqueous phase was extracted
with EtOAc (2 X 100 mL), and the combined organic phases
were dried over Na,SO,. After removing all volatiles in vacuo
at 40 °C, 34 was obtained as a brown oil (11.63 g, 35.8 mmol,
97%). M (C;;HyuN,0,) = 32442 g/mol. [alige= —29.6
(CHCl;, ¢ = 10 mg/mL). R¢ (SiO,) = 0.32 (EtOAc + 2%
NEt;). IR (ATR): v = 3324, 2933, 2833, 1649, 1529, 1453,
1120, 1063 cm™. 'H NMR, COSY (300 MHz, CDCL,): § =
7.59 (m, 1H, —NH-), 7.38—7.22 (m, SH, Ar-H), 4.39 (t, ] =
5.3 Hz, H-2"), 420—4.04 (m, 1H, H-2'), 3.92-3.80 (m, 1H,
—OH), 3.72 (s, 2H, PhCH,—), 3.59—3.46 (m, 1H, H,-4'),
3.35 (s, 3H, —OCHj), 3.33 (s, 3H, —OCHj;), 3.33—3.30 (m,
1H, Hy-4'), 3.20 (d, ¥ = 1.8 Hz, 2H, H-2), 2.71 (dd, ] = 5.3
Hz, ¥ = 1.1 Hz, 2H, H-1"), 1.89—1.76 (m, 1H, H,-3'), 1.33—
1.24 (m, 1H, Hy-3), 1.22 (d, ¥ = 6.7 Hz, 3H, H-1') ppm. C
NMR, HMBC, HSQC (75 MHz, CDCLy): § = 172.0 (C=0),
138.0 (Ar-C), 129.0 (Ar-C), 128.7 (Ar-C), 127.8 (Ar-C),
102.9 (C-2"), 60.7 (PhCH,—), 58.6 (C-4'), 58.6 (C-2), 57.3
(C-1"), 54.1 (—=OCHj,), 53.9 (—OCHj,), 41.4 (C-2'), 40.5 (C-
3’),21.2 (C-1') ppm. ESI-HRMS: caled for [M + H]*, m/z =
325.2122; found, m/z = 325.2130.
(4R,9aS5)-8-Benzyl-4-methylhexahydro-2H,6H-
pyrazino[2,1-b][1,3]oxazin-6-one, 35. Acetal 34 (11.53 g,
35.5 mmol) was suspended in water (160 mL) and cooled in
an ice bath. Conc. HCl (160 mL) was added through a
dropping funnel over 15 min while stirring. The cooling bath
was removed, and the slightly yellow solution was stirred at r.t.
for 48 h (complete conversion detected by LC—MS at 254
nm). The solution was cooled again in an ice bath, and sodium
hydroxide pellets (7S g) were added in small portions over 2 h
followed by sodium bicarbonate powder (4 g) in order to
adjust the pH to 7—8. While approaching the desired pH, 35
started precipitating, resulting in a murky beige suspension.
EtOAc (300 mL) was added while stirring, and the mixture
was transferred into a separating funnel. The organic phase was
separated, and the aqueous phase was extracted with EtOAc (2
X 200 mL). The combined organic phases were dried over
Na,SO, and filtered, and the solvent was removed in vacuo at
40 °C. Crude 35 was obtained as a thick orange-brown oil
(849, 32.6 mmol, 92%, >99.8% ee according to chiral HPLC).

1906 https://doi.org/10.1021/acs.oprd.1c00139

Org. Process Res. Dev. 2021, 25, 1898—-1910

Teil L Computerchemie und Spektroskopie

7.2

135



136

Resultate und Diskussion

Organic Process Research & Development

pubs.acs.org/OPRD

Racemic 35 was synthesized analogously from rac-13. M
(C15HyN,0,) = 260.34 g/mol. [a]$3, = —46.1 (CHCL,, ¢ = 10
mg/mL). R; (Si0,) = 0.32 (EtOAc). IR (ATR): v = 2969,
2860, 1653, 1455, 1328, 1197, 1095, 1068 cm™’. 'H NMR,
COSY (300 MHz, CDCL,): § = 7.36=7.23 (m, SH, Ar-H),
4.97—4.86 (m, 2H, H-4 and H-9a), 3.93-3.81 (m, 2H, H-2),
3.57 (d, ¥J = 13.1 Hz, 1H, -NCH,Ar), 3.54 (d, ?J = 13.1 Hz,
1H, —NCH,Ar), 3.24 (dd, % = 16.0 Hz, ¥] = 1.9 Hz, 1H, H,-
7),3.02 (dd, ¥ = 16.3 Hz, *] = 0.8 Hz, 1H, H,-7), 2.97 (ddd, ¥J
=12.0 Hz, ¥ = 49 Hz, T = 1.9 Hz, 1H, H,-9), 2.44 (ddd, ¥J =
12.0 Hz, 3] = 6.7 Hz, ¥ = 0.8 Hz, 1H, H;-9), 2.19-2.04 (m,
1H, H,-3), 1.43—1.34 (m, 1H, H,-3), 1.27 (d, ’] = 7.1 Hz, 4-
CH,) ppm. *C NMR, HSQC, HMBC (75 MHz, CDCLy): § =
166.3 (C-6), 136.3 (Ar-H), 129.4 (Ar-H), 128.6 (Ar-H), 127.7
(Ar-H), 79.3 (C-9a), 62.8 (C-2), 61.6 (~NCH,Ar), 57.5 (C-
7), 54.3 (C9), 41.7 (C-4), 29.8 (C-3), 159 (—CH;) ppm.
ESI-HRMS: calcd for [M + H]*, m/z = 261.1594; found, m/z
=261.1598.
(4R,9aS)-4-Methylhexahydro-2H,6H-pyrazino[2,1-b]-
[1,3]oxazin-6-one, 16. A solution of oxazinone 35 (8.44 g,
324 mmol) in MeOH (120 mL) was degassed for 10 min by
purging with nitrogen. Palladium (10% on carbon, 0.85 g) was
added and the mixture was purged with hydrogen three times.
The mixture stirred under hydrogen atmosphere for seven days
(complete conversion detected by LC—MS and UV detection
at 254 nm). After purging for 10 min with nitrogen, the
mixture was suction-filtered over celite and washed several
times with MeOH. All volatiles were removed in vacuo at 40
°C. Crude 16 was obtained as a viscous yellow-orange oil (5.31
g, 31.2 mmol, 96%), which solidified to a slight yellowish solid
after a while. 16 was used for the next step without further
purification. M (CgH,N,0,) = 170.21 g/mol. T,, = 56—61
°C; 79—83 °C (rac.). [a]}s = —103.1 (CHC,;, ¢ = 10 mg/
mL). R; (SiO,) = 0.31 (EtOAc + 10% MeOH + 5% NEt,),
stained with ninhydrin reagent. IR (ATR): v = 3307, 2968,
2865, 1643, 1451, 1324, 1193, 1080, 1064 cm™’. 'H NMR,
COSY (300 MHz, CDCL): § = 5.04—4.92 (m, 1H, H-4),
4.85—4.80 (m, 1H, H-9a), 4.00—3.85 (m, 1H, H-2), 3.48 (d, ]
=17.3 Hz, 1H, H,-7), 3.38 (d, ] = 17.3 Hz, 1H, H,-7), 3.14
(dd, ¥J = 13.6 Hz, ¥ = 3.8 Hz 1H, H,-9), 2.97 (dd, ¥J = 13.6
Hz, % = 43 Hz 1H, H,-9), 2.16—2.01 (m, 1H, (H,-3), 1.78
(sp 1H, —=NH=), 1.41-1.32 (m, 1H, H,-3), 1.26 (t, ] = 7.1
Hz, 3H, —CH;) ppm. *C NMR, HSQC, HMBC (75 MHz,
CDCly): § = 167.8 (C-6), 78.8 (C-9a), 63.0 (C-2), 50.3 (C-7),
48.1 (C-9), 42.2 (C-4), 29.9 (C-3), 15.9 (—CH,) ppm. ESI-
MS: m/z = 171.1 (100%, [M + H]*). The spectrometric data
are consistent with literature values.'®
Diethyl-(2E/Z)-2-(ethoxymethylidene)-3-oxobutan-
dioate, 17. A diethyl oxalacetate sodium salt (41, 95%, 15.0 g,
67.8 mmol) was weighed into an Erlenmeyer flask and
suspended in EtOAc (90 mL). The suspension was cooled in
an ice bath, and 1 N HCI (86 mL) was added while stirring.
After all of the salt was dissolved, the biphasic murky mixture
was transferred into a separatory funnel. The organic phase was
separated, and the aqueous phase was extracted with EtOAc (2
X 45 mL). The combined organic phases were dried over
Na,SO, and filtered, and the solvent was removed in vacuo at
30 °C. To the orange-brown oily residue (13.1 g) were added
triethyl orthoformate (20.7 mL, 122 mmol, 1.8 equiv) and
acetic anhydride (17.9 mL, 190 mmol, 2.8 equiv). The flask
was equipped with a distillation apparatus, and the solution
was heated for 1 h to 120 °C, for 1 h to 130 °C, and for 1 h to
140 °C, while a colorless clear liquid was distilled off. After
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cooling down, distillation under high vacuum afforded 17 as a
yellow clear liquid (12.0 g, 49.2 mmol, 72%). M (C,;H,s0¢) =
244.24 g/mol. T, = 116—120 °C (0.4S mbar); lit,, 155—160
°C (1.3 mbar).”® R; (SiO,) = 0.15 and 0.81 (EtOAc). IR
(ATR): v = 2987, 2937, 1359, 1256, 1177, 1019 cm™ .. 'H
NMR, COSY (300 MHz, CDCL): 6 = 7.90 (s, 1H, =CH-),
7.88 (s, 1H, =CH’~), 4.40—4.32 (m, 2H, =CHOCH,-),
4.40-4.32 (m, 2H, =CHOCH',~), 4.32—4.27 (m, 2H, O=
C-4-OCH,-), 4.32—4.27 (m, 2H, O=C-4'-OCH,-), 4.27—
4.18 (m, 2H, O=C-1-OCH,—), 4.27—4.18 (m, 2H, O=C-1'-
OCH,—), 1.44 (t, 3] = 7.2 Hz, 3H, =CHOCH,CH;), 1.43 (t,
3] = 7.2 Hz, 3H=CHOCH,CH';), 1.36 (t, 3] = 7.2 Hz, 3H,
0=C-4-OCH,CH3), 135 (t, 3] = 72 Hz, 3H, O=C-4-
OCH,CH';), 1.28 (t, ¥ = 7.2 Hz, 3H, O=C-1-OCH,CH,),
127 (t, % = 7.2 Hz, 3H, O=C-1-OCH,CH’;) ppm. *C
NMR, HSQC, HMBC (75 MHz, CDCly): § = 185.2 (C-3),
183.2 (C-3'), 170.1 (=CH-), 170.0 (=CH'-), 165.2 (C-1),
164.2 (C-4), 164.0 (C-4'), 163.5 (C-1"), 109.6 (C-2), 108.3
(C-2'), 747 (=CH-0-CH,-), 74.6 (=CH-0-C'H,-),
62.2 (0=C-1-OCH,-), 62.0 (O=C-1’-OCH,—), 61.1 (O=
C-4-OCH,-), 61.0 (O=C-4'-OCH,—-), 15.4 (=
CHOCH,CH;), 154 (=CHOCH,C'H;), 143 (O=C-1-
OCH,CH;), 142 (O=C-1’-OCH,CH;), 14.1 (O=C-4-
OCH,CHj,), 14.1 (O=C-4'-OCH,CH;) ppm. ESI-MS: m/z
= 217.1 (100%, [M-Et + H]*). Ethyl enol ether hydrolyzes
during the LC—MS run to the free enol. The spectrometric
data are consistent with literature values.'®

Ethyl (4R,12aS)-7-Hydroxy-4-methyl-6,8-dioxo-
3,4,6,8,12,12a-hexahydro-2H-pyrido[1’,2":4,5]pyrazino-
[2,1-b][1,3]oxazine-9-carboxylate, 18. Amine 16 (2.00 g,
11.8 mmol, 1.0 equiv) was added in a single portion to a
solution of enol ether 17 (2.87 g, 11.8 mmol, 1.0 equiv) in dry
DCM (80 mL), which was prepared in an oven-dried Schlenk
flask under a nitrogen atmosphere. The yellow-greenish
solution was stirred at r.t. for 24 h (full conversion of 17
detected by LC—MS and UV detection at 254/315 nm) before
it was cooled in an ice bath. MgBr,-OEt, (3.79 g, 14.7 mmol,
1.2S equiv) was added all at once under a nitrogen reverse
flow, and the suspension was stirred for 10 min before dry
pyridine (2.8 mL, 35 mmol, 3.0 equiv) was dripped into the
yellowish suspension within 2 min. A clear orange-red solution
formed immediately, which was stirred at r.t. for three days
(full conversion of 43 detected by LC—MS and UV detection
at 254/31S nm). The suspension was cooled in an ice bath,
and 1 N HCI (60 mL) was added while stirring. The mixture
was transferred into a separatory funnel and vigorously shaken
before the organic phase was separated. The aqueous phase
was extracted with DCM (2 X SO mL), combined organic
phases were dried over Na,SO, and filtered, and the solvent
was removed in vacuo at 40 °C. Crude 18 was obtained as an
orange fluffy solid (3.61 g, 11.2 mmol, 95%, HPLC purities of
94% (254 nm) and 87% (315 nm)) and used for the next step
without further purification. To obtain a pure material, crude
18 was heated in EtOAc (0.1 g/2 mL) and cooled down to r.t.
first then to —24 °C (freezer). The solid was filtered off,
washed with ice-cold EtOAc, and dried in vacuo at 40 °C. M
(CysH,gN,0¢) = 322.32 g/mol. T, = 90—96 °C (sintering to
an orange resin) and 104—106 °C (resin melts to a yellow-
greenish liquid). [a]3,= —35.6 (CHCl,, ¢ = 10 mg/mL). R¢
(C15-Si0,) = 0.58 (EtOH:H,0 = 1:1 + 10% HOAc). IR
(ATR): v = 2979, 1725, 1632, 1452, 1282, 1262, 1181, 1090,
1048 cm™. '"H NMR, COSY (300 MHz, CDCL;): § = 12.33
(sg 1H, —OH), 7.91 (s, 1H, H-10), 5.40—5.28 (m, 1H, H-
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12a), 5.00—4.87 (m, 1H, H-4), 4.40—4.19 (m, 3H, H,-12 and
—OCH,-), 4.12-391 (m 3H, H-2 and H;-12), 2.29-2.11
(m, 1H, H,-3), 1.60—1.49 (m, 1H, Hy-3), 1.43 (t, 3] = 7.1 Hz,
3H, 4-CH;), 1.33 (t, *] = 7.0 Hz, 3H, —OCH,CH;) ppm. *C
NMR, HMBC, HSQC (75 MHz, CDCL): & = 169.8 (C-8),
164.3 (—COOEt), 162.5 (C-6), 156.5 (C-7), 141.5 (C-10),
115.3 (C-6a), 114.8 (C-9), 76.4 (C-12a), 62.8 (C-2), 61.1
(—OCH,), 52.6 (C-12), 44.8 (C-4), 29.5 (C-3), 15.7 (4-CH,),
14.4 (—OCH,CH,) ppm. ESI-HRMS: calcd for [M + H]*, m/
z = 323.1238; found, m/z = 323.1227.
(4R)-7-Hydroxy-4-methyl-6,8-dioxo-3,4,6,8,12,12a-
hexahydro-2H-pyrido[1’,2":4,5]pyrazino[2,1-b][1,3]-
oxazine-9-carboxylic Acid, 19. For method 1, a solution of
enol ether 17 (2.87 g, 11.8 mmol, 1.0 equiv) in dry DCM (80
mL) was prepared in an oven-dried Schlenk flask under a
nitrogen atmosphere. Amine 16 (2.00 g, 11.8 mmol, 1.0 equiv)
was added all at once, and the yellow-greenish solution was
stirred at r.t. for 24 h (full conversion of 17 detected by LC—
MS and UV absorption at 254/315 nm) and then cooled in an
ice bath. MgBr,-OEt, (3.79 g, 14.7 mmol, 1.25 equiv) was
added all at once under a nitrogen reverse flow, and the
suspension was stirred for 10 min before dry pyridine (2.8 mL,
35 mmol, 3.0 equiv) was dripped into the yellowish suspension
within 2 min. A clear orange-red solution formed immediately,
which was stirred at r.t. for three days (full conversion of 43
detected by LC—MS and UV detection at 254 nm). The
solution suspension was cooled in an ice bath, and 1 N HCI
(60 mL) was added while stirring. The mixture was transferred
into a separating funnel and vigorously shaken, and the organic
phase was separated. The aqueous phase was extracted with
DCM (2 X 50 mL), and to the combined organic phases was
added 1 N NaOH (60 mL). The two-phase mixture was stirred
vigorously at r.t. for 24 h (complete saponification detected by
LC—MS and UV detection at 254 nm). The aqueous phase
was separated, extracted once with DCM (50 mL), and cooled
in an ice bath. The pH was adjusted to 1—2 by slow addition of
conc. HCI (S mL) where a colotless suspension formed. The
solid was vacuum-filtered and washed several times with cold
water (5 X 3 mL). The colorless solid was dried in air first then
at 70 °C in fine vacuum to obtain 19 (2.49 g, 8.46 mmol,
72%). For method 2, a solution of enol ether 17 (0.72 g, 2.94
mmo), 1.0 equiv) in dry MeCN (25 mL) was prepared in an
oven-dried Schlenk flask under a nitrogen atmosphere. Amine
16 (0.5 g, 2.94 mmol, 1.0 equiv) was added in a single portion,
and the yellow-greenish solution was heated to reflux for 16 h
(full conversion of 17 detected by LC—MS and UV absorption
at 254/315 nm). The orange solution was cooled to r.t. before
anhydrous MgCl, (0.35 g, 3.67 mmol, 1.25 equiv) was added.
The suspension was stirred for 10 min at r.t. before dry
pyridine (0.71 mL, 8.81 mmol, 3.0 equiv) was added. The
mixture was heated to reflux under a nitrogen atmosphere for
24 h (95% conversion of 43 as judged by LC—MS and UV
detection 254 nm). MeCN was removed in vacuo at 40 °C,
and to the brownish salty residue was added DCM (15 mL).
The suspension was cooled in an ice bath, and 1 N HCI (15§
mL) was added while stirring vigorously. The mixture was
transferred into a separating funnel and shaken vigorously. The
organic phase was separated, and the aqueous phase was
extracted with DCM (2 X 10 mL). 1 N NaOH (15 mL) was
added to the combined organic phases, and the mixture was
stirred vigorously at r.t. for 24 h (complete saponification
detected by LC—MS and UV detection at 254 nm). The
aqueous phase was separated and extracted once with DCM

(10 mL). The aqueous phase was cooled in an ice bath, and
conc. HCI was slowly added for acidification to pH = 1-2. A
colorless solid precipitated, which was vacuum-filtered and
washed with water (4 X 2 mL). The solid was dried in air first
then at 70 °C under high vacuum to obtain 19 (0.46 g, 1.56
mmol, 53%). M (C;;H ,N,0O;) = 294.26 g/mol. T, = 248—
252 °C (decomposition). [@]3g= —120.9 (MeCN, ¢ = 10 mg/
mL). R (C4-Si0,) = 0.65 (EtOH:H,0 = 2:1 + 20% HOACc).
IR (ATR): v = 1735, 1646, 1618, 1546, 1461, 1440, 1346,
1285, 1095, 1081 cm™. 'H NMR, COSY (400 MHz, DMSO-
dg): 6 = 15.39 (s, 1H, —COOH), 12.77 (sp, 1H, —OH), 8.67
(s, 1H, H-10), 5.52—5.47 (m, 1H, H-12a), 4.84—4.75 (m, 1H,
H-4), 4.65 (dd, ¥J = 13.9 Hz, ¥] = 4.6 Hz, 1H, H,-12), 4.43
(dd, *J = 13.9 Hz, 3] = 5.9 Hz, 1H, H,-12), 4.09—3.99 (m, 1H,
H,2), 3.95-3.87 (m, 1H, Hy-2), 2.09-1.97 (m, 1H, H,-3),
1.60-1.53 (m, 1H, H,-3), 1.34 (t, ¥ = 7.0 Hz, 3H, —CH,)
ppm. 3C NMR, HMBC, HSQC (101 MHz, DMSO-dg): 6 =
172.2 (C-8), 1654 (—COOH), 161.8 (C-6), 153.6 (C-7),
141.1 (C-10), 118.7 (C-6a), 113.0 (C-9), 76.0 (C-12a), 62.0
(C-2), S1.5 (C-12), 449 (C-4), 29.1 (C-3), 152 (—CHs,)
ppm. ESI-HRMS: calcd for [M + H]*, m/z = 295.0925; found,
m/z = 295.0929.

Sodium (4R,12a5)-9-((2,4-Difluorobenzyl)carbamoyl)-
4-methyl-6,8-dioxo-3,4,6,8,12,12a-hexahydro-2H-
pyrido[1’,2":4,5]pyrazino[2,1-b][1,3]oxazin-7-olate (Do-
lutegravir Sodium), 15. For method 1, an oven-dried
Schlenk flask was charged with ester 18 (94%, 1.00 g, 2.92
mmol, 1.0 equiv), dry toluene (30 mL), acetic acid (0.42 mL,
7.29 mmol, 2.5 equiv), and 2,4-difluorobenzylamine (10, 0.87
mL, 7.29 mmol, 2.5 equiv) under a nitrogen atmosphere. The
mixture was heated to reflux for 22 h (full conversion of 18
detected by LC—MS and UV detection at 254/315 nm). All
volatiles were removed in vacuo at 40 °C, and the residue was
dissolved in EtOH (30 mL) by heating to reflux. NaOH (0.13
g, 3.21 mmol, 1.1 equiv) was added, and the solution was
heated again to reflux for 2 min during which a beige
suspension formed. The mixture was stirred to r.t,, filtered, and
washed with EtOH (4 X 2 mL). The yellow filter cake was
dried in air overnight and transferred into a new flask. EtOH
(15 mL) was added, and the suspension was heated again to
reflux, hot-filtered, and washed with hot ethanol (4 X 2 mL).
The solid was dried in air overnight then for 2 h at 70 °C in
fine vacuum to obtain 15 as a faint yellow solid (0.90 g, 2.04
mmol, 70%, purity of 99.7% (254 nm)). For method 2, an
oven-dried flask was charged with acid 19 (1.00 g, 3.40 mmol,
1.0 equiv), carbonyl diimidazole (97%, 1.14 g, 6.80 mmol, 2.0
equiv), and dry dimethyl carbonate (30 mL) under a nitrogen
atmosphere. The suspension was heated to 80 °C for 2 h
during which a nearly clear orange solution formed. After
cooling to r.t., 2,4-difluorobenzylamine (10, 0.81 mL, 6.80
mmol, 2.0 equiv) was added dropwise within 2 min, and the
solution was stirred for 2 h at r.t. (full conversion of 19
detected by LC—MS and UV detection at 254/315 nm). The
solvent was removed in vacuo at 40 °C, and the residue was
redissolved in DCM (30 mL) and 1 N NaOH (30 mL). After
stirring for 18 h at r.t., the colorless suspension was transferred
into a separatory funnel. The organic phase was separated, and
the aqueous phase was extracted twice with DCM (30 mL).
The aqueous phase was cooled in an ice bath, acidified (pH =
1—2) with conc. HCI, and extracted with DCM (3 X 25 mL).
The combined organic phases were dried over Na,SO,, and all
volatiles were removed in vacuo at 40 °C. The colorless foamy
residue was dissolved by heating in EtOH (30 mL). NaOH

1908 https://doi.org/10.1021/acs.oprd.1c00139
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(0.15 g, 3.74 mmol, 1.1 equiv) was added to the hot solution,
and heating to reflux was continued for 2 min. The suspension
was stirred to r.t., filtered, and washed with EtOH (5 X 3 mL).
The solid was dried in air overnight then for 2 h at 70 °C
under high vacuum to obtain 15 as a faint yellow solid (1.41 g,
3.19 mmol, 94%, purity of 99.9% (254 nm)). M
(CyH gF,N;3;NaO;) = 441.37 g/mol. T, = 314 °C
(decomposition); lit., 296 °C.** [a]%y= —46.4 (DMSO-dg, ¢
=10 mg/mL). IR (ATR): v = 2975, 2913, 1641, 1537, 1504,
1424, 1321, 1274, 1258, 1106, 1093 cm™. 'H NMR, COSY
(400 MHz, DMSO-dg): 6 = 10.69 (t, °] = 6.0 Hz, 1H, —-NH-),
7.89 (s, 1H, H-10), 7.39—7.27 (m, 1H, Ar-H-6), 7.25-7.14
(m, 1H, Ar-H-3), 7.06—6.93 (m, 1H, Ar-H-5), 5.22—5.10 (m,
1H, H-12a), 4.87—4.72 (m, 1H, H-4), 4.50 (d, *] = 6.0 Hz, 2H,
—NHCH,Ar), 4.36—4.24 (m, 1H, H,-11), 421-4.08 (m, 1H,
H,-11), 4.04—3.87 (m, 1H, H,-2), 3.86—3.73 (m, 1H, H;-2),
1.96—1.76 (m, 1H, H,-3), 1.45-1.29 (m, 1H, H;-3), 1.23 (t, ]
= 7.0 Hz, 3H, —CH,) ppm. *C NMR, HMBC, HSQC (101
MHz, DMSO-dg): 6 = 177.9 (C-8), 167.0 (C-7), 166.0
(—CONH-), 162.0 (dd, 'J = 247 Hz, *] = 12.3 Hz, Ar-C2),
161.2 (C-6), 158.8 (dd, 'J = 249 Hz, 3] = 12.3 Hz, Ar-C4),
134.4 (C-10), 130.5 (dd, ’] = 9.2 Hz, ¥ = 6.2 Hz, Ar-C6),
115.0 (C-9), 111.3 (dd, ¥J = 20.9 Hz, ] = 3.6 Hz, Ar-CS),
108.9 (C-6a), 103.7 (t, ;J = 25.7 Hz, Ar-C3), 75.6 (C-12a),
62.0 (C-2), 53.1 (C-11), 43.1 (C-4), 354 (’] = 3.7 Hg,
—NHCH,Ar), 29.2 (C-3), 15.3 (-CH;) ppm. ’F NMR (377
MHz, DMSO-dy): 6 = —112.9, —115.2 ppm. ESI-MS: m/z =
4182 (100%, [M—Na]™). The spectroscopic data are
consistent with literature values.'!
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7.2.3 Bestimmung der absoluten Konfiguration eines 13-Hydroxy-

14-deoxyoxacyclododecindions

Aufbauend auf der Isolierung eines Naturstoffs aus der Gruppe der Dihydroxyphenylessig-
saurelactone von Shang und Lin et al., wurde das vorgeschlagene 13-Hydroxy-14-deoxyoxa-
cyclododecindion 141 (in der Publikation 4) in der Arbeitsgruppe Opatz stereoselektiv tiber
15 lineare Stufen in einer Gesamtausbeute von 9% dargestellt und das Makrolacton 141 auf
seine biologische Aktivitit untersucht.®*] Dabei wurde von der Arbeitsgruppe - eine
stark hemmende Wirkung auf die Interleukin-4 induzierten STAT6-abhangigen Signalwe-
ge mit einem IC5-Wert von 56 nM nachgewiesen. Dariliber hinaus wurde eine durch sicht-
bares Licht hervorgerufene E/Z-Isomerisierung der Doppelbindung des zwdlfgliedrigen
Rings 141 bei Raumtemperatur beobachtet.

Im Vergleich zu den veréffentlichten NMR-Daten des Naturstoffs, wiesen die gemes-
senen chemischen Verschiebungen des synthetischen Makrolactons 141 eine Diskrepanz
auf.*3] Obwohl sich die experimentellen ECD-Spektren der synthetischen Verbindung 141
und des berichteten Naturstoffs sehr dhneln, kann es sich dennoch um diastereomere
Verbindungen handeln. Trotz der Simulation aller méglichen Diastereomere von Verbin-
dung 141 war weder eine Zuordnung der relativen noch der absoluten Konfiguration des
Makrolactons 141 moglich.

Um die absolute Konfiguration der synthetischen Verbindung 141 zu bestimmen, wur-
den VCD-Spektren aufgenommen, die sich gegeniiber ECD-Spektren durch eine deutlich
hohere Informationsdichte auszeichnen und keinen Chromophor in der Nihe der Stereo-
zentren benotigen. Der Vergleich der VCD-Spektren mit den simulierten Spektren aller
Diastereomere von Verbindung 141 zeigte, dass die synthetische Verbindung 141 die Ste-
reokonfiguration C-13R, C-14S, C-15R besitzt. Diese Zuordnung wurde durch eine zusatz-
liche Untersuchung mittels Rontgenkristallstrukturanalyse validiert. Diese Befunde impli-
zieren eine Uberarbeitung der vorgeschlagenen Struktur des von Shang und Lin et al. iso-

lierten Naturstoffs (Abbildung 7.7).[54%5¢]
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Abbildung 7.7: Graphical abstract der Publikation ,Total Synthesis and Biologi-

cal Evaluation of the Anti-Inflammatory (13R,14S,15R)-13-Hydroxy-14-
deoxyoxacyclododecindione®.*®"!

Die Synthese des Makrolactons 141 wurde von - durchgefithrt. Die Aufnahme
der ECD- und VCD-Spektren sowie deren Berechnung auf DFT-Level wurde von J. Grof3
ausgefiihrt. Die biologischen Eigenschaften von 141 wurden Von- untersucht. Das

t.15

15 Reprinted with permission from K. Seipp, J. Grof3, A. M. Kiefer, G. Erkel, T. Opatz, j. Nat. Prod. 2023, 86,
924-938. Copyright ©2023, American Chemical Society.
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ABSTRACT: The first total synthesis of the natural product
(13R,148,15R)-13-hydroxy-14-deoxyoxacyclododecindione, which
was isolated in 2018 as a member of the oxacyclododecindione
family, is reported. A synthetic strategy through intramolecular
Friedel-Crafts acylation combined with the stereoselective syn-
thesis of a new triol key fragment allowed the preparation of the
macrolactone. Due to mismatching physical data of the synthetic
product, a revision of the configuration of the natural product
isolated in 2018 is required. Light-induced E/Z-isomerism of the
macrolactone backbone is described for the first time in the class of
oxacyclododecindione-type macrolactones. The hydroxylated
macrolactone prepared herein was found to show highly promising
ICs, values in biological assays addressing the inhibition of
inflammatory responses.

he family of the 12-membered oxacyclododecindione-type

macrolactones currently consists of oxacyclododecindione
(1), 4-dechloro-14-deoxyoxacyclododecindione (2),> 14-
deoxyoxacyclododecindione (3),” and the recently reported
13-hydroxy-14-deoxyoxacyclododecindione (4)* (Scheme 1).
These secondary metabolites (1—4), isolated from the imperfect
fungus Exserohilum rostratum, can be regarded as lead structures
in the discovery of drugs against chronic inflammation and
fibrotic diseases due to their highly potent anti-inflammatory
and antifibrotic activity.' ™

Our contributions to the area of this macrolactone family
include total syntheses, structure elucidation, and derivatizations
and the establishment of initial structure—activity relationships
through bioassays.”” ™ However, despite several attempts, it has
not yet been possible to prepare a macrolactone possessing a
hydroxylated aliphatic backbone, as found in natural products 1
and 4. Fermentation of the producing strains provided only very
small quantities of the hydroxylated derivatives oxacyclodode-
cindione (1) and 13-hydroxy-14-deoxyoxacyclododecindione
(4),"” and the synthesis of the proposed natural product 4
reported herein is the first of its kind.

Compound 4 was first isolated from solid cultures of the
fungus E. rostratum, an endophytic fungal strain in Gymnadenia
conopsea. The structure was reported in 2018 by Shang and Lin
et al, and its configuration was elucidated by NMR (modified
Mosher’s method) as well as electronic circular dichroism
(ECD).?

Moreover, 13-hydroxy-14-deoxyoxacyclododecindione (4)
can structurally be regarded as a synthetically more accessible
constitutional isomer of oxacyclododecindione (1), the most

© 2023 The Authors. Published by

American Chemical Society and
American Society of Pharmacognosy 924
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(+)-(13R,145,15R)-13-Hydroxy-
14-deoxyoxacyclododecindione
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potent anti-inﬂammatoay oxacyclododecindione-type natural
product known to date."”° To investigate the biological effect of
a hydroxy group in the backbone, 13-hydroxy-14-
deoxyoxacyclododecindione (4) was synthesized according to
a strategy related to that successfully used for the preparation of
macrolactones 2 and 3, respectively (Scheme 1).

B RESULTS AND DISCUSSION

Although the class of oxacyclododecindiones so far only consists
of four natural products, it has attracted considerable interest
due to its superb anti-inflammatory ];)otential.:”[*’m_lz To date,
two natural products and 10 synthetic derivatives of the
oxacyclododecindione series have been successfully synthe-
sized.>” All of the retrosynthetic approaches followed a strategy
based on the key step of an intramolecular Friedel-Crafts
acylation (IFCA) at low substrate concentration and low
temp(—:rature.s’g’11 Other approaches to the ring closure of the
12-membered lactone, such as carbonylative cross-coupling,
hydroacylation, or metathesis reaction, have not proved fruitful.”
The synthesis of 13-hydroxy-14-deoxyoxacyclododecindione
(4) commenced with the preparation of the three building
blocks 5—7 (Scheme 1), which were later coupled in a Steglich

Received: December 16, 2022
Published: March 31, 2023

@ iatoRaL
W3 prODUCTS

https:/doi.org/10.1021/acs jnatprod.2c01145
J. Nat. Prod. 2023, 86, 924-938



Computergestiitzte Strukturaufklarung kleiner organischer Molekile

Journal of Natural Products

pubs.acs.org/jnp

Scheme 1. Structures of All Natural Representatives (1—4) of
the Oxacyclododecindione Family and a General
Retrosynthetic Approach
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OBn ST T ~
5

Friedel-Crafts !
acylation '

esterification and Wittig olefination, followed by the key
IFCA.”™'* Because the triol system was the only hitherto
unknown building block in this approach, the total synthesis
began with its stereoselective preparation (Scheme 2). Startin§
from 1,3-propanediol (8), monoprotection with TBDPS-CL,'

followed by oxidation with 1-hydroxy-1,2-benziodoxol-3(1H)-
one-1-oxide (IBX),"” produced a suitable precursor 9 for an
asymmetric Evans syn-aldol reaction in two steps and 84%
overall yield (for full stepwise details; see Supporting
Information Scheme S1). Aldehyde 9 was then subjected to
typical Evans aldol conditions using the chiral oxazolidinone 10,
which led to the formation of the syn-aldol product with an 88%
yield.ls'19 To determine the stereochemical outcome of the aldol
reaction, methyl ester 13 was prepared in the following three-
step sequence and compared with its stereoisomeric congeners
by NMR spectroscopy. The racemic methyl ester was
synthesized according to known procedures (Scheme S1).202
Upon treatment of the aldol product with catalytic amounts of
TfOH and benzyl-2,2,2-trichloracetimidate, O-benzylation
yielded the protected secondary alcohol 11 in 79%.”>* 1t is
worth mentioning that the repeated addition of 0.1 equiv of
TfOH and a maximum reaction temperature of 12 °C were of
great importance to achieve complete conversion. Higher
reaction temperatures led to the degradation of the oxazolidi-
none and to a deterioration of the yield. In the next step, the
Evans auxiliary was cleaved by LiOH/H,0, to furnish carboxylic
acid 12,"® followed by methylation with Mel, generating methyl

925
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ester 13 with a yield of 70% over two steps.”* NMR
spectroscopic comparison of syn-product 13 with a racemic
mixture of syn- and anti-congeners revealed a diastereomeric
ratio (dr) of >40:1. The further route to the triol fragment 17
involved LiBH,-mediated reduction of the oxazolidinone 11 to
the primary alcohol,*® which was then oxidized to aldehyde 14 in
two steps and 63% combined yield using the IBX procedure
mentioned earlier.'” The desired final step included 1,3-
asymmetric induction during the nucleophilic addition of
MeMgBr toward aldehyde 14 according to the cyclic Cram—
Reetz model.?°72* Unfortunately, this reaction gave a
diastereomeric mixture of 2.3:1 in favor of the undesired alcohol
16. Nevertheless, to our delight, the separation of both
diastereomers 16 and 17 by flash chromatography was
successful. Alternatively, stronger coordinating reagents like
MeTiCly are conceivable to reverse the ratio in favor of the
desired isomer. However, this approach was not pursued, as
another pathway developed in parallel was more promising.
Based on the previously synthesized carboxylic acid 12,
conversion to the Weinreb amide and treatment with
MeMgBr*** produced ketone 15 in two steps and 83% yield.

In the next step, according to the Felkin—Anh model, the
nonperpendicular attack of the nucleophilic bulky hydride
reagent L-selectride proceeded along the Biirgi—Dunitz
trajectory across the smallest substituent.’* ™3> This provided
the appropriate alcohol 17 in a dr of 95:5. After column
chromatography, building-block 17 was isolated in 77% yield
with a dr of >99:1.%* To investigate the relative configurations of
16 and 17, their acetonides were prepared in a short sequence
combining hydrogenolytic debenzylation and subsequent
acetonide formation with camphorsulfonic acid in 2,2-
dimethoxypropane.”* The syn-(18) and anti-acetonide (19)
were obtained in 54% and 51% yield, respectively. *C chemical
shifts and NOE contacts of the two isomers 18 and 19 clearly
revealed the identity of the respective isomer (Scheme 2).*

‘With the synthon 17 in hand, the synthesis was continued by a
Steglich esterification of secondary alcohol 17 with 3,5-
bis(benzyloxy)phenylacetic acid (5) (Scheme 3),” which was
synthesized according to a known five-step procedure.**™> The
obtained ester was converted into aldehyde 20 by desilylation
with TBAF and subsequent IBX oxidation of the primary
alcohol, resulting in a combined yield of 71% over three steps
(Scheme SZ).IM0 Following the work of Chen et al," in
addition to the Wittig ylide 21, available in three steps as
demonstrated earlier,” the phosphoranylidene 23 served as
another building block for a new Friedel-Crafts precursor 26. Its
synthesis was achieved in a two-step sequence, commencing
with the reaction of tert-butyl 2-bromopropanoate (22) and
triphenylphosphine to form the phosphonium salt, which, after
deprotonation with aqueous NaOH solution, produced ylide 23
with an overall yield of 70% (Scheme S2). Compared to the
literature procedure, yield and purity could be significantly
increased by a longer reaction time and a modified workup.*'
Wittig olefination was carried out with both ylides, 21 and 23,
obtaining the allyl ester 24 as well as the tert-butyl ester 26 in
90% yield, respectively. While compound 26 served as a direct
precursor of an IFCA, the allyl ester 24 first had to be converted
into the carboxylic acid 25, an established precursor for the
IFCA, in a Pd’catalyzed dea.llyl;ati()n.42

The construction of the 12-membered lactone ring proved to
be one of the most challenging steps in the total synthesis of the
oxacyclododecindione members. Therefore, the IFCA con-
ditions were initially adopted from previous published studies

https://doi.org/10.1021/acs jnatprod.2c01145
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Scheme 2. Stereoselective Synthesis of the Triol Fragment 17, Key Building Block in the Total Synthesis of (13R,145,15R)-13-
Hydroxy-14-deoxyoxacyclododecindione (4); Preparation of syn- and anti-Acetonides (18 and 19) Unambiguously Confirmed

Their Relative Configurations
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(Table 1), starting with the free carboxylic acid 25 (entry 1).>°
Extending the reaction time from 2 to 3 d led to a slight increase
of the yield (entry 2). Since some unidentifiable byproducts
were observed in addition to the moderate yield of 25% (2 d)
and 40% (3 d) of the desired product 28, the amount of TFA/
TFAA was halved in the next step and the reaction medium was
warmed up to room temperature and stirred for 4 d (entry 3).
This resulted in a 52% yield, whereas longer reaction times
under the same conditions led to an increase in byproducts at the
expense of product formation. Neither the extension to 7 d,
combined with the stepwise addition of TFA over that period,
nor the reaction without TFA addition led to an improvement of
the yield (entries 4 + S). The application of the optimized
procedure for cyclization of the carboxylic acid 25 was applied to
tert-butyl ester 26, whereby an increased yield of up to 48% and
63% was achieved in both cases (entries 6 + 7). The optimized
conditions (entry 7) also furnished 14-membered macrolactone
27 in 6% yield, resulting from the debenzylation of one of the
two benzyl ethers in the S5- or 7-position and subsequent
esterification in acidic medium.

926

To conclude the stereoselective synthesis of 13-hydroxy-14-
deoxyoxacyclododecindione (4), a reaction sequence of BCl;-
mediated debenzylation and electrophilic aromatic chlorination
with N-chlorosuccinimide was performed.‘) Because the
isolation of the dechloro derivative 30 could only be carried
out in moderate yield due to the high polarity of the compound
and resulting problems in the purification step, the reaction
sequence was reversed. Chlorination and final deprotection
furnished the proposed macrolactone 4 in 15 linear steps with an
overall yield of 9%. The target compound was extensively
characterized by both spectroscopic methods and X-ray
crystallography (see next section).

During this characterization, a light-induced E/Z-isomer-
ization, hitherto unknown in the oxacyclododecindione family,
occurred. Within 42 days, isomerization to a maximum of 42% of
the Z-isomer was observed in an NMR sample in DMSO-d; at
room temperature (Figure S81). Although the isolation of the
pure Z-isomer 34 failed, its presence could be confirmed by 2D
NMR spectroscopy. In particular, the NOE contacts of the
backbone (H-11 to H-15) showed deviations from the

https://doi.org/10.1021/acs jnatprod.2c01145
J. Nat. Prod. 2023, 86, 924-938
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Scheme 3. Assembly of All Three Synthons into Ring Closure Precursor 25 and 26, Followed by IFCA under Optimized
Conditions, Resulted in a 12-Membered Macrolactone 28 and Its 14-Membered Congener 27
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Table 1. Optimization Conditions of the Intramolecular
Friedel-Crafts Acylation”

TFA TEAA ratio t yield

entry  [uM] [uM] (v/v) T[°C] [d R= [%]

1 882 253 2/1  -8°C 2 H 25"

2 824 236 2/1  —-8°C 3 H 40"

3 418 118 2/1  -8°Cto 4 H 52"
rt

4 680/ 231 -8°Cto 7 H 32"
day rt

s 231 -8°Cto 7 H 3

rt

6 424 119 2/1  -8°Cto 3 'Bu 48"

rt

—-8°Cto 4 Bu 63"
rt

7 406 114 2/1

“All reactions were performed at 0.68 mM substrate concentration.
bAfter flash chromatography. “Monitored by UV-DAD detection
(254.4 nm) with an Agilent Technologies 1260 Infinity II system.

synthesized E-isomer 4, with the change in NOE from H-11—
H,-12, H-14 to H-11—H;-16, H-13 confirming our hypothesis.
These findings were observed for all other macrolactones 28—30
synthesized in this study. Both chloro- and dechloro- as well as
benzyl-protected and unprotected derivatives showed similar
behavior in isomerization tendency (ca. 20% Z-isomer after 14
days), yielding 31—34 (Scheme 4). Measurements in deuterated
MeOH and MeCN showed the isomerization process to be
largely solvent independent. The undesired isomerization,
presumably due to the high strain of the 12-membered
macrolactone, was suppressed by storage in amber glassware.
For all four 12-membered macrolactones 4 and 28—30, no
isomerization was detected even after 6 weeks of storage in an
amber glass vial at room temperature.

Bl STRUCTURE ELUCIDATION OF SYNTHETIC AND
NATURAL MACROLACTONES

Following the successful synthesis of (13R,14S,15R)-13-

hydroxy-14-deoxyoxacyclododecindione (4), an extensive ana-

Iytical characterization was carried out, due to mismatching

Scheme 4. Final Chlorination and Deprotection Led to 4-
Dechloro-13-hydroxy-14-deoxyoxacyclododecindione (30)
and the Supposed Natural Product 13-Hydroxy-14-
deoxyoxacyclododecindione (4); In Addition, Light-
Mediated E/Z-Isomerism Was Detected within All
Macrocyclic Compounds 4 and 28—34

BnO.

28 (R = H)— NCS (100 mm), TFA 31 (R=H)
)] DMF, t, 20 h 32(R=Cl)

29 (R=Cl 72%

BCls (1M), CH,Cl,
—78°C > -30°C,25h
then 30 °C, 2 h

0s_O_.\Me

HO. WOH

HO O
30 (R = H, 38%) 33(R=H)
4 (R =Cl, 83%) 34(R=Cl)

NMR data between synthetic 4 and natural macrolactone
isolated by Shang and Lin et al? Comparing the 'H and *C
NMR data of both macrolactones (Table 2), the strong
deviation of the proton shifts in the backbone region from H-
13—H-1S was particularly striking. In addition, the authors
reported a coupling constant of 4.8 Hz between H-14 and H-
15, which contrasts with synthetic derivatives 2—4 having an
erythro-arrangement of the methyl groups and exhibiting
coupling constants in the range of 8.5—9.6 Hz>’

More importantly for the overall typical 3D structure of the
oxacyclododecindione family, the triangular NOE contacts
between H-11, H-12b, and H-14 indicate the characteristic L-

927 https://doi.org/10.1021/acs jnatprod.2c01145
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Table 2. 'H and '*C NMR Data Comparison of the Natural Product’ Isolated in 2018 and the Macrolactone 4 Synthesized in Our

Study”
natural product synthetic product 4
position 5" 5% (J in Hz) 5" 557 (J in Hz)
1 167.7 167.8
2a 37.6 3.41,d(162) 375 3.50,d (17.3)
2b 3.02,d (16.2) 2.97,d (17.3)
3 130.5 130.8
4 121.1 121.0
S 153.1 153.7
6 102.3 6.50, s 102.4 649, s
7 153.1 153.3
8 110.9 1115
9 197.6 197.9
10 135.8 137.5
11 1483 6.37,dd (54, 1.6) 147.0 6.43,dd (104, 5.1)
12a 35.4 2.50-2.52, m 38.6 2.48-243, m
12b 2.25-2.27,m 2.17, ddd (14.0, 10.0, 5.1)
13 68.9 3.93-3.95, m 71.8 3.17-3.07, m
14 438 175177, m 436 1.57, dqd, (9.6, 7.3, 3.8)
15 71.6 4.84, dt (4.8, 6.0) 75.1 4.56,dq (9.6, 6.3)
16 10.1 177, s 10.3 179,
17 139 0.77,d (7.2) 1L§ 0.78,d (7.3)
18 18.1 1.05,d (7.2) 184 1.01,d (6.3)
OH-5 9.66, s 971, s
OH-7 10.22, sy, 10.24, s
OH-13 471,d (42) 4.89,d (4.9)

“Compounds were measured in DMSO-dg. “Recorded at 151 MHz. “Recorded at 600 MHz. “Deshielded signals of methylenes were labeled as “a”

and shielded signals as “b”.

shaped molecular structure. These contacts were lacking in the
published spectra of the natural product, whereas the atypical
NOE signals between H,-12—H;-17 and H-13—Hj;-18 were
conspicuous in the published spectra of the isolated natural
product and could give an indication of the actual structure and
configuration (Figure 1).3

0O Me
OH
e
N
HO O

natural product

Figure 1. Key NOESY correlations observed in the synthetic
macrolactone 4 (green) and reported in the natural product’ (red).

The published ECD spectra provide another point of
comparison to the isolated natural product. The authors
described the experimental spectrum in combination with the
predicted spectra for (13R,14S,15R) and its a\n'cipode.3 Although
the experimental spectrum of the synthetic macrolactone 4 was
in good agreement with the literature, our calculated ECD
spectra prevented any conclusion regarding the configuration of
the natural product. As the calculated ECD spectra of all four
possible diastereomers showed great similarity, it became
apparent that ECD is not an appropriate method to elucidate
the absolute configuration of the macrocyclic natural product
(Figure S89). Therefore, a vibrational circular dichroism (VCD)
spectroscopic investigation was carried out to further elucidate

928

the absolute configuration of the synthesized compound 4. This
method proved to be an additional pillar for the elucidation of
the absolute configuration of 13-hydroxy-14-deoxyoxacyclo-
dodecindione (4), because there were a larger number of useful
signals that could be used for absolute structure elucidation.* In
terms of the similarity factor, a metric developed by Bringmann
et al. for such application to quantify the degree of matching
spectra,"* the calculated spectrum for the (13R,14S,15R)-
diastereomer 4 exhibited a sufficiently high similarity factor
(73%) with the experimental spectrum, while all other
stereoisomers showed low to moderate similarity factors (50—
15%, Figure S91). Compared to the calculated ECD spectra, the
characteristic signals of the theoretical VCD spectra for each
stereoisomer can be considered an additional advantage of this
method. Therefore, the measurement of a VCD spectrum of the
isolated natural product would be of further importance for the
elucidation of its absolute configuration. To our delight,
following the spectroscopic analyses, we were able to obtain
an X-ray crystal structure (Flack parameter of —0.02(2)) of the
synthetic target compound 4, which unambiguously confirmed
the (13R,14S,15R) configuration. In analogy to previously
published crystal structures of this class,”” an L-shaped
conformation with a (Z)-configured ester unit in combination
with a perpendicular arrangement of the enone and the aromatic
ring could be observed (Figure 2). These three structural
features were also consistent with the NMR data of the
synthesized derivative 4 and might play a significant role for the
biological activity of the oxacyclododecindione family (see the
Biological Evaluation).

Taken together, these observations suggest that the
compound isolated by Shang and Lin et al. indeed belongs to
the oxacyclododecindione family but apparently has a different

https://doi.org/10.1021/acs jnatprod.2c01145
J. Nat. Prod. 2023, 86, 924-938
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Figure 2. X-ray crystal structure of (+)-4 as ORTEP ellipsoids. C: gray,
H: white, O: red, Cl: green.

relative configuration compared to lactone 4 synthesized here.’
As a })resumed alternative to the configuration reported in
2018,” the (13R,14S,15S) arrangement could be consistent with
the observed NOE contacts and the smaller coupling constant.
Another, biosynthetically more likely possibility, maintaining
the classical erythro-arrangement of the methyl groups, would be
the inversion of the hydroxy group to (13S,14S,15R), which
could result in a twisted backbone due to an intramolecular
hydrogen bond between COH-13 and CO-1 and might explain
the atypical coupling constants and NOE contacts. Further
studies to clarify the relative configuration of the natural product
are currently under investigation in our group.

H BIOLOGICAL EVALUATION

Macrolactones of the oxacyclododecindione series 1-3
represent potent inhibitors of TGF-f and IL-4 signaling
pathways in mammalian cells."”>*’ To classify the bioactivity
of the hydroxylated compound 4 in the same way as done for the
natural products and synthetic derivatives studied earlier, its
inhibitory effect on IL-4-inducible STAT6-dependent and TGF-
f-inducible Smad2/3-dependent transcriptional luciferase re-
porters in transiently transfected HepG2 cells (Table 3) was
investigated. Oxacyclododecindione (1), the first member of
this natural class, is still the most active representative, with ICg,
values of 68 nM (STAT6) and 136 nM (Smad2/3),
respectively.' It was not until the accomplished synthesis of
(14S,15R)-14-deoxyoxacyclododecindione (3) in 2015 that the
most potent representative in the IL-4 reporter gene expression
was found with an ICg, value of 20 nM, while a higher but still
appreciable IC;, value of 90 nM was achieved in the TGF-f
reporter assay.” The structure—activity relationship study
conducted in 2020 revealed that the racemic 14-deoxy-14-
methyloxacyclododecindione was the most active substance in
the TGF-f-inducible Smad2/3-dependent pathway at an ICg, of
30 nM, whereas in the IL-4-inducible STAT6-dependent
pathway an ICg, value of 79 nM was achieved.” The
(13R,148,15R)-13-hydroxy-14-deoxyoxacyclododecindione
(4) synthesized in this study showed excellent inhibitory activity
on IL-4-induced STATG6 signaling. With an ICs, value of 56 nM,
the compound ranked second among all derivatives tested so far.
Moderate activity was observed in the TGF-f-induced Smad(2/

929 https://doi.org/10.1021/acs.jnatprod.2c01145
J. Nat. Prod. 2023, 86, 924—938
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Table 3. Effects of Natural and Synthetic 12-Membered
Macrolactones in Two Relevant Reporter Gene Assays®

PGL3-TK-7xN;  (CAGA),-MLD-
(STAT6) IC5,  Luc (Smad2/3) IC,
(nM) (nM)
oxacyclododecindione (isolated) 68+5 137 + 14
(1)
(14S,15R)-14- 2041 90 + 10
deoxyoxacyclododecindione
(synthetic) (3)
14-deoxy-14- 79 £27 30+ 11
methyloxacyclododecindione
(synthetic)
(13R,14S,15R)-13-hydroxy-14- 56+ 13 236 + 28

deoxyoxacyclododecindione

(synthetic) (4)
“As internal normalization control and to exclude cytotoxic effects,
the EFla promoter in front of a renilla luciferase was co-
electroporated into the HepG2 cells. All values are described as
mean from three independent replicates + SEM.

3)-dependent signaling pathway with an ICg, value of 236 nM.
In addition, this value underlined the assumption that the
double methyl effect at C-14 further increases the activity in the
TGF-p reporter assay. A comparison of the two hydroxylated
macrolactones 1 and 4 showed the same tendency of activity,
with the latter showing remarkable inhibition, particularly in the
STATS6 signaling pathway.

B CONCLUSION

In summary, the first stereoselective synthesis of the potent anti-
inflammatory (13R,14S,15R)-13-hydroxy-14-deoxyoxacyclo-
dodecindione (4, 9% yield over 15 steps) was accomplished.
An extensive analytical study (NMR, ECD, VCD spectroscopy,
X-ray crystallography) of the synthesized derivative 4 disproved
the configuration of the natural product reported in 2018. This
comprehensive analytical study, including detailed 3D analysis
based on previous crystal structures and NOE data, underlines
their importance for a correct assignment of the configuration
within this compound class. Therefore, our study is intended to
facilitate further structure elucidation of oxacyclododecindione-
type macrolactones. Circular dichroism measurements can be
helpful in the structure elucidation, yet the theoretical spectra of
all possible stereoisomers need to be considered. In general, it
was also found that the L-shaped conformation, the (Z)-
configured ester, and the enone unit almost perpendicular to the
aromatic moiety are distinct features of the current oxacyclo-
dodecindione members, which also exhibit an erythro-arrange-
ment of the C-14 and C-15 methyl groups. Moreover, a light-
mediated E/Z-isomerism was observed in all synthetic macro-
lactones 4 and 28—34, which was previously unknown for the
oxacyclododecindione series, and could be prevented by storage
in amber glassware. Nevertheless, the question arises whether
this isomerization can be associated with other natural products
of the 12-membered macrolides (e.g,, cis-dehydrocurvularin), or
is it just an isolated case. In addition, the synthesized derivative 4
was shown to be a potent inhibitor of TGF-f-dependent
Smad2/3 and IL-4-dependent STAT6 signaling pathways with
ICs values in the nanomolar range.

B EXPERIMENTAL SECTION

General Experimental Procedures. Optical rotation measure-
ments were accomplished with a PerkinElmer 241MC polarimeter at
546 and 578 nm. The data obtained were extrapolated to a wavelength
of A = 589 nm using the Drude equation.”® Electronic circular dichroism
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spectra of 4 (¢ = 0.02 mmol/L in MeOH) were recorded on aJASCO J-
815 spectrometer equipped with a JASCO PTC-423S/15 temperature
controller. The measurement was repeated five times and averaged
using a scanning speed of 50 nm/min at 20 °C. The solvent background
was recorded applying the same parameters and was subtracted from
the sample measurement. The so-obtained experimental spectrum was
compared to the Boltzmann-averaged simulated spectra using the
software SpecDis 1.71.** The infrared and vibrational circular
dichroism spectra of 4 were measured with a Tensor 27 FTIR
spectrometer equipped with a photoelastic modulator optimized for
1400 cm ™" using a 100 um BaF, sample cell. A solution of 4 in CD;CN
(0.23 mol/L) was prepared, and the IR data were recorded in the
spectral range of 4000—800 cm™ with 16 scans. The spectrum was
baseline-corrected by subtraction of a solvent spectrum recorded with
the same parameters. Using the same solution of 4, the VCD spectra
were measured with an accumulation time of 360 min with a resolution
of 4 cm™" in the spectral range of 1800—800 cm™’, and the baseline was
subtracted, in the same manner as above. The experimental noise was
obtained by subtraction of two measured solvent spectra from each
other. Infrared spectroscopy was performed on a Bruker Tensor 27 FT-
IR spectrometer including a diamond ATR unit. Measured NMR
spectra were, unless otherwise mentioned, recorded at 296 K on a 300
MHz Bruker Avance-III HD 300, a 400 MHz Bruker Avance-IIl HD
400, or a 600 MHz Bruker Avance-III 600 spectrometer. All chemical
shifts (5) are referenced to the residual solvent signal (CDCl;: 7.26 and
77.16 ppm; DMSO-dg: 2.50 and 39.52 ppm; CD;0D: 3.31 and 49.00
ppm; CD;CN: 1.94 and 1.32 ppm for '"H NMR and “C NMR,
respectively) and are expressed relative to tetramethylsilane (TMS).*”
Low-resolution electrospray ionization (ESI) mass spectra were
measured on an InfinityLab LC/MSD (G6125B) spectrometer.
HRMS was conducted on an Agilent G6545A Q-ToF with ESI,
APCI, or APPI source coupled with an Agilent 1260 Infinity II HPLC
system. If not described otherwise, spectra were recorded using a
positive ionization mode. For reaction control by analytical thin-layer
chromatography (TLC), 0.25 mm silica plates (60F,s,) from Merck
were used, and the detection was reached by fluorescence quenching
under UV light (4 = 254 nm) or by staining with potassium
permanganate reagent (solution of KMnO, (3 g), K,CO; (20 g), 5%
NaOH (S mL), and H,0 (300 mL)) followed by heating at 400 °C.
Preparative column chromatography was performed on silica gel (35—
70 pm, Acros Organics) using an overpressure of 0.5—0.6 bar nitrogen.
The composition of the mobile phase was given as v/v. For analytical
HPLC separation, an Agilent Technologies 1260 Infinity II system
including an ACE3-C,4-PFP-column (particle size: 3 ym, length: 150
mm, diameter: 4.6 mm, column temperature: 40 °C, flow rate: 1 mL/
min~') with UV-DAD detection was used. Preparative HPLC was
performed on an Agilent Technologies 1290 Infinity II system with two
high-pressure gradient K-1800 pumps and an S-260-UV-DAD detector.
The separation took place on ACE 5 C-PFP (particle size: S ym,
length: 150 mm, diameter: 30 mm, flow rate: 42.5 mL/min™") or
Macherey-Nagel Nucleodur C,s-HTEC (particle size: S ym, length:
150 mm, diameter: 32 mm, flow rate: 42.5 mL/min™") columns. For
both analytical and preparative HPLC, the eluent mixtures of solvents
A: H,0 (LCMS grade and Milli-Q) + 0.1% TFA (LCMS grade) and B:
MeCN (HPLC and LCMS grade) were given in the v/v ratio. X-ray
crystallographic measurements were performed on a Stoe IPDS-2T
with Mo Ka radiation (graphite monochromator). Unless otherwise
stated, all chemicals and solvents were obtained from commercial
sources and used without prior purification. Chloroform, CH,Cl,, and
triethylamine were distilled over CaCl, before use. Anhydrous
cyclohexane, diethyl ether, and tetrahydrofuran (THF) were obtained
by distillation over sodium/benzophenone. Dimethyl sulfoxide, N,N-
dimethylformamide, MeOH, and EtOH were purchased from
commercial suppliers as extra dry solvents stored over 3 A molecular
sieves and used without additional purification. IBX was prepared
according to the literature-known synthesis of Henderson et al.** Allyl
2-(triphenylphoshoranylidine)propanoate (21) was prepared in three
steps starting from 2-bromopropionic acid according to Opatz et al.* All
reactions were performed under an argon atmosphere using flame-dried
glassware at ambient pressure. Reaction temperatures of —78 °C were

930

achieved using a dry ice/acetone cooling bath. When a temperature
gradient in the range of —78 °C to room temperature was required, a
cryostat (Julabo FT902) was used.
3-((tert-Butyldiphenylsilyl)oxy)propan-1-ol (35). According to a
previously published procedure, ' tert-butylchlorodiphenylsilane (3.00
mL, 11.5 mmol, 1.00 equiv) and N,N-diisopropylethylamine (7.26 mL,
42.7 mmol, 3.70 equiv) were added in a sequential fashion to a solution
of 1,3-propanediol (8, 2.63 g, 34.6 mmol, 3.00 equiv) in CH,Cl, (25
mL), and the reaction was stirred overnight. After the TLC showed full
conversion of the starting material, the reaction mixture was washed
with H,0 (30 mL) and extracted with EtOAc (3 X 100 mL), and the
combined organic layers were washed with brine and dried over
MgSO,. The solvent was removed under reduced pressure, and the
crude mixture was purified by column chromatography (cyclohexane/
EtOAc, 3:1), furnishing TBDPS-ether 35 as a white solid (3.06 g, 9.73
mmol, 84%). R;0.33 (cyclohexane/EtOAg, 3:1); IR (ATR) ¥ [em™]
3342, 3071, 2931, 2857, 1472, 1427, 1390, 1361, 1189, 1109, 965, 823,
736,701, 613, 504, 433; "H NMR, COSY (400 MHz, CDCL,) 8, 7.74—
7.63 (m, 4H, CH,.,.), 7.49—7.35 (m, 6H, CH,.,.), 3.85 (ptd, J = 5.6,
2.1 Hz, 4H, 1-CH,, 3-CH,), 2.30 (s, 1H, OH), 1.82 (quintet, ] = 5.7 Hz,
2H, 2-CH,), 1.06 (s, 9H, C(CH;);); *C NMR, HSQC, HMBC (101
MHz, CDCl;) 8¢ 135.7 (4C, 4 X 0-CH), 133.4 (2C, 2 X ipso-C), 129.9
(2C, 2 X p-CH), 127.9 (4C, 4 X m-CH), 63.4 (3-CH,), 62.1 (1-CH,),
34.4 (2-CH,), 27.0 (3C, SiC(CH,),), 192 (SiC(CH,),); HRESIMS
m/z 315.1778 [M + H]" (caled for CyoH,40,Si, 315.1775). The
analytical data are in accordance with the literature.*
3-((tert-Butyldiphenylsilyl)oxy)propanal (9). Using a modified
procedure of Pannecoucke et al,'” monoprotected alcohol 35 (4.00
g, 12.7 mmol, 1.00 equiv) was dissolved in dry MeCN (260 mL), IBX
(8.90 g, 31.8 mmol, 2.50 equiv) was added, and the reaction mixture
was stirred over preactivated 3 A molecular sieves (5.08 g). After 4 h,
the solvent was removed under reduced pressure at room temperature
(rt) and the residue was taken up in EtOAc (100 mL). The mixture was
filtered through a pad of Celite, and the solvent was removed under
reduced pressure, furnishing the aldehyde 9 (3.96 g, 12.7 mmol, 100%)
as a yellowish-green oil, which was used immediately for the next
reaction. R;0.61 (cyclohexane/EtOAc, 3:1); IR (ATR) & [em™] 3071,
3050,2958,2931, 2888, 2858, 2731, 1728, 1472, 1427, 1390, 1109, 823,
741,702, 613, 505, 490; 'H NMR, COSY (300 MHz, CDCL,) 8, 9.82
(t,J=2.2 Hz, 1H, 1-CHO), 7.70—7.61 (m, 4H, CH,,.), 7.50—7.33 (m,
6H, CH,.), 4.03 (t, ] = 6.0 Hz, 2H, 3-CH,), 2.61 (td, ] = 6.0, 2.2 Hz,
2H, 2-CH,), 1.04 (s, 9H, C(CH,;);); *C NMR, HSQC, HMBC (75.5
MHz, CDCl,) 8¢ 202.1 (1-CHO), 135.7 (4C, 4 X 0-CH), 133.4 (2C, 2
X ipso-C), 130.0 (2C, 2 X p-CH), 127.9 (4C, 4 X m-CH), 58.4 (3-CH,),
46.5 (2-CH,), 269 (3C, SiC(CH,),), 19.3 (SiC(CHj),); HRESIMS
m/z 335.1433 [M + Na]* (caled for C,gH,,0,Si, 335.1438). The
analytical data are in accordance with the literature."”
(S)-4-Benzyl-3-((2S,3R)-5-((tert-butyldiphenylsilyl)oxy)-3-hy-
droxy-2-methylpentanoyl) oxazolidin-2-one (36). The Evans aldol
reaction was performed according to a procedure by Hermann et al.'*
To a solution of (S)-4-benzyl-3-propionyloxazolidin-2-one 10 (2.02 g,
8.64 mmol, 0.90 equiv) in CH,Cl, (45 mL) was added n-Bu,BOTI (1
M in CH,Cl,, 10.1 mL, 10.1 mmol, 1.05 equiv) dropwise at 0 °C over a
period of 10 min. Triethylamine (1.52 mL, 11.0 mmol, 1.14 equiv) was
then added to the solution. The reaction mixture was stirred for an
additional 45 min and cooled to —78 °C before the previously prepared
aldehyde 9 (3.00 g, 9.60 mmol, 1.00 equiv) in CH,Cl, (12 mL + 2 mL
rinse) was slowly added. The resulting reaction mixture was stirred at
—78 °C for 2 h and at 0 °C for another 1.5 h before quenching it with
phosphate buffer (pH 7, 40 mL). Afterward, the aqueous layer was
extracted three times with CH,Cl, (50 mL), and the combined organic
extracts were dried (MgSO,), filtered, and concentrated in vacuo. The
residue was dissolved in MeOH (45 mL), and a 35% H,0, solution (23
mL) was added at 0 °C. After 1 h at 0 °C, the excess peroxide was
quenched by slow addition of 10% aqueous NaHSO,, (30 mL), and the
solution was extracted with EtOAc (3 X 100 mL). The combined
organic extracts were washed with saturated aqueous NaHCO; (20
mL) and brine (20 mL), filtered, dried (MgSO,), and concentrated
under reduced pressure. The crude product was first rinsed through a
short filter column (cyclohexane/EtOAc, 2:1) to remove boron species.

https://doi.org/10.1021/acs jnatprod.2c01145
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Finally, purification by flash chromatography (toluene/EtOAc, 95:5)
yielded the desired secondary alcohol 36 (4.16 g, 7.63 mmol, 88%) as a
colorless oil. [a]F +31.8 (¢ 1.02, CHCL); R;0.18 (toluene/EtOAc,
95:5); IR (ATR) ¥ [em™] 3510, 3070, 2931, 2858, 1781, 1697, 1456,
1428, 1387, 1209, 1110, 739, 703, 505; "H NMR, COSY (400 MHz,
CDCL,) 8y, 7.71=7.64 (m, 4H, CH,,,...), 7.46—7.18 (m, 11H, CH,,,.),
4.75-4.65 (m, 1H, 4'-CH), 4.29—4.15 (m, 3H, 3-CH, 5'-CH,), 3.93—
3.78 (m, 3H, 2-CH, 5-CH,), 3.46 (s, 1H, OH), 3.28 (dd, ] = 13.4,3.3
Hz, 1H, CHy 5 pn-gans), 2.79 (dd, ] = 134, 9.6 Hz, 1H, CH,  pokyans)s
1.88—1.76 (m, 1H, 4-CH, ,), 1.72—1.62 (m, 1H, 4-CH, ), 1.29 (d, ] =
7.0 Hz, 3H, 2-CH), 1.05 (s, 9H, C(CH;),); *C NMR, HSQC, HMBC
(101 MHz, CDCly) 5 176.6 (1-CON), 153.2 (2'-NCO,), 135.7 (2C, 2
X 0-CHpgpps), 135.7 (2C, 2 X 0-CHyppps), 153.3 (ipso-Cryans), 1334
(ipso-Crppps), 133.3 (ipso-Crppps), 129.9 (2C, 2 X p-CHrppps), 129.6
(2C, 2 X 0-CHgyano), 129.1 (2C, 2 X m-CHpyy), 127.9 (4C, 4 X m-
CHrgpps), 127.5 (P‘CHEvans): 70.9 (3-CH), 663 (5'-CH,), 62.7 (5-
CH,), 554 (4'-CH), 42.9 (2-CH), 37.9 (CH, gy pyans), 36.1 (4-CH,),
27.0 (3C, SiC(CHy)s), 19.2 (SiC(CH,)s3), 11.4 (2-CH;); HRESIMS
m/z 568.2492 [M + Na]" (caled for C3,HyoNO;Si, 568.2489). The
analytical data are in accordance with the literature.'®"”
(S)-4-Benzyl-3-((2S,3R)-3-(benzyloxy)-5-((tert-butyldiphenylsilyl)-
oxy)-2-methylpentanoyl) oxazolidin-2-one (11). Following a modi-
fied procedure of Guindon et al,”® to an ice-cooled solution of
secondary alcohol 36 (2.32 g, 4.24 mmol, 1.00 equiv) in CH,CL,/
cyclohexane (42 mL, 1:2) was added benzyl 2,2,2-trichloracetimidate
(1.21 mL, 6.37 mmol, 1.50 equiv) and catalytic amounts of triflic acid
(38.0 4L, 0.42 mmol, 0.10 equiv). The reaction mixture was stirred 2 h
while slowly warming up to a maximum cooling bath temperature of 12
°C. The solution was then cooled back to 0 °C, triflic acid (38.0 uL, 0.42
mmol, 0.10 equiv) added again, and the mixture was warmed up to a
maximum of 12 °C in 2 h (this cycle was repeated twice more, four
times in total). After complete consumption of the starting material, as
detected by TLC, the reaction mixture was quenched by the addition of
50 mL of saturated NaHCO;(aq). The residue was taken up in ether
and the aqueous layer was extracted three times (100 mL). The
combined organic layers were washed with a saturated aqueous solution
of NaHCO; (20 mL) and brine (20 mL), dried over MgSO,, and
filtered, and the solvent was removed in vacuo. Purification of the crude
product by flash chromatography (cyclohexane/EtOAc, 12:1) yielded
the protected benzyl ether 11 (2.12 g, 3.33 mmol, 79% (82% purity,
determined by UV-DAD detection at 254 nm)) as a colorless oil. For
analytical purposes, a small amount was further purified by preparative
HPLC (C,4-PFP, isocratic 80% MeCN in H,0, 20 min). [a]F +59.2 (¢
0.99, CHCLy); R; 0.50 (cyclohexane/EtOAc, 3:1); tx (HPLC) 15.92
min (C,s-PEP, isocratic 80% MeCN in H,0); IR (ATR): ¥ [em™]
2957, 2931, 2857, 1778, 1698, 1555, 1428, 1384, 1350, 1236, 1208,
1108, 823,738, 700, 614, 505; 'H NMR, COSY (400 MHz, CDCL,) 5,4
7.71=7.61 (m, 4H, CH,,,,), 7.46—7.16 (m, 16H, CH,y,..), 4.56 (d, ] =
11.2 Hz, 1H, CH, 5 p,), 4.52—4.45 (m, 1H, 4'-CH), 445 (d, ] = 11.2
Hz, 1H, CH, 5 ), 422 (qd, ] = 6.9, 49 Hz, 1H, 2-CH), 4.07 (dd, ] =
9.0,2.1 Hz, 1H, 5'-CH, ,), 3.97—3.89 (m, 2H, 3-CH, 5'-CH, 3), 3.86—
3.73 (m, 2H, 5-CH,), 328 (dd, J = 13.3, 3.3 Hz, 1H, CH, 4 go.pvanc)s
274 (dd, J = 13.3, 9.7 Hz, 1H, CHy g gypvanc)y 1.97—1.85 (m, 1H, 4-
CH,.,), 1.81-1.70 (m, 1H, 4-CH, 3), 1.26 (d, ] = 6.9 Hz, 3H, 2-CH,),
1.06 (s, 9H, C(CH,)5); *C NMR, HSQC, HMBC (101 MHz, CDCl,)
51752 (1-CON), 153.3 (2/-NCO,), 138.5 (ipso-Cyy), 135.8 (2C, 2 X
0-CHgpps), 1357 (2C, 2 X 0-CHyppps), 135.6 (ipso-Cyang), 134.0
(ipso-Crpprs), 133.9 (ipso-Crypps), 129.7 (2C, 2 X p-CHrppps), 129.6
(2C, 2 X 0-CHpyy), 129.1 (2C, 2 X m-CHg,,,), 1284 (2C, 2 X m-
CHy,), 128.3 (2C, 2 X 0-CHy,), 127.8 (2C, 2 X m-CHugpps), 127.8
(2C, 2 X m-CHyppps), 127.7 (p-CHg,), 1274 (p-CHgyan,), 77.6 (3-
CH), 72.7 (CH, ,), 66.1 (5'-CH,), 60.5 (5-CH,), 55.9 (4'-CH), 40.9
(2-CH), 37.9 (CH, gy gvans), 35.1 (4-CH,), 27.0 (3C, SiC(CH,),), 19.3
(SiC(CH;)3), 12.9 (2-CH,); HRESIMS m/z 658.2955 [M + Nal*
(caled for C3oH,sNO;Si, 658.2959).
(25,3R)-3-(Benzyloxy)-5-((tert-butyldiphenylsilyl)oxy)-2-methyl-
pentanoic Acid (12). Based on a literature procedure by Hermann et
al,'® to oxazolidin-2-one 11 (4.45 g, 6.99 mmol, 1.00 equiv) in THE/
H,0 (140 mL, 3:1) were slowly added a 35% H,0, solution (3.01 mL,
35.0 mmol, 5.00 equiv) and 1 M LiOH (14 mL, 14.0 mmol, 2.00 equiv)

sequentially at 0 °C. At the same temperature, the resultant solution was
stirred for 1 h, then for 2.5 h at rt, and the excess H,0, was quenched by
the addition of 778 mM Na,SO; solution (45 mL, 35 mmol, 5.00
equiv). The remaining THF was removed by rotary evaporation at a
maximum bath temperature of 25 °C, and the residue was adjusted to
pH 2 at 0 °C with aqueous 1 M HCI. The resulting cloudy solution was
extracted with diethyl ether (S X 120 mL), the combined organic layers
were dried over MgSQO,, filtered, and concentrated, and the crude
product was purified by flash chromatography (cyclohexane/EtOAc,
12:1, 1% AcOH). The carboxylic acid 12 (3.21 g, 6.73 mmol, 96%) was
obtained as a colorless oil. [a]¥ +20.7 (¢ 1.01, CHCL,); R; 032
(cyclohexane/EtOAc, 3:1,1% AcOH); IR (ATR) & [em™'] 3070, 2931,
2858, 1704, 1461, 1427, 1235, 1107, 1091, 1028, 939, 823, 735, 699,
613, 504, 489; 'H NMR, COSY (400 MHz, CDCL;) 8y, 10.62 (s, 1H,
1-COOH), 7.70—7.59 (m, 4H, CH,.,..), 7.46—7.19 (m, 11H, CH,,..),
4.61 (d,J=11.2Hz, 1H, CH, 4 g,),4.51 (d,J=11.2 Hz, 1H, CH, 5 ,),
4.05 (dt, ] = 8.7, 4.5 Hz, 1H, 3-CH), 3.86—3.71 (m, 2H, 5-CH,), 2.82
(qd,J=7.1,4.5Hz, 1H, 2-CH), 1.87—1.70 (m, 2H, 4-CH,), 1.20 (d, ] =
7.1 Hz, 3H, 2-CH;), 1.06 (s, 9H, C(CH,);); *C NMR, HSQC, HMBC
(101 MHz, CDCL,) 8¢ 178.1 (1-COOH), 137.8 (ipso-Cy,), 135.7 (4C,
4 X 0-CHrgpps), 133.8 (ipso-Crapes), 133.7 (ipso-Crppps), 1299 (p-
CHoppps); 129.8 (p-CHrgpps), 128.6 (2C, 2 X m-CHg,), 128.0 (2C, 2 X
0-CHp,), 127.9 (5C, 4 X m-CHyppps, p-CHg,), 77.4 (3-CH), 72.7
(CH, ), 60.3 (5-CH,), 42.6 (2-CH), 34.4 (4-CH,), 27.0 (3C,
SiC(CH;);), 19.3 (SiC(CH;);), 11.9 (2-CH;); HRESIMS m/z
499.2270 [M + Na]* (caled for C,0H;50,Si, 499.2275).

Methyl (2S,3R)-3-(Benzyloxy)-5-((tert-butyldiphenylsilyl)oxy)-2-
methylpentanoate (13). According to a procedure from Xu and Ye
et al,”* Mel (16.3 uL, 262 pmol, 2.50 equiv) and NaHCO; (44.1 mg,
524 pmol, 5.00 equiv) were added to a solution of pentanoic acid 12
(50.0 mg, 10S pmol, 1.00 equiv) in DMF (0.50 mL) at 0 °C. The
solution was warmed to rt overnight and diluted with EtOAc (4 mL),
and the organic layer was washed with H,O, saturated NH,Cl(aq), and
brine (10 mL each). The organic extract was dried (MgSO,) and
filtered, and the crude product was purified by flash chromatography
(cyclohexane/EtOAc, 6:1). The methyl ester 13 (37.5 mg, 76.4 umol,

73%) was obtained as a colorless oil. [@]3 +20.4 (¢ 0.98, CHCL,); Ry

0.59 (cyclohexane/EtOAc, 3:1); IR (ATR) & [cm™] 3070, 2931, 2858,
1737, 1472, 1457, 1428, 1257, 1197, 1111, 823, 737, 702, 614, 505; 'H
NMR, COSY (400 MHz, CDCLy) 8y 7.69=7.62 (m, 4H, CH,,),
7.46—7.22 (m, 11H, CH,,,,), 4.53 (d, ] = 11.3 Hz, 1H, CH, , p,), 446
(d,J = 113 Hz, 1H, CH, 5 5,), 4.04 (ddd, J = 7.0, 5.8, 49 Hz, 1H, 3-
CH), 3.85—3.69 (m, 2H, 5-CH,), 3.66 (s, 3H, 1-COOCH;), 2.73 (qd, ]
=7.1,4.9 Hz, 1H, 2-CH), 1.84—1.75 (m, 2H, 4-CH,), 1.20 (d, J = 7.1
Hz, 3H, 2-CH,), 1.06 (s, 9H, C(CH,),); *C NMR, HSQC, HMBC
(101 MHz, CDCL,) 8¢ 175.4 (1-COOCH,), 138.6 (ipso-Cy,), 135.7
(4C, 4 X 0-CHrppps), 133.9 (ipso-Crapps), 133.8 (ipso-Crppps), 129.8
(2C, 2 X p-CHugpps), 1284 (2C, 2 X m-CHy,), 127.9 (2C, 2 X o-
CHy,), 127.8 (4C, 4 X m-CHrgpps), 127.7 (p-CHp,), 77.3 (3-CH), 72.5
(CH, 3,), 60.5 (5-CH,), 51.8 (1-COOCH,), 43.4 (2-CH), 35.3 (4-
CH,), 270 (3C, SiC(CH,);), 193 (SiC(CH,);), 119 (2-CH.);
HRESIMS m/z 513.2440 [M + Na]* (calcd for CoH,40,Si, 513.2431).

Methyl 5-((tert-Butyldiphenylsilyl)oxy)-3-hydroxy-2-methylpen-
tanoate (37). The pentanoate 37 was prepared using a modified
procedure reported by Jarvo and Hong et al.*' To a solution of LDA (1
M in THF/hexane, 2.16 mL, 2.16 mmol, 1.70 equiv) at =78 °C was
added methyl propionate (222 yL, 2.29 mmol, 1.80 equiv), and the
mixture was stirred for 1.75 h. The aldehyde 9 (397 mg, 1.27 mmol,
1.00 equiv) was added dropwise in THF (2 mL), and the reaction
mixture was stirred for an additional 2.25 h. After quenching with
saturated NH,Cl solution (20 mL) and extraction with EtOAc (3 X 30
mL), the combined organic layers were dried (MgSO,) and
concentrated under reduced pressure. The crude product was purified
by flash chromatography (cyclohexane/EtOAc, 3:1) to afford the f-
hydroxy ester 37 (0.29 g, 0.72 mmol, $7%) as a colorless oil. R 0.38
(cyclohexane/EtOAc, 3:1); IR (ATR) ¥ [em™'] 3508, 3071, 2953,
2932, 2858, 1736, 1461, 1428, 1257, 1197, 1172, 1110, 823, 738, 703,
614, 505; 'H NMR, COSY (400 MHz, CDCl,) 8y 7.71-7.62 (m, 4H,
CH, o), 7-48—7.35 (m, 6H, CH,.o,), 4.19—4.11 (m, 1H, 3-CH,,),
4.06-3.98 (m, 1H, 3-CH,y,), 3.94—3.78 (m, 2H, 5-CH,), 3.71 (s, 3H,
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1-COOCHs ), 3.70 (s, 3H, 1-COOCHj ,4), 338 (spy 1H, OH,y,),
3.35 (s, 1H, OH,;), 2.66—2.52 (m, 1H, 2-CH), 1.81—1.58 (m, 2H, 4-
CH,), 123 (d, ] = 7.1 Hz, 3H, 2-CH, ), 1.18 (d, ] = 7.1 Hz, 3H, 2-
CH, ), 1.05 (s, 9H, C(CH,),); *C NMR, HSQC, HMBC (101
MHz, CDCly) 8¢ 176.1 (1-COOCH; ), 176.0 (1-COOCH; ),
135.7 (4C, 4 X 0-CHyypps Wn)’ 135.7 (4C, 4 X 0-CHyppps ang), 1333
(ipso-Crapps syn): 133.2 (ipso-Crppps anu)s 133.2 (ipso-Crppps syn)l 133.1
(ipso-Crpps anu), 1299 (2C, 2 X p-CHrppps), 127.9 (4C, 4 X m-
CHippps), 72.8 (3-CH ), 71.7 (3-CH ), 62.9 (5-CH, o), 62.7 (-
CH, syn), 51.9 (1-COOCH; ,,y), 51.8 (1-COOCH;, syn), 45.7 (2-CH
an)s 452 (2-CH ), 36.0 (4-CH, 4), 359 (4-CH, ), 269 (3C,
SiC(CH,)3), 19.2 (SiC(CHy)3), 13.8 (2-CHj ), 119 (2-CHy 4uy);
HRESIMS m/z423.1970 [M + Na]* (calcd for C,3H3,0,Si, 423.1962).
The analytical data are in accordance with the literature.*’

Methyl 3-(Benzyloxy)-5-((tert-butyldiphenylsilyl)oxy)-2-methyl-
pentanoate (38). According to Guindon et al.,z" the benzyl protection
of pentanoate 37 followed the same procedure as the synthesis of
oxazolidin-2-one 11. To an ice-cooled solution of secondary alcohol 37
(289 mg, 721 pmol, 1.00 equiv) in CH,Cl,/cyclohexane (6.9 mL, 1:2)
was added benzyl 2,2,2-trichloracetimidate (205 uL, 1.08 mmol, 1.50
equiv) and catalytic amounts of triflic acid (6.46 uL, 72.1 gmol, 0.10
equiv). The reaction mixture was stirred 2 h while slowly warming up to
a maximum cooling bath temperature of 20 °C. The solution was then
cooled back to 0 °C, triflic acid (6.46 L, 72.1 yumol, 0.10 equiv) added
again, and the solution warmed up to a maximum of 20 °C in 2 h (this
cycle was repeated another two times, four times in sum). After
complete consumption of the starting material, as detected by TLC, the
reaction mixture was quenched by addition of 20 mL of saturated
NaHCO;(aq). The residue was taken up in ether, and the aqueous layer
was extracted three times (30 mL). The combined organic layers were
washed with a saturated aqueous solution of NaHCO; and brine, dried
over MgSO,, and filtered, and the solvent was removed in vacuo.
Purification of the crude product by flash chromatography (cyclo-
hexane/EtOAc, 10:1) yielded the protected benzyl ether 38 (0.25 g,
0.50 mmol, 69%) as a colorless oil. R;0.59 (cyclohexane/EtOAc, 3:1);
IR (ATR) 7 [cm™"'] 3070, 2951, 2932, 2858, 1736, 1471, 1456, 1428,
1257, 1197, 1174, 1107, 1091, 1065, 823, 736, 700, 613, 504, 490; 'H
NMR, COSY (400 MHz, CDCL) 8, 7.69-7.61 (m, 4H, CH,,,.),
7.46-7.20 (m, 11H, CH,op), 4.53 (d, ] = 11.3 Hz, 1H, CH, 4 5y n),
4.50 (d, ] = 11.3 Hz, 1H, CH, 5 p, qus), 446 (d, ] = 11.3 Hz, 1H,
CH, 5 pn syn), 445 (d,J=11.3 Hz, 1H, CH,  p, 3s), 4.07—3.95 (m, 1H,
3-CH), 3.87—3.69 (m, 2H, S-CH,), 3.66 (s, 3H, 1-COOCHj, syn), 3.65
(5,3H,1-COOCH5 1), 2.85 (pq, ] = 7.0 Hz, 1H, 2-CH ,,,4), 2.72 (qd, ]
=7.1,49Hz, 1H,2-CH ,yn), 1.84—1.65 (m, 2H, 4-CH,), 1.20 (d,] = 7.1
Hz, 3H, 2-CH; S)m), 1.12 (d, J = 7.0 Hz, 3H, 2-CHj ), 1.05 (s, 9H,
C(CH;);); *C NMR, HSQC, HMBC (101 MHz, CDCl,) 5¢ 175.4 (1-
COOCH,), 138.6 (ipso-Cy, Syn), 138.6 (ipso-Cpy 1), 135.7 (4C, 4 X o-
CHigpps), 133.9 (ipso-Crppps), 133.9 (ipso-Crapes), 129.8 (2C, 2 X p-
CHyppps), 1284 (2C, 2 X m-CHy,), 127.9 (2C, 2 X 0-CHy,), 127.8
(4C, 4 X m-CHygpps), 127.7 (p-CHy,), 77.6 (3-CH ), 773 (3-CH
an)r 72:5 (CH gy gyn); 724 (CH, gy i), 605 (5-CH, ), 60.1 (-
CH, 4us), 51.8 (1-COOCH; 4,), 51.8 (1-COOCH; ), 43.4 (2-CH
gn) 433 (2-CH ), 35.3 (4-CH, ), 341 (4-CH, ), 27.0 (3C,
SiC(CH,)3), 19.3 (SiC(CHy);), 12.1 (2-CHj 4ug), 119 (2-CHy ).
HRESIMS /2 513.2440 [M + Na]* (calcd for CoHs40,Si, 513.2431).

(2R,3R)-3-(Benzyloxy)-5-((tert-butyldiphenylsilyl)oxy)-2-methyl-
pentan-1-ol (39). According to Williams et al,” MeOH (0.1 mL) was
added to a solution of oxazolidin-2-one 11 (504 mg, 0.79 mmol, 1.00
equiv) in THF (6.0 mL), and the solution was cooled to 0 °C. LiBH,
(36.3 mg, 1.59 mmol, 2.00 equiv) was added in small portions, and the
reaction mixture was stirred at 0 °C for 1.5 h. After the addition of
further LiBH, (18.2 mg, 0.79 mmol, 1.00 equiv), the reaction mixture
was allowed to warm to rt within 1.5 h before being quenched by the
addition of saturated Rochelle salt (30 mL). The aqueous layer was
extracted with EtOAc (3 X SO mL), dried (MgSO,), filtered, and
concentrated in vacuo. Flash chromatography (cyclohexane/EtOAc,
6:1) afforded the primary alcohol 39 (243 mg, 0.53 mmol, 66%) as a
colorless oil. [a]& +7.7 (¢ 0.99, CHCL,); R;0.27 (cyclohexane/EtOAc,
3:1); IR (ATR) & [cm™'] 3422, 3070, 2958, 2931, 2857, 1472, 1428,
1110, 1089, 823, 736, 701, 614, 505; 'H NMR, COSY (400 MHz,

932

DMSO-d,) 8y 7.64-7.56 (m, 4H, CH,.,), 7.50—7.36 (m, 6H,
CH,on), 7.32=7.18 (m, SH, CH,,,), 447 (d, ] = 11.7 Hz, 1H,
CH, 4 py), 443 (t, J = 5.1 Hz, 1H, OH), 441 (d, J = 11.7 Hg, 1H,
CH, g gn), 3.75—3.64 (m, 3H, 3-CH, 5-CH,), 3.44 (ddd, ] = 10.3, 6.2,
5.1 Hz, 1H, 1-CH, ), 327 (ddd, J = 10.3, 6.8, 5.1 Hz, 1H, 1-CH, 3),
1.80—1.66 (m, 3H, 4-CH,, 2-CH), 0.99 (s, 9H, C(CH,)s), 0.82 (d, ] =
6.9 Hz, 3H, 2-CH,); *C NMR, HSQC, HMBC (101 MHz, DMSO-d;)
8¢ 139.1 (ipso-Cgy), 135.0 (4C, 4 X 0-CHyppps), 133.2 (ipso-Crgpps),
133.2 (ipso-Crapps), 129.8 (2C, 2 X p-CHyppps), 128.1 (2C, 2 X m-
CHy,), 127.9 (4C, 4 X m-CHugpps), 127.3 (2C, 2 X 0-CHy,), 127.2 (p-
CHg,), 76.3 (3-CH), 71.3 (CH, g,), 63.1 (1-CH,), 60.7 (5-CH,), 38.9
(2-CH), 34.1 (4-CH,), 26.7 (3C, SiC(CHj)5), 18.7 (SiC(CHj);), 11.9
(2-CH;); HRESIMS m/z 485.2477 [M + Na]* (calcd for C,H3305Si,
485.2482).
(25,3R)-3-(Benzyloxy)-5-((tert-butyldiphenylsilyl)oxy)-2-methyl-
pentanal (14). Using a modified procedure of Pannecoucke et al,"”
primary alcohol 39 (151 mg, 326 ymol, 1.00 equiv) was dissolved in dry
MeCN (6.50 mL), IBX (229 mg, 816 imol, 2.50 equiv) was added, and
the reaction mixture was stirred over preactivated 3 A molecular sieves
(0.1S5 g). After 4 h, the solvent was removed under reduced pressure at
rt and the residue was taken up in EtOAc (30 mL). The mixture was
filtered through a pad of Celite, and the solvent was removed under
reduced pressure, furnishing the aldehyde 14 (143 mg, 309 mol, 95%)
as a yellow oil, which was used immediately for the next reaction. [a]§
+32.0 (¢ 0.99, CHCLy); R;0.58 (cyclohexane/EtOAc, 3:1); IR (ATR) &
[em™] 3070, 2955, 2931, 2857, 1724, 1472, 1428, 1107, 1088, 1065,
938, 823, 736, 700, 614, 504; 'H NMR, COSY (400 MHz, CDCL) 8y
9.73 (m, 1H, 1-CHO), 7.68—7.62 (m, 4H, CH,y.), 7.45—7.34 (m, 6H,
CH,om), 7-33=7.22 (m, SH, CH,.,), 450 (d, ] = 12.0 Hz, 1H,
CH, 5 1), 448 (d, ] = 12.0 Hz, 1H, CH, 5 ,), 4.13 (ddd, ] = 7.9, 5.4,
3.6 Hz, 1H, 3-CH), 3.85—3.79 (m, 1H, 5-CH,_,), 3.76—3.71 (m, 1H, 5-
CH, ), 2.61-2.54 (m, 1H, 2-CH), 1.89—1.82 (m, 1H, 4-CH,,),
1.80—1.73 (m, 1H, 4-CH, ), 1.10 (d, J = 7.1 Hz, 3H, 2-CHj), 1.06 (s,
9H, C(CH,)); *C NMR, HSQC, HMBC (101 MHz, CDCL,) 6¢
204.8 (1-CHO), 138.3 (ipso-Cy,), 135.7 (2C, 2 X 0-CHyppps), 135.7
(2C, 2 X 0-CHyyppg), 133.7 (ipso-Crppps), 133.7 (ipso-Crppps), 129.9
(p-CHrpps), 129.9 (p-CHorgpps), 128.5 (2C, 2 X m-CHy,), 127.9 (4C,
4 % m-CHugpps), 127.8 (2C, 2 X 0-CHy,), 127.8 (p-CHy,), 75.6 (3-
CH), 72.1 (CH, 5,), 60.5 (5-CH,), 49.9 (2-CH), 34.6 (4-CH,), 27.0
(3C, SiC(CH,);), 19.3 (SiC(CH,);), 8.3 (2-CH,); HRESIMS m/z
4832323 [M + Na]* (caled for CgHy0,Si, 483.2326).
(25,3R,4R)-4-(Benzyloxy)-6-((tert-butyldiphenylsilyl)oxy)-3-meth-
ylhexan-2-ol (16). According to Dalby et al,”toa precooled solution
of aldehyde 14 (205 mg, 445 pumol, 1.00 equiv) in THF (S mL) was
added dropwise MeMgBr (3 M in DEE, 297 uL, 890 ymol, 2.00 equiv)
at —78 °C within S min, and the reaction mixture was stirred for 1.5 h at
—78 °C. After the reaction mixture was quenched by the addition of 10
mL of saturated NH,Cl(aq), the organic layer was removed in vacuo,
the aqueous layer was extracted with EtOAc (3 X 30 mL), dried
(MgSO,), and filtered, and the solvent was removed in vacuo. This
provided a 70:30 mixture of diastereomeric alcohols, which were
separated by means of flash chromatography (cyclohexane/EtOAc,
13:1), to yield the mismatched alcohol 16 (80.5 mg, 169 umol, 38%)
and its matched diastereomer 17 (35.3 mg, 74.0 simol, 17%) as colorless
oils. [a]§ —22.0 (¢ 1.02, CHCL,); R;0.35 (cyclohexane/EtOAc, 3:1);
IR (ATR) 7 [em™"] 3444, 3070, 2690, 2931, 2857, 1471, 1455, 1428,
1390, 1360, 1110, 1088, 1066, 1058, 1008, 940, 902, 823,737,701, 614,
543, 505, 490; 'H NMR, COSY (400 MHz, DMSO-d,) 8y 7.64—7.58
(m, 4H, CH,,), 7.50-7.36 (m, 6H, CH,,), 7.33—7.19 (m, SH,
CH,o), 441 (d, ] = 11.8 Hz, 1H, CH, , ,,), 438 (d, ] = 11.8 Hz, 1H,
CH, g p), 424 (d, ] = 5.0 Hz, 1H, OH), 3.77—3.55 (m, 4H, 4-CH, 6-
CH,, 2-CH), 1.88—1.74 (m, 2H, 5-CH,), 1.51 (dqd, J = 9.8, 6.9, 5.0 Hz,
1H, 3-CH), 1.03 (d, J = 6.3 Hz, 3H, 1-CHj,), 0.99 (s, 9H, C(CH,);),
0.86 (d, ] = 6.9 Hz, 3H, 3-CH,); *C NMR, HSQC, HMBC (101 MHz,
DMSO-dg) 8¢ 139.0 (ipso-Cyy), 135.0 (4C, 4 X 0-CHygpps), 1332
(ipso-Crppps), 133.2 (ipso-Crppps), 129.8 (2C, 2 X p-CHrypps), 128.1
(2C, 2 X m-CHy,), 127.9 (4C, 4 X m-CHygpps), 127.4 (2C, 2 X o-
CHy,), 127.2 (p-CHy,), 77.5 (4-CH), 70.6 (CH, p,), 66.4 (2-CH), 60.6
(6-CH,), 42.5 (3-CH), 33.8 (5-CH,), 26.6 (3C, SiC(CHj,)5), 22.0 (1-
CH,), 18.7 (SiC(CH,)5), 9.9 (3-CH,); HRESIMS m/z 499.2638 [M +
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Na]* (caled for Cy0H,;005Si, 499.2639). The analytical data of the
mismatched alcohol 16 are reported herein, while the analytical data of
the matched secondary alcohol 17 were given in the step of the L-
selectride reduction.
tert-Butyldiphenyl(2-((4R,5R,65)-2,2,5,6-tetramethyl-1,3-dioxan-
4-yl)ethoxy)silane (18). Following a modified procedure of Olsson et
al,** secondary alcohol 16 (22.9 mg, 48.0 umol, 1.00 equiv) was
dissolved in degassed EtOH (1 mL), and 10% Pd/C (7.67 mg, 7.21
umol, 0.15 equiv) was added. The suspension was stirred under a
hydrogen atmosphere (10 bar) at rt until complete consumption of the
starting material by TLC was detected. The reaction mixture was
filtered through a pad of Celite, and the solvent was removed under
reduced pressure. The resulting diol was taken up in 2,2-
dimethoxypropane (1 mL) and treated with camphor-10-sulfonic
acid (1.12 mg, 4.80 mmol, 0.10 equiv). After 1.5 h the reaction mixture
was diluted with EtOAc (S mL) and washed with saturated aqueous
NaHCO; (5 mL) and brine (S mL). The organic layer was dried
(MgSO,) and filtered, and the crude product was purified by
preparative HPLC (C,4-PFP, isocratic 75% MeCN in H,0, 20 min).
The cis-1,3-diol-acetonide 18 (10.0 mg, 25.9 mmol, $4%) was obtained
as a colorless oil. R¢0.67 (cyclohexane/EtOAc, 3:1); ty (HPLC) 18.16
min (C-PFP, isocratic 75% MeCN in H,0); IR (ATR) ¥ [em™]
3071, 2958, 2932, 2887, 2858, 1472, 1460, 1428, 1378, 1265, 1198,
1178, 1111, 1019, 961, 823, 702, 614, 505; '"H NMR, COSY, NOESY
(600 MHz, DMSO-dg) 3y 7.63—7.58 (m, 4H, CH,y.,..), 7.49—7.40 (m,
6H, CH,,.,.), 4.13 (ddd, ] = 8.3, 4.8, 2.2 Hz, 1H, 4-CH), 4.03 (qd, ] =
6.3,2.2 Hz, 1H, 6-CH), 3.72 (ddd, ] = 10.1, 8.2, 5.3 Hz, 1H, 8-CH, ),
3.64 (pdt, J = 10.1, 5.5 Hz, 1H, 8-CH, ), 1.66—1.52 (m, 2H, 7-CH,),
133 (s, 3H, 2-CH, ), 1.22 (s, 3H, 2-CH; ), 119 (pqt, ] = 6.9, 2.2 Hz,
1H, 5-CH), 0.99 (d, ] = 6.3 Hz, 3H, 6-CH,), 0.98 (s, 9H, C(CH,)s),
0.71 (d, ] = 6.9 Hz, 3H, 5-CH,); *C NMR, HSQC, HMBC (151 MHz,
DMSO-dg) 8¢ 135.1 (4C, 4 X 0-CHgpps), 1332 (2C, 2 X ipso-Crppps),
129.9 (2C, 2 X p-CHrppps), 128.0 (2C, 2 X m-CHrgpps), 127.9 (2C, 2
X m-CHygpps), 982 (2-C,), 69.0 (4-CH), 68.3 (6-CH), 59.9 (8-CH),
35.4 (7-CH,), 35.2 (5-CH), 30.0 (2-CHj, ), 26.7 (3C, SiC(CHy),),
19.7 (2-CH; ), 18.8 (SiC(CHj);), 18.7 (6-CH;), 4.6 (5-CH,);
HRESIMS /2 449.2477 [M + Na]* (caled for CogHy50,5i, 449.2482).
(2S,3R)-3-(Benzyloxy)-5-((tert-butyldiphenylsilyl)oxy)-N-me-
thoxy-N,2-dimethylpentanamide (40). Following a previously pub-
lished procedure,” carboxylic acid 12 (1.35 g, 2.83 mmol, 1.00 equiv)
was dissolved in CH,Cl, (57 mL) and cooled to 0 °C, and 1,1’
carbonyldiimidazole (0.62 g, 3.68 mmol, 1.30 equiv) was added. After
30 min at 0 °C, N,0-dimethylhydroxylamine hydrochloride (0.71 g,
7.08 mmol, 2.50 equiv) and 4-(dimethylamino)pyridine (34.6 mg, 0.28
mmol, 0.10 equiv) were added, and the reaction was stirred overnight at
rt. The reaction mixture was diluted with CH,Cl, (50 mL) and washed
with H,O (40 mL). The organic layer was dried (MgSO,), filtered, and
purified by flash chromatography (cyclohexane/EtOAc, 3:1). The
Weinreb amide 40 (1.27 g, 2.43 mmol, 86%) was obtained as a colorless
oil. [a]3’ +11.9 (¢ 0.94, CHCI,); R;0.23 (cyclohexane/EtOAc, 3:1); IR
(ATR) 7 [em™"] 3070, 2932, 2857, 1659, 1470, 1427, 1384, 1108, 1027,
996,938, 822, 737, 700, 614, 505; 'H NMR, COSY (400 MHz, CDCI,)
517.70—7.60 (m, 4H, CH,,.), 7.45—7.21 (m, 11H, CH,y.), 4.56 (d, ]
= 11.0 Hz, 1H, CH, 5 5,), 449 (d, J = 11.0 Hz, 1H, CH, 5 5,), 3.92—
3.71 (m, 3H, 3-CH, $-CH,), 3.59 (s, 3H, NOCHjy), 3.16 (s, 3H,
NCH;), 3.16-3.03 (m, 1H, 2-CH), 1.95-1.83 (m, 1H, 4-CH,_,),
1.81—1.70 (m, 1H, 4-CH, 3), 1.23 (d, ] = 7.0 Hz, 3H, 2-CH;,), 1.05 (s,
9H, C(CH,),); *C NMR, HSQC, HMBC (101 MHz, CDCL,) §¢
1762 (1-CON), 138.6 (ipso-Cy,), 135.8 (2C, 2 X 0-CHrgpps), 135.7
(2C, 2 X 0-CHppps), 134.1 (ipso-Crgpps), 134.0 (ipso-Crypps), 129.7
(2C, 2 X p-CHugpps), 128.5 (2C, 2 X m-CHy,), 128.1 (2C, 2 X o-
CHg,), 127.8 (2C, 2 X m-CHgpps), 127.7 (2C, 2 X m-CHoggpps), 127.7
(p-CHg,), 78.1 (3-CH), 73.3 (CH, ,), 61.5 (NOCH3;), 60.7 (5-CH,),
40.2 (2-CH), 36.3 (4-CH,), 32.3 (NCHj), 27.0 (3C, SiC(CH,)5), 19.3
(SiC(CH,),), 14.1 (2-CH,); HRESIMS m/z 5422687 [M + Na]*
(caled for C5,H, NO,Si, 542.2697).
(35,4R)-4-(Benzyloxy)-6-((tert-butyldiphenylsilyl)oxy)-3-methyl-
hexan-2-one (15). Based on a literature-known procedure by Marco et
al,* to a solution of Weinreb amide 40 (2.65 g, 5.09 mmol, 1.00 equiv)
in THF (63 mL) was added MeMgBr (3 M in DEE, 6.62 mL, 19.9
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mmol, 3.90 equiv) dropwise at —20 °C. After 40 min at —20 °C, the
stirring was continued 1 h at 0 °C. The reaction mixture was quenched
by the addition of SO mL of saturated NH,Cl(aq) and taken up in SO
mL of H,O and diethyl ether, and the aqueous layer was extracted three
times with 100 mL. Drying (MgSO,), filtration, and flash
chromatography (cyclohexane/EtOAc, 10:1) of the crude product
gave ketone 15 (2.33 g, 4.91 mmol, 96%) as a colorless oil. [a]F +36.8
(¢ 101, CHCL); R; 0.53 (cyclohexane/EtOAc, 3:1); IR (ATR) ¥
[em™'] 3070, 2931, 2858, 1711, 1471, 1428, 1360, 1179, 1109, 1090,
938, 823, 737, 701, 614, 505; 'H NMR, COSY (400 MHz, DMSO-d;)
Sy 7.64—7.55 (m, 4H, CH,,,,), 7.50—7.36 (m, 6H, CH,,,,.), 7.33—7.17
(m, SH, CH,y,), 451 (d, ] = 11.6 Hz, 1H, CH, , g,), 440 (d, ] = 11.6
Hz, 1H, CH, 5 5,), 3.92 (dt, ] = 7.5, 4.4 Hz, 1H, 4-CH), 3.77—3.65 (m,
2H, 6-CH,), 2.88 (qd, ] = 7.0, 4.4 Hz, 1H, 3-CH), 2.09 (s, 3H, 1-CH3),
1.73—1.58 (m, 2H, 5-CH,), 0.9 (s, 9H, C(CHj3);), 0.96 (d, J = 7.0 Hz,
3H, 3-CH;); *C NMR, HSQC, HMBC (101 MHz, DMSO-dy) ¢
210.1 (2-CO), 138.4 (ipso-Cy,), 135.0 (4C, 4 X 0-CHogpps), 133.1
(iPSU'CTBDPs); 133.1 (iPSU'CTBDPs): 1299 (2C, 2 X p'CHTBDPS)r 128.2
(2C, 2 X m-CHg,), 127.9 (4C, 4 X m-CHrypps), 127.5 (2C, 2 X o-
CHy,), 1274 (p-CHy,), 76.3 (4-CH), 70.8 (CH, 5,), 60.3 (6-CH,),
48.9 (3-CH), 34.1 (5-CH,), 29.5 (1-CH3), 26.6 (3C, SiC(CH,)5), 18.7
(SiC(CH,),), 11.0 (3-CH,); HRESIMS m/z 497.2492 [M + Na]*
(caled for C4Hy305Si, 497.2482).
(2R,3R,4R)-4-(Benzyloxy)-6-((tert-butyldiphenylsilyl)oxy)-3-meth-
ylhexan-2-ol (17). Based on a literature-known procedure by
McGarvey et al,** to a precooled solution of ketone 15 (1.17 g, 2.46
mmol, 1.00 equiv) in THF (90 mL) was added dropwise L-selectride (1
M in THF, 6.15 mL, 6.15 mmol, 2.50 equiv) at —78 °C within S min,
and the reaction mixture was stirred for 1.5 h. After the reaction mixture
was quenched by the addition of 30 mL of saturated NH,Cl(aq), the
aqueous layer was extracted with EtOAc (3 X 80 mL), dried (MgSO,),
and filtered, and the solvent was removed in vacuo. This provided a 95:5
mixture of diastereomeric alcohols, which were separated by means of
flash chromatography (cyclohexane/EtOAc, 13:1), to yield the
matched alcohol 17 (0.91 g, 1.90 mmol, 77%) and its diastereomer
16 (48.0 mg, 0.10 mmol, 4%) as colorless oils. [a]5 +15.5 (c 1.01,
CHCL,); R;0.41 (cyclohexane/EtOAc, 3:1); IR (ATR) & [em™] 3477,
3070, 2960, 2930, 2883, 2858, 1471, 1455, 1428, 1389, 1360, 1110,
1086, 1028, 938, 823, 736, 701, 614, 505, 490; 'H NMR, COSY (400
MHz, DMSO-d,) 6y, 7.65—7.57 (m, 4H, CH,,.,), 7.50—7.36 (m, 6H,
CH,on), 7.33=7.18 (m, SH, CHyow), 4.51 (d, J = 11.6 Hz, 1H,
CH, 5 py), 445 (d,] = 11.6 Hz, 1H, CH, 3 ,), 441 (d, ] = 4.8 Hz, 1H,
OH), 3.98 (ddd, J = 8.0, 5.4, 2.9 Hz, 1H, 4-CH), 3.75—3.64 (m, 2H, 6-
CH,), 3.63—3.53 (m, 1H, 2-CH), 1.84—1.72 (m, 1H, 5-CH, ,), 1.71—
1.59 (m, 1H, 5-CH, ), 1.48—1.38 (m, 1H, 3-CH), 1.05 (d, ] = 6.2 Hz,
3H, 1-CH,), 0.99 (s, 9H, C(CHjy)5), 0.75 (d, ] = 6.9 Hz, 3H, 3-CH,);
13C NMR, HSQC, HMBC (101 MHz, DMSO-dg) 8¢ 139.3 (ipso-Cp,),
135.1 (4C, 4 X 0-CHygpps), 133.2 (ipso-Crppps), 1332 (ipso-Crgpps),
129.8 (2C, 2 X p-CHyppps), 128.1 (2C, 2 X m-CH, ), 127.9 (4C, 4 X -
CHrgpps), 127.2 (2C, 2 X 0-CHg,), 127.1 (p-CHg,), 75.6 (4-CH), 71.7
(CH, p,), 67.2 (2-CH), 60.8 (6-CH,), 44.2 (3-CH), 35.1 (5-CH,), 26.7
(3C, SiC(CH,)3), 21.5 (1-CHj), 18.7 (SiC(CH,)3), 9.9 (3-CH,);
HRESIMS m/z499.2639 [M + Na]* (calcd for C30H,005Si, 499.2639).
The analytical data of the matched alcohol 17 are reported here, while
the analytical data of the undesired diastereomer 16 were previously
given in the step of the methyl Grignard reduction.
tert-Butyldiphenyl(2-((4R,5R,6R)-2,2,5,6-tetramethyl-1,3-dioxan-
4-yl)ethoxy)silane (19). Following a modified procedure of Olsson et
al,** secondary alcohol 17 (282 mg, 59.2 umol, 1.00 equiv) was
dissolved in degassed EtOH (1.2 mL), and 10% Pd/C (9.44 mg, 8.87
pmol, 0.15 equiv) was added. The suspension was stirred under a
hydrogen atmosphere (10 bar) at rt until complete consumption of the
starting material by TLC was detected. The reaction mixture was
filtered through a pad of Celite, and the solvent was removed under
reduced pressure. The resulting diol was taken up in 2,2-
dimethoxypropane (1 mL) and treated with camphorsulfonic acid
(1.37 mg, 5.92 pmol, 0.10 equiv). After 1.5 h the reaction mixture was
diluted with EtOAc (S mL) and washed with saturated aqueous
NaHCO; (5§ mL) and brine. The organic layer was dried (MgSO,), and
filtered, and the crude product was purified by preparative HPLC (C -
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PFP, isocratic 75% MeCN in H,O, 20 min). The anti-1,3-diol-
acetonide 19 (11.7 mg, 30.3 mmol, 51%) was obtained as a colorless oil.
R; 0.67 (cyclohexane/EtOAc, 3:1); ty (HPLC) 18.83 min (C,s-PFP,
isocratic 75% MeCN in H,0); IR (ATR) & [em™] 3071, 2959, 2932,
2888, 2858, 1472, 1461, 1428, 1379, 1230, 1220, 1180, 1148, 1111,
1073, 823, 737, 702, 614, 505; "H NMR, COSY, NOESY (600 MHz,
DMSO-dg) 8y 7.65-7.57 (m, 4H, CH,,), 7.49—7.40 (m, 6H,
CH,1om), 4.06 (ddd, ] = 9.4, 5.2, 4.1 Hz, 1H, 4-CH), 3.71 (ddd, ] = 10.1,
8.6, 5.2 Hz, 1H, 8-CH, ), 3.64 (ddd, J = 10.1, 6.0, 4.5 Hz, 1H, 8-
CH, ), 3.34—3.29 (m, 1H, 6-CH), 1.62—1.43 (m, 3H, 7-CH,, 5-CH),
1.21 (s, 3H, 2-CH3), 1.20 (s, 3H, 2-CH,), 1.12 (d, ] = 6.2 Hz, 3H, 6-
CH,), 0.98 (s, 9H, C(CH3),), 0.73 (d, ] = 6.8 Hz, 3H, 5-CH;); °C
NMR, HSQC, HMBC (151 MHz, DMSO-dg) 8¢ 135.1 (4C, 4 X o-
CHrppps), 133.2 (ipso-Crppps), 133.2 (ipso-Crppes), 129.9 (2C, 2 X p-
CHappps), 127.9 (4C, 4 X m-CHappps), 9.8 (2-C,), 70.3 (6-CH), 64.6
(4-CH), 602 (8-CH,), 41.1 (5-CH), 332 (7-CH,), 26.7 (3C,
SiC(CH,);), 24.8 (2-CH,), 24.0 (2-CH,), 202 (6-CH,), 18.8
(SiC(CH,),), 11.7 (5-CH,); HRESIMS m/z 449.2475 [M + Na]*
(caled for CHy305Si, 449.2482).
(2R,3R,4R)-4-(Benzyloxy)-6-((tert-butyldiphenylsilyl)oxy)-3-
methylhexan-2-yl 2-[3,5-bis(benzyloxy)phenyllacetate (41). Accord-
ing to procedures from Opatz et al,” a solution of N,N'-
dicyclohexylcarbodiimide (211 mg, 1.02 mmol, 1.20 equiv) in
CH,Cl, (4.3 mL) was added dropwise to an ice-cooled solution of
hexan-2-ol 17 (407 mg, 853 umol, 1.00 equiv), (3,5-bis(benzyloxy)-
phenyl)acetic acid (5, 303 mg, 870 umol, 1.02 equiv), and 4-
(dimethylamino)pyridine (20.8 mg, 171 gmol, 0.20 equiv) in CH,CI,
(28 mL). The reaction mixture was stirred at 0 °C for 3 h until another
portion of N,N'-dicyclohexylcarbodiimide (35.2 mg, 171 umol, 0.20
equiv) in CH,Cl, (0.7 mL) was added, and the solution was then
warmed to rt overnight. After the addition of 20 mL of saturated
NH,Cl(aq) the aqueous layer was washed with CH,Cl, (3 X 25 mL),
dried (MgSO,), and filtered. The crude product was purified by flash
chromatography (cyclohexane/EtOAc, 15:1), yielding ester 41 (586
mg, 726 pmol, 85%) as a colorless oil. [a]f) —9.3 (¢ 1.00, CHCL,); Ry
0.52 (cyclohexane/EtOAc, 10:1); IR (ATR) ¥ [em™'] 3068, 3032,
2931, 2858, 1728, 1594, 1497, 1454, 1428, 1378, 1291, 1250, 1160,
1111, 1084, 1062, 941, 824, 736, 700, 614, 505; "H NMR, COSY (400
MHz, CDCL,) & 7.71-7.64 (m, 4H, CH,.,.), 7.46—7.18 (m, 21H,
CH,.,), 6.57—6.48 (m, 3H, 2"-CH, 4"-CH, 6"-CH), 5.08—4.89 (m,
1H, 2-CH), 4.95 (s, 4H, 3"-CH, 3,, 5"-CH, p,), 4.38 (d, ] = 11.3 Hz,
1H, 4-CH, 5 5.), 429 (d, ] = 11.3 Hz, 1H, 4-CH, 5 5,), 3.82—3.65 (m,
3H,4-CH, 6-CH,), 3.48 (d, ] = 16.6 Hz, 1H, 2'-CH, ), 3.45 (d, ] = 16.6
Hz, 1H,2'-CH, 5), 1.93—1.77 (m, 2H, 3-CH, 5-CH, ,), 1.77—1.64 (m,
1H, 5-CH, ), 1.20 (d, J = 6.4 Hz, 3H, 1-CH,), 1.07 (s, 9H, C(CH3);),
0.89 (d, ] = 7.0 Hz, 3H, 3-CH,); *C NMR, HSQC, HMBC (101 MHz,
CDCL,) 8 170.8 (1'-COO), 160.1 (2C, 3"-, 5"-C), 139.0 (ipso-4-Cy,),
136.9 (2C, ipso-3”, ipso-5"-Cg,), 136.5 (ipso-1"-C), 135.7 (2C, 2 X o-
CHrgpps), 1357 (2C, 2 X 0-CHrppps), 133.9 (ipso-Crppps), 133.8
(ipso-Crypps), 129.8 (2C, 2 X p-CHoppps), 1287 (4C, 2 X m-3", 2 X m-
5”-CHp,), 128.4 (2C, 3"-, §"-p-CHy,), 128.1 (2C, 2 X m-4-CHy,),
127.8 (2C, 2 X m-CHogpps), 127.8 (2C, 2 X m-CHygpps), 127.8 (2C, 2
X 0-4-CHy,), 127.7 (4C, 2 X 0-3", 2 X 0-5"-CHy,), 127.5 (p-4-CHy,),
108.5 (2C, 2"-, 6”-CH), 100.9 (4”-C), 75.8 (4-CH), 72.9 (2-CH), 72.4
(4-CH, 3,), 70.1 (2C, 3"-, 5"~ CH, ,), 61.0 (6-CH,), 42.1 (2’-CH,),
41.6 (3-CH), 34.9 (5-CH,), 27.0 (3C, SiC(CH,)s), 19.3 (SiC(CH5)s),
18.0 (1-CH,), 9.9 (3-CH,); HRESIMS m/z 829.3883 [M + Na]* (calcd
for Cg,H3O4Si, 829.3895).
(2R,3R,4R)-4-(Benzyloxy)-6-hydroxy-3-methylhexan-2-yl 2-[3,5-
Bis(benzyloxy)phenyl]acetate (42). Following a previously published
procedure,”’ silyl ether 41 (550 mg, 681 pmol, 1.00 equiv) was
dissolved in THF (5 mL), and TBAF (1M in THF, 886 uL, 886 umol,
1.30 equiv) was added dropwise at 0 °C. The reaction mixture was
stirred overnight at ambient temperature before it was quenched with
30 mL of saturated NH,Cl(aq). The aqueous layer was washed with
EtOAc (50 mL), dried (MgSO,), and filtered. After flash chromatog-
raphy (cyclohexane/EtOAc, 3:1) the primary alcohol 42 (347 mg, 609
umol, 89%) could be obtained as a colorless oil. [a]y —28.3 (c 1.00,
CHCI,); R;0.09 (cyclohexane/EtOAc, 3:1); IR (ATR) & [cm™"] 3499,
2979, 2933, 2878, 1724, 1569, 1497, 1452, 1378, 1346, 1290, 1250,

934

1214, 1156, 1057, 950, 834, 737, 670; '"H NMR, COSY (400 MHz,
DMSO-dg) 8y 7.43—7.17 (m, 15H, CH,,,,,), 6.59—6.50 (m, 3H, 2"-
CH, 4’-CH, 6"-CH), 5.01 (s, 4H, 3"-CH, 3, §"-CH, p,), 4.82 (dg, ] =
8.4,6.3 Hz, 1H,2-CH), 446 (t, ] = 5.0 Hz, 1H, 6-OH), 433 (d,J=11.3
Hz, 1H, 4-CH, , 5,), 4.11 (d, ] = 11.3 Hz, 1H, 4-CH, 3 p,), 3.59—3.49
(m, 3H, 4-CH, 2'-CH,), 3.48—3.39 (m, 2H, 6-CH,), 1.80—1.68 (m,
2H, 3-CH, 5-CH, ), 1.60—1.50 (m, 1H, 5-CH, 3), 1.15 (d, ] = 6.3 Hz,
3H, 1-CH;), 0.82 (d, J = 7.0 Hz, 3H, 3-CH,); 3C NMR, HSQC,
HMBC (101 MHz, DMSO-dq) 8 170.3 (1'-COO), 159.5 (2C, 3"-, 5"~
C), 139.0 (ipso-4-Cg,), 136.9 (2C, ipso-3”, ipso-5"-Cy,), 136.6 (ipso-
1-C), 128.4 (4C, 2 X m-3", 2 X m-5"-CHp,), 128.1 (2C, 2 X m-4-
CHy,), 127.8 (2C, 3", §"-p-CHy,), 127.7 (4C, 2 X 0-3", 2 X 0-5"-
CHy,), 127.3 (2C, 2 X 0-4-CHy,), 1272 (p-4-CHy,), 108.4 (2C, 2"-,
6"-CH), 1002 (4"-C), 75.5 (4-CH), 71.9 (2-CH), 71.3 (4-CH, p,),
69.3 (2C, 3"-,5"- CH, p,), 57.9 (6-CH,), 41.1 (2’-CH,), 41.0 (3-CH),
34.8 (5-CH,), 17.8 (1-CH;), 9.5 (3-CH,); HRESIMS m/z 591.2719
[M + Na]* (caled for C34H,0Og 591.2717).

(2R,3R,4R)-4-(Benzyloxy)-3-methyl-6-oxohexan-2-yl 2-[3,5-Bis-
(benzyloxy)phenyllacetate (20). Using a modified procedure of
Pannecoucke et al,,'’ primary alcohol 42 (347 mg, 610 umol, 1.00
equiv) was dissolved in dry MeCN (16 mL), IBX (427 mg, 1.53 mmol,
2.50 equiv) was added, and the reaction mixture was stirred over
preactivated 3 A molecular sieves (0.2 g). After 2 h, another portion of
IBX (34.2 mg, 122 pmol, 0.20 equiv) was added, and the reaction
mixture was stirred for another 2 h until the solvent was removed under
reduced pressure at rt and the residue was taken up in EtOAc (50 mL).
The mixture was filtered through a pad of Celite, and the solvent was
removed under reduced pressure, furnishing the aldehyde 20 (326 mg,
$75 pmol, 94%) as a yellowish-green oil, which was used immediately
for the next reaction. [a]¥ —32.2 (¢ 1.01, CHCL); Ry 0.65
(cyclohexane/EtOAc, 3:1); IR (ATR) ¥ [em™'] 3033, 2981, 2940,
2877, 2728, 1723, 1594, 1497, 1453, 1378, 1291, 1250, 1160, 1060,
1029, 953, 834, 738, 698; 'H NMR, COSY (400 MHz, DMSO-dg) 5,
9.65 (pt, ] = 2.0 Hz, 1H, 6-CHO), 7.44—7.14 (m, 15H, CH,,,,), 6.61—
6.49 (m, 3H, 2"-CH, 4”-CH, 6"-CH), 5.01 (s, 4H, 3"-CH, 5, -
CH, 1,,), 4.81 (dq, ] = 8.6, 6.3 Hz, 1H, 2-CH), 4.30 (d, J = 11.2 Hz, 1H,
4-CH, o), 4.09 (d, ] = 11.2 Hz, 1H, 4-CH, g 5,), 4.02 (ddd, ] = 6.9,
5.6,2.7 Hz, 1H, 4-CH), 3.58 (d,] = 17.4 Hz, 1H, 2'-CH,_,), 3.54 (d,] =
17.4 Hz, 1H, 2'-CH, 5), 2.72 (ddd, ] = 16.6, 6.9, 2.5 Hz, 1H, 5-CH, ),
2.59 (ddd, J = 16.6, 5.6, 1.7 Hz, 1H, 5-CH, ), 1.83—1.71 (m, 1H, 3-
CH), 1.16 (d, ] = 6.3 Hz, 3H, 1-CH,), 0.83 (d, ] = 7.0 Hz, 3H, 3-CH,);
13C NMR, HSQC, HMBC (101 MHz, DMSO-d;) 8 202.1 (6-CHO),
1702 (1-CO0), 159.5 (2C, 3"-, 5"-C), 138.4 (ipso-4-Cy,), 1369 (2C,
ipso-3”, ipso-5”-Cy,), 136.6 (ipso-1"-C), 128.4 (4C, 2 X m-3",2 X m-
5"-CHg,), 1282 (2C, 2 X m-4-CH,), 127.9 (2C, 3"-, §"-p-CHy,),
127.7 (4C, 2 X 0-3", 2 X 0-5”-CHy,), 127.4 (2C, 2 X 0-4-CHy,), 127.4
(p-4-CHy,), 108.4 (2C, 2"-, 6"-CH), 100.2 (4”-C), 72.9 (4-CH), 71.7
(2-CH), 71.2 (4-CH, ), 69.3 (2C, 3"-, §"- CH, ), 46.2 (5-CH,),
41.6 (3-CH), 41.1 (2'-CH,), 17.9 (1-CHj,), 9.6 (3-CH,); HRESIMS m/
2 589.2560 [M + Na]* (caled for C3¢Hy304, 589.2560).

Allyl (5R,6R,7R,E)-5-(Benzyloxy)-7-(2-(3,5-bis(benzyloxy)phenyl)-
acetoxy)-2,6-dimethyloct-2-enoate (24). According to procedures
from Opatz et al,>” phosphonium ylide 21 (214 mg, 572 umol, 1.20
equiv) was added to a solution of aldehyde 20 (270 mg, 476 ymol, 1.00
equiv) in CH,Cl, (27 mL) at ambient temperature. After 3 h, another
portion of phosphonium ylide 21 (17.8 mg, 47.9 umol, 0.10 equiv) was
added, and the solution was stirred overnight. The solvent was removed
under reduced pressure, and the residue was purified by flash
chromatography (toluene/EtOAc, 99:1), yielding the unsaturated
allyl ester 24 (285 mg, 429 umol, 90%) as a colorless oil in an E/Z ratio
0f95:5. [a]3 —4.1 (¢ 0.95, CHCL,); R;0.43 (toluene/EtOAc, 95:5); IR
(ATR) & [cm™"] 3032, 2981, 2935, 2877, 1713, 1649, 1594, 1498, 1453,
1378, 1290, 1249, 1215, 1160, 1060, 1028, 948, 833, 738; '"H NMR,
COSY (600 MHz, CD;CN) &y 7.41-7.19 (m, 1SH, CH,,,,), 6.74
(ddt,J=7.2,5.6,1.5Hz, 1H, 3-CH), 6.55—6.49 (m, 3H, 2"-CH, 4"-CH,
6"-CH), 5.95 (ddt, J = 17.2, 10.6, 5.4 Hz, 1H, OCH,CH=CH,), 5.30
(dq,J =17.2, 1.6 Hz, 1H, OCH,CH=CH,*), 5.19 (dq, ] = 10.6, 1.6 Hz,
1H, OCH,CH=CH,?*), 4.9 (s, 4H, 3"-CH, ,, 5"-CH, ), 4.84 (dq, ]
=9.0,6.3 Hz, 1H, 7-CH), 4.59 (m, 2H, OCH,CH=CH,), 4.32 (d,] =
11.1 Hz, 1H, 5-CH, , 5,), 407 (d, ] = 11.1 Hz, 1H, 5-CH, 5 5,), 3.56
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(td,] =6.9,2.5 Hz, 1H, 5-CH), 3.53 (d, ] = 18.7 Hz, 1H, 2'-CH, ,), 3.50
(d,]=18.7 Hz, 1H, 2'-CH, ), 2.59—2.48 (m, 1H, 4-CH, ,), 2.35—2.27
(m, 1H, 4-CH, 3), 1.83—1.79 (m, 3H, 2-CH,), 1.68 (dqd, J = 9.0, 7.0,
2.5Hz, 1H, 6-CH), 1.18 (d, ] = 6.3 Hz, 3H, 8-CH};), 0.87 (d, ] = 7.0 Hz,
3H, 6-CH;); 3C NMR, HSQC, HMBC (151 MHz, CD;CN) 5 171.4
(1'-C00), 168.0 (1-CO0), 161.0 (2C, 3"-, 5"-C), 139.9 (ipso-5-Cy,),
139.5 (3-CH), 138.1 (2C, ipso-3”, ipso-5"-Cy,), 138.0 (ipso-1"-C),
133.9 (OCH,CH=CH,), 130.0 (2-C), 129.5 (4C, 2 X m-3", 2 X m-5"-
CHy,), 1292 (2C, 2 X m-5-CHy,), 128.9 (2C, 3"-, 5"-p-CHy,), 128.7
(2C, 2 X 0-5-CHy,), 128.7 (4C, 2 X 0-3, 2 X 0-5"-CHy,), 1284 (p-5-
CHg,), 117.9 (OCH,CH=CH,), 109.5 (2C, 2", 6"-CH), 101.3 (4'-
C), 783 (5-CH), 73.1 (7-CH), 72.9 (5-CH, 3,), 70.7 (2C, 3'-, 5"
CH, 3,), 65.7 (OCH,CH=CH,), 42.7 (6-CH), 42.6 (2'-CH,), 32.0
(4-CH,), 18.4 (8-CH,), 12.9 (2-CHy), 9.8 (6-CH,); HRESIMS m/z
663.3308 [M + H]* (calced for C,,H, 405, 663.3317).

(5R,6R,7R,E)-5-(Benzyloxy)-7-(2-(3,5-bis(benzyloxy)phenyl)-
acetoxy)-2,6-dimethyloct-2-enoic Acid (25). Using a modified
procedure of Kunz et al,*” allyl ester 24 (90.0 mg, 136 umol, 1.00
equiv), 1,3-dimethylbarbituric acid (25.4 mg, 163 umol, 1.20 equiv),
Pd(PPh,), (15.7 mg, 13.6 umol, 0.10 equiv), and PPh, (39.2 mg, 149
pumol, 1.10 equiv) were dissolved in THF (7.7 mL) and stirred
overnight at rt. After complete conversion of the starting material, the
solvent was removed under reduced pressure and the crude product was
purified by flash chromatography (cyclohexane/EtOAc, S:1, 1%
AcOH), yielding the free carboxylic acid 25 (81.4 mg, 131 umol,
96%) as a colorless oil. [a]® —6.4 (c 1.02, CHCL); Ry 0.24
(cyclohexane/EtOAc, 3:1, 1% AcOH); IR (ATR) ¥ [em™'] 3032,
2980, 2931, 2885, 1724, 1685, 1642, 1594, 1497, 1453, 1377, 1347,
1290, 1250, 1213, 1156, 1059, 1028, 950, 910, 834, 735, 697; 'H NMR,
COSY (400 MHz, CDCL,) 8 10.78 (s, 1H, 1-COOH), 7.40—7.18
(m, 15H, CH,,,,), 6.83 (ddd, ] = 8.3, 6.9, 1.6 Hz, 1H, 3-CH), 6.58—
6.50 (m, 3H, 2"-CH, 4”-CH, 6"-CH), 5.00—4.88 (m, SH, 3"-CH, 5,
S"-CH, g, 7-CH), 431 (d, J = 11.2 Hz, 1H, 5-CH, , g,), 4.13 (d, ] =
112 Hz, 1H, 5-CH, 5 5.), 3.56—3.44 (m, 3H, 5-CH, 2/-CH,), 2.57—
246 (m, 1H, 4-CH, ), 2.37—2.25 (m, 1H, 4-CH, ), 1.85—1.79 (m,
3H,2-CH,), 1.68 (dqd, J = 8.9, 7.0, 2.3 Hz, 1H, 6-CH), 1.21 (d,] = 6.3
Hz, 3H, 8-CHj;), 0.90 (d, J = 7.0 Hz, 3H, 6-CH;); '*C NMR, HSQC,
HMBC (101 MHz, CDCl;) §¢ 172.2 (1-COOH), 170.7 (1’-COO),
160.2 (2C, 3"-, 5"-C), 141.0 (3-CH), 138.5 (ipso-5-Cy,), 136.9 (2C,
ipso-3”, ipso-5”-Cy,), 136.5 (ipso-1"-C), 128.7 (4C, 2 X m-3", 2 X m-
5"-CHgy), 128.6 (2-C), 128.5 (2C, 2 X m-5-CH,), 128.1 (2C, 3"-, 5"~
p-CHy,), 127.8 (2C, 2 X 0-5-CHp,), 127.7 (p-5-CHy,), 127.6 (4C, 2 X
0-3",2 X 0-5"-CHp,), 108.6 (2C, 2"-, 6"-CH), 100.9 (4"-C), 77.3 (5-
CH), 72.7 (7-CH), 72.4 (5-CH, g,), 70.1 (2C, 3"-, 5"~ CH, 5,), 42.4
(2/-CH,), 42.1 (6-CH), 31.9 (4-CH,), 18.2 (8-CH,), 12.5 (2-CH,), 9.6
(6-CH;); HRESIMS m/z 621.2842 [M — H]"~ (caled for C30H,,05,
621.2858).

(1-(tert-Butoxy)-1-oxopropan-2-yl)triphenylphosphonium Bro-
mide (43). Based on a literature-known procedure by Jacobsen and
Lokey et al,*" tert-butyl 2-bromopropionate 22 (1.00 g, 4.64 mmol,
1.00 equiv) was added dropwise to a solution of PPh; (1.70 g 6.50
mmol, 1.40 equiv) in MeCN (23 mL). The resulting solution was
stirred at rt for 9 d, after which it was diluted with toluene (20 mL) until
a white, sticky solid precipitated. The solvent was decanted off, and the
separated solid was washed twice with toluene (10 mL) and hexane
using an ultrasonic bath. The sticky residue was taken up in MeCN/
H,O (1:1) and lyophilized, yielding the pure phosphonium salt 43
(1.61 g, 3.41 mmol, 74%) as a colorless, fluffy foam. IR (ATR) & [em™"]
3411, 3055, 2981, 2934, 2775, 1731, 1618, 1587, 1485, 1438, 1371,
1292, 1249, 1150, 1110, 997, 898, 839, 752, 724, 672, 521; 'H NMR,
COSY (400 MHz, DMSO-dg) 8y 8.03—7.66 (m, 15H, CH,p), 5.55
(dq,J = 16.0,7.2 Hz, 1H,2-CH), 1.51 (dd, ] = 18.3, 7.2 Hz, 3H, 3-CH,),
1.11 (s, 9H, OC(CH,);); *C NMR, HSQC, HMBC (101 MHyg,
DMSO-dg) 8 166.1 (1-COO'Bu), 135.1 (d, ¥ = 2.9 Hz, 3C, 3 X p-
CH), 134.1 (d, 3/ = 10.0 Hz, 6C, 6 X m-CH), 130.2 (d, %] = 12.7 Hz, 6C,
6% 0-CH), 117.6 (d, 'J = 86.1 Hz, 3C, 3 X ipso-CH), 84.4 (OC(CHs,)5),
35.5(d, ] = 48.7 Hz, 2-CH), 26.9 (3C, OC(CH,)s), 12.6 (d, ] = 2.5 Hz,
3-CH,); HRESIMS m/z 391.1850 [M]* (caled for C,sH,gO,P,
391.1822).

tert-Butyl 2-(Triphenylphosphoranylidene)propanoate (23).
Based on a literature known procedure by Jacobsen and Lokey et
al,*' to a solution of phosphonium bromide 43 (228 mg, 484 yumol,
1.00 equiv) in CH,Cl, (15 mL) was added a NaOH solution (0.1 M in
H,0, 15 mL, 1.50 mmol, 3.10 equiv) at 0 °C, and the reaction mixture
was vigorously stirred for 2 h. The aqueous solution was extracted with
CH,Cl, (3 X 30 mL), the combined organic layers were dried (MgSO,)
and filtered, and the solvent was removed under reduced pressure, to
afford the pure phosphonium ylide 23 (180 mg, 461 ymol, 95%) as a
yellow solid. IR (ATR) & [cm™"] 3057, 2971, 2925, 2856, 1731, 1619,
1483, 1437, 1385, 1361, 1312, 1250, 1180, 1100, 1088, 1028, 998, 956,
926, 863, 785, 749, 715, 694, 642, 619, 583, 540, 517, 504. 'H NMR,
COSY (400 MHz, CDCL,) 8, 7.73—7.35 (m, 15H, CH,,,.), 1.57 (d,] =
14.5 Hz, 3H, 3-CH,), 1.01 (s, 9H, OC(CH,),); *C NMR, HSQC,
HMBC (101 MHz, CDCL,) 8 1703 (1-COO'Bu), 133.9-133.6 (m,
3C, 3 X 0-CH), 132.2—131.8 (m, 6C, 6 X p-CH), 128.7—128.4 (m, 9C,
3 X ipso-CH, 6 X m-CH), 80.0 (OC(CH,);), 32.8 (d, ] = 110.3 Hz, 2-
(), 28.6 (3C, OC(CH,),), 12.8 (d, ] = 11.3 Hz, 3-CH,); HRESIMS m/
2391.1823 [M + H]* (caled for Cy H,,0,P, 391.1822).

tert-Butyl (5R,6R,7R,E)-5-(Benzyloxy)-7-(2-(3,5-bis(benzyloxy)-
phenyl)acetoxy)-2,6-dimethyloct-2-enoate (26). According to pro-
cedures from Opatz et al,,>” phosphonium ylide 23 (44.8 mg, 115 ymol,
1.30 equiv) was added to a solution of aldehyde 20 (50.0 mg, 88.2 umol,
1.00 equiv) in CH,Cl, (4 mL) at ambient temperature. After 3 h,
another portion of phosphonium ylide 23 (3.40 mg, 8.82 ymol, 0.10
equiv) was added, and the solution was stirred overnight. The solvent
was removed under reduced pressure, and the residue was purified by
flash chromatography (cyclohexane/EtOAc, 12:1), yielding the
unsaturated tert-butyl ester 26 (53.6 mg, 79.0 yimol, 90%) as a colorless
oil in an E/Z ratio of 95:5. [a]3 —2.6 (¢ 1.03, CHCL); R; 0.18
(cyclohexane/EtOAc, 10:1); IR (ATR) ¥ [cm™'] 3064, 3033, 2978,
2931, 1727, 1702, 1653, 1647, 1594, 1497, 1497, 1454, 1368, 1349,
1290, 1251, 1216, 1160, 1083, 1060, 1029, 993, 952, 910, 848, 737, 698,
633; 'H NMR, COSY (400 MHz, CD;CN) &y, 7.42—7.19 (m, 15H,
CH,o), 6.63 (ddq, ] = 8.4, 7.00, 1.5 Hz, 1H, 3-CH), 6.56—6.49 (m,
3H, 2-CH, 4"-CH, 6"-CH), 4.99 (s, 4H, 3"-CH, y,, 5"-CH, p,), 4.84
(dq,J = 9.0, 6.3 Hz, 1H, 7-CH), 4.33 (d, ] = 11.1 Hz, 1H, 5-CH, , ),
4.07 (d, ] = 11.1 Hz, 1H, 5-CH, 5 5,), 3.55 (td, J = 7.0, 2.5 Hz, 1H, 5
CH), 3.54—3.46 (m, 2H, 2'-CH,), 2.55—2.45 (m, 1H, 4-CH,_,), 2.34—
2.23 (m, 1H, 4-CH, ), 1.79—1.74 (m, 3H, 2-CHj,), 1.68 (dqd, ] = 9.0,
7.0, 2.5 Hz, 1H, 6-CH), 1.4 (s, 9H, OC(CH,)5), 1.18 (d, ] = 6.3 Hgz,
3H, 8-CH,), 0.86 (d, ] = 7.0 Hz, 3H, 6-CH,); 3C NMR, HSQC,
HMBC (101 MHz, CD;CN) 8¢ 171.5 (1'-COO), 167.9 (1-COO'Bu),
161.0 (2C, 3"-, 5”-C), 139.9 (ipso-5-Cy,), 138.2 (3-CH), 138.0 (3C,
ipso-1"-C, ipso-3”, ipso-5"-Cg,), 131.6 (2-C), 129.5 (4C,2 X m-3",2 X
m-5"-CHy,), 129.2 (2C, 2 X m-5-CHy,), 128.9 (2C, 3"-, 5"-p-CHg,),
128.7 (2C, 2 X 0-5-CHyy), 128.7 (4C, 2 X 0-3", 2 X 0-5"-CHy,), 128.4
(p-5-CHy,), 109.6 (2C, 2", 6"-CH), 101.4 (4”-C), 80.7 (OC(CH,),),
78.4 (5-CH), 73.2 (7-CH), 72.9 (5-CH, 3,), 70.7 (2C, 3"-, 5"-CH, ),
42.6 (2'-CH,), 42.6 (6-CH), 32.0 (4-CH,), 28.3 (3C, OC(CH,),), 18.4
(8-CH,), 13.0 (2-CH,), 9.8 (6-CH,); HRESIMS m/z 701.3458 [M +
Na]* (caled for Cy3HsoO5, 701.3449).

(13R,14R, 15R)-5,7,13-Tris(benzyloxy)-4-dechloro-14-deoxyoxa-
cyclododecindione (28). Following modified procedures of Roberts et
al.'® and Opatz et al,” a solution of CH,Cl, (138 mL), trifluoroacetic
acid (4.68 mL), and trifluoroacetic anhydride (2.34 mL) was precooled
to —8 °C, and (SR,6R,7R,E)-S-(benzyloxy)-7-(2-(3,5-bis(benzyloxy)-
phenyl)acetoxy)-2,6-dimethyloct-2-enoic acid (25) (60.0 mg, 96.4
pmol, 1.00 equiv) in CH,Cl, (2.50 mL) was added dropwise. The
reaction mixture was left to stand at —8 °C for 2 d and then gradually
warmed to 0 °C and rt to stir for another 2 d. The reaction mixture was
neutralized by careful addition of saturated NaHCO;(aq) and washing
of the organic layer (3 X 80 mL). The organic residue was dried
(MgSO,) and filtered, and the solvent was removed under reduced
pressure. After purification by flash chromatography (cyclohexane/
EtOAc, 15:1, 1% AcOH) the 12-membered macrolactone 28 (30.3 mg,
50.1 umol, $2%) was obtained as a colorless oil. Starting from tert-butyl
(SR,6R,7R,E)-5-(benzyloxy)-7-(2-(3,5-bis(benzyloxy)phenyl)-
acetoxy)-2,6-dimethyloct-2-enoate (26) (60.0 mg, 88.5 umol, 1.00
equiv), the 12-membered macrolactone 28 (33.9 mg, 56.1 yimol, 63%)
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was obtained by applying the same procedure as a colorless oil. [a]}
+47.0 (¢ 023, CH,CL); R 0.05 (cyclohexane/EtOAc, 15:1, 1%
AcOH); IR (ATR) 7 [cm™] 3067, 3032, 2978, 2925, 1723, 1656, 1604,
1584, 1498, 1455, 1434, 1380, 1332, 1306, 1292, 1256, 1210, 1147,
1113, 1085, 1068, 1029, 1005, 738, 698; "H NMR, COSY (600 MHz,
CD,CN) 8y, 7.48—7.22 (m, 15H, CH,.,.), 6.62 (d, ] = 2.0 Hz, 1H, 6-
CH), 6.55—6.47 (m, 1H, 4-CH), 6.47—6.34 (m, 1H, 11-CH), 5.12—
5.00 (m, 4H, 5-CH, p,, 7-CH, ,), 4.70—4.60 (m, 1H, 15-CH), 4.54 (d,
J =117 Hz, 1H, 13-CH, , ), 440 (d, ] = 11.7 Hz, 1H, 13-CH, 3 5),
3.45-3.28 (m, 1H, 2-CH, ,), 3.22 (ddd, ] = 9.4, 4.0, 2.0 Hz, 1H, 13-
CH),3.16 (d,] =15.9 Hz, 1H, 2-CH, 3), 2.69—2.55 (m, 1H, 12-CH, ,),
2.46-2.33 (m, 1H, 12-CH, ), 1.83 (s, 3H, 10-CH,), 1.74—1.66 (m,
1H, 14-CH), 1.06 (d, ] = 6.3 Hz, 3H, 15-CH3), 0.91 (d, ] = 7.4 Hz, 3H,
14-CH,); *C NMR, HSQC, HMBC (151 MHz, CD,CN) 8 199.5 (9-
€0),170.1 (1-CO0), 160.6 (5-C), 157.3 (7-C), 148.2 (11-CH), 139.8
(ipso-13-Cy,), 139.2 (10-C), 138.0 (ipso-7-Cg,), 137.9 (ipso-S-Cy,),
134.5 (3-C), 129.5 (2C, 2 X m-CHyg,), 129.5 (2C, 2 X m-CHy,), 129.2
(2C, 2 X m-CHy,), 129.0 (p-CHy,), 128.9 (p-CHg,), 128.7 (2C, 2 X o-
CHy,), 128.6 (2C, 2 X 0-CHy,), 128.4 (p-CHj,), 1283 (2C, 2 X o-
CHy,), 124.9 (8-C), 109.5 (4-CH), 100.7 (6-CH), 81.5 (13-CH), 76.4
(15-CH), 72.5 (13-CH, y,), 71.0 (7-CH, 3,), 70.8 (5-CH, 3,), 44.7
(14-CH), 40.1 (2-CH,), 34.0 (12-CH,), 19.1 (15-CH;), 12.9 (14-
CH,), 10.5 (10-CH,); HRESIMS m/z 605.2892 [M + H]* (calcd for
CyoH,404 605.2989).
(7R,8R,9R,E)-1°,7-Bis(benzyloxy)-4,8,9-trimethyl-2,10-dioxa-1-
(1,3)-benzenacyclododecaphan-4-ene-3,11-dione (27). The 14-
membered macrolactone 27 was obtained as a minor byproduct of
the previously mentioned ring-closing procedure after flash chromatog-
raphy (cyclohexane/EtOAc, 15:1, 1% AcOH) and preparative HPLC
(C1g-HTEC, isocratic 75% MeCN in H,0, 20 min). The byproduct 27
(2.60 mg, 5.05 pmol, 6%) was obtained as a colotless oil. [a] —71.7 (¢
0.38, CH,CL,); Ry 0.32 (cyclohexane/EtOAc, 5:1, 1% AcOH); ty
(HPLC) 15.49 min (C,s-HTEC, isocratic 75% MeCN in H,0); IR
(ATR) ¥ [cm™"] 3064, 3032, 2979, 2944, 2885, 1727, 1599, 1588, 1529,
1497, 1453, 1382, 1331, 1286, 1246, 1198, 1141, 1058, 1028, 998, 956,
910, 844,815, 784, 739, 699, 681, 634, 482, 465; "H NMR, COSY (600
MHz, DMSO-dg) 8y 7.42—7.22 (m, 8H, CH,,,), 7.17—7.13 (m, 2H,
CH,yon), 6.84—6.81 (m, 1H, 1*-CH,y..), 6.77 (pt, ] = 2.2 Hz, 1H, 15
CH, o), 6.65—6.62 (m, 1H, 1-CH,,,,), 5.99 (ddd, J = 9.6, 6.5, 1.7 Hz,
1H, 5-CH), 5.11 (s, 2H, 15-CH, 3,), 4.70 (dq, ] = 9.6, 6.4 Hz, 1H, 9-
CH), 4.31 (d,J = 11.6 Hz, 1H, 7-CH, 4 3,), 3.96 (d, ] = 11.6 Hz, 1H, 7-
CH, 3 5), 3.66 (d,]=13.0 Hz, 1H, 12-CH, ,), 3.38 (d, ] = 13.0 Hz, 1H,
12-CH, 3), 2.56 (dd, J = 10.0, 1.5 Hz, 1H, 7-CH), 2.23—2.16 (m, 1H, 6-
CH,.4), 2.15—2.06 (m, 1H, 6-CH, ), 1.60 (dq, ] = 9.6, 7.1 Hz, 1H, 8-
CH), 1.47 (d,] = 1.7 Hz, 3H, 4-CH,), 1.17 (d, ] = 6.4 Hz, 3H, 9-CH,),
0.81 (d,J = 7.1 Hz, 3H, 8-CHj,). '*C NMR, HSQC, HMBC (151 MHz,
DMSO-dg) 8¢ 169.4 (11-CO0), 168.5 (3-CO0), 159.3 (1°>-C), 154.3
(1-C), 138.3 (ipso-7-Cy,), 138.1 (5-CH), 137.0 (1°-C), 136.6 (ipso-1°-
Cp), 128.5 (2C, 2 X m-CHy,), 128.5 (4-C), 128.3 (2C, 2 X m-CHp,),
128.0 (p-CHg,), 127.7 (2C, 2 X 0-CHp,), 127.6 (2C, 2 X 0-CHg,),
127.5 (p-CHp,), 114.4 (1:-CH), 113.4 (1*-CH), 105.6 (1>-CH), 77.1
(7-CH), 71.9 (9-CH), 70.9 (7-CH, 3,), 69.5 (1>-CH, y,), 42.0 (12-
CH,), 41.6 (8-CH), 29.0 (6-CH,), 18.3 (9-CH,), 13.5 (4-CH,), 8.8 (8-
CH,;); HRESIMS m/z 5§37.2252 [M + Na]* (caled for Cy,H;,04
537.2247).
(13R,14R,15R)-5,7,13-Tris(benzyloxy)-14-deoxyoxacyclodo-
decindione (29). Following modified procedures of Opatz et al,>” a
solution of macrolactone 28 (73.8 mg, 122 ymol, 1.00 equiv) in N,N-
dimethylformamide was treated with trifluoroacetic acid (14.1 uL, 183
umol, 1.50 equiv), and a freshly prepared solution of N-
chlorosuccinimide (100 mM in DMF, 488 uL, 48.8 umol, 0.40
equiv) was added slowly in 3 min at rt. After further addition of N-
chlorosuccinimide on day 2 (100 mM in DMF, 488 uL, 48.8 yimol, 0.40
equiv) and day 3 (100 mM in DMF, 292 uL, 29.2 ymol, 0.24 equiv), the
reaction mixture was quenched by the addition of H,O (10 mL) after
complete conversion of the starting material on day 4. The aqueous
phase was extracted with diethyl ether (3 X 30 mL), the combined
organic layers were dried (MgSO,) and filtered, and the solvent was
removed under reduced pressure. The residue was purified by flash
chromatography (cyclohexane/EtOAc, 15:1, 1%AcOH) to yield the
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14-deoxyoxacyclododecindione 29 (56.3 mg, 88.1 umol, 72%) as a
colorless oil. [a]% +87.9 (¢ 0.31, CH,CL); R; 0.50 (cyclohexane/
EtOAc, 3:1, 1% AcOH); IR (ATR) & [cm™'] 3062, 3032, 2979, 2937,
2872, 1728, 1656, 1636, 1593, 1575, 1498, 1454, 1412, 1383, 1334,
1298, 1284, 1252, 1203, 1187, 1168, 1088, 1067, 1028, 967, 644, 909,
869, 814, 738, 697, 664, 621, 563, 472; '"H NMR, COSY (600 MHz,
CD,CN) 6y, 7.48—7.24 (m, 15H, CH,,,.), 6.86 (s, 1H, 6-CH), 6.47—
6.37 (m, 1H, 11-CH), 5.21 (d,] = 11.9 Hz, 1H, 5-CH, 5 5,), 5.17 (d,] =
11.9Hgz, 1H, 5-CH, g 5,), 5.09 (d,] = 12.2 Hz, 1H, 7-CH, , 3,), 5.06 (d,
J =122 Hg, 1H, 7-CH, g ,), 4.66—4.57 (m, 1H, 15-CH), 4.57 (d, ] =
11.8 Hz, 1H, 13-CH, , 5,.), 443 (d, ] = 11.8 Hz, 1H, 13-CH, 5 5,)), 3.62
(d,J=17.1Hz, 1H,2-CH, ), 3.11 (d, ] = 17.1 Hz, 1H, 2-CH, 3 ), 3.08—
2.97 (m, 1H, 13-CH), 2.71 (t, ] = 11.8 Hz, 1H, 12-CH, ,), 2.26—2.18
(m, 1H, 12-CH, ), 1.84 (s, 3H, 10-CH,), 1.69—1.61 (m, 1H, 14-CH),
1.06 (d, ] = 6.2 Hz, 3H, 15-CHj,), 0.90 (d, ] = 7.4 Hz, 3H, 14-CH,); °C
NMR, HSQC, HMBC (151 MHz, CD,CN) ¢ 198.3 (9-CO), 168.7
(1-CO0), 155.6 (5-C), 155.3 (7-C), 148.6 (11-CH), 139.8 (ipso-13-
Cg,), 139.0 (10-C), 137.5 (ipso-7-Cy,), 137.4 (ipso-5-Cg,), 132.7 (3-C),
129.6 (2C, 2 X m-CHy,), 129.5 (2C, 2 X m-CHy,), 1292 (2C, 2 X m-
CHy,), 129.2 (p-CHy,), 129.1 (p-CHy,), 128.7 (2C, 2 X 0-CHy,),
128.6 (2C, 2 X 0-CHy,), 128.5 (2C, 2 X 0-CHy,), 1284 (p-CHy,),
125.7 (8-C), 116.7 (4-CCl), 100.6 (6-CH), 81.4 (13-CH), 76.8 (15-
CH), 72.8 (13-CH, y,), 719 (5-CH, ), 716 (7-CH, ), 44.8 (14-
CH), 38.4 (2-CH,), 35.2 (12-CH,), 18.8 (15-CH,), 11.9 (14-CHj),
10.5 (10-CH;); HRESIMS m/z 639.2488 [M + H]* (caled for
C3oH39ClOg, 639.2508).

(13R,14S,15R)-4-Dechloro-13-hydroxy-14-deoxyoxacyclo-
dodecindione (30). Following a modified procedure of Opatz et al,>”
boron trichloride (1 M in heptane, 450 yL, 450 umol, 9.00 equiv) was
added to a solution of benzyl-protected macrolactone 28 (30.2 mg, 50.0
pmol, 1.00 equiv) in CH,Cl, (9 mL) at —78 °C. Within 2.5 h, the deep
orange solution was gradually warmed to —30 °C and stirred for
another 2 h at the same temperature. After complete conversion of the
starting material, the reaction mixture was quenched by the addition of
saturated aqueous NaHCO; (10 mL) while warming to rt. The aqueous
layer was extracted with CH,Cl, (7 X 30 mL), dried (MgSO,), and
filtered, and the solvent was removed under reduced pressure. The
crude product was purified by preparative HPLC (C,s-HTEC, isocratic
23% MeCN in H,0, 20 min), and (13R,14S,15R)-4-dechloro-13-
hydroxy-14-deoxyoxacyclododecindione (30) (6.39 mg, 19.1 umol,
38%) was obtained as a colorless oil. [a]y +94.4 (c 0.21, MeOH); Ry
0.32 (cyclohexane/EtOAc, 1:1, 1% AcOH); t; (HPLC) 10.04 min
(C-HTEC, isocratic 23% MeCN in H,0); IR (ATR) & [em™"] 3360,
2982,2936, 1705, 1620, 1462, 1381, 1343, 1260, 1148, 1107, 1026, 999,
950, 871, 847, 596, 573, 534, 420; "H NMR, COSY (600 MHz, DMSO-
dg) 811 9.48 (s, 1H, 5-COH), 9.44 (s, 1H, 7-COH), 6.38—6.27 (m, 1H,
11-CH), 622 (d, ] = 2.1 Hz, 1H, 6-CH), 6.16=6.08 (m, 1H, 4-CH),
4.85 (d,] = 4.7 Hz, 1H, 13-OH), 4.61 (dq, ] = 8.6, 6.3 Hz, 1H, 15-CH),
3.32—3.21 (m, 2H, 13-CH, 2-CH,,), 2.99 (d, ] = 15.5 Hz, 1H, 2-
CH, 1), 2.43—2.34 (m, 1H, 12-CH, ,), 2.33—2.23 (m, 1H, 12-CH, ),
1.75 (s, 3H, 10-CH), 1.58—1.50 (m, 1H, 14-CH), 1.04 (d, ] = 6.3 Hz,
3H, 15-CH;), 0.80 (d, J = 7.3 Hz, 3H, 14-CH;). *C NMR, HSQC,
HMBC (151 MHz, DMSO-dg) & 199.2 (9-CO), 169.3 (1-COO),
158.0 (5-C), 155.3 (7-C), 146.4 (11-CH), 137.7 (10-C), 132.9 (3-C),
1199 (8-C), 108.5 (4-CH), 101.3 (6-CH), 74.7 (15-CH), 71.9 (13-
CH), 43.9 (14-CH), 39.0 (2-CH,), 38.0 (12-CH,), 18.7 (15-CH;), 12.4
(14-CH,), 10.5 (10-CH,); HRESIMS m/z 335.1485 [M + H]* (caled
for CjgH,,04, 335.1489).

(13R, 145, 15R)-13-Hydroxy-14-deoxyoxacyclododecindione (4).
Following a modified procedure of Opatz et al,> boron trichloride
(1 M in heptane, 4.92 mL, 4.92 mmol, 9.00 equiv) was added to a
solution of benzyl-protected macrolactone 29 (349 mg, 547 mmol, 1.00
equiv) in CH,Cl, (100 mL) at —78 °C. Within 2.5 h, the deep orange
solution was gradually warmed to —30 °C and stirred for another 2 h at
the same temperature. After complete conversion of the starting
material, the reaction mixture was quenched by the addition of
saturated aqueous NaHCO; (50 mL) while warming to rt. The aqueous
layer was extracted with CH,Cl, (7 X 50 mL), dried (MgSO,), and
filtered, and the solvent was removed under reduced pressure. The
crude product was purified by preparative HPLC (C,s-HTEC, isocratic
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24% MeCN in H,0, 20 min), and (13R,14S,15R)-13-hydroxy-14-
deoxyoxacyclododecindione (4) (166 mg, 451 mmol, 83%) was
obtained as a colorless oil. [a]} +81.3 (¢ 0.19, MeOH); R 0.40
(cyclohexane/EtOAc, 1:1, 1% AcOH); t; (HPLC) 13.78 min (Cyg-
HTEC, isocratic 24% MeCN in H,0); IR (ATR) & [cm™'] 3404, 2982,
2932,1707,1608, 1439, 1340, 1245,1203, 1167, 1114, 1069, 1001, 947,
856,652, 585; "H NMR, COSY (600 MHz, DMSO-d) 8y 10.24 (s, 1H,
7-COH), 9.71 (s, 1H, 5-COH), 6.49 (s, 1H, 6-CH), 6.43 (dd, ] = 10.4,
5.1Hz, 1H, 11-CH), 4.89 (d, ] = 4.9 Hz, 1H, 13-OH), 4.56 (dq, ] = 9.6,
6.3 Hz, 1H, 15-CH), 3.50 (d, ] = 17.3 Hz, 1H, 2-CH, ), 3.17—3.07 (m,
1H, 13-CH), 2.97 (d,] = 17.3 Hz, 1H, 2-CH, 5;), 2.48—2.43 (m, 1H, 12-
CH, ,), 2.17 (ddd, J = 14.0, 10.0, 5.1 Hz, 1H, 12-CH, 3), 1.79 (s, 3H,
10-CHy), 1.57 (dqd, ] = 9.6, 7.3, 3.8 Hz, 1H, 14-CH), 1.01 (d, ] = 6.3
Hz, 3H, 15-CH3), 0.78 (d, ] = 7.3 Hz, 3H, 14-CH,); *C NMR, HSQC,
HMBC (151 MHz, DMSO-dg) 8. 197.9 (9-CO), 167.8 (1-COO),
153.7 (5-C), 153.3 (7-C), 147.0 (11-CH), 137.5 (10-C), 130.8 (3-C),
121.0 (4-CCl), 111.5 (8-C), 102.4 (6-CH), 75.1 (15-CH), 71.8 (13-
CH), 43.6 (14-CH), 38.6 (12-CH,), 37.5 (2-CH,), 18.4 (15-CHj), 11.5
(14-CH,), 10.3 (10-CH,). HRESIMS m/z 369.1096 [M + H]* (calcd
for C,sH,;ClOy, 369.1100).

(13R,14S,15R)-13-Hydroxy-14-deoxyoxacyclododecindione (Z-
Isomer) (34). The Z-isomer 34 results from a light-induced isomer-
ization of the previously described pure natural product (E-isomer) 4.
While the sample was stored in an NMR tube (solvent DMSO-d,), a
maximum isomeric ratio of $8:42 (E-isomer/Z-isomer) was detected
within a period of 42 days. The analytical data reported are from an 18-
day-old NMR sample with an isomerization ratio of 80:20. Because
isolation of pure Z-isomer 34 could not be achieved by preparative
HPLC, a complete analysis of the unusual macrolactone 34 was not
possible. "H NMR, COSY (600 MHz, DMSO-d;) 8y 10.54 (s, 1H, 7-
COH), 991 (s, 1H, 5-COH), 6.48 (s, 1H, 6-CH), 6.08 (dd, ] = 9.9, 6.8
Hz, 1H, 11-CH), 4.67 (d, ] = 5.8 Hz, 1H, 13-OH), 4.32 (dq, ] = 9.4, 6.1
Hz, 1H, 15-CH), 391 (d, ] = 16.6 Hz, 1H, 2-CH, ,), 3.71 (d, ] = 16.6
Hz, 1H, 2-CH, ), 2.95—2.85 (m, 1H, 13-CH)), 2.54—2.44 (m, 2H, 12-
CH,), 1.87 (s, 3H, 10-CH,), 1.42—1.31 (m, 1H, 14-CH), 1.09 (d, J =
6.1 Hz, 3H, 15-CH,), 0.78 (d, J = 7.0 Hz, 3H, 14-CH,); *C NMR,
HSQC, HMBC (151 MHz, DMSO-d,) 8 198.9 (9-CO), 167.9 (1-
C00), 155.1 (5-C), 155.0 (7-C), 137.3 (10-C), 135.3 (11-CH), 130.8
(3-C), 122.9 (4-CCl), 112.7 (8-C), 102.5 (6-CH), 75.3 (15-CH), 732
(13-CH), 43.6 (14-CH), 38.6 (12-CH,), 35.2 (2-CH,), 20.9 (10-CH,),
19.3 (15-CHj;), 13.9 (14-CHj).

Biological Assays. HepG2 cells (DSMZ ACC 180) were
maintained in DMEM supplemented with 10% fetal calf serum
(FCS) and antibiotics (65 pg/mL penicillin G, 100 ug/mL
streptomycin sulfate) at 37 °C and 5% CO,. The cells were transfected
with the indicated plasmids by electroporation. For this, they were
suspended in DMEM at 1 X 107 cells/mL and electroporated with S0
ug of plasmid DNA at 220 V in a 4 mm gap cuvette (Nepagene,
Nepa2l). HepG2 were then seeded at 2 X 10° cells/mL in 24-well
plates. After 24 h of incubation at 37 °C and 5% CO, the culture
medium was replaced by DMEM (containing 0.5% FCS and
antibiotics) with S ng/mL of either IL-4 or TGF-f and the test
compound. Untreated cells and cells treated with the respective
cytokine were used as control. After 24 h the medium was removed, and
the luciferase levels detected using the luciferase assay system
(Promega) according to the manufacturer’s instruction. The plasmids
used were pGL3-TK-7xN4 and TOPO-Stat6' to test for inhibition of
IL-4 signaling and (CAGA)o,-MLP-Luc to test for inhibition of TGF-f-
induced signaling as described in Opatz et al.” As an internal
normalization control and to exclude cytotoxic effects, the con-
stitutively active pRL-EFla construct (Promega) was co-electro-
porated into the HepG2 cells. The (CAGA)o,-MLP-Luc plasmid was
kindly provided by Prof. S. Dooley (University of Mannheim,
Germany).
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7.3 Strukturaufklarung isolierter Naturstoffe mittels

computergestiitzter Spektroskopie

7.3.1 Bestimmung der absoluten Konfiguration von

Perylenchinonen

Perylenchinone sind natiirlich auftretende aromatische Polyketide mit einem oxidierten
pentacyclischen Kern, die vor allem in Pilzen und Pflanzen vorkommen. Viele Vertreter
dieses Strukturtyps konnen aus der Gattung Alternaria isoliert werden, die auf8erst vielfal-
tige Schimmelpilze umfasst.**!] Aufgrund der weiten Verbreitung des Pilzes und des hiu-
figen Befalls von Lebensmitteln, werden Alternaria-Toxine als kritische Kontaminationen

von Lebens- und Futtermitteln angesehen (Abbildung 7.8).1562]

OH OH OH O
L Cla 8
g oo

Abbildung 7.8: Isolierte Perylenchinone 157, 158 und 159 aus Pilzen der Gattung
Alternaria.l>®]

In Kooperation mit der Arbeitsgruppe- wurden drei neuartige Perylenchinone 157,
158 und 159 (in der Publikation 1, 2 und 3) isoliert und deren chemische Struktur aufge-
klart (Abbildung 7.8). Bei zwei Verbindungen 157 und 159 (in der Publikation 1 und 3)
konnte mittels 2D-NMR-Spektroskopie die relative Konfiguration bestimmt werden, so-
dass durch einen Vergleich der gemessenen ECD-Spektren mit simulierten Spektren die
Bestimmung der absoluten Konfiguration dieser Molekiile moglich war. Fiir Perylenchi-
non 158 zeigten die NMR-Daten, dass dieser Naturstoff dasselbe Grundgeriist wie die be-
kannten Altertoxine besitzt, allerdings war es auf Grundlage der Spektren nicht méoglich,
die relative Konfiguration vollstindig aufzuklaren.>6

Im Rahmen biologischer Untersuchungen, die in der Zelllinie BEAS-2B durchgefiihrt

wurden, konnten fiir Naturstoff 157 (in der Publikation 1) sowohl eine stark zytotoxische
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Wirkung, ausgeprégte oxidative Eigenschaften als auch eine erhdhte Expression der Him-
Oxygenase 1 auf mRNA- und Proteinebene nachgewiesen werden. Von Verbindung 158
konnten nur so geringe Mengen isoliert werden, dass neben der Strukturaufklarung keine
biologischen Tests moglich waren. Perylenchinon 159 (in der Publikation 3) zeigte weder
zytotoxische noch oxidative Eigenschaften und zeichnete sich durch eine starke Reduktion
der Nrf2/ARE-abhingigen sod3 mRNA-Level in oxidativ gestressten Zellen aus.[**3]

Die Naturstoffe wurden im Arbeitskreis [ extrahiert und isoliert. Die Strukturauf-
klarung mittels Massenspektrometrie und NMR-Spektroskopie wurde Von- und.
- durchgefithrt. Die Aufnahme der ECD-Spektren sowie die Simulation der ent-

sprechenden Spektren mittels TD-DFT wurde von J. Grof§ durchgefiihrt. Das Manuskript

wurde von ||| . . J- Gro8. . T Opatz und [ erstellt.*

16 Reprinted under the terms of the Creative Commons Attribution License CC BY 4.0. Copyright ©2023 A.
Kiefer, M. Arnholdt, V. Grimm, L. Geske, J. Grof3, N. Vierengel, T. Opatz, G. Erkel, Mycotoxin Res., 2023, 39,
303-316, Springer Nature.
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Abstract

The KEAP1-Nrf2/ARE pathway is a pivotal cytoprotective regulator against oxidative stress which plays an important role
in the development of many inflammatory diseases and cancer. Activation of the Nrf2 transcription factor by oxidative stress
or electrophiles regulates antioxidant response element (ARE)-dependent transcription of antioxidative, detoxifying, and
anti-inflammatory proteins. Therefore, modulators of the KEAP1-Nrf2/ARE pathway have received considerable interest
as therapeutics to protect against diseases where oxidative stress constitutes the underlying pathophysiology. In a search for
fungal secondary metabolites affecting the Nrf2/ARE-dependent expression of a luciferase reporter gene in BEAS-2B cells,
three new perylenequinones, compounds 1, 2, and 3, together with altertoxin-I (ATX-I), were isolated from fermentations
of an Alternaria species. The structures of the compounds were elucidated by a combination of one- and two-dimensional
NMR spectroscopy and mass spectrometry. Compound 1 and ATX-I exhibited strong cytotoxic effects with LCj,-values
of 3.8 uM and 6.43 pM, respectively, whereas compound 3 showed no cytotoxic effects up to 100 uM on BEAS-2B cells.
ATX-I induced ARE-dependent luciferase expression approximately fivefold and compound 1 approximately 2.6-fold at
a concentration of 3 uM in transiently transfected BEAS-2B cells. In addition, compound 1 and ATX-I exhibited strong
oxidative effects, whereas compound 3 did not show significant oxidative properties. For compound 1 and ATX-I, a strong
upregulation of heme oxygenase-1 could be observed on mRNA and protein level in treated BEAS-2B cells. Moreover,
compound 3 significantly decreased sod3 mRNA levels after induction of oxidative stress with benzoquinone.

Keywords Altertoxins - Alternaria - Perylenequinones - Oxidative stress

Abbreviations DMEM Dulbecco’s modified eagle medium
ATX Altertoxin FCS Fetal calf serum
PDT Photodynamic therapy DCFH-DA Dichlorodihydrofluorescein diacetate
Nrf2 Nuclear factor erythroid-derived 2
KEAPI Kelch-like ECH-associated protein 1 Introduction
ARE Antioxidant response element
Sy ARSI st s sy i o o
activated B cells udets wit! ar'l OXIdIZC(:.l pentgcyc 1.c c.ore, mostly found in
. various fungi but also in aphids, crinoids, and plants. Many
ITS Internal transcribed spacer of them have been isolated from Alternaria species, a highly
diverse genus of molds (Khiralla et al. 2022). According to
>4 Till Opatz Weiss et al., natural perylenequinones can be categorized
opatz@uni-mainz.de into three classes: Class A contains the simple perylene-
2 Gerhard Erkel quinones without carbon substituents including altertoxin I

erkel@bio.uni-kl.de (ATX-I), which are commonly produced by Alternaria spe-

Molecular Biotechnology & Systems Biology, RPTU. cies (Fig. 1). Class B consists of structures like cercosporin

Paul-Ehrlich-StraBe 23, D-67663 Kaiserslautern, Germany or phleichrome which all contain carbon substituents. Class

2 Department of Chemistry, Johannes Gutenberg-University, C includes non-fungal pherylenequinones like rhodoaphin
Duesbergweg 10-14, D-55128 Mainz, Germany isolated from aphids (Weiss et al. 1987). Alternaria is a
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Fig.1 Classes A—C of perylene- OH O

quinones: (A) without carbon

substituents; (B) with carbon-

containing substituents; (C) ey

non-fungal perylenequinones

OH O

Class A
altertoxin |

common genus of saprophytic or pathogenic fungi. They
can be found on a variety of crop plants like cereals, fruits,
and vegetables and are known to produce various myco-
toxins like altertoxin I-III, tenuazonic acid, alternariol,
and alternariol monomethyl ether (Lee et al. 2015). Due
to the wide distribution of the fungus and the frequent
infestation of food crops, alternaria toxins are consid-
ered as critical contaminants of food and feed (Arcella
et al. 2016).

Whereas several successful total syntheses of mem-
bers with an intact perylenequinone framework, like cer-
cosporin (Morgan et al. 2009) or phleichrome (Morgan
et al. 2010, 2009), have been achieved, only few attempts
were made to synthesize altertoxins and related compounds
ex vivo as they are not stable against elimination of water
with formation of fully aromatic compounds. This and their
tendency towards aggregation resulting in solubility prob-
lems make these structure a very challenging and a rarely
tackled target for total synthesis (Geiseler et al. 2013; Pfaff
et al. 2017).

For some perylenequinones and their precursors, espe-
cially those isolated from Alternaria sp., toxic effects have
been described (Aichinger et al. 2021). For ATX-I, a muta-
genic effect was confirmed with the Ames test in Salmo-
nella typhimurium (Stack and Prival 1986). In addition,
ATX-I inhibits topoisomerase II, which plays an essential
role in maintaining the correct DNA topology (Jarolim
et al. 2017a). Nevertheless, the exact mechanism of action
of ATX-I genotoxicity has not yet been clarified.

Due to their photochemical activities, perylenequinones
are discussed as possible drugs in photodynamic therapy
(PDT) of cancer (Mulrooey et al. 2012). PDT is used to
specifically induce cell death in cancer cells through photo-
sensitizing compounds that generate reactive oxygen species
upon irradiation (Agostinis et al. 2011; Fayter et al. 2010;
Gao et al. 2010). Some perylenequinones like hypocrellin A
and hypocrellin B showed beneficial properties for applica-
tion in photodynamic therapy as they trigger cell death or
decrease migration in cancer cell lines after irradiation (Qi
etal. 2019; Jiang et al. 2014).

@ Springer
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Nrf2/ARE signaling pathway

Reactive oxygen species (ROS) are an unavoidable side
effect of aerobic life. While elevated levels of ROS are
toxic to cells and organisms, ROS also are an essential part
of many cellular defense signaling pathways. Under physi-
ological conditions, a constant regulation between formation
and removal of ROS takes place, preventing the emergence
of oxidative stress (Sies et al. 2017). Exposure to exces-
sive oxidative stress drives inflammation, tumor growth, or
even cell death (Sies and Jones 2020). One important coping
mechanism for oxidative stress is the (nuclear factor eryth-
roid-derived 2)-like 2/antioxidant response element (Nrf2/
ARE) pathway. Under quiescent conditions, the transcrip-
tion factor Nrf2 is located in the cytoplasm and is rapidly
degraded. Proteolytic degradation is mediated by Kelch-like
ECH-associated protein 1 (KEAP1), which catalyzes ubiqui-
tination of Nrf2. In response to oxidative stress, degradation
is inhibited, allowing Nrf2 to translocate into the nucleus,
where it binds to ARE. Genes induced by Nrf2 encode
proteins which stimulate NADPH synthesis, catalyze ROS
degradation, accelerate toxin export, and inhibit cytokine-
mediated inflammation (Hayes and McMahon 2009). There
is a crosstalk between Nrf2 and other transcription factors,
amongst them the nuclear factor k-light-chain enhancer of
activated B cells NF-kB transcription factor (Wakabayashi
et al. 2010). NF-xB is an important regulator of immune
response, cell proliferation, and cell death. It also plays a
critical role in the promotion of inflammation and is deregu-
lated in various diseases like cancer (Dolcet et al. 2005),
asthma (Janssen-Heininger et al. 2009), and atherosclerosis
(Pamukcu et al. 2011). Because of its essential regulatory
role not only in redox household but also in inflammation,
maintenance of metabolic and protein homeostasis, the
NRF2/ARE pathway is a potential drug target (Cuadrado
et al. 2019). For the class A perylenequinone ATX-II, an
activation of the Nrf2/ARE pathway through the oxidative
properties of the compound was observed in CHO and HT29
cells by Jarolim et al. (Jarolim et al. 2017b). However, this
could not be shown for ATX-1.
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Materials and methods
Culturing and isolation of metabolites

Alternaria sp. was isolated from Actaea spicata (baneberry)
plant material. The fungus was cultivated on standard
growth medium (yeast extract 4 g/L, glucose 4 g/L, malt
extract 10 g/L, 2% agar for solid media). Fungal DNA was
isolated from the mycelium according to (Liu et al. 2000).
Assignment to the genus Alternaria was made both mor-
phologically by the typical cylindrical spore shape enlarging
gradually to the end (Fig. 2) and by sequencing of the ITS1-
5.8S rDNA-ITS2 region of nuclear DNA. Sequencing of the
ITS region with ITS4 and ITS5 primers (White et al. 1990)
revealed 99-100% similarity to different Alternaria species
(mainly to Alternaria rosae and Alternaria triticina). Sporu-
lation was induced by exposure to UV-A radiation (340 nm)
(Wei et al. 1985).

Slices of well grown agar plates were used to inoculate
1 L liquid cultures in standard growth medium. The fungus
was fermented in 2 L flasks with four baffles at room tem-
perature and shaking (120 rpm). The fermentation was ended
after 7 days of growth, and culture fluid was separated from
the mycelium by filtration. Culture fluid was extracted twice
with an equal volume of ethyl acetate. Phases were sepa-
rated, and the organic phase was dried with Na,SO,, then
concentrated in a rotary evaporator yielding 184 mg crude
extract. The crude extract was purified by isocratic prepara-
tive HPLC (Agilent ZORBAX XDB-CS8, 21.2x 150 mm,
5 pum, flow 21.24 mL/min) with H,0+0.1% HCO,H:MeCN
27:73 to yield 5.3 mg compound 1 (#z: 11 min), 30.7 mg

Fig.2 Spores of the fungus producing the compounds 1-3. The cylin-
drical, club-shaped spores are highly segmented vertically and hor-
izontally as it is typical for Alternaria sp. Sporulation was induced
through exposure to UV-A radiation (Wei et al. 1985). Bar=10 uM

ATX-1 (t5: 16 min), 7.3 mg compound 3 (#;: 25 min), and
1.2 mg compound 2 (#z: 28 min). The purity of the com-
pounds was estimated to be >95% as determined by HPLC
with diode array detector and mass spectrometry (see sup-
porting information).

Cell culture

BEAS-2B (ATCC CRL-9609) cells were cultivated in
DMEM supplemented with 10% FCS, 65 pg/mL penicillin
G, and 100 pg/mL streptomycin at 37 °C and 5% CO,. Ben-
zoquinone was purchased from Sigma-Aldrich (B10358).

Cytotoxicity

Cytotoxic effects of the compounds on BEAS-2B cells were
assessed after 24 h via XTT cell viability assay (Roehm et al.
1991). Briefly, 5x 10* cells/mL were seeded into 24-well
plates and incubated 24 h at standard culture conditions. The
medium was then removed and replaced by medium with or
without the compounds. After 24 h incubation at 37 °C, 5%
CO,, 0.5 mL of the medium was removed and replaced by
0.25 mL of prewarmed medium containing 25 uM phenazine
methosulfate and 1 mg/mL XTT. Absorbance at 480 nm was
measured after 3 h.

Reporter gene assay

A triple human ARE sequence was synthesized (Sigma
Aldrich) with compatible restriction enzyme sites for Sacl
and Nhel and cloned into a pTA-Luc backbone (Clontech)
(forward 5’CATGCAGTCACAGTGACTCAGCAGAAT
CTGATGCAGTCACAGTGACTCAGCAGAATCTGA
TGCAGTCACAGTGACTCAGCAGAATCTGG 3', reverse
5'CTAGCCAGATTCTGCTGAGTCACTGTGACTGCA
TCAGATTCTGCTGAGTCACTGTGACTGCATCAGATT
CTGCTGAGTCACTGTGACTGCATGAGCT 3'). Plasmid
DNA (50 ug) was transfected in 3.5x 10 cells/mL by elec-
troporation (Nepagene, Nepa 21) in 400 uL of DMEM as
described in the supporting information. The cells were then
suspended in DMEM supplemented with 10% FCS and anti-
biotics at 1 x 10° cells/mL and seeded into plates. After 24 h
of incubation, the medium was replaced by DMEM with
10% FCS and antibiotics with and without compounds. After
further incubation for 24 h, the luciferase expression was
analyzed using Dual-Glo luciferase assay system (Promega)
in a plate luminometer (BMG Labtech). The CXCL10 pro-
moter (—875 to+97 relative to the transcriptional start site)
reporter plasmid has been described previously (Rohr et al.
2017). BEAS-2B cells were electroporated as described
above, and luciferase expression was induced with 10 ng/
mL TNF-a, 10 ng/mL IFN-y, and 5 ng/mL IL-1f.
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Dichlorodihydrofluorescein diacetate assay

A dichlorodihydrofluorescein diacetate assay was per-
formed to detect the changes in redox status of the cells
caused by the compounds. BEAS-2B cells were seeded in
black 96-well plates (5000 cells/well) and incubated for 24 h
under standard conditions. 2,7-Dichlorodihydrofluorescein
diacetate (Cayman Chemical) was diluted in serum-free cell
culture medium without phenol red (Panserin 293S, PAN-
Biotech) at a final concentration of 100 uM and applied to
the cells. After 30 min at 37 °C, 5% CO,, the medium was
replaced by Panserin 293S with or without test compounds.
After 60 min incubation at 37 °C, 5% CO,, the fluorescence
was measured (excitation 485 nm, emission 530 nm).

Comet assay

Comet assay was performed as previously described by
Olive and Banath with slight changes (Olive and Banath
2006). BEAS-2B were seeded into a 6-well plate and incu-
bated with the respective compound for 3 h. Cells were
then detached mechanically with a cell scraper. After cen-
trifugation (1000 x g, 10 min, 4 °C), cells were resuspended
in cold PBS to a density of 2x 10* cells/mL. Microscope
slides were prepared by pre-coating them with 1% agarose
in ddH,O (Agarose LE, Genaxxon bioscience). The cell
suspension (400 puL) was mixed with 1.4 mL of 1% agarose
(40 °C) and pipetted on the microscopic slide. Cell lysis
was performed under alkaline conditions in a buffer con-
taining 1.2 M NaCl, 100 mM EDTA, 1% Triton-X 100, and
300 mM NaOH for 18-20 h at 4 °C. Before electrophore-
sis, slides were washed with electrophoresis buffer (30 mM
NaOH, 2 mM Na,EDTA) three times for 20 min to remove
residual salts. Electrophoresis was performed at 0.6 V/cm
for 30 min. Slides were rinsed with ddH,O before staining
with 2.5 ug/mL propidium iodide. Imaging was done with
an Olympus BX53 system with MC50 Microscope Camera
(Zeiss). Analysis was performed with CometScore (TriTek).

Quantitative real-time PCR

To test for alterations in expression of selected antioxi-
dative genes, BEAS-2B cells were seeded in plates and
grown to 70% confluence. The medium was then replaced
by fresh DMEM containing 10% FCS and antibiotics with
and without test compounds. After incubation for 8 or
16 h, the medium was removed. Cells were washed with
PBS and scraped off the plate. RNA extraction was per-
formed using the GenUP"™ Total RNA Kit (Biotechrab-
bit) according to manufacturer’s instructions. First-strand
cDNA was generated using M-MLV Reverse Transcriptase
(Promega) according to the manual. Relative mRNA levels
were detected using 5x HOT FIREPol® EvaGreen® qPCR

@ Springer

Supermix (Solis Biodyne) and specific primers (see sup-
porting information) using StepOnePlus real-time PCR Sys-
tem (Thermo Fisher Scientific). The following protocol was
used for quantitative amplification: initial inactivation for
12 min at 95 °C; 15 s at 95 °C, 30 s at 56 °C, 30 s at 72 °C
for 40 cycles. Relative mRNA levels were calculated using
AACt (Livak and Schmittgen 2001).

To test for antioxidative properties, BEAS-2B cells were
seeded in plates and grown to 70% confluence. The medium
was then replaced with medium containing 30 uM benzoqui-
none to induce oxidative stress, and compounds were added
additionally, if applicable. Cells without benzoquinone
and test compounds were used as control. After 16 h, RNA
isolation and quantitative real-time PCR was performed as
described before.

Western blot analysis

BEAS-2B cells were seeded into 100 mm dishes and incu-
bated until they reached 70% confluence. The medium was
then removed and replaced by medium with or without test
substances. After 16 h, the medium was removed. The cells
were then washed with PBS and lysed in ice cold RIPA
buffer (150 mM NaCl, 50 mM Tris pH 7.4, 1% Nonidet P-40,
0.1% SDS, 0.5% sodium deoxycholate, 5 mM EDTA) sup-
plemented with 1 X protease inhibitor cocktail (completeTM
EDTA free Protease Inhibitor Cocktail, Roche). Cell debris
was removed by centrifugation (8000 % g, 10 min, 4 °C) and
protein content determined using the PierceTM BCA Protein
Assay kit (Thermo Fisher Scientific) according to the man-
ual. Lysates were then mixed with equal amounts of 50 mM
DTT, 50 mM Na,COj3, 2.5% (w/v) SDS, and 15% (w/v)
sucrose and boiled for 5 min at 95 °C. Equal amounts of
protein were then separated on a 10% SDS—polyacrylamide
gel and subsequently transferred to a nitrocellulose mem-
brane. Primary antibodies used to detect protein of interest
were anti-Nrf2 (MABC1556, Sigma-Aldrich, 1:2,000), anti-
HMOX1 (ZRB1609, Sigma-Aldrich, 1:2,000), anti-TrxR1
(sc-28321, Santa Cruz Biotechnology, 1:500), anti-NQO1
(sc-32793, Santa Cruz Biotechnology, 1:500), anti-GAPDH
(sc-47724, Santa Cruz Biotechnology, 1:1,000). Secondary
antibodies used were anti-mouse (sc-516102, Santa Cruz
Biotechnology, 1:10,000) and anti-rabbit HRP (A9169,
Sigma-Aldrich, 1:60,000).

Statistical analysis

Significance of quantitative real-time PCR, dichlorodihy-
drofluorescein diacetate (DCF-DA), and reporter gene assay
results was evaluated via one sample two-sided #-test. Mul-
tiple testing correction was performed according to Benja-
mini and Hochberg (1995). Significance of comet assay was
evaluated using Welch’s t-test after transforming the data
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using the logit-function. Analyses were performed using
OriginPro 2021 (OriginLab Corporation) and Microsoft
Excel (Microsoft Corporation).

NMR spectroscopy

NMR spectra were recorded on a Bruker Avance-III (‘H
NMR: 600 MHz, 1*C NMR: 151 MHz) spectrometer. All
chemical shifts are referenced to the signal of the residual
solvent (CD;0D: 3.35 ppm and 49.3 ppm for "H NMR and
13C NMR, respectively) and reported in parts per million
(ppm) relative to tetramethylsilane (TMS). For multiplici-
ties of NMR signals, the following abbreviations were used:
s=singlet, d=doublet, t=triplet, q = quartet, m = multiplet,
and combinations thereof. Spectra were processed with the
software MestReNova from MestrelabResearch.

Mass spectrometry

Electrospray ionization (ESI) mass spectra were measured
on an Agilent Infinity II 1200. Mixtures of water (containing
0.1% formic acid) and acetonitrile at a flow rate of 1.0 mL/
min were used as eluent. An Ascentis Express C18 column
from Supelco (2.7 pm particle size, 3 cm column length,
2.1 mm diameter) was used at a temperature of 40 °C. High-
resolution electrospray ionization (HR-ESI) spectra were
recorded on an Agilent 6545 QTOF-LC/MS with a suitable
external calibrant.

Infrared spectra

Infrared (IR) spectra were recorded on a FT-IR spectrom-
eter (Bruker Tensor 27) with a diamond ATR unit and are
reported in terms of frequency of absorption ¥ (cm™}).

Optical activity

The optical activity of chiral compounds was determined
using a Perkin-Elmer 241 MS polarimeter.

The electronic circular dichroism (ECD) spectra of com-
pounds (+)-1 and (+)-3 were recorded on a JASCO J-815
spectrometer equipped with a JASCO PTC-423S/15 tem-
perature controller at 20 °C. Each compound was measured
using a scanning speed of 50 nm/min. Each measurement
was repeated five times, and the five replicates were aver-
aged. Applying the same parameters, the solvent background
was recorded and subtracted from the sample measurement.

For the simulation of compound 1 and 3, a conformational
analysis was first performed (Spartan’ 10; Wavefunction, Inc.,
Irvine, CA, USA, 2009), followed by geometry refinement
at DFT level. Even though both compounds are fairly rigid,
several conformers in the range of 4.5 kcal/mol above the
energetically lowest conformer were identified from the

respective set of the conformer distribution. After calculation
of the electronic excitations using time-dependent DFT and
Boltzmann weighting, the ECD spectra were simulated and
compared to the experimental spectra (see supporting infor-
mation for computational details). All quantum mechanical
calculations were performed with Gaussian 16 (Frisch et al.
2019), while the spectra comparison was conducted using
SpecDis (Bruhn et al 2017).

Results and discussion
Structure elucidation

Four major compounds were isolated from the crude extract
by preparative HPLC. The largest fraction proved to mainly
consist of well-known altertoxin I (Stinson et al. 1982) with
all analytical data matching the literature. Additionally, three
further compounds (+)-1-(+)-3 were isolated (Table 1;
Fig. 3). The structure of (+)-1 appears to be a reduced form
of the previously described stemphyltoxin III (Arnone et al.
1986). Compounds (+)-2 and (+)-3 have also not been
described before in literature to the best of our knowledge.
Unfortunately, all attempts to crystallize compounds 1-3
from various solvents were unsuccessful.

Compound (+)-1 was isolated as an amorphous yellow
solid. Its molecular formula was determined to be C,,H,,O¢
by HR-ESI-MS (calc. for [C,)H,,06-H]™: m/z=349.0717,
found: 349.0715), and 'H-,13C-, and 2D-NMR spectroscopy
enabled the complete assignment of all carbon and proton
signals. The 13C-, HSQC-, and HMBC-NMR spectra showed
20 carbon signals assigned to 12 aromatic carbons of which
four are protonated, and one conjugated ketone carbonyl.

The COSY correlations of H-5/H-6 (6.85 ppm and
7.66 ppm) and H-7/H-8 (8.02 ppm and 7.02 ppm) along
with their appearance as four doublets possessing coupling
constants of 8.4 Hz and 8.8 Hz, respectively, revealed the
presence of two 1,2,3 4-tetrasubstituted benzene moieties.
The HMBC correlations from H-6 (7.66 ppm) to C-6b
(126.7 ppm) and from H-7 (8.02 ppm) to C-6a (125.6 ppm)
suggested the presence of a C-6a/C-6b linkage. Moreover,
the observed HMBC correlations from H-6 (7.66 ppm)
to C-4 (158.2 ppm) and from H-7 (8.02 ppm) to C-9
(162.0 ppm) revealed the presence of a 4,4'-dihydroxybi-
phenylic system. The COSY correlations of H-11/H-12
(6.51 ppm and 7.68 ppm) with the downfield-shifted car-
bon C-12 (148.7 ppm) suggests another double bond being
attached to a carbonyl C-10 (191.6 ppm). The HMBC con-
tacts from H-11 (6.51 ppm) and H-8 (7.02 ppm) to car-
bon C-9a (114.0 ppm) show that this conjugated ketone
is attached to carbon C-9a (114.0 ppm) via the carbonyl
group. Further HMBC contacts from H-11 (6.51 ppm) to
the oxygenated quaternary carbon C-12a (67.1 ppm) and
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Table 1 Structural formulars of compounds (+)-1-(+)-3 and assignment of 'H (600 MHz) and '*C 150 MHz) signals measured in methanol-d4

at 294 K

OH OH

9 10
OH O
(+)-1
(1 (+)-2 (+)-3
# H C # H C # H C
1 399 (d, J=37 510 1 4.70 (t, J=3.3Hz) 52.0 1 5.96 (t, J=3.4Hz) 64.1
Hz)
2 3.59-3.57 (m) 57.0 2 3.73 (dd, J =173, 416 2 275 (ddd, J = 404
3.3 Hz) + 3.11 (dd, 13.0, 5.0, 3.4 Hz,
J=173,3.3 Hz) Hax.) +2.20 (ddd, J
= 13.0, 11.2, 34
Hz, Heq.)
3 518 (t, J =15 627 3 205.2 3 5.68 (dd, J=11.2, 66.3
Hz) 5.0 Hz)
3a 1234 3a 115.7 3a 120.8
4 158.2 4 163.2 4 155.8
5 6.85(d, J=84 1154 5 7.03(d, J=88Hz) 120.2 5 7.42(d,J=9.2Hz) 1228
Hz)
6 7.66 (d, J=84 1253 6 8.01(d, J=88Hz) 133.2 6 8.72(d,J=9.2Hz) 124.6
Hz)
6a 125.6 6a 125.6 6a 128.1
6b 126.7 6b 125.3 6b 123.5
7 8.02 (d, J=88 133.1 7 797(d,J=88Hz) 1334 7 9.07(d,J=9.3Hz) 134.4
Hz)
8 7.03(d, J=88 119.1 8 6.93(d, J=88Hz) 1173 8 7.41(d,J=9.3Hz) 120.0
Hz)
9 162.0 9 163.1 9 167.8
9a 114.0 9a 118.1 9a 112.8
10 191.6 10 205.2 10 874 (d, J = 10.0 140.8
Hz)
11 6.51(d,J=10.3 129.6 11 3.05-2.95 (m) 48.7 11 6.98 (d, J = 10.0 127.9
Hz) Hz)
12 7.68(d,J=10.3 148.7 12 4.68-4.63 (m) 67.3 12 190.0
Hz)
12a 67.1 12a 4.15(d,J=8.3Hz) 487 12a 123.9
12b  3.38-3.35(m) 43.7 12b 731 12b 141.0
13 128.0 13 138.0 13 127.7
14 140.2 14 139.0 14 126.1
15 3.22-315 (m) + 38.0
3.05-2.95 (m)
16  4.32 (dd, J = 6.9, 722
4.3 Hz)
17 176.8
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m—1H-TH COSY contact
—> HMBC contact

~«—>» NOESY contact

Fig.3 Graphic display of key "H-'H COSY, HMBC, and NOESY contacts of compounds (+)-1-(+)-3. COSY contacts: bold blue, HMBC con-
tacts: single headed red arrows, NOESY-contacts: double headed blue arrows

from H-12 (7.68 ppm) to the quaternary aromatic carbon
C-14 (140.2 ppm) lead to the conclusion that one aromatic
core is annealed with a cyclohexenone moiety, suggesting
this compound to be also structurally related to the altertoxin
family members.

The remaining signals belong to a tertiary hydrogen
H-12b (3.38-3.35 ppm) and to three secondary hydrogens
H-1-H-3 (3.99 ppm, 3.59-3.57 ppm, and 5.18 ppm) attached
to the oxygenated carbons C-1-C-3 (51.0 ppm, 57.0 ppm,
and 62.7 ppm). However, the molecular formula has only
two more oxygen atoms, thereby indicating the presence of
an epoxide functionality. The HMBC contacts from H-12b
(3.38-3.35 ppm) and H-1 (3.99 ppm) to quaternary aromatic
carbon C-13 (128.0 ppm) together with the HMBC contacts
from H-3 (5.18 ppm) to quaternary aromatic carbon C-3a
(123.4) and oxygenated carbons C-2 and C-3 (57.0 ppm and
62.7 ppm) led to the complete assignment of structure (+)-1.

The relative stereochemistry was deduced by NOESY-
NMR spectroscopy. NOESY contacts from H-12b
(3.38-3.35 ppm) to H-1 (3.99 ppm), from H-1 (3.99 ppm)
to H-2 (3.59-3.57 ppm), and from H-2 (3.59-3.57 ppm) to
H-3 (5.18 ppm) indicate that protons H-1-H-3 (3.99 ppm,
3.59-3.57 ppm and 5.18 ppm) and H-12b (3.38-3.35 ppm)
share the same side of the molecule. The absolute con-
figuration of compound (+)-1 was tentatively determined
to (1S,2R,3R,12aR,12bS) by comparing measured and

calculated electronic circular dichroism (ECD) spectra (see
supporting information for detailed results).

Compound (+)-2 was isolated as an amorphous yellow
solid. Its molecular formula was determined to be C3H,,00S
by HR-ESI-MS (calc. for [C3H,(OgS-H]™: m/z=471.0755,
found: 471.0739), and 'H-, '*C-, and 2D-NMR spectroscopy
enabled the complete assignment of all carbon and proton
signals. The Bc., HSQC-, and HMBC-NMR spectra showed
23 carbon signals assigned to three methylenes, 12 aromatic
carbons of which four are protonated, two conjugated ketone
carbonyls, and one carboxyl carbon.

The COSY correlations of H-5/H-6 (7.03 ppm and
8.01 ppm) and H-7/H-8 (7.97 ppm and 6.93 ppm) along
with their appearance as four doublets possessing a cou-
pling constant of 8.8 Hz revealed the presence of two
1,2,3,4-tetrasubstituted benzene moieties. The HMBC
correlations from H-6 (8.01 ppm) to C-6b (125.3 ppm)
and from H-7 (7.97 ppm) to C-6a (125.6 ppm) sug-
gested that there is a C-6a/C-6b linkage. Moreover, the
observed HMBC correlations from H-6 (8.01 ppm) to C-4
(163.2 ppm) and from H-7 (7.97 ppm) to C-9 (163.1 ppm)
revealed the presence of a 4,4'-dihydroxybiphenylic sys-
tem. The observed HMBC correlations from H-2 (3.73 ppm
and 3.09 ppm) to C-1 (52.0 ppm), C-12b (73.1 ppm), C-3a
(115.7 ppm) and carbonyl C-3 (205.2 ppm) alongside the
HMBC correlations from H-11 (3.05-3.01 ppm) to C-12a
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(48.6 ppm), C-12 (67.3 ppm), C-9a (118.1 ppm), and car-
bonyl C-10 (205.1 ppm) lead to the conclusion that the
core structure of compound 2 is also similar to that of the
altertoxin natural products.

The chemical shifts of C-12 (67.3 ppm) and C-12b (73.1)
furthermore indicate hydroxyl groups at this position. The
observed chemical shift of C-1 (52.0 ppm) together with
the HRMS experiment and the HMBC correlation of H15
(3.18 ppm and 3.02-2.98 ppm) to C-1 (52.0) suggests that
the remaining part of the molecule is linked via a thioether
bridge at C-1 (52.0 ppm). The COSY correlation between
H-15 (3.18 ppm and 3.02-2.98 ppm) and H-16 (4.32 ppm)
alongside their HMBC contacts to the carboxyl C-17
(176.8 ppm) unambiguously shows the presence of a 3-mer-
captolactate moiety.

The relative stereochemistry was partly deduced by
NOESY-NMR spectroscopy. Strong NOESY contacts
from H-1 (4.70 ppm) to H-12 (4.69-4.62 ppm) and H-12a
(4.15 ppm) indicate that these protons show to the same side
of the molecule (see supporting information for detailed
results). As compound (+)-2 was isolated from a fungus,
we assumed the stereogenic center at C-16 (72.2 ppm) to
possess a R-configuration, as lower fungi predominantly
produce p-3-mercaptolactate (Meng et al. 2013). A related
compound was isolated in 2020 in the Rychlik group
from Alternaria alternata; however, the orientation of the
hydroxy group was not determined here either (Gotthardt
2020). With the protons of the 1-, 12-, and 12a-position
showing to the same side of the molecule but the orien-
tation of the hydroxyl group at the 12b-position remain-
ing unclear, the absolute configuration of (+)-2 could not
unequivocally be determined.

Compound (+)-3 was isolated as an amorphous
orange-red solid. Its molecular formula was determined
to be C,yH,,05 by HR-ESI-MS (calc. for [C,,H,,05-H]:
mlz=333.0768, found: 333.0763) and intensive 'H-, '3C-,
and 2D-NMR spectroscopy enabled the complete assign-
ment of all carbon and proton signals. The B, HSQC-, and
HMBC-NMR spectra showed 20 carbon signals assigned
to one methylene, 14 aromatic carbons of which four are
protonated, and one conjugated ketone carbonyl.

The COSY correlations of H-5/H-6 (7.42 ppm and
8.72 ppm) and H-7/H-8 (9.07 ppm and 7.41 ppm) along
with their appearance as four doublets possessing coupling
constant of 9.2 Hz and 9.3 Hz, respectively, revealed the
presence of two 1,2,3 4-tetrasubstituted benzene moieties.
The HMBC correlations from H-6 (8.72 ppm) to C-6b
(123.5 ppm) and from H-7 (9.07 ppm) to C-6a (128.1 ppm)
suggested that there is a C-6a/C-6b linkage. Moreover, the
observed HMBC correlations from H-6 (8.72 ppm) to C-4
(155.8 ppm) and from H-7 (9.07 ppm) to C-9 (167.8 ppm)
revealed the presence of a 4,4"-dihydroxybiphenylic system.
The observed HMBC correlations from H-2 (2.75 ppm and
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2.20 ppm) and H-3 (5.68 ppm) to C-3a (115.7 ppm) and
the downfield shifted carbons C-1 (64.1 ppm) and C-3
(66.3 ppm), alongside the COSY correlations from H-2
(2.75 ppm and 2.20 ppm) to both, H-1 (5.96 ppm) and H-3
(5.68 ppm), lead to the conclusion that a 1,3-propanediol
chain can only be attached to carbon C-3a (115.7 ppm) via
carbon C-3 (66.3 ppm).

The COSY correlation of H-10/H-11 (8.74 ppm and
6.98 ppm) and the HMBC contacts from H-10 (8.74 ppm)
to C-12 (190.0 ppm) and C-14 (126.1 ppm), alongside the
downfield shift of C-10 (140.8), unambiguously show the
presence of an o,p-unsaturated ketone attached to carbon
C-9a (112.8 ppm) via carbon C-10 (140.8 ppm). Four fur-
ther HMBC contacts from H-11 (6.98 ppm) to aromatic
carbon C-12a (123.9) and from H-1 (5.96 ppm) to aromatic
carbons C-12a (123.9 ppm), C-12b (141.0 ppm), and C-13
(127.6 ppm) indicated that compound (+)-3 share a partially
saturated perylenone core structure.

The relative stereochemistry was deduced by the coupling
constants of H-1 (5.96 ppm) and H-3 (5.68 ppm). While H-1
(5.96 ppm) appears as a pseudo-triplet with a coupling con-
stant of 3.4 Hz and therefore likely occupies an equatorial
position, H-3 (5.68 ppm) forms a clean doublet of doublets
with coupling constants of 11.2 Hz and 5.0 Hz, thereby indi-
cating an axial position of H-3. Consequently, the hydroxyl
groups at C-1 (64.1 ppm) and C-3 (66.3 ppm) take up a
trans relationship. The absolute configuration of (+)-3 was
tentatively determined as (1R,3R) by means of ECD and
quantum mechanical calculations as previously described
(see the supporting information for detailed results).

Biological activities

During a screening for biologically active compounds,
we found that the crude extracts and extract fractions of
Alternaria spec. showed effects on an ARE-transcriptional
reporter carrying a triple ARE. The reporter plasmid was
transiently transfected into BEAS-2B cells. As positive con-
trol, p-benzoquinone was applied to the cells which induces
reactive oxygen species formation. Subjecting BEAS-2B to
benzoquinone has been previously shown to induce Nrf2
expression and ARE reporter activity leading to elevated
levels of Nrf2-dependent proteins (Rubio et al. 2011). After
activity guided purification of three compounds, the same
reporter was used to confirm the activity observed in the
crude extract and its fractions. The fungus produced sev-
eral perylene quinones; however, compound (+)-2 was only
obtained in minute amounts and could therefore not be sub-
jected to further biological testing.

The cytotoxicity of the isolated compounds was assessed
through an XTT cell viability assay for BEAS-2B cells. The
strongest effect was observed after application of compound
(4+)-1 (LC5;=3.8+0.13 uM), ATX-I also showed strong
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cytotoxic effects (LCs,=6.43 +0.86 uM), while compound
(+)-3 had no effects on the viability of the cells (Fig. 4).
The effect of higher concentrations could not be analyzed
because of the limited solubility of the compounds in the
cell culture medium.

Compound (+)-1, ATX-I, and compound (+)-3 showed
modulation of the ARE reporter activity albeit with dif-
ferent specificity. As a control 30 pM benzoquinone was
applied to induce the ARE reporter. Benzoquinone medi-
ates the release of Nrf2 from KEAP and subsequently the
induction of ARE-dependent gene expression in BEAS-
2B cells (Rubio et al. 2011). Upon treatment with benzo-
quinone, the luciferase levels increased to 2.8 +0.4-fold
compared to the untreated control (Fig. 5). ATX-I and
(+)-1 displayed concentration-dependent activation of the
triple ARE transcriptional reporter. ATX-I exhibited the
strongest effect to the ARE reporter with an induction of
5.0+0.15-fold at 3 uM, while (+)-1 induced to levels of
2.6 +£0.19-fold at the same concentration. Application of
higher concentrations of ATX-I and (+)-1 led to a mas-
sive drop of luciferase activity, presumably due to cyto-
toxic effects. Induction of ARE by ATX-I was previously
tested in reporter gene assays by Jarolim et al. (2017a) in
CHO cells, where application of up to 5 uM did not lead
to significant induction of luciferase levels (Jarolim et al.
2017b). In contrast, we observed a significant induction of
Nrf2/ARE-dependent luciferase expression after applica-
tion of 3 uM ATX-I in the bronchial epithelial cell line
BEAS-2B which may be due to a higher sensitivity to the
compound and/or differences in the expression and activa-
tion of NRF2 in various normal and transformed cell lines
(Kitamura and Motohashi 2018).
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Fig.4 Cytotoxic effects of compounds 1, ATX-1, and 3 on BEAS-2B
cells. Cytotoxicity was analyzed by XTT cell viability assay. Cells
were incubated with compounds for 24 h. Untreated BEAS-2B cells
were used as control. Data are shown as mean+SEM from three
independent replicates
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Fig.5 Effect of compounds 1, ATX-I, and 3 on ARE reporter gene
activity in BEAS-2B cells. Cells were transiently transfected with
an ARE dependent luciferase reporter construct by electroporation.
BEAS-2B treated with 30 uM benzoquinone and untreated cells were
used as control. Data are shown as mean +SEM from three independ-
ent replicates

Interestingly compound (+4)-3 showed no significant
induction of NRF2/ARE mediated luciferase expression
in the reporter gene assay but strongly inhibited ARE-
dependent reporter activity in BEAS-2B cells after induc-
tion of the antioxidative response with 30 uM benzoquinone
(Fig. 6). The benzoquinone-induced luciferase expression
was reduced by 70% compared to the untreated control at
a concentration of 1 uM of compound (+)-3. Various syn-
thetic and natural activators of the NRF2/ARE pathway
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Fig.6 Effect of compound 3 on ARE reporter activity after induction
of oxidative stress with 30 uM benzoquinone. BEAS-2B cells treated
with 30 uM benzoquinone were used as control. Untreated cells were
used to determine basal activity of ARE construct. Data are shown as
mean + SEM from three independent replicates
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including altertoxin II have been found to suppress pro-
duction of pro-inflammatory cytokines by interfering with
NF-xB and interferon signaling (Cuadrado et al. 2019; Del
Favero et al. 2020; Ryan et al. 2022). We therefore investi-
gated the effect of the isolated compounds on the TNF-o/
IL-1B/IFN-y inducible CXCL10 transcriptional reporter
as a pro-inflammatory marker gene in transiently trans-
fected BEAS-2B cells. The inducible expression of lucif-
erase therefore reflects the cooperative induction of cxc/10
mRNA expression by Statl, NF-«kB, and IRF3 transcription
factors (Tamassia et al. 2007). Stimulation of transfected
cells with 10 ng/mL TNF-a, 5 ng/mL IL-1p, and 10 ng/mL
IFN-y increased the luciferase activity sixfold compared to
the uninduced control. None of the isolated compounds sig-
nificantly affected the inducible expression of the CXCL10
promoter activity up to the highest concentrations tested
(0.3 uM for ATX-I and (+)-1, 3 uM for (+)-3), indicat-
ing that the compounds do not display anti-inflammatory
properties (see supplementary information). To investi-
gate the oxidative properties of the compounds, we used
a dichlorodihydrofluorescein diacetate assay as described
in the "Materials and methods" section. The fluorescence
measurement was performed after 60 min. As positive con-
trol 30 uM p-benzoquinone was applied to the BEAS-2B
cells which led to significantly elevated fluorescence levels
compared to the untreated control. Compound (+)-1, ATX-
I, and (+)-3 were applied in concentrations of 3 uM, 10 uM,
and 30 uM (Fig. 7A). Application of compound (+)-1 and
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Fig.7 Influence of 1, ATX-1, and 3 on redox state of BEAS-2B cells.
A 2,7-Dichlorodihydrofluorescein diacetate was applied to the cells;
after 30 min, it was replaced by serum-free medium with and with-
out test compounds. After 60 min, the fluorescence was measured.
Data are shown as mean+SEM from three independent replicates.
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ATX-I led to a strong increase of fluorescence in a con-
centration dependent manner, whereas application of (+)-
3 only slightly affected fluorescence levels in comparison
to the untreated control. We assume that the rather small
increase in fluorescence after application of up to 30 uM
of (+)-3 may be caused by the reaction of the compound
with the DCF radical which is generated during the reaction
of DCFH-DA to the fluorescent DCF and can lead to self-
propagating redox cycling (Kalyanaraman et al. 2012). Also,
with this assay, only the total redox state of the cells can be
detected. DCFH-DA reacts with a variety of reactive spe-
cies like hydroxyl radicals, hypochlorous acid, and nitrogen
dioxide leading to a rather low specificity (Kalyanaraman
et al. 2012). However, regardless of these limitations, it
can be assumed that compound (+)-1 and ATX-I cause a
significant shift in the redox state in BEAS-2B cells.

The induction of oxidative stress by various Alternaria
perylenquinones such altertoxin II and stemphyltoxin III
has been implicated in the DNA-damaging properties of
these compounds (Aichinger et al. 2021). To analyze pos-
sible DNA damage caused by application of the isolated
compounds, a comet assay was conducted. The percentage
of DNA in head and in tail is visualized in Fig. 7B. Applica-
tion of 60 uM benzoquinone and either 10 uM compound
(+)-1, ATX-I, and compound (+)-3 resulted in a signifi-
cant increase in tail DNA (BQ: 75+ 5%, (+)-1: 77.8+9.2%,
ATX-I: 84.6+4.2%, (4+)-3: 73.2+11.9%), indicating
increased rates of double and single strand breaks.
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*p<0.05, *¥p<0.01, ***p<0.001. B BEAS-2B cells were treated
with the indicated compounds for 3 h. After cell lysis, alkaline comet
assay was performed. Percentage of DNA in head and tail was ana-
lyzed using CometScore. Data are shown as mean+SEM from three
independent replicates. * <0.05, ** <0.01
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Since all three tested compounds affected the triple
ARE transcriptional reporter, we investigated their effect
on the expression levels of selected NRF2/ARE-induced
genes via quantitative real-time PCR (Ma 2013). Rela-
tive mRNA amounts were calculated in relation to expres-
sion of a housekeeping gene (gapdh) and compared to the
untreated control. As shown in Fig. 8A-B, benzoquinone,
compound (+)-1, and ATX-I strongly upregulated the
mRNA levels of heme oxygenase-1 (hmoxI), regardless
of the incubation time. After 16 h, a slight upregulation
of mRNA levels for NAD(P)H dehydrogenase (quinone) 1
(nqol) could be observed. Application of compound (+)-3
had almost no effect on the selected mRNA levels. After
16 h incubation with 3 uM of (+)-3, sod3 mRNA levels
were slightly elevated: To assess whether compound (+)-3
inhibits NRF2/ARE mediated mRNA transcription, real-
time PCR analyses were performed with cells co-treated
for 16 h with compound (+)-3 and 30 uM benzoquinone
to induce oxidative stress. Compared to the untreated con-
trol, benzoquinone slightly induced the levels of all tested
mRNAs. Application of compound (+)-3 decreased the
expression of all mRNAs analyzed starting at 1 uM with
the strongest suppression of superoxide dismutase 3 (sod3)
gene expression (Fig. 8C), an extracellular antioxidant
enzyme which plays an essential role in the pathogenesis
of inflammatory diseases and cancer (Nguyen et al. 2020;
O’Leary et al. 2021).

Fig.8 Effects of compounds A

To analyze the effect of the isolated compounds on levels of
selected proteins involved in antioxidative response, cells were
treated with compound (+)-1, ATX-I, and compound (+)-3 for
16 h in comparison with benzoquinone. Cells were lysed, and
protein extracts were then subjected to SDS-PAGE and west-
ern blotting. While there was no significant change in Nrf2
and Nqol levels, a strong upregulation of HMOX1 protein lev-
els after treatment with 3 uM of compound (+)-1 and ATX-I
(Fig. 8D) could be detected. Accordingly, the upregulation of
the himox]1 mRNA levels observed during quantitative real-
time PCR was also confirmed at the protein level. HMOX1
is a highly inducible enzyme which primarily functions in in
heme catabolism, where it catalyzes the breakdown of heme
into iron, biliverdin, and CO. Besides, it is involved in anti-
oxidative and anti-inflammatory responses and is known to be
upregulated by most cells in reaction to various stress condi-
tions (Campbell et al. 2021). Strong upregulation of HMOX1
was also observed in many human cancers such as lung and
gastric cancer where it plays an important role in cancer pro-
gression and resistance to anti-tumor therapy (Degese et al.
2012; Yin et al. 2012). In case of the compounds (+)-1 and
ATX-I, the induction of HMOX1 expression presumably is a
coping mechanism due to the generation of oxidative stress.

In summary, we identified three new perylenequinones
compounds (+)-1-3 along with the previously isolated alter-
toxin I (ATX-1) from fermentations of an Alternaria species.
The minor metabolite compound (+)-2 contains an esterified

1, ATX-L, and 3 on mRNA e v Eoa
expression and protein levels (gl {3 :M{ s Cl1um .
of selected ARE dependent 61 AT [1 uM) 6+ E;Kj g“m
genes in BEAS-2B cells. The g 5 =2LXLIREI?{UM] ~ 54 3¢ uM]u
cells were incubated with the 2 4] [ K| § [ 3 (3 eM)
compounds for § h (A) and 16 h § =
(B), respectively. C Effect of g 31 é
compound 3 on mRNA expres- © 24 ©
sion levels of selected ARE % 1] !
dependent genes in BEAS-2B % &
cells after induction of oxidative 01
stress with benzoquinone. The -1
cells Werzi;lcu]b:tﬁd/:&ﬁlh gllflA sod3  prdx1 txnrd1  nrf2 hmox1 nqol sod3 prdx1 txnrd1 nrf2 hmox1 nqof
compound for . All ml
levels refer to gapdh as house-
C [_1BQ [30 pM] - untreated D

keeping control. Data are shown
as mean + standard deviation 37
from three independent repli- -
cates. Asterisks indicate g-val-
ues of *<0.05, and **<0.01.
D Western blot analyses of
selected anti-oxidative proteins.
BEAS-2B cells were treated
with indicated compounds for
16 h. GAPDH was detected as a
housekeeping control
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3-mercaptolactate group. Several sulfur-containing polyketides
from fungi have been described so far which include pandan-
golide 3 (also bearing a mercaptolactate moiety) and pandan-
golide 4, where a sulfide bridge connects two macrocyclic
polyketides, isolated from Cladosporium herbarum and the
related thiocladospolides A-D from Cladosporium cladospor-
oides (Jadulco et al. 2001; Zhang et al. 2019). Also, the sulfur-
containing curvularin derivatives sumalarins A-C, previ-
ously isolated from fermentations of Penicillium sumatrense,
contain the same mercaptolactone moity (Meng et al. 2013).
Recently, it has been shown that the spontaneous condensation
of 10,11-dehydrocurvularin with 3-mercaptopyruvate originat-
ing from L-cysteine to cyclothiocurvularin followed by further
oxidation to cyclosulfoxicurvularin may be a detoxification
reaction under stress conditions (Castro et al. 2016). Therefore,
it seems conceivable that the production of the mercaptolactate-
containing compound (+)-2 also represents a detoxification pro-
cess by the fungus to reduce toxicity of the altertoxins. Com-
pound (+)-1 and altertoxin I display cyctotoxic effects, oxidative
properties, induce DNA damage, activate the NRF2/ARE path-
way, and strongly upregulate heme oxygenase 1 expression on
mRNA and protein level in BEAS-2B cells. Although the DNA-
damaging properties of some altertoxins such as altertoxin IT or
stemphyltoxin IIT has been attributed to the occurrence the reac-
tive epoxy moiety forming DNA-adducts (Soukup et al. 2020),
we observed similar DNA-damaging properties of compound
(4)-1, bearing an epoxy group, and altertoxin I in BEAS-2B
cells. In contrast to compound (+)-1 and altertoxin I, compound
(+)-3 exhibited no significant cytotoxicity and antagonized ben-
zoquinone induced NRF2/ARE-dependent luciferase expression
in BEAS-2B cells. In addition, compound (+)-3 strongly inhib-
ited ARE/NRF2 dependent sod3 mRNA levels in benzoquinone
induced BEAS-2B cells. These results indicate that compound
(+)-3 acts as a transcriptional inhibitor of NRF2/ARE signaling
but the exact mode of action still has to be determined. In con-
trast to earlier reports for ATX II from Del Favero et al. (2020),
no anti-inflammatory activity was observed after treatment with
the tested Alternaria toxins in BEAS-2B cells using a CXCL-10
promoter dependent transcriptional reporter (see supplementary
information).

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s12550-023-00495-1.
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7.3.2 Bestimmung der absoluten Konfiguration eines

Dihydroxanthons

In Kooperation mit der Arbeitsgruppe - wurde neben dem bekannten Dihydroxanthon
AGI-B4 (160, in der Publikation 1) ein strukturell sehr dhnlicher Naturstoff 161 (in der Pu-
blikation 2) mit demselben Grundgeriist aus einem Pilz der Gattung Diaporthe isoliert (Ab-
bildung 7.9). Beide isolierten Verbindungen 160 und 161 zeigten entziindungshemmende
Eigenschaften bei Verwendung der menschlichen MonoMac6-Zelllinie, indem sie in den
JAK/Stat1- und den NF«B-Signalweg eingreifen und die dadurch induzierte Transkription

von entziindungsférdernden Genen blockieren (Abbildung 7.9).

Ox_OM Os_OM
OH O € OH O €
\H OH
oH _.OH
HO oH HO H
o o

(-)-160 (-)-161

Abbildung 7.9: Isolierte Xanthone 160 und 161 aus Pilzen der Gattung Diaporthe.l>®!

Da die relative Konfiguration des Dihydroxanthons 161 (in der Publikation 2) nicht mit-
tels 2D-NMR-Spektroskopie bestimmbar war, wurden die 7-DP4- und die DP4+-Methode
von Sarotti et al. angewendet, um die relative Konfiguration der chiralen Kohlenstoft-
Atome zu bestimmen.***%] Im Anschluss wurde die absolute Konfiguration auf Grund-
lage einer Benchmarkstudie von Stephens et al. mit einer Wahrscheinlichkeit >95% zu-
geordnet.[5°) Dabei wurde der spezifische Drehwinkel mittels zeitabhingiger DFT berech-
net und mit dem experimentellen Wert verglichen.[>*]

Die Isolation der Naturstoffe sowie die biologischen Tests wurden von - und
- durchgefiihrt. Die Strukturaufklarung mittels NMR-Spektroskopie wurde Von.
- ausgefiihrt. Die Berechnung der chemischen Verschiebungskonstanten, die Anwen-
dung der 7-DP4- und der DP4+-Methode sowie die Berechnung des spezifischen Drehwin-

kels erfolgte durch J. Grof8. Das Manuskript wurde von allen Autoren erstellt."”

17 Reprinted with permission from M. Rohr, A. M. Kiefer, U. Kauhl, J. Gross, T. Opatz, G. Erkel, Biol. Chem.
2022, 403, 89-101. Copyright ©2022, De Gruyter.
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Abstract: In a search for anti-inflammatory compounds
from fungi inhibiting the promoter activity of the small che-
mokine CXCL10 (Interferon-inducible protein 10, IP-10) as a
pro-inflammatory marker gene, the new dihydroxanthone
methyl (IR, 2R)-1,2,8-trihydroxy-6-(hydroxymethyl)-9-oxo-
2,9-dihydro-1H-xanthene-1-carboxylate (2) and the previ-
ously described dihydroxanthone AGI-B4 (1) were isolated
from fermentations of a Diaporthe species. The structures of
the compounds were elucidated by a combination of one- and
two-dimensional NMR spectroscopy, mass spectrometry, and
calculations using density functional theory (DFT). Com-
pounds 1 and 2 inhibited the LPS/IFNy induced CXCL10
promoter activity in transiently transfected human Mono-
Macé cells in a dose-dependent manner with ICs, values of
4.1 M (20.2 pM) and 1.0 pM (+0.06 pM) respectively. More-
over, compounds 1and 2 reduced mRNA levels and synthesis
of pro-inflammatory mediators such as cytokines and che-
mokines in LPS/IFNy stimulated MonoMacé cells by inter-
fering with the Statl and NFkB pathway.

Keywords: CXCL10; dihydroxanthones; inflammation;
inhibitor.

Introduction

Xanthones are frequently occurring polyphenolic second-
ary metabolites produced by plants, bacteria, fungi, and
lichens (El-Seedi et al. 2009). This class of compounds has
gained attraction for medicinal chemists due to their
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remarkable pharmacological and biochemical activities,
depending on the nature and position of the substituents
on the tricyclic xanthone scaffold (Masters and Brase 2012;
Shagufta 2016). Numerous natural and synthetic xan-
thones have been described to possess antimicrobial, anti-
viral, anti-cancer, anti-inflammatory, anti-diabetic and
enzyme-inhibitory activities in different in vitro and in vivo
models (Fotie and Bohle 2006). Several prenylated xan-
thones like a-mangostin, isolated from the pericarp of
Garcinia mangostana, are under evaluation as potential
therapeutics for obesity and concomitant diseases (Liu
et al. 2015; Mohan et al. 2018). In our ongoing search for
anti-inflammatory compounds from fungi inhibiting a
LPS/IFNy inducible CXCL10 transcriptional reporter as a
marker gene, we found that cultures of a Diaporthe species
produced the new dihydroxanthone methyl (1R,2R)-
1,2,8-trihydroxy-6-(hydroxymethyl)-9-oxo-2,9-dihydro-1H-
xanthene-1-carboxylate (2) and the known dihydro-
xanthone AGI-B4 (1). The genus Diaporthe (asexual state:
Phomopsis) are frequently occurring endophytic, saprobic
and plant pathogenic fungi, which produce a variety of
biologically active secondary metabolites (Chepkirui and
Stadler 2017). Both compounds inhibit CXCL10 promoter
activity, CXCL10 expression and production in MonoMac6
cells. The small inducible chemokine CXCL10 (IP10) is
involved in the pathology of many inflammatory and
autoimmune diseases through the recruitment and acti-
vation of T-cells, neutrophils and monocytes. CXCL10
expression is increased in autoimmune disorders like
psoriasis, type-I diabetes, rheumatoid arthritis, systemic
sclerosis, systemic lupus erythematosus, idiopathic pul-
monary fibrosis and allograft rejection (Griffith et al. 2014;
Lee et al. 2009). The up-regulation of cxclil0 mRNA levels
during these processes is mainly regulated by the activa-
tion of the NFxB, Statl and IRF-3 transcription factors after
cytokine induction and engagement of the Toll-like re-
ceptors (TLRs) by LPS (Spurrel et al. 2005; Tamassia et al.
2007). Blocking the JAK-STAT or the NFkB pathway by
pharmacological inhibitors not only has been shown to
reduce CXCL10 expression but also the expression of many
pro-inflammatory mediators (e.g. cytokines, enzymes) in
various inflammatory disease models (Fenwick et al. 2015;
Gupta et al. 2010; Jamilloux et al. 2019). Therefore, blocking
CXCL10 expression may represent an attractive target for
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the development of new therapeutics against various
chronic inflammatory and autoimmune diseases.

Results and discussion
Structure elucidation

Compounds 1 and 2 (Figure 1) were obtained by a bio-
activity guided isolation procedure as described in the
materials and methods section.

Compound 2 was isolated as a yellow amorphous
powder. Its positive-ion mode ESI-MS spectrum exhibited a
[M+H]* adduct at m/z 335.0, indicating a molecular mass of
334 a.m.u., compatible with the molecular formula of
Ci6H140.

The C NMR spectrum of compound 2 (Table 1) showed
nine quaternary carbons, five methine carbons, one methy-
lene- as well as one methyl carbon. The 'H NMR spectrum (in
DMSO-d,) suggested the presence of a 2,3,5-trisubstituted
phenol, in which a sharp signal at § = 12.39 ppm pointed
towards a keto group (C-9) in ortho position to the OH-group.
One of the meta carbons had to bear an oxygen substituent
due to its chemical shift of § = 154.9 ppm (C-10a), while HMBC
contacts of both aromatic protons (§ = 7.01/104.2 ppm H-5,
8 = 6.76/108.4 ppm, H-7) to the methylene group (6 = 4.57/
62.2 ppm) as well as the downfield shift of the latter suggested
the presence of a hydroxymethylene group at the other meta
position of the phenol group.

Furthermore, the HMBC spectrum revealed two contacts
of an olefinic proton (§ = 6.50/119.8 ppm, H-4) to a carbonyl
group (6 = 180.4 ppm, C-9) and one quaternary carbon
(6 = 114.6 ppm, C-9a). Based on COSY contacts, the former
proton is neighboured by a second olefinic proton (6 = 6.62/
141.0 ppm, H-3). The olefinic protons form an allylic system
with a hydroxylated methine group (6 = 4.26/71.5 ppm, H-2).
HMBC contacts of the olefinic proton H-3 to two oxygenated,
quaternary carbons (6 = 74.9 ppm, C-1 and 6 = 159.8 ppm,
C-4a) gave the scaffold of a xanthone. Additionally, an HMBC
contact of H-2 to the carbonyl carbon of the ester group
(6 = 171.8 ppm CO,Me) completed the substitution pattern
(Figure 2). The flat structure was first elucidated in the Opatz
lab in 2017 (Kauhl 2017), yet the relative configuration of the
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Table 1: 'H (600 MHz) and *>C (151 MHz) NMR data of compound 2
in CD30D and DMSO-ds (6 in ppm and / in Hz).

Position CD;0D DMSO0-dg
lH 13C 1H 13C
77.8 74.9
1-0OH 5.76 (s, 1 H)
4.55 74.0 4.26 715
(dd, 3.8, 1.7, 1 H) (ddd, 8.5, 4.3,1.2,1H)
2-OH 5.86 (d, 8.5, 1 H)
6.59 141.8 6.62 141.0

(dd, 10.1, 3.8, 1H) (dd, 10.0, 4.3, 1 H)
4 6.46 121.4 6.50 119.8
(dd, 10.1,1.7, 1H) (dd, 10.0, 1.2, 1H)
4a 161.6 159.8
5 7.01(d,1.2,1H) 105.6 7.01(d, 1.3, 1H) 104.2
6 152.9 152.5
7 6.78(d, 1.2, 1H) 109.9 6.76 (d, 1.3, 1H) 108.4
8 161.6 159.5
8-OH 1239 (s, 1 H)
8a 110.7 108.8
9 182.6 180.4
9a 115.6 114.6
10a 157.1 154.9
CH,OH  4.66(s, 2 H) 64.2 4.57(d,5.9,2H) 62.2
CH,0H 5.52(t 5.9, 1 H)
COOMe 173.6 171.8
COOMe 3.72(s, 3 H) 52.9 3.59 (s, 3 H) 51.8

asymmetric carbons in compound 2 could not be unequivo-
cally determined by the usual 2D NMR methods. A chiral
HPLC analysis was performed to investigate the optical purity
of compound 2 (see the SI for details) but due to decompo-
sition under normal phase conditions, the results were
inconclusive and do not affect the determination of the ab-
solute configuration (vide infra).

In addition to the new xanthone derivative 2, the pre-
viously known, related compound AGI-B4 1 was also iso-
lated and identified by comparison of its spectroscopic
data with literature values (Kim et al. 2002).

Experimental data

Methyl (1R,2R)-1,2,8-trihydroxy-6-(hydroxymethyl)-9-oxo-
2,9-dihydro-1H-xanthene-1-carboxylate 2: yellow amorphous

O%/OMe
= LOH
Figure 1: Chemical structure of compound 1
H (AGI-B4) and compound (-)-2 (methyl
(1R,2R)-1,2,8-trihydroxy-6-(hydroxymethyl)-
9-0x0-2,9-dihydro-1H-xanthene-
(_)'2 1-carboxylate).
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Figure 2: Important HMBC (H — C) correlations of compound (-)-2.

powder; 'H NMR data, see Table 1; °C NMR data, see Table 1;
[o]p® -72.6 (c = 0.2, MeOH); ESIMS m/z 335.0 [M+H]"
(Ci6H150g), HRESIMS m/z 317.0654 [M-OH]" (calcd. for
C16H1307: 317.0656,); IR (BaF,) v = 1751, 1738, 1658, 1599, 1500,
1450, 1319, 1199, 1059, 1037, 833 cm™.

Methyl 2,8-dihydroxy-6-(hydroxymethyl)-9-oxo-
2,9-dihydro-1H-xanthene-1-carboxylate (1): 'H NMR, COSY
(600 MHz, pyridine-ds): 13.11 (1H, s, OH-8), 7.94 (1H, d, ] =
7.3 Hz, OH-2), 7.38 (1H, s, CH,0H-6), 7.18-7.17 (1H, m, H-5),
7.15-7.13 (1H, m, H-7), 6.88 (1H, dd, ] = 9.9, 4.6 Hz, H-3),
6.48 (1H, dd, ] = 9.9, 0.9 Hz, H-4), 5.27-5.24 (1H, m, H-2),
5.00-4.97 (2H, m, CH,0H-6), 4.76 (1H, d, ] = 4.4 Hz, H-1),
3.67 (3H, s, CO,CHs-1) ppm; 2C NMR, HSQC, HMBC
(151 MHz, Pyr-ds): 182.2 (C-9), 172.5 (CO,CH;-1), 161.5 (C-8),
160.3 (C-4a), 156.7 (C-10a), 153.6 (C-6), 142.1 (C-3), 122.2
(C-4), 111.8 (C-9a), 110.2 (C-8a), 109.3 (C-7), 105.1 (C-5), 66.0
(C-2), 63.9 (CH,0H-6), 52.9 (CO,CH;-1), 46.9 (C-1) ppm;
ESIMS m/z 319 [M+H]* (C;¢H;50;).

Quantum mechanical-assisted structure
elucidation

To determine the relative configuration of compound 2,
DFT-based quantum mechanical calculations were con-
ducted and a J-DP4- as well as a DP4+-probability analysis
were performed (see the SI for the detailed results) (Grim-
blat et al. 2015, 2019). Both methods are further de-
velopments of the probability measure DP4 originally
developed by Smith and Goodman in 2010, which was
successfully applied for the stereochemical and structural
assignment of experimental NMR spectra by comparison
with simulated spectra of several possible isomers. For a
set of 117 organic molecules, this method shows that the
errors between the experimental and calculated proton-
and carbon shifts can be approximated by a Student ¢
distribution. The probability for one possible isomer can
then be calculated with the mean value, the standard
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deviation and the degrees of freedom obtained from this ¢
distribution as well as the use of Bayes' theorem, (Riley
et al. 2006; Smith and Goodman 2010). Conformational
analysis for the RR- and the RS-diastereomer were per-
formed using the MMFF (Halgren 1996) level of theory. For
the DP4+-method, the geometry of each conformer was
reoptimized [B3LYP/6-31G(d)] (Becke 1988, 1993; Har-
iharan and Pople 1973; Hehre et al. 1972; Lee et al. 1988;
Vosko et al. 1980) and the structure was confirmed as a
local minimum by frequency analysis (Nimag = 0). Subse-
quently, the NMR shielding tensors were calculated
[mPW1PW91/6-311+G(d,p)] (Adamo and Barone 1998;
Clark et al. 1983; Frisch et al. 1984; Krishnan et al. 1980)
with the IEFPCM solvation model (Tomasi et al. 1999) for
methanol as well as with the use of the gauge-independent
atomic orbital (GIAO) method (Ditchfield 1974). For the
J-DP4-method, all geometries of the free conformational
analysis were used directly for the calculation of the shielding
tensors as well as the coupling constants [B3LYP/6-31G(d,p)].
The corresponding DP4+- and J-DP4-probabilities were
calculated after Boltzmann weighting of the obtained results.

The DP4+-probability suggested the RR/SS enantio-
meric pair as the correct relative configuration
(RR = 99.99% vs. RS = 0.01%) whereas the J-DP4-method
proposed the RS/SR pair (RR = 0.02% vs. RS = 99.98%). In
our opinion, the DP4+-method has the higher predictivity
for the relative configuration of compound 2 for several
reasons. The DP4+-probability was developed to improve
the performance of the original DP4-method by the use of
more sophisticated starting geometries and the differenti-
ation of the hybridization of carbon atoms. Furthermore,
higher levels of theory with larger basis sets were applied
for the NMR calculations and the unscaled data were also
evaluated. Moreover, the DP4-method has been reported to
lead to stereochemical misassignments or afforded incon-
sistent and unreliable results (Grimblat et al. 2015; Nazarski
et al. 2011; Smith and Goodman 2010; Willwacher et al.
2015). The J-DP4-method improves the DP4-method only by
taking the *Jyy couplings into account to achieve a more
accurate but still fast assignment at low computational
cost, without any solvation model (Grimblat et al. 2019).
This is accomplished by the absence of any geometry
optimization at DFT level, even though these additional
calculations are recommended in the literature to improve
the predictivity of the calculated NMR shifts (Ermanis et al.
2019; Kim et al. 2020). In addition, the J-DP4 probability
can be analysed by its individual contributions (SI, Ta-
ble S2). The (H+C) component equals the original DP4--
probability and is in favour of the RS/SR enantiomeric pair.
In contrast, if only the J contribution is considered for the
analysis of compound 2, the probability points also in the



Strukturaufklarung isolierter Naturstoffe mittels computergestiitzter Spektroskopie

4 =—— M. Rohr et al.: Anti-inflammatory dihydroxanthones

direction of the RR/SS enantiomeric pair (RR = 62.20% vs.
RS =37.80%), although no scalar H,H-coupling in 2 directly
depends on the relative configuration so that the pre-
dictivity of this subset is also low.

Stephens et al. (2005) determined the absolute
configuration (AC) of a rigid molecule from a set of 65
molecules based on its specific rotation ([a]p) compared to
the calculated [a]p. To achieve an assignment with 95%
confidence, the calculated [a]p value for one, but not both,
of the possible ACs must lie within the error margin of 57.8
of the experimental [a]p value (Stephens et al. 2005). In
analogy to this methodology, all geometries of the free
conformational analysis of the RR enantiomer were reop-
timized [B3LYP/6-31G(d)] and were confirmed as local
minima by frequency analysis (Nimag = 0). The specific
rotation was then calculated for a wavelength of 589.3 nm
at 29 °C in methanol [B3LYP/aug-cc-pVTZ/IEFPCM]. The
obtained results were Boltzmann weighted and a calcu-
lated value of [a]p? - 46.3 (c = 0.2, MeOH) was received.
The difference of the experimental [a]p of compound 2
([a]p? = 72.6 (c = 0.2, MeOH)) and the calculated value of
the RR enantiomer lies within Stephens' error margin of
57.8 (-46.3 — —72.6 = 26.3), whereas the difference with its
antipode is >57.8 (+46.3 — -72.6 = 118.9). With the above
discussed results, the AC of compound 2 was assigned with
>95% confidence.

Biological activities

For identification and characterization of active com-
pounds, we used a human CXCL10 promoter dependent
transcriptional reporter in transiently transfected mono-
cytic MonoMacé cells. The LPS/IFNy inducible expression
of luciferase therefore reflects the cooperative induction of
cxcll0 mRNA expression by Statl, NFkB and IRF3 tran-
scription factors (Tamassia et al. 2007). Stimulation of
transfected cells with 10 ng/mL IFNy and 1 pg/mL LPS
increased the luciferase activity 6-8 fold compared to the
uninduced control. Screening of fungal cultures for the
inhibition of CXCL10 promoter activity resulted in the
isolation of two dihydroxanthones methyl (1R,2R)-
1,2,8-trihydroxy-6-(hydroxymethyl)-9-oxo-2,9-dihydro-1H-
xanthene-1-carboxylate (2) and 7,8-dihydroxanthenone-
8-carboxylic acid methyl ester (AGI-B4; 1) from fermenta-
tions of a Diaporthe species. Although AGI-B4 has been
previously isolated from fermentations of an Aspergillus
species as an inhibitor of VEGF-induced proliferation of
human umbilical vein endothelial cells (HUVECs) (Kim
et al. 2002) and also inhibited superoxide anion and elas-
tase release in fMLP-induced human neutrophils (Chung

DE GRUYTER

et al. 2013), it has not been reported to interfere with
inducible pro-inflammatory gene expression. As shown in
Figure 3, treatment of MonoMacé6 cells with different con-
centrations of compound 1 or 2 dose-dependently reduced
the LPS/IFNy inducible CXCL10 promoter activity with ICs,
values of 4.1 pM (+0.2 pM) and 1.0 uM (+0.06 pM),
respectively, as calculated by a dose response fitting. The
constitutive activity of the EFla-promoter was only slightly
affected by the test compounds up to the highest concen-
trations tested, indicating that the compounds do not
interfere with transcription in a general manner.

Binding of LPS to Toll-like receptors and stimulation of
cells by IFNy synergistically activate NFkB, Stats and
interferon regulatory factors (IRFs) members which are key
transcriptions factors involved in the inducible transcrip-
tion of many pro-inflammatory cytokines and chemokines
such as CXCL10 or interleukin-8 (De Nardo 2015; Kopitar-
Jerala 2017).

We therefore investigated the effect of compounds 1
and 2 on NFxB driven expression of the reporter gene
luciferase in LPS/IFNy stimulated MonoMac6 cells. As
shown in Table 2, both compounds inhibited the inducible
NFxB-dependent luciferase expression in MonoMacé6 cells
with similar ICs5- and ICyq values in a concentration range
of 6-9 uM. We also determined the influence of the com-
pounds on an interleukin-8 (IL-8/CXCL8) transcriptional
reporter in LPS/IFNy-stimulated MonoMacé6 cells. IL-8 is a
pro-angiogenic and pro-inflammatory CXC chemokine,
which also plays critical roles in cancer cell survival, in-
vasion and metastasis (Waugh and Wilson 2008). In
addition, it functions as a chemo-attractant for the
recruitment of granulocytes in innate immune reactions
and inflammatory diseases (Russo et al. 2014). As shown in
Table 2, compound 1 and 2 inhibited the inducible IL-8
promoter activity with ICso-values of 5.57 uM (+0.06 uM)
and 3.5 uM (+0.03 uM) respectively.

The transcriptional activation of the CXCL10 promoter
also largely depends on three distal interferon stimulated
response elements (ISRE) and two Statl recognition sites
(GAS) which bind activated Statl/2 and Statl dimers
(Spurrel et al. 2005). We therefore investigated the effect of
1and 2 on ISRE (Stat1/2) and GAS- (Stat1) driven expression
of the reporter gene luciferase in either IFNa- or IFNy--
stimulated MonoMacé cells. Interestingly the IFNa induced
ISRE-dependent expression of the reporter gene was only
inhibited by compound 2 with an ICs, of 0.124 pM. Com-
pound 1 which differs from compound 2 by the lack of the
hydroxyl group at C-1 did not significantly affect the
IFNo-induced Stat1/2 pathway up to the highest concen-
tration tested (10 pM). The IFNy-induced Statl-dependent
transcriptional reporter was inhibited in a dose dependent
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Figure 3: Effect of compounds 1and 2 on
CXCL10- and EF-1a-promoter activity in
MonoMacé cells.

MonoMacé cells were transiently
transfected with a human CXCL10- and
EF-1a-promoter dependent reporter
plasmid by electroporation and stimulated
with LPS/IFNy for 4 h with and without test
: compounds. Control (100%): stimulation

relative EF-1a promotor activity
(% of untreated control)

0- r T T T T T "
0 1 2 3 4 5 6

concentration (uM)

7 only. Data represent the mean + SEM of at
least three independent experiments.

Table 2: Effect of 1 and 2 on LPS/IFNy induced GAS-, IL-8 promoter, NFkB- and IFNa induced ISRE driven luciferase activity.

Comp pGAS (uM) pISRE (M) hiL-8 (pM) NFkB (uM)
1Cs0 1Coo 1C50 1Cyo 1Cso 1Cgo 1Cso 1Cgo
1 4.4 (£0.05)*** 7 (£0.3)*** - - 5.57(x0.06)** 9.2 (+0.25)** 5.97 (+0.1)*** 8.5 (£0.33)***

2 1.79 (+0.09)*** 5.4 (+0.6)*** 0.124 (+0.35) 0.658 (+0.117) 3.5 (+0.03)*** 5.0 (+0.03)*** 5.92(+0.117)* 7.74 (+0.28)*

*kk

*kk

The values represent the mean of at least three independent biological replicates. +SEM. The ICso- and I1Cqq values were calculated using a
pharmacological dose response fitting function as described in the material and methods section (*p < 0.05; **p < 0.01; ***p < 0.001).

manner with ICso-values of 4.4 pM for compound 1 and
1.79 uM for compound 2 (Table 2).

The transcription factor Statl is a major regulatory
factor for IP10 expression (Ohmori and Hamilton 2001).
Binding of IFNy to the receptor leads to tyrosine 701
phosphorylation of Statl which promotes dimerization,
nuclear translocation and DNA binding of Statl dimers to
GAS elements (Wen et al. 1995). In addition, serine 727
phosphorylation in the transactivating domain of Statl is
required for full transcriptional potency (Decker and
Kovarik 2000). To address whether the inhibitory effect of
both xanthones on the IFNy-inducible Jak/Stat pathway is
due to an inhibition of the Statl tyrosine or serine phos-
phorylation, we performed Western blots for total and
phosphorylated forms of Statl. As shown in Figure 4A,
stimulation of MonoMac6 cells with 10 ng/mL IFNy for
30 min resulted in a strong induction of either tyrosine or
serine phosphorylation of Statl. Both compounds showed
no inhibition of tyrosine or serine phosphorylation of the
Stat1 transcription factor up to the highest concentration
tested, as analyzed by densiometry. Since both xanthones
do not interfere with the activation of Statl, we examined
whether they interfere with nuclear translocation. Western

blots of nuclear and cytosolic fractions of MonoMacé6 cells
showed a quick translocation of Statl to the nucleus upon
IFNy stimulation which was not significantly affected by
both test compounds (Figure 4B). Also, the levels of
o-tubulin and histone 3 as internal controls for cytosolic
and nuclear fractions were unchanged, indicating suc-
cessful fractionation and equal sample loading.

We further characterized the mechanism involved in
the inhibition of IFNy signaling by analyzing the influence
of the compounds on DNA binding of the activated
(phosphorylated) Statl transcription factor to its specific
DNA binding sequence. As shown in Figure 4C, treatment
of MonoMacé cells with 10 ng/mL IFNy for 45 min resulted
in an induction of Statl DNA binding. Compound 1
inhibited the binding significantly at a concentration of
12.52 pM whereas compound 2 did not show any significant
inhibition at the concentrations tested.

Other major regulators of cxcliO transcription are the
NFxB family of transcription factors. This protein family
consists of five NFkB/Rel proteins which associate to form
homo or heterodimers which can be either activators (e.g.
p65/p50 complexes) or repressors (e.g. p50 homodimers)
of transcription (Oeckinghaus and Ghosh 2009). In
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Figure 4: Effect of compounds 1and 2 on Statl phosphorylation, nuclear translocation and DNA binding.

(A) Effect of compounds 1and 2 on serine and tyrosine phosphorylation of Statl. Representative experiments of Western blotting and
densiometric analysis for phospho(ser727)-, phospho(tyr701)- and total Statl in whole cell lysates of IFNy induced (30 min) and

(B) phosphoStat1 in cytoplasmatic and nuclear extracts of MonoMacé cells. a-tubulin and histone 3 served as internal controls for cytosolic
and nuclear fractions. (C) Analysis of Stat1 binding to its specific DNA sequence. MonoMacé cells were pretreated for 1 h with different
concentrations of compound 1and 2 and stimulated with 10 ng/mL IFNy (45 min). Twenty microgram of nuclear protein was analyzed using the
TransAM STAT family kit from Active Motif. The results represent the means of three independent biological replicates. +SEM (*: p < 0.05; **:

p < 0.01; n.s.: not significant).

unstimulated cells these dimers are bound to the inhibitor
protein IkB. Upon stimulation, IkB becomes phosphory-
lated by IxB kinase proteins (IKK) which leads to IkB
degradation by the ubiquitin-proteasomal pathway. The
released NF-kB dimers (the most common form is the p50/
p65 dimer) then translocate to the nucleus, bind to the
promoters of responsive genes and activate transcription
(Wan and Lenardo 2009).

In order to characterize the influence of both xan-
thones on NFkB activation, Western blots of cytoplasmatic
and nuclear extracts against kB, p65 and p50 of IFNy/

Teil 11

LPS-induced MonoMacé cells were performed. As controls
for nuclear fractions we used antibodies against nuclear
lamin B1 and histone 3 and a-tubulin for cytosolic fractions
(Figure 5A). Upon stimulation with IFNy and LPS, IkB be-
comes degraded and p50 and p65 are released to trans-
locate to the nucleus. Treatment with both compounds
significantly reduced IkB degradation which prevented
p50 and p65 from entering the nucleus (Figure 5B-D).

We further investigated the effect of the two xanthones
on the expression of selected LPS/IFNy-induced pro-
inflammatory and anti-apoptotic marker genes, which are
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regulated at the transcriptional level by NFxB- and Stat
transcription factors by real-time PCR experiments as
described in the materials and methods section. Values are
expressed as relative mRNA content of induced versus
uninduced cells (100%), and induced and compound
treated versus induced and untreated cells, each corrected
for the constitutive expressed housekeeping gene gapdh as
reference determined in the same sample in parallel. As
shown in Figure 6, stimulation of MonoMacé cells with
LPS/IFNy caused a strong up-regulation of mRNA levels for
the cytokines tnfa and il6, the chemokines ccl2 and cxcli0
and the pro-inflammatory enzyme cyclooxygenase 2 (cox-
2), which are important mediators in the pathogenesis of
inflammatory diseases (Claria and Romano 2005; Lee et al.
2013). Since several natural xanthones such as the struc-
turally closely related globosuxanthone A exhibit anti-
tumor and apoptosis-inducing properties (Su et al. 2011),
we also investigated the mRNA levels of the anti-apoptotic
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genes xiap and survivin and the cell cycle regulator protein
cyclin D1 (Martinez-Garcia et al. 2019; Tashiro et al. 2007).
Compound 1 significantly reduced the expression of all
analyzed mRNAs starting at 3.13 pM. Interestingly, com-
pound 1 completely inhibited the expression of the genes
xiap and cyclin d1 (Figure 6A). In contrast, compound 2
showed no significant inhibition of cox2-, survivin-, and
xiap expression but suppressed expression of ccl2, cyclin
dl and cxcll0 in a concentration dependent manner
(Figure 6B). Both compounds 1 and 2 seem to have similar
effects on pro-inflammatory gene expression whereas
compound 1 additionally affects genes responsible for cell
proliferation. The measured mRNA values for gapdh did
not vary significantly upon treatment of the cells with LPS/
IFNy or test compounds (data not shown).

In order to confirm the qRT-PCR experiments on pro-
tein level, we examined the influence of the isolated xan-
thones on the inducible synthesis and secretion of the

ind.
12.52 M comp. 1
6 uM comp. 2

cytosol nucleus

[ Junind.
I ind.
B 12.52 pM comp. 1
|6 M comp.2

|1

cytosol nucleus

Figure 5: Effect of compound 1and 2 on p65, p50 nuclear translocation and kB degradation.

MonoMacé cells were treated with test compounds and stimulated with LPS/IFNy for 30 min. p65, p50 and IkB content in nuclear and cytosolic
extracts were analyzed by Western blot analysis (A) and densiometry (B, C, D). Results are a representative experiment repeated three times
with essentially similar findings (**: p < 0.01, *: p < 0.05; n.s.: not significant).



Strukturaufklarung isolierter Naturstoffe mittels computergestiitzter Spektroskopie

8 —— M. Rohr et al.: Anti-inflammatory dihydroxanthones
*x
—
*k *kk : L

(log2)

DE GRUYTER

relative mRNA induction or repression

124

(log2)

relative mRNA induction or repression

T LR

cytokine TNFa and the chemokines CXCL10 and CCL2 by
Western blotting. As shown in Figure 7, stimulation of
MonoMacé cells with LPS/IFNy resulted in a strong syn-
thesis of the investigated pro-inflammatory mediators
TNFa, CXCL10 and CCL2. Treatment of LPS/IFNy-stimu-
lated cells with 12.52 uM compound 1 and 6 pM compound 2
almost completely inhibited the synthesis of the investi-
gated pro-inflammatory mediators which are responsible
for the activation and recruitment of immune cells to the
site of inflammation (Turner at al. 2014).

These results indicate that the isolated xanthones exert
their inhibitory activity on the transcriptional level and

g
Y

Il LPS/IFN-y vs unstimulated
[ 3.13 uM compound 1
[_16.27 yMcompound1 |

N%

. [N LPS/IFN-y vs unstimulated |
|_ [_11.8 uM compound 2
e |[__]4.8 uM compound 2

Figure 6: Effect of compound 1and 2 on
mRNA levels of selected LPS/IFNy inducible
genes in MonoMacé cells.

Values are expressed as ratios (log2) of
relative mRNA levels of stimulated (6 h
IFNY/LPS) versus un-stimulated cells as
control and compound pre-treated and
stimulated versus untreated, stimulated
cells, corrected for gapdh as reference
determined in the same sample in parallel.
Data are shown as mean values + SEM of
three independent experiments

(***p <0.001; **p < 0.01; *p < 0.05; n.s. not
significant vs. stimulated cells).

&

thus inhibiting LPS/IFNy-induced protein expression of
pro-inflammatory genes.

Since both compounds interfere with the expression the
cell cycle regulator cyclin D1 and compound 1 in addition
significantly reduced mRNA levels of survivin and the anti-
apoptotic gene xiap, we assessed the apoptosis-inducing
activity by flow cytometry and Annexin V-Cy5/PI staining.
Treatment of MonoMacé6 cells with up to 12.54 uM of com-
pound 1 or 6 puM of compound 2 for 24 h did not induce an
apoptotic response and did not result in an increase of
necrotic cells (see Supplementary Material). We also per-
formed an analysis of the cell cycle with propidium iodide
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Figure 7: Compounds 1 and 2 reduce production of the proinflammatory cytokine TNFa and the chemokines CXCL10, CCL2 in LPS/IFNy

stimulated MonoMacé-cells.

MonoMacé cells were pretreated for 1 h with compound 10r 2 and stimulated with IFNy/LPS for 24 h. Cytokine and chemokine production in the
cell culture supernatant were analyzed by Western blotting and densiometry. (A) Representative western blot of three individual experiments.
(B) Densiometric analysis. £SEM (***: p < 0.001; **: p < 0.01; *: p < 0.05; n.s.: not significant).

DNA staining and flow cytometry to assess the influence of
the isolated compounds on cell cycle progression. Both
compounds did not show any effect on the progression of the
cells to the different phases of the cell cycle up to the highest
concentration tested (see Supplementary Material).

In addition, cytotoxic properties of the compounds were
evaluated against MonoMacé6 cells by measuring the reduction
of  2,3-his(2-methoxy-4-nitro-5-sulfophenyl)-2H-tetrazolium-
5-carboxanilide sodium (XTT) into a coloured formazan. No
significant cytotoxic activities against MonoMacé6 cells could
be observed for compounds 1 and 2 up to the highest con-
centrations used in the CXCL10-promoter dependent reporter
assays during a 24 h incubation period (data not shown).

Materials and methods

Chiral HPLC was carried out on a 1260-series Infinity II HPLC-system
(Agilent-Technologies) in normal phase and isocratic mode with
ethanol/n-hexane. A list of the used columns for enantiomer analysis
can be found in the Supplementary Material.

General procedures

'H NMR (400 MHz) and ®C NMR (100.6 MHz) spectra were recorded on
a Bruker Avance-II spectrometer equipped with a 5 mm BBO probe
head. 'H NMR (600 MHz) and C NMR (150.9 MHz) spectra were
recorded on a Bruker Avance-III spectrometer equipped with a 5 mm
TCI cryoprobe. The spectra were measured in pyridine-ds, CD;0D and
DMSO-dg and the chemical shifts were referenced to the residual solvent
signal (pyridine-ds: 8y = 8.74 ppm, &c = 150.35 ppm; CDs;0D:
8 =3.31ppm, ¢ =49.00 ppm; DMSO-dg: 8 = 2.50 ppm, ¢ = 39.52 ppm)
(Budavari et al. 1989; Gottlieb et al. 1997). Standard pulse sequences

were used for 2D NMR experiments. ESI-HRMS data were measured
from a solution of the analyte in acetonitrile with a Waters Q-TOF-
Ultima 3 equipped with a LockSpray interface (tri-n-octylamine as
external reference). IR spectra were measured with a Bruker Tensor 27
FTIR spectrometer. The optical rotation was measured on a Perkin-
Elmer 241 polarimeter at 578 and 546 nm and extrapolated to 589 nm
using Drude's equation (Lippke and Thaler 1970).

Culturing and isolation of metabolites

Diaporthe sp. strain IBWF E99390 was obtained from the culture
collection of the Institute of Biotechnology and Drug Research (IBWF),
Kaiserslautern, Germany. ITS sequence analysis of the ITS1-5.85
rDNA-ITS2 region of nuclear DNA (White et al. 1990) showed a high
similarity of 98-99% to different Diaporthe (asexual state: Phomopsis)
isolates and therefore the species could not be unequivocally
determined.

For maintenance, the fungus was grown on malt agar slants (malt
extract 20 g/L, for solid media 2% of agar was added). The fermenta-
tion was done using 5 L shaking flasks at room temperature and
constant agitation (120 rpm). Slices of well grown agar plates were
used to inoculate 2.5 L of potato glucose medium (glucose 20 g/L,
potato extract 4 g/L, pH 5.5). The production of compound 1 and 2 was
followed by the inhibitory effect of various concentrations of a crude
extract of the culture fluid on LPS/IFNy-inducible CXCL10 promoter-
dependent reporter gene assay as described below. The compounds were
isolated from the culture fluid by bioactivity-guided fractionation using
the CXCL10 transcriptional reporter in MonoMacé cells. As control 2 pM of
the fungal Stat and NF-kB inhibitor galiellalactone was used which
reduced LPS/IFN-y induced CXCL10 promoter activity 90% compared to
untreated cells (Péres et al. 2014; Weidler et al. 2000).

The fermentation was stopped after 288 h when the inhibition of the
CXCL10 promoter activity reached a maximum. The culture fluid (10 L)
was separated from the mycelia by filtration and extracted twice with an
equal volume of ethyl acetate (EtOAc). The organic phase was separated
from the aqueous phase, dried over Na,SO, and concentrated in vacuo.
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After concentration in vacuo, the crude extract (2.9 g) was fractionated by
subsequent chromatography on silica gel (Merck 60). Elution with
cyclohexane-EtOAc (40:60) resulted in fraction A (530 mg) and elution
with cyclohexane-EtOAc (20:80) yielded fraction B (360 mg). Both frac-
tions were precleared by binding the fraction to a solid phase extraction
column (CHROMABOND (18, 15 mL, 2000 mg, Macherey- Nagel, Diiren,
Germany) and eluting them with 100% methanol. The resulting enriched
fraction A (270 mg) and fraction B (175 mg) were further purified by
isocratic preparative HPLC (Macherey & Nagel, Nucleosil RP18; column
250 x 21 mm, flow 25 mL/min) with H,0-MeCN. Compound 1 (AGI-B4)
was isolated from fraction A with H,0-MeCN 68:32 (tz: 4 min) to yield
16 mg and compound 2 from fraction B with H,0-MeCN 75:25 (t: 18 min)
to yield 10 mg respectively. The purity of the compounds was greater than
98.5% as determined by HPLC equipped with diode-array detection and
mass spectrometry analysis (see Supplementary Material).

Cell culture

MonoMac6 (DSMZ ACC124) cells were cultured in RPMI 1640 medium
containing 25 mM HEPES, 2 mM L-Glutamine, supplemented with 10% FCS,
100 units/mL Penicillin G and 10 pg/mL streptomycin at 37 °C and 5% CO,.

IFNy and IFNa were purchased from ImmunoTools, Germany.
LPS 0O111:B4 (L3012) was purchased from Sigma-Aldrich.

Cytotoxicity and cell cycle analysis

The cytotoxicity of the isolated compounds against MonoMacé cells,
treated for 24 and 48 h, was determined in an XTT based cell viability
assay (Roehm et al. 1991).

The influence of the two isolated compounds on induction of
apoptosis and necrosis was determined via flow cytometric analysis
after treatment of MonoMacé6 cells with the test substances for 24 h. For
the measurement, cells were dual stained with the Annexin V-Cy5
Apoptosis detection Kit (Abcam, Cambridge, UK) and propidium io-
dide according to manufacturer's instruction. Cells subjected to cell
cycle analysis were labelled using the FxCycle™PI/RNase Staining
Solution (Thermo Fisher Scientific, Waltham, USA). Measurement of
the stained samples was performed using an Attune NxT Flow Cy-
tometer (Thermo Fisher Scientific, Waltham, USA).

Reporter gene assays

The CXCL10 promoter (-875 to +97 relative to the transcriptional start
site) reporter plasmid has been described previously (Rohr et al. 2017).
The plasmid pRL-EFla for normalizing transfection efficiency was
obtained from Promega (Mannheim, Germany). The NFkB-, Stat1- and
IRF-driven reporter plasmids pNFkB-Luc, pGAS-Luc and pISRE-Luc
were obtained from Clontech (Saint-Germain-en-Laye, France). Tran-
sient transfections of MonoMac6 cells were performed by electro-
porating (BioRad, Gen Pulser) 3 x 10 cells/mL in 0.4 mL RPMI 1640
medium containing 25 mM HEPES buffer together with 40 pg of the
indicated plasmids at 200 V and 975 pF. After electroporation, the cells
were seeded at 1 x 10° cells/mL RPMI 1640 medium containing 10%
FCS in a 24 well plate with and without test compounds and luciferase
expression was induced with 1 pg/mL LPS and 10 ng/mL IFNy.

DE GRUYTER

Luciferase activity was measured 4 h after induction using the Dual-
Glo luciferase assay system (Promega, Mannheim, Germany) accord-
ing to the manufacturer's instructions with a luminometer (BMG
Labtech, Ortenberg, Germany).

Western immunoblotting

MonoMacé cells were starved in RPMI1640 Medium containing 0.5%
FCS for 24 h. The cells were then seeded in petri dishes with a diameter
of 10 cm with a density of 1 x 10° cells/mL, pretreated for 1 h with or
without different concentrations of test compounds and induced with
10 ng/mL IFNy and 1 pg/mL LPS as indicated. Total cell extracts were
obtained by washing the cells two times in ice cold PBS and resus-
pending the cell pellet in 200 L ice cold RIPA buffer (150 mM NaCl,
5mM EDTA (pH 8.0), 50 mM Tris (pH 8.0), 1.0% V/V NP-40, 0.5% V/V
sodium deoxycholate, 0.1% SDS, 5 mM sodium orthovanadate, 10 mM
sodium fluoride). The protein content was determined using the
Pierce™ BCA Protein assay kit (Thermo Fisher Scientific, Waltham,
USA).

For separation of cytosolic and nuclear extracts, the cells were
resuspended in 5 mL lysis buffer (10 mM HEPES (pH 7.9), 1.5 mM
MgCl,, 10 mM KCl, 0.5 mM DTT, 1:50) complete protease-inhibitor
cocktail (Roche Diagnostics, Mannheim, Germany) and incubated on
ice for 5 min. The cell membranes were lysed using 20 strokes of an ice
cold dounce homogenizer with a tight pestle. The released nuclei were
collected by centrifugation at 1000 x g for 5 min at 4 °C. The super-
natant was collected as cytoplasmatic fraction and precipitated with
TCA and washed with acetone. The nuclear pellet was resuspended in
3 mL buffer S1 (250 mM sucrose, 10 mM MgCl,, Protease Inhibitor),
layered over a 3 mL cushion of buffer S2 (880 mM sucrose, 0.5 mM
MgCl,, Protease Inhibitor) and centrifuged at 2800 x g for 10 min at
4 °C. The nuclei were resuspended in RIPA buffer. The determination
of protein concentrations was done using the Pierce™ BCA Protein
assay according to manufacturer's instructions.

For the analysis of secreted proteins, serum starved MonoMac6
cells were pretreated with or without the compounds for 1 h and
stimulated with 10 ng/mL IFNy and 1 pg/mL LPS as indicated. The cell
culture supernatant was collected, centrifuged at 5000 x g for 10 min
at 4 °C to remove cellular debris and precipitated with 10% V/V TCA
at —20 °C. The samples were thawed on ice, centrifuged at 12,000 x g at
4 °C for 30 min and washed with 9 vol ice cold acetone. After centri-
fugation at max speed and 4 °C the pellet was resuspended in a buffer
containing 1% w/v SDS, 60 mM Tris-HCL, pH 6.8.

For western blotting same amounts of protein (50-100 ug) were
separated by 10% SDS-PAGE, transferred to nitrocellulose membranes
and subjected to immunoblotting. The membranes were probed with
specific antibodies against serine phosphorylated, tyrosine phos-
phorylated, total Statl protein (New England Biolabs, Frankfurt,
Germany); specific antibodies against kB, p50, p65, CXCL10, CCL2,
TNF-a and lamin B1 (Santa Cruz Biotechnology, Dallas, USA). Specific
antibodies against a-tubulin and histone 3 (New England Biolabs,
Frankfurt, Germany) served as an endogenous control. For detection
appropriate secondary antibodies conjugated with horseradish
peroxidase were used and signals were visualized by the enhanced
chemoluminescence detection system (New England Biolabs GmbH,
Frankfurt, Germany). Stripping of probed membranes was done using
the harsh stripping protocol according to Abcam (Cambridge, UK).
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Binding of activated transcription factors to DNA

The binding of activated Stat1 proteins to the respective DNA sequence
was analyzed using the TransAM® STAT family Kit (Active Motif,
Carlshad, USA). The nuclei were isolated using the Active Motif nu-
clear extraction Kit (Active Motif, Carlsbad, USA) according to the
manufacturer's instructions.

Real time quantitative PCR

For gRT-PCR analysis, MonoMac6 cells were starved for 24 h in RPMI
1640 medium with 0.5% FCS. Afterwards, the cells were plated into six
well plates at a density of 1 x 10° cells per well. After treatment with test
compounds for 1 h, the cells were induced with 1 pug/mL lipopoly-
saccharide (LPS) and 10 ng/mL IFNy for 7 h. Following stimulation, the
cells were lysed with 1 mL TRIzol reagent (Thermo Fisher Scientific,
Waltham, USA) and total RNA was prepared according to manufac-
turer's instructions. First strand cDNA was generated using the
RevertAid H Minus First Strand cDNA Synthesis Kit (Fermentas, St.
Leon-Roth, Germany). Gene expression was quantified from 300 ng
cDNA using the 5x HOT FIREPoly® EvaGreen® qPCR Supermix (Solis
Biodyne, Tartu, Estonia) according to manufacturer's suggestions
with the following gene-specific primers (Table 3).

Measurements were done using the StepOnePlus real-time PCR
System (Thermo Fisher Scientific, Waltham, USA) with the following
protocol: initial activation of HotStar Taq DNA polymerase at 95 °C for
12min, 40 cycles of 95 °C for 15 s, annealing at 56 °C for 30 s, extension/

Table 3: gRT-PCR primer.

CLL2 (Genbank Accession NM002982)

Sense ATCAATGCCCCAGTCACC
Antisense AGTCTTCGGAGTTTGGG

COX-2 (Genbank Accession NM000963)

Sense TTCAAATGAGATTGTGGGAAAATTGCT
Antisense AGATCATCTCTGCCTGAGTATCTT
CXCL10 (Genbank Accession NM001565)

Sense TGAGCCTACAGCAGAGGAA
Antisense TACTCCTTGAATGCCACTTAGA
Cyclin D1 (Genbank Accession NM053056.2)

Sense CTGGCCATGAACTACCTGGA
Antisense GTCACA CTTGATCACTCTGG
GAPDH (Genbank Accession NM001357944.1)

Sense CCTCCGGGAAACTGTGG
Antisense AGTGGGGACACGGAAG

IL-6 (Genbank Accession NM000600)

Sense TCTCCACAAGCGCCTTCG
Antisense CTCAGGGCTGAGATGCCG
Survivin (Genbank Accession NM001012271)

Sense ACCAGGTGAGAAGTGAGGGA
Antisense AACAGTAGAGGAGCCAGGGA
TNF-a (Genbank Accession NM000594.3)

Sense TCTTCTGCCTGCTGCACTTTGG
Antisense ATCTCTCAGCTCCACGCCATTG
XIAP (Genbank Accession NM001167.3)

Sense CCGTGCGGTGCTTTAGTTGT
Antisense TTCCTCGGGTATATGGTGTCTGAT

M. Rohr et al.: Anti-inflammatory dihydroxanthones =—— 11

detection at 72 °C for 30 s. Relative mRNA amounts were determined
using the mathematical model for relative quantification in real-time
PCR proposed by Pfaffl (2001).

Statistical analysis

Data represent means + SEM. Statistical differences were determined
by one-way ANOVA testing combined with a Tukey post-hoc analysis.
The pharmacological fitting was done using a dose response function
with the Levenberg-Marquardt algorithm. Analyses were performed
using OriginPro 9.1 (OriginLab Corporation, Northampton, USA).

Conclusion

In summary, we identified a new dihydroxanthone (2)
along with the previously isolated AGI-B4 (1) from fer-
mentations of a Diaporthe species. Both compounds
display anti-inflammatory properties by interfering with
the JAK/Stat1- and the NFxB pathway and thus blocking the
inducible transcription of pro-inflammatory genes. Inhi-
bition of the production of pro-inflammatory cytokines,
enzymes like iNOS or COX-2 and chemokines in different in
vivo and in vitro models by blocking JNK, ERK, p38 MAP
kinase signaling as well as NFxB signaling have been
described for various simple oxygenated xanthones,
xanthone glycosides, prenylated xanthones and xantho-
nolignoids (Feng et al. 2020). Interfering with the Jak/Stat
pathway may also account for the previously described
inhibition of VEGF-induced HUVEC proliferation by
AGI-B4 since it was shown that activation of Satl by VEGF
promotes endothelial cell growth and survival (Bartoli
et al. 2000). In contrast to the structurally closely related
fungal dihydroxanthones nidulalins and globosuxanthone
A which have been isolated due to their antitumor activ-
ities, compounds 1 and 2 neither exhibit significant cyto-
toxicity nor induce apoptosis or interfere with cell cycle
progression.
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7.3.3 Bestimmung der relativen Konfiguration eines

Sesquiterpenlactons

In Kooperation mit der Arbeitsgruppe - wurden neben zehn bekannten Naturstoffen
fiinf neuartige Naturstoffe 162-166 (in der Publikation 1-5) mit germacranoliden Struktu-
relementen aus einer Pflanze der Gattung Vernonia isoliert und deren Struktur aufgeklart

(Abbildung 7.10).

(+)-163

HO

Me H,c

Me e}
(+)-164 (+)-165 Me (-)-166 Me
Me

Abbildung 7.10: Neu isolierte Naturstoffe 162-166 mit germacranolidem Grundgeriist
aus der Pflanzenart Vernonia tufnelliae."”]

Die Strukturaufklarung der isolierten Naturstoffe ergab fiir Verbindung 162 ein bis-
her unbeschriebenes 10/5/5/6-tetrazyklisches Grundgeriist und fiir Verbindung 163 eine
Grundstruktur, die aus einer verkniipften Eleman- und Germacranolid-Einheit bestand.
Bei den Naturstoffen 164-166 handelt es sich um Derivate der Germacranolid-Struktur, die
auf unterschiedlichen Aminosduren basieren. Da es mittels 2D-NMR-Spektroskopie nicht
moglich war, die relative Struktur von Sesquiterpenlacton 162 (in der Publikation 1) auf-
zuklaren, wurde auf Grundlage des DP4+-Modells von Sarotti et al. und dem Vergleich von
gemessenen und simulierten ECD-Spektren die absolute Konfiguration vorhergesagt.[*6]
Dartiber hinaus wurde fiir dieses Alkaloid (162, in der Publikation 1) sowohl ein moglicher

Weg der Biosynthese als auch der Trivialname Tufnelacton A vorgeschlagen.
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Die Rohextrakte sowie die isolierten Naturstoffe 162—-166 (in der Publikation 1-5, 7-10
und 12-15) wurden auf ihre inhibitorische Wirkung auf das Wachstum von menschlichen
Krebszellen der HeLaS3-Zelllinie, verschiedenen Pilzen und Bakterien getestet, wobei sich

alle Verbindungen mit einem ICs, > 10 uM als inaktiv erwiesen (Abbildung 7.11).05¢7]

HO OH

I — 00 CH,
Vernonia tufnelliae
OH 2
H,C

Abbildung 7.11: Graphical abstract der Publikation ,Sesquiterpene Lactones from Ver-
nonia tufnelliae: Structural Features, Stereochemistry, and Biological
Evaluation®.®*’]

Die Naturstoffe wurden Von_ isoliert und in ihrer Struktur aufgekléart sowie
von [l auvf ihre biologische Aktivitit untersucht. Die Berechnung der chemischen
Verschiebungskonstanten auf DFT-Level und die Anwendung des DP4+-Modells sowie die
Messung der ECD-Spektren in Kombination mit zeitabhangigen DFT-Berechnungen fiir
Tufnelacton A (162, in der Publikation 1) wurden von J. Grofy durchgefiihrt. Das Manu-

skript wurde von allen Autoren erstellt."®

18 Reprinted with permission from G. Bitchagno, A. Schueffler, J. Gross, M. Krumb, P. Tané, T. Opatz, J. Nat.
Prod., 2022, 85, 1681-1690. Copyright ©2022, American Chemical Society.
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ABSTRACT: The genus Vernonia is an extremely rich source of biologically
active sesquiterpene lactones. The present report describes the spectroscopic
structure elucidation and the cytotoxic and antimicrobial properties of five hitherto
unknown germacranolide-like sesquiterpenoids and several known compounds.
These new derivatives include a compound (1) with an unprecedented 10/5/5/6
tetracyclic framework featuring a hexahydro-1H,3H,7H-furo[3',4':3,4]furo[3,2-
c]pyridin-1-one core resulting from an intramolecular cyclization cascade involving
a methacrylate substituent and a low molecular weight amine. Furthermore, an
elemane—germacranolide hybrid (2) and three amino acid-derived lactones (3—5)
were characterized. A plausible biosynthetic pathway to the key alkaloid is
presented, while shielding tensor calculations using DFT in combination with the
DP4+ method were applied to elucidate its stereostructure. The newly
characterized compounds along with ten known sesquiterpene lactones and
phenolic compounds have been isolated from Vernonia tufnelliae, a medicinal plant

from the western region of Cameroon. Their structures were consistent with spectroscopic and spectrometric data recorded. The

present report is the first investigation of the chemistry and biology of V. tufnelliae.

erpenoid alkaloids are constituted by isoprene-like units

stigmastane derivatives belonging to the germacranolide,

with, in general, one nitrogen atom being incorporated in
the terpene skeleton. They are known as pseudo- or
cryptoalkaloids, referring to their “false” biosynthetic origins,
being built from prenyl units rather than from amino acids like
“true” alkaloids. Although the sources of nitrogen are not yet
well established, f-aminoethanol, ethylamine, or methylamine
have been found to be involved in the biosynthesis of these
compounds.” In this process, the incorporation of nitrogen can
occur before or after the cyclase phase.' Terpenoid alkaloids
(including C-dihydrotoxiferine, C-curarine, and C-calebassine)
have been used since ancient times as poisons for hunting or in
homicides and have served for many years as ingredients in
traditional medicines around the world.’> They are not
widespread in Nature but often exhibit interesting or even
unprecedented structures.

The genus Vernonia comprises roughly 350 species of
flowering herbaceous shrubs distributed in tropical regions
around the world. V. tufnelliae S. Moore (Asteraceae) is a
flowering medicinal shrub reported to occur in the western
region of Cameroon, Congo, Equatorial Guinea (Rio Muni),
Uganda, and Tanganyika." The local population in West
Cameroon, where the plant was collected for the present
investigation, uses the leaves of V. tufnelliae to relieve fever.
The chemical and biological properties of V. tufnelliae have not
been investigated previously, but the genus is represented
chemically by sesquiterpene lactones and polyoxygenated

© 2022 American Chemical Society and
American Society of Pharmacognosy

7 ACS Publications

eudesmanolide, and guaianolide classes.” These compounds
are responsible not only for the bitter taste of species from this
genus5 but also for their well-known cytotoxic and anti-
inflammatory properties.sf10 The present report reveals
sesquiterpene lactone hybrids with unprecedented scaffolds
that incorporate germacranolide, elemane, and amino acid
subunits. Compound 1 contains an unprecedented 10/5/5/6
tetracyclic moiety featuring a hexahydro-1H,3H,7H-furo-
[3//4':3,4]furo[3,2-c]pyridin-1-one unit linked to a typical
cyclodecane ring of germacrene, while compound 2 is the first
elemane—germacranolide heterodimer ever to have been found
in Nature. The present report is part of an ongoing research
initiative on bioactive metabolites from Cameroonian folk
medicine.''™"*

B RESULTS AND DISCUSSION

A total of 1S compounds (Figure 1) were isolated, their
spectroscopic features interpreted, and their structures

Received: January 16, 2022
Published: June 1S, 2022

https://doi.org/10.1021/acs jnatprod.2c00055
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Figure 1. Structures of compounds 1—15 from Vernonia tufnelliae.

elucidated on this basis. Five structures were unprecedented in
Nature, including a germacranolide—alkaloid dimer (1), an
elemane—germacranolide dimer (2), and three amino acid-
containing germacranolide derivatives (3—5). Spectroscopy
(NMR, IR, UV), mass spectrometry, and spectral simulation
were used for compound structure elucidation.

Compound 1 was obtained as a colorless powder from
hexane with an [@]* of +11.2 (c 0.8, acetone). Its positive-
mode HRESIMS exhibited a protonated molecular ion peak
[M + HJ* at m/z 714.3471, corresponding to the molecular
formula C3;3Hg,NO,,* (caled for CyHiNO,,* 714.3484).
Compound 1 showed a UV absorption maximum at 200 nm
together with a shoulder at 216 nm in acetonitrile, and its
infrared spectrum exhibited a broad band at 3306 cm™
attributable to a hydroxy group, while a sharp band occurred
at 1764 cm™, characteristic of a y-lactone group paired with a
band at 1714 cm™ for the carbonyl group of esters. The 'H
and ®C NMR spectra of compound 1 showed resonances of
an a,fB-unsaturated carbonyl at §c 165.3 (C-1”), a tertiary
olefinic carbon at §¢ 141.6 (C-2"), an exo-methylene group at
8, 620 (br d, J = 1.6 Hz, H,-4"), 5.95 (br d, ] = 1.6 Hz, H,-
4"), and 8¢ 123.3 (C-4"), and a hydroxymethylene carbon at
Sy 4.33 (brs, H-3") and §c 60.6 (C-3") ascribed to a
hydroxymethacrylate moiety. A spin system inferred from
'H—'H COSY correlations (Figure 2), between H-1'/H-2'/H-
3’ and H-6'/H-7'/H-8'/H-9'/H-11'/H-13’, together with

1682

HMBC correlations (Figure 2), from H-15' (6y 4.28 and
4.06) to carbons C-3' (5 33.9), C-4' (8¢ 142.3), and C-S' (6
129.7), from H-7' (84 3.63) to carbons C-5', C-6’ (5¢ 77.1),
C-8' (8. 73.6), C-9' (5 48.6), C-11' (5 44.3), and C-13' (5
54.3), from H-11" (8, 2.67) to carbons C-12' (¢ 177.6) and
C-13/, and from H-14" (5 1.59) to carbons C-1' (5¢ 129.4),
C-9' (8¢ 48.6), and C-10" (6c 131.9), revealed a
germacranolide moiety in the structure of compound 1.'°7"
The hydroxymethacrylate group could be attached to the
cyclodecane backbone according to the HMBC cross-peak
from H-8' (8y S.15) to the carbonyl C-1”. In addition, a
similar set of signals was observed in the NMR spectrum of
compound 1 (Tables 1 and 2) and suggested the presence of a
second germacranolide-like moiety as part of this molecule.
However, unlike the former, the latter did not contain a
hydroxymethacrylate group, although this unit is represented
in almost all sesquiterpene lactones reported in the genus
Vernonia.”*~>> In contrast, new resonances appeared that
included three deshielded methylenes at &y 2.75/2.13 (2H, m,
H-13), 3.95/3.73 (2H, m, H-18), and 2.79/2.06 (2H, m, H-
19) and an aliphatic methine at &; 2.58 (1H, m, H-17) as part
of a new spin system deduced from the 'H—'H COSY
correlations (Figure 2) between H-17/H-18/H-19. The nature
of this unit was established by HMBC correlations (Figure 2)
from H-13 to carbons C-11 (¢ 58.3), C-12 (8¢ 174.6), C-1S
(8¢ 59.0), and C-16 (5 104.6) and from H-18 to carbons C-

https://doi.org/10.1021/acs jnatprod.2c00055
J. Nat. Prod. 2022, 85, 1681-1690
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m— H.TH COSY
—HMBC

Figure 2. HMBC (red arrows) and 'H, 'H COSY (bold lines)
interactions in compounds 1 and 2.

16, C-17, and C-19 (6c 59.1), suggesting a hexahydro-
1H,3H,7H-furo[3',4":3,4]furo[3,2-c]pyridin-1-one moiety
fused to the germacrene moiety.

Thus, compound 1 bears a new nitrogen-containing 10/5/
5/6 tetracyclic scaffold where both germacranolide-like
fragments of compound 1 are linked through a tertiary
nitrogen, as supported by the HMBC cross-peaks from H-13'
(8y 2.90) to carbon C-13 (8¢ 54.0) and the odd molecular
mass obtained for 1. A 'H,"*N-HMBC spectrum was recorded
but turned out to be featureless due to a too low signal/noise
ratio. Thus, compound 1 is a member of the sesquiterpenoid
alkaloid group, with the origin of nitrogen as well as its
biosynthesis not fully understood. Nevertheless, a possible
biosynthetic scheme from which compound 1 with its
unprecedented ring system could be obtained was proposed
(Scheme 1).

The reactive sesquiterpene lactone onopordopicrin (7),
abundant in the plant, could undergo Michael addition
through its @-methylene-y-butyrolactone group with a source
of nitrogen followed by an intramolecular Claisen condensa-
tion (S-exo-trig and therefore preferred according to the
Baldwin classification), releasing the alcoholate at C-8, which
gets protonated. The N-alkylation process of the already
bonded nitrogen could continue by bond formation to the exo-
methylene of the hydroxymethacrylate group, affording a
piperidine ring through a 6-endo-trig cyclization. The enolate
obtained could be rearranged to the carbanion and then to the
alcoholate at C-8 followed by another proton exchange. The
hydroxy group at C-8 could further attack the carbonyl of the
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piperidine ring, leading to a new five-membered ring ($-exo-trig
cyclization) that undergoes a second proton shift to afford a
fused tetracyclic ring system including a lactone. Subsequent
cleavage of the substituent on nitrogen and alkylation of the
piperidine (or an inverse sequence of the latter two steps)
would give a dimerization with a second molecule of
onopordopicrin (7) through its activated a-methylene-y-
butyrolactone, resulting in compound 1 (Scheme 1). The
compound 1 thus obtained may be taken as the precursor of a
new subclass of sesquiterpenoid alkaloid secondary metabolites
with four fused rings including a lactone. Brocksom and
collaborators identified only three subclasses of sesquiterpe-
noid alkaloids in their seminal review of 2017, including the
most abundant dendrobines and guaipyridines, as well as the
rotundines, which were represented by just three members.”*

The relative configuration of the stereocenters of each
germacranolide moiety of compound 1 is similar to that of
related compounds in the literature: the butyrolactone is trans-
fused; the proton H-7 is on one side; the protons H-6 and H-8
are on the opposite side of the ring system. The latter protons
are also in proximity to the methyl (C-14) and the
hydroxymethylene (C-15) groups.”’~'¥** This arrangement
was supported by NOESY cross-peaks (Figure 3) from H-6 to
H-8; H-8 to H-14; and H-14 to H-15 then from H-6' to H-8';
H-8' to H-14'/H-11’; and H-14' to H-15'. The double bonds
C-1/C10 and C-4/C-5 in both cyclodecyl rings are trans- and
cis-configured, respectively, as indicated by NOESY inter-
actions from H-14 to H-2 (& 2.53) and H-8; H-14' to H-2'
(8y 2.33) and H-8'; and H-S' to H-3' (6 1.98) and H-7'.
However, the configuration of the newly generated stereo-
centers C-11 and C-16 could not be deduced directly from the
NOESY spectrum (Figure 3). Moreover, H-17 showed no
nontrivial cross-peaks. Therefore, a conformational analysis
[Spartan’l0 (MMEE level of theory)]*® was performed
alongside geometry optimization [B3LYP**™>’ functional in
combination with the Pople basis set 6-31G(d)]*>*" and
densitZ functional theory (DFT) calculation (Gaussian 16, rev.
C.01)°* of the shielding tensors [mPWI1PW91/6-31+G-
(d,p)]¥ ™ for every conformer of all eight diastereomers
related to these three stereocenters (C-11, C-16, and C-17),
using the DP4+ method developed by Sarotti et al. The
comparison of the calculated and Boltzmann-weighted
shielding tensors with the experimental NMR shifts allowed
no unequivocal stereochemical assignment. Nevertheless, the
11R,16R,17R- and the 11S,16S,17S-configurations provide the
best match with the measured values (see the Supporting
Information). Furthermore, the electronic circular dichroism
(ECD) spectrum of compound 1 was recorded and compared
to the simulated spectra of the two remaining possible
diastereomeric configurations 11R,16R,17R and 11§,165,17S.
Both these calculated data as well as compound 1 feature the
same excitation energies in the detected area of the spectrum
with a strong positive Cotton effect with a maximum at 220
nm, inconclusive in the assignment of the relative but
supportive of the overall absolute configuration of 1. Analysis
of the corresponding molecular orbitals (MOs) revealed that
the recorded excitations are most likely due to z—z*
transitions in the onopordopicrin portion of compound 1.
This can be expected since the latter part possesses the same
configuration in both possible diastereomers. Significant
differences for the diastereomers could only be indicated in
the spectral region beyond the solvent cutoff and therefore
were not detectable. A comparison of the experimental specific

https://doi.org/10.1021/acs jnatprod.2c00055
J. Nat. Prod. 2022, 85, 16811690
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Table 1. 'H (600 MHz) NMR Spectroscopic Data for Compounds 1—5 (8 in ppm, J in Hz)

position 14 2° 3t 4" 5°
1 519, m 5.16, m 4.88, m 496, m 5.10, m
2 2.15, m; 2.53, m 2.36, m; 2.23, m 2.14, m; 2.08, m 2.17, m; 2.08, m 2.31, m; 2.24, m
3 2.61, m; 2.41, m 2.59, m; 2.07, m 2.48, m; 1.82, m 2.49, m; 1.82, m 2.60, m; 2.01, m
4
S 522, m 518, m 4.55, d (10.0) 4.74, d (10.0) 4.93, d (10.0)
6 521, m 523, m 5.09, t (9.5) 5.14, t (9.4) 543, m
7 2.52, m 3.39¢ 2.56, m 2.63, m 2.73, m
8 4.09, m 526, m 5.04, m 5.08, m 5.34, td (9.7, 2.5)
9 2.58, m; 2.27, m 2.63, m; 2.58, m 229, m 242, m; 2.31, d (11.9) 2.53, m
10
11 2.65, m 271, m 323, m
12
13 2.13, m; 2.75, m 6.%6, 13: d (3.6); 5.84,brd 2.89, m 2.93, d (12.0, 6.5); 2.76, m 3.48, m; 3.38, m
3.6

14 1.73,s 159, s 143, s 145, s 1.59, s
15 426, d (13.5); 391, d 4.82, m 4.03,dd (137, 4.5); 3.82,dd  4.06, dd (13.6, 4.0); 3.84,dd 427, d (13.6); 407, d

(13.5) (137, 5.8) (13.6, 5.3) (13.6)
16
17 2.58, m
18 3.95, m; 3.73, m
19 2.79;% 2.06, m
g 529, m 5.82, m
2 2.16, m; 2.33, m 4,947
3 2.61, m; 1.98, m 5.36, s; 4.98, s 4.13, m 4.13, br s 4.33, m
4 6.10, d (1.7); 5.82, d (1.7) 6.13, d (2.0); 5.86, d (2.0) 6.?1, g (1.6); 6.01,d

1.6
s’ 5.06, d (10.1) 2.02, m
6 520, m 429, m
7' 3.63, m 2.79, m
8’ 5.15, m 543, m
9’ 2.70, m; 2.36, m 1.84, dd (123, 4.4);
1.67, m

10
11’ 267, m
12/
13 2907 6.32,s; 5.86, s
14" 159, s 122,s
18" 428, d (13.5); 4.06, d 4.03, m; 3.91, m

(13.5)
1
2" 3.28, t (7.0) 2.77, d (6.1) 3.39, m
3" 433, brs 432, brs 2.86,)d (6.3); 2.78, dd (13.6, 1.81, m 1.67, m; 1.40, m

7.6
4" 6](.0, I;r d (1.6); 5.95,brd  6.29, br s; 6.02, s 0.87,d (6.2) 1.94, m
1.6

s 723, m 0.88, d (6.2) 1.05, d (7.4)
6" 727, m 1.03, d (7.4)
7" 721, m
8" 727, m
9" 723, m
”
o
3" 4.23,br s
4" 6.14, d (1.8); 5.86, br s

“Data measured in acetone-dg. *Data measured in DMSO-dg. “DMSO-dg/MeOH-d, (1:4) was used, and spectra were calibrated with the residual
signal of MeOH-d,. dSignal identified from the HSQC spectrum due to overlap.

rotation value with the simulated values was inconclusive as
well (see the Supporting Information for further details and
example figures). As a result, compound 1 was characterized as
an N-containing germacranolide heterodimer for which the
trivial name tufnelactone A is proposed.

1684

Compound 2 was obtained as a colorless powder from
hexane with an [a]*p of +29.1 (¢ 0.55, acetone). Its positive-
mode HRESIMS exhibited a sodium adduct ion peak [M +
Na]* at m/z 719.3038, corresponding to the molecular
formula, C33H,50;,Na* (caled 719.3038 for CysH,50,Na*).

https://doi.org/10.1021/acs jnatprod.2c00055
J. Nat. Prod. 2022, 85, 1681-1690
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Table 2. *C (150 MHz) NMR Spectroscopic Data for Compounds 1—5 (6 in ppm)

position 1“ 27
1 1284, CH 129.4, CH
2 252, CH, 259, CH,
3 33.4, CH, 34.4, CH,
4 1445, C 1389, C
N 128.6, CH 131.3, CH
6 78.8, CH 762, CH
7 63.3, CH 523, CH
8 79.9, CH 72.8, CH
9 44.1, CH, 483, CH,
10 129.9, C 1327, C
11 583, C 136.4, C
12 1746, C 169.5, C
13 54.0, CH, 123.8, CH,
14 169, CH, 165, CH,
15 59.0, CH, 617, CH,
16 1046, C
17 438, CH
18 61.1, CH,
19 59.1, CH,
1 129.4, CH 147.5, CH
2 25.5, CH, 110.6, CH,
3 339, CH, 1118, CH,
Iy 1423, C 147.5, C
s 129.7, CH 557, CH
6 77.1, CH 70.7, CH
7' 48.4, CH 550, CH
8’ 73.6, CH 70.9, CH
o 48.6, CH, 43.6, CH,
10° 1319, C 402, C
1 443, CH 1392, C
12/ 177.6, C 1662, C
13 543, CH, 127.6, CH,
14/ 16.0, CH, 183, CH,
15’ 59.7, CH, 66.5, CH,
1 1653, C 1648, C
2 141.6, C 141.1, C
3" 60.6, CH, 604, CH,
g 1233, CH, 124.0, CH,
5
6"
o0
%
9"
1 164.8, C
2" 1412, C
3" 60.3, CH,
4" 122.8, CH,

b b

3 4 5°

129.4, CH 1295, C 129.6, CH
25.9, CH, 259, CH, 257, CH,
342, CH, 342, CH, 342, CH,
1435, C 1437, C 1443, C
1289, CH 128.9, CH 128.05, CH
76.5, CH 76.6, CH 77.6, CH
50.7, CH 514, CH 52.6, CH
73.6, CH 73.7, CH 732, CH
485, CH, 485, CH, 483, CH,
1326, C 1326, C 1326, C
46.0, CH 46.1, CH 422, CH
1779, C 178.0, C 1776, C
468, CH, 48.4, CH, 482, CH,
16.8, CH, 16.8, CH, 16.1, CH,
592, CH, 59.3, CH, 59.6, CH,
165.1, C 165.1, C 165.0, C
1414, C 1414, C 1410, C
60.0, CH, 60.0, CH, 60.5, CH,
1243, CH, 1242, CH 125.3, CH,
1756, C 176.0, C 1776, C
63.4, CH 68.4, CH 67.5, CH
39.1, CH, 312, CH, 25.6, CH,
1387, C 18.9, CH, 36.5, CH,
1297, C 19.9, CH, 14.8, CH,
1286, C 11.5, CH,
1267, C
1286, C
129.7, C

“Data measured in acetone-d. “Data measured in DMSO-dj. ‘DMSO-ds/MeOH-d, (1:4) was used, and spectra were calibrated with the residual

solvent signal of MeOH-d,.

Compound 2 showed only weak shoulders in its UV spectrum
at 275 and 340 nm in acetonitrile, and its IR spectrum
exhibited a broad band at 3381 cm™" attributable to a hydroxy
group, along with a sharp band at 1762 cm™" characteristic for
a y-lactone paired with a band at 1713 cm™" for the carbonyl
group of esters. Compound 2 showed two sets of signals, of
which one was similar to those of onopordopicrin (7), which
are listed for compound 1 in Tables 1 and 2. The 'H and “*C
NMR spectra of the second set displayed three exomethylenes
at 8y 6.32 (s, H,-13"), 5.86 (s, H,-13"), 5.36 (s, H;-3"), 4.98 (s,

H,-3'), and 4.94 (m, H;-2’) and at ¢ 127.6 (C-13'), 111.8
(C-3’), and 110.6 (C-2'), an olefinic methine at &; 5.82 (s, H-
1’) and 8¢ 147.5 (C-1'), a hydroxymethylene at & 4.03 (m,
H,-15"), 3.91 (m, H,-15’) and ¢ 66.5 (C-15'), and a methyl
at &y 122 (s, H-14') and ¢ 18.3 (C-14'). A spin system
inferred from the 'H, 'H COSY spectrum (Figure 2) by
connectivities between H-5'/H-6'/H-7'/H-8'/H-9' revealed a
cyclohexane ring in the structure of compound 2. The
positions of the methyl, vinyl, 3-hydroxypropen-2-yl, and 2-
propenoyl substituents were defined by HMBC cross-peaks

1685 https://doi.org/10.1021/acs.jnatprod.2c00055
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Scheme 1. Proposed Biosynthetic Route to the Piperidine Ring Formation in Compound 1

HO

oH HsC
8a 1

from H-S' (8 2.02) to carbons C-14/, C-1’, and C-15’ and
from H-7" (8 2.79) to carbons C-6’ (5 70.7), C-8' (5¢ 70.9),
C-12’, and C-13'. This moiety of compound 2 so determined
belongs to the elemane type of sequiterpenes, with a ring-
opened C-6/C-12 y-lactone, a structural motif widespread in
the family Asteraceae.”~'¥** Its biosynthetic origin is likely a
[3,3]-sigmatropic rearrangement (Cope rearrangement) of a
germacranolide-type sesquiterpenoid.3 37 The point of attach-
ment of the elemane moiety to the germacranolide was located
based on HMBC cross-peaks (Figure 2) from H-15 (& 4.82)
to carbon C-12' (§c 166.2). The configuration of the
germacranolide-type part of the molecule was similar to that
of compound 1 and onopordopicrin (7): NOESY cross-peaks
(Figure 4) from H-6 to H-8, H-8 to H-14, H-14 to H-15 and
H2 (64 2.36), H-1 to H-9 (8 2.63), and H-5 to H-3 (5,
2.07) and H-7. Moreover, the large vicinal coupling constant
between H-S" and H-6' (J ¢ = 10.4 Hz) was suggestive of an
antiperiplanar orientation. The NOESY cross-peaks (Figure 4)
between H-6'/H-8'/H-14’ and between H-5'/H-9'/H-7'/H-
1’ supported the configuration of 2 as being similar to that of
related compounds in the literature."”~**** Thus, compound 2
was characterized as the first ever reported elemane—
germacranolide heterodimer in Nature, for which the trivial
name tufnelactone B is being proposed.

Compounds 3—$ were found to share the same core
skeleton, which was identified as 11,13-dihydroonopordopicrin
and is similar to the structure of compound 1. Compound 3
was obtained as a white powder from MeOH with an [a]?, of

1686

+13.3 (¢ 0.45, DMSO). Its molecular formula, C,sH;sNOg, was
deduced from its positive-mode HRESIMS, which showed a
protonated molecular ion peak [M + H]* at m/z 514.244S
(caled for C,gH;(NOg*, 514.243S). Compound 3 displayed a
UV absorption maximum at 203 nm in acetonitrile, and its IR
spectrum exhibited absorption bands at 3364 cm™' for a
hydroxy group, 1754 and 1708 cm™" for carbonyl groups, and
1657 and 1632 cm™ for aromatic and olefinic double bonds.
The NMR data were supportive of the occurrence of a
germacranolide moiety (Tables 1 and 2), as described for
compound 1. The 'H and *C NMR spectra of compound 3
gave signals for an N-methine at 5y 3.28 (t, ] = 7.0 Hz, H-2")
and 8¢ 63.4 (C-2") and a benzylic methylene at 5 2.86 (br d,
J = 6.3 Hz, H,-3"), 2.78 (dd, ] = 13.6 and 7.6 Hz, H,-3"), and
8¢ 39.1 (C-3"). A monosubstituted benzene ring substructure
of the molecule was also evident from signals at §;; 7.27 (m, H-
6"/8"), 7.23 (m, H-5"/9"), 7.21 (m, H-7") and ¢ 138.7 (C-
47), 129.7 (C-5"/C-9"), 128.6 (C-6"/C-8"), and 1267 (C-
7"). Analysis of these signals gave evidence of 3 containing a
phenylalanine unit, which was bonded to the germacranolide
fragment, as judged by the HMBC cross-peak (Figure S) from
H2" to C-13 (5. 46.8).

Compound 4 was also obtained as a white powder from
MeOH with an [a]**, of +16.0 (¢ 1.0, DMSO). Its molecular
formula, C,,H;sNOg, was deduced from its positive-mode
HRESIMS, which showed a protonated molecular ion peak [M
+ H]" at m/z 466.2436 (calcd for C,,H3;(NOg", 466.2435). Its
UV spectrum presented a maximum at 204 nm in methanol,

https://doi.org/10.1021/acs jnatprod.2c00055
J. Nat. Prod. 2022, 85, 1681-1690
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CH2 oy

Figure 4. NOESY correlations of compound 2.

and its IR spectrum exhibited a broad band at 3392 cm™
attributable to a hydroxy group and a broad band at 1655 cm™
for the presence of a carbonyl and olefinic double bonds. As for
compound 3, the NMR data revealed the presence of a
germacranolide moiety (Tables 1 and 2), as described for
compound 1. Evidence in the 'H and "*C NMR spectra was
presented for compound 4 containing an N-methine at dy; 2.77
(d, J = 6.1 Hz, H-2") and & 68.4 (C-2") and an isopropyl
group at 8y 1.81 (m, H-3"), 0.87 (d, ] = 6.2 Hz, H-4"), 0.88
(d, ] = 62 Hz, H-5") and 8 312 (C-3"), 18.9 (C-4"), and
19.9 (C-5"). Hence, 4 was determined to contain a valine unit,
linked to the germacranolide moiety, as judged by the HMBC
cross-peak (Figure S) between H-2” and C-13 (6 48.4).
Finally, compound $ was obtained as a white powder from
MeOH with an [@]*, of —2.5 (¢ 0.8, DMSO). Its molecular
formula, C,sH3;NOg, was deduced from its positive-mode

hs
m—H-TH COSY

—>HMBC

Figure 5. HMBC and 'H—'H COSY interactions in compounds 3—5.

HRESIMS, which showed a sodium adduct ion peak [M +
Na]* at m/z 502.2419 (caled for C,HyNOgNa*, 502.2411).
Its UV spectrum presented a maximum at 204 nm in methanol,
and its IR spectrum exhibited bands at 3402 cm™" attributable
to a hydroxy group, at 1754 and 1709 cm™' for carbonyl
groups, and at 1628 and 1565 cm™ for olefinic double bonds.
On the basis of the NMR data and in accordance with the
previous observations, compound $§ was also assigned with a
germacranolide moiety as described for compound 1 (Tables 1
and 2). The 'H and "*C NMR spectra of compound § gave
evidence for an N-methine at 8y 3.39 (m, H-2") and & 67.5
(C-2") and an isobutyl group at &; 1.94 (m, H-4"), 1.67/1.40
(m, H-3"), 1.05 (d, ] = 7.4 Hz, H-5"), 1.03 (d, ] = 7.4 Hz, H-
6") and 8¢ 36.5 (C-4"), 25.6 (C-3'"), 14.8 (C-5"), and 11.5
(C-6"). Hence, S was assigned with a leucine present, which
was connected to the germacranolide moiety in the same
manner as in its congeners 3 and 4.

1687 https://doi.org/10.1021/acs jnatprod.2c00055
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This is the first report of amino acid-containing
sesquiterpenoids from the genus Vernonia. These sesquiterpe-
noid—amino acid hybrid molecules impressively demonstrate
the strong electrophilic reactivity of the a-methylene-y-
butyrolactone group in sesquiterpene lactones. Some instances
have been reported in Anvillea garcinii, a member of the
Asteraceae farnily.38 Once biosynthesized, the sesquiterpene
lactones can undergo rapid and spontaneous nonenzymatic
condensation with a nitrogen nucleophile as in the formation
of isoindolinone analo%ues (e.g., azacoccone, rinacerin, and
stachyflim derivatives)® "' presumed to be produced in an
abiotic conjugation of phthalic aldehyde-type double electro-
philes with ammonia, amines, or amino acids.*!

The configuration of the amino acid portions was tentatively
assigned to be 1, as the vinylogous addition is most likely a
noncatalyzed process and the relative abundance of the
respective nucleophile in the cell or cellular compartment
will be decisive. This clearly favors the L- over the D-series.
Thus, compounds 3—5 were characterized as amino acids
containing germacranolide-like sesquiterpenoids for which the
trivial names tufnelactones C—E are being proposed.

The known compounds 8a-[4'-hydroxymethacryloyloxy]-
sonchucarpolide (6),” onopordopicrin (7),** 1H-indole-3-
carbaldehyde (8),"* apigenin (9), pedalitin (10),** apigenin 7-
O-f-glucopyranoside (11), apigenin 7-O-f-glucuronide (12),
luteolin 7-O-f-glucuronide (13)," 2,4’-methylenebisphenol
(14), and bisphenol F (15)*® were identified by comparison of
their spectroscopic data with those reported in the literature.

The crude extract and compounds 1-5, 7—10, and 12—15
were evaluated against a cancer cell line (HeLaS3, a human cell
line) at successive concentrations of 2.5, S, 10, 25, and S0 ug/
mL and against a panel of bacterial and fungal strains (except
for compounds 6 and 11, which were not isolated in sufficient
quantities to allow biological tests). The choice of these
bioactivities is based on a solid background of sesquiterpene
lactones inducing apoptosis in cells.*”"* Against bacteria and
fungi, no activity was observed at 25 and 50 yug/mL. However,
the crude extract exhibited 100% cytotoxicity at 25 ug/mL and
25% cytotoxicity at 10 ug/mL. The new compounds 15 and
the known compounds tested were all deemed inactive (ICs, >
10 uM).

B EXPERIMENTAL SECTION

General Experimental Procedures. Optical rotations were
measured with a PerkinElmer 241 MC polarimeter (using the sodium
D line and a quartz cuvette with a 10 cm path length and 0.5 or 1.0
mL volume). UV—vis spectra were recorded on an Evolution 201
UV-—visible spectrophotometer using 10 mm quartz cuvettes. Infrared
(IR) spectra were recorded on an FT-IR spectrometer (Bruker
Tensor 27) equipped with a diamond ATR unit and are reported in
terms of frequency of absorptions in cm™. NMR spectra were
recorded on a Bruker Avance-III ("H NMR, 600 MHz; '*C NMR,
151.1 MHz) spectrometer equipped with a S mm TCl cryoprobe.
Chemical shifts were referenced to residual solvent signals and
reported in parts per million (ppm) relative to tetramethylsilane
(TMS). Electrospray ionization (ESI) mass spectra were recorded on
a 1200-series HPLC system or a 1260-series Infinity Il HPLC system
(Agilent Technologies) with a binary pump and integrated diode
array detector coupled to an LC/MSD-Trap-XTC mass spectrometer
(Agilent Technologies) or an LC/MSD Infinity Lab LC/MSD
(G6125B LC/MSD). High-resolution mass spectra were recorded on
an Agilent 6545 QTOF-MS spectrometer (Waters) with a LockSpray
interface and a suitable external calibrant. Circular dichroism spectra
were recorded on a JASCO J-815 spectrometer equipped with a
JASCO PTC-423S/1S temperature controller. The measurement of
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compound 1 (¢ = 0.1 mM in MeOH) was repeated five times and
averaged using a scanning speed of 50 nm/min at 20 °C. The solvent
background was recorded applying the same parameters and was
subtracted from the sample measurement. The Boltzmann averaged
CD spectra were created with SpecDis v1.71.*

Chromatographic purification of compounds was performed on
silica gel (35—70 pm, Acros Organics). Thin-layer chromatography
(TLC) was carried out on silica plates (TLC silica 60 F,s,, Merck),
and zones were detected by spraying with 20% H,SO, followed by
charring at 100 °C. Analytical HPLC analysis was performed on an
Agilent Technologies 1260 Infinity II system equipped with a binary
pump and a diode array detector. An ACE C,4 PFP column (150 mm
X 4.6 mm, 3 um, 40 °C) with a flow rate of 1 mL/min was used.
Preparative reversed-phase separation was carried out on a Smartline
HPLC system (Knauer) with mixtures of acetonitrile (HPLC grade)
and water (HPLC grade) as eluents on an ACE § C,g PFP 150 mm X
30 mm column, at a flow rate of 37.5 mL/min. The eluents were
degassed prior to use by means of ultrasonication for 30 min. Two
Smartline K 1800 pumps (pump head size: 100 mL each, high-
pressure gradient; Knauer) and an $2600 diode array detector
(Knauer) were used.

Plant Material. The whole plants of Vernonia tufnelliae were
collected on the slope of the Bamboutos Mountain in the western
region of Cameroon in December 2017. The identification was
performed at the Cameroon National Herbarium (Yaoundé) by
comparison with a voucher specimen maintained under the accession
number 58856/HCN.

Extraction and Isolation. The dried whole plants of V. tufnelliae
(1.0 kg) were ground and extracted with ethanol (3 X S L, 72 h each)
at room temperature to yield a crude extract (40.0 g) after
evaporation under reduced pressure. A portion (35.0 g) of this
extract was purified by flash chromatography on a silica gel column
with gradients of cyclohexane—EtOAc and EtOAc—MeOH. Alto-
gether, 76 fractions of 200 mL each were collected and combined on
the basis of their TLC profiles (using mixtures of cyclohexane—
EtOAc, 85:15, 70:30, 30:70) into five main fractions, coded A—E (A:
1-6; B: 7-25; C: 26—50; D: 51—65; E: 66—76). Fraction A (3.8 g)
contained mostly lipids and was not further investigated. Successive
silica gel chromatography columns of fraction B (1.5 g) were not
followed up. Fraction C (2.1 g) was dissolved in EtOAc for
purification by silica gel column chromatography and afforded
compound 9 (20 mg) by simple filtration. Further open column
chromatography over silica gel of fraction C using a gradient of
cyclohexane—EtOAc (100:0, 95:5, 90:10, 85:15, 80:20, 75:25, and
70:30) afforded three subfractions (C1—C3). Fraction C1 (50 mg)
was purified by RP-HPLC eluting with 25% CH;CN—H,O (isocratic)
to afford compound 8 (3 mg). Fraction D (10.8 g) was also purified
by flash chromatography with a gradient of cyclohexane—acetone
(100:0, 95:5, 90:10, 85:1S, 80:20, 75:25, and 70:30), affording six
fractions (D1—-D6). Subfraction D6 (1.8 g) was further fractionated
on an open silica gel column with a gradient of cyclohexane—acetone
prior to purification of resulting fractions by RP-HPLC (25%
CH;CN-H,0) to give compounds 7 (3.1 mg), 14 (2.4 mg), and
15 (2.1 mg). Subfraction D4 (3.2 g) was treated in the same way as
D6 to afford 1 (4.2 mg), 2 (5.1 mg), 6 (1.4 mg), and 10 (13.2 mg).
Subfraction DS (1.7 g) was also subfractionated by open silica gel
column chromatography with a gradient of cyclohexane—acetone,
affording compound 11 (17.0 mg). Compounds 3 (1.8 mg), 4 (2.0
mg), 5 (1.2 mg), 12 (2.6 mg), and 13 (2.7 mg) were obtained from
fraction E (15.0 g) through purification by silica gel open-column
chromatography using a gradient of EtOAc—MeOH to yield a green
powder, which was subsequently purified by RP-HPLC eluting with a
gradient of CH,CN—-H,0.

Tufnelactone A (1): white amorphous powder; [a]?, +11.2 (¢ 0.8,
acetone); A, (log & acetonitrile) 216 (sh, 4.5) nm; IR (ATR) vy,
3306, 2928, 1764, 1714, 1660, 1454, 1007, 565 cm™'; 'H NMR
(acetone-dg) and '3C NMR (acetone-dg), see Tables 1 and 2;
(+)-HRESIMS m/z 714.3471 [M + H]* (caled for C3Hg,NO,,*,
714.3484).

https://doi.org/10.1021/acs jnatprod.2c00055
J. Nat. Prod. 2022, 85, 16811690
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Tufnelactone B (2): white amorphous powder; [a]?p +29.1 (c
0.55, acetone); A, (log &, acetonitrile) 275 (sh, 3.1), 340 (sh, 2.8)
nm; IR (ATR) v,,,, 3381, 2929, 1762, 1713, 1633, 1412, 1263, 1009,
599, 556 cm™'; 'H NMR (acetone-dg) and *C NMR (acetone-dg),
see Tables 1 and 2; (+)-HRESIMS m/z 719.3038 [M + Na]* (calcd
for CygH,gNaOy,", 719.3038).

Tufnelactone C (3): white amorphous powder; [a]?p +13.3 (¢
0.45, DMSO); Ay (log €, acetonitrile) 203 (3.6) nm; IR (ATR)
3364, 2920, 1754, 1708, 1657, 1631, 1406, 1289, 1139, 1017, 950
cm™'; "TH NMR (DMSO-dg) and *C NMR (DMSO-dg), see Tables 1
and 2; (+)-HRESIMS m/z 514.2445 [M + HJ]* (caled for
C,3H3(NOg", 514.2435).

Tufnelactone D (4): white amorphous powder; [@]**p +16.0 (c 1.0,
DMSO); Ay (log &, methanol) 204 (3.9) nm; IR (ATR) vy, 3392,
1655, 1494, 1436, 1014, 951 cm™; '"H NMR (DMSO-d¢) and *C
NMR (DMSO-dg), see Tables 1 and 2; (+)-HRESIMS m/z 466.2436
[M + HJ* (caled for C,,H;NOg*, 466.2435).

Tufnelactone E (5): white amorphous powder; [a]?p —2.5 (c 0.8,
DMSO); Ay (log € methanol) 204 (4.4) nm; IR (ATR) v,,,, 3402,
1754, 1709, 1628, 1565, 1165, 1021, 1002, 823, 761 cm™'; 'TH NMR
[DMSO-d¢ + methanol-d, (1:4)] and “C NMR [DMSO-ds +
methanol-d, (1:4)], see Tables 1 and 2; (+)-HRESIMS m/z 502.2419
[M + Na]* (caled for C,sH;,NOgNa*, 502.2411).

Bioactivity. Bioactivity was tested as described previously.”® In
brief, the HeLa-S3 human cervical cells (DSMZ ACC 161) were
grown in DMEM medium (Gibco, Thermo Fisher Scientific Inc.).
The medium was supplemented with 10% inactivated fetal calf serum
(Gibco, Thermo Fisher Scientific Inc.), 65 ug/mL of penicillin G, and
100 pug/mL of streptomycin sulfate (Gibco). A humidified
atmosphere containing 5% CO, at 37 °C was used to incubate the
cultures. The assays were carried out in 96-well plates containing 5 X
10* cells/mL, and HeLa-S3 cells were seeded for 24 h before the test
compounds were added. The test compounds (at a concentration of
2.5, S, 10, 25, and 50 pg/mL) were transferred to a new 96-well plate,
with the solvent evaporated, and subsequently the compounds were
dissolved in the appropriate volume of cell culture medium followed
by shaking for 15 min. The medium in the 96-well plate with HeLa-S3
cells was replaced by either medium with test compound, or medium
alone (negative control) or medium with camptothecin (ICg, 0.29
uM; positive control). All tests were conducted in triplicate. The cell
viability was evaluated by microscopy, and 48 h after the addition of
the test compounds or control the approximate value of cytotoxicity
was given in terms of % of dead cells.

Antibacterial and antifungal assays (serial dilution assays) against
Aneurinibacillus migulans (ATCC 9999, 37 °C), Staphylococcus aureus
subsp. aureus (ATCC 11632, 37 °C), Pseudomonas aeruginosa (ATCC
15442, 37 °C), Rhizomucor michei (Tii 284, 37 °C), Penicillium
chrysogenum (IBWE strain, 27 °C), Paecilomyces variotii (ETH
114646, 37 °C), Phytophthora infestans (CBS 430.90, 18 °C), and
Candida albicans (ATCC 90028, 37 °C) as well as germination assays
with Pyricularia oryzae (70—15) and Botrytis cinerea were performed
in accordance with methods described before.*”*” All methods follow
techniques described by Anke et al.*'
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8 Zusammenfassung

8.1 In silico Betrachtung von Reaktionsmechanismen

8.1.1 Simulation des Reaktionspfads einer photokatalysierten
[3+2]-Cycloaddition von Vinylcyclopropanen mit Acetylenen
Im Rahmen dieser Doktorarbeit wurde mittels DFT-Berechnungen der Reaktionsmechanis-

mus der von - entwickelten Iridium-katalysierten formalen [3+2]-Cycloaddition
von Vinylcyclopropan 114 mit Acetylensulfon 167 simuliert (Schema 8.1).

hv
Me Ir(1)  *Ir(1) AWM

\ N-R )
EnT

H 114 +59.1 H

R = SO,CF; (+59.0)
[+61.4]

367] \t(

Ph—=—=—S0,Tol ( 65)

167 [-18.9]

S0,Tol -64.2 \
e [ D]
o Qe | %
H 147 _ @

Freie Reaktionsenthalpie
-48.9, (-58.4), [-65.5] i

Schema 8.1: Die adiabatischen Energiedifferenzen der formalen [3+2]-Cycloaddition
wurden mit verschiedenen DFT-Funktionalen fiir die einzelnen Re-
aktionsschritte berechnet (B3LYP, (CAM-B3LYP) und [MO06-2X]/6-

311+G(2d,p)/IEFPCM(Methanol) in kcal mol™1).
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8 Zusammenfassung

Fiir die untersuchte durch sichtbares Licht induzierte C-C-Aktivierungvon von nicht akti-
vierten Vinylcyclopropanen 114 konnte ein Energietransfermechanismus mittels spektro-
skopischer Laser-Blitzphotolyse-Messungen und DFT-Berechnungen nachgewiesen wer-
den. Dafiir wurden die Sy- und T;-Zustinde der Edukte 114 und 167, des Produkts 147
und der angeregten Zustidnde I-III berechnet. Die wiahrend des Reaktionsmechanismus

auftretenden ungepaarten Elektronen wurden in Form der entsprechenden Spindichten

abgebildet.[554

8.1.2 Selektivitatsuntersuchung einer Diels-Alder-Reaktion eines
B-Fluor-B-nitrostyrols mit Cyclopentadien

Beider Von_ und seinen Mitarbeitern entwickelten Diels-Alder-Reaktion

von f-Fluor-B-nitrostyrolen 117 mit Cyclopentadien (118) konnte die beobachtete endo-

Selektivitat bei aromatischen Verbindungen mit elektronenziehender Gruppe durch quan-

tenmechanische Berechnungen erklart werden (Abbildung 8.1).

AG38315 j\‘)
[kJ mol1] e ) u‘ ‘%,
{‘ J‘f @ cx0- UZ
iig ':42, : ) | IAAGE 4 oo = 0.98 kI molt
| e
)
“‘ \”‘HW
i e®
% endovziv @ .
0.00 — "t\%\
*° *J e
3966 — ¢ f ﬁ_» © e ex0-151

AAG, = 2.41 kJ mol*
rf ¥ 1 | exa,endo'

pakay R e

¢ t&s
‘xi endo-150

Abbildung 8.1: Energetische Lage der Edukte 118 und 149, der verschiedenen Uber-
ganszustinde IV und V, die zu den entsprechenden endo- und exo-
Produkten 150 und 151 fithren. Der Reaktionspfad wurde mittels M06-
2X/6-311+G(d,p)/IEFPCM(0-Xylol) bei 383.15 K berechnet.>!
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Eine Berechnung der energetischen Lage von Cyclopentadien (118) und p-substituiertem
Fluornitrostyrol 149, der Ubergangszustinde IV und V sowie der méglichen endo- und
exo-Produkte 150 und 151 erméglichte es, unter Verwendung der Eyring-Gleichung die
Geschwindigkeitskonstanten &k vorherzusagen. Das simulierte Verhaltnis kengo/Kexo = 1.36
ist in guter Ubereinstimmung mit dem experimentell bestimmten Diastereomerenverhilt-

nis dr = 1.22 unter den gewihlten Reaktionsbedingungen.!

8.1.3 Reaktivitat verschiedener N-Carbonsaureanhydride in einer

In silico Betrachtung von Reaktionsmechanismen

555]

ringoffnenden Synthese von Polypeptiden

In einem Kooperationsprojekt mit den Arbeitsgruppen - und - wurde mittels
CC-Methoden untersucht, ob die beobachteten Polymerisationskinetiken auf die elektroni-

schen Umgebungen der verwendeten N-alkylierten beziehungsweise N-unsubstituierten

NCAs 152 und 168 zuriickzufithren sind (Abbildung 8.2).

E[eV]

3.794

3.58

A

Abbildung 8.2: Die berechneten energetischen Lagen der relevanten Grenzorbitale von
NMMet-NCA 152, Ethylamin (153) und Met-NCA 168, visualisiert als
NBOs (DLPNO-CCSD(T)/cc-pVDZ//B3LYP/6-311G(d,p)).

L

L
— LUMO
(Met-NCA)
|AE] = 14.31
LUMO
(NMMet-NCA)
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Zusammenfassung

Die Anwendung der Klopman-Salem-Gleichung auf die energetischen Lagen der berech-
neten NBOs in der Gasphase deuten darauf hin, dass bei NMMet-NCA 152 eine hohere
Reaktivitdt mit einem primaren Amin 153 zu erwarten ist, da die Energiedifferenz gerin-
ger ist im Vergleich zu Met-NCA 168. Die experimentellen Befunde spiegelten diese in
silico Vorhersage jedoch nicht wider, sodass gefolgert wurde, dass der sterische Einfluss
des Stickstoff-Substituenten fiir das verringerte Polymerisationsverhalten verantwortlich

ist [535.556]

8.1.4 Bestimmung des Substituenteneinflusses bei der

photochemischen Dehydrierung von N-Heterozyklen

In der von _ entwickelten photochemischen Dehydrierung von N-Heterozy-
klen 123 zeigte sich bei den Verbindungen 155 und 156, die ortho-substituierte Aromaten
am Stickstoff tragen, ein verringerter bis ganz ausbleibender Umsatz unter den gewahlten
Reaktionsbedingungen. Die Simulation der optimalen Geometrie mittels DFT verdeutlichte
eine Drehung des aromatischen Rings derartig substituierter Verbindungen im Vergleich zu
einem Phenylsubstituenten. Der daraus resultierende verringerte Orbitaliiberlapp erklart
die geringeren Ausbeuten fiir die Substrate 155 und 156 im Vergleich zu dem Phenyl-
substituierten Piperidon 154 (Abbildung 8.3).5°"]

Oy O . O

Me Cl
155 ; 156 ; \ 154

Abbildung 8.3: Die unterschiedliche Ausrichtung verschiedener N-Substituenten der Pi-
peridone 154, 155 und 156 nach einer Geometrieoptimierung auf DFT-
Level (B3LYP/6-311+G(d,p)/IEFPCM(DMF).557]




Computergestiitzte Strukturaufklarung kleiner organischer Molekiile

8.2 Computergestiitzte Strukturaufklarung kleiner

organischer Molekiile

8.2.1 Benchmarkstudie iiber die Genauigkeit von DFT-Methoden
in der VCD-Spektroskopie

In der durchgefithrten Benchmarkstudie wurden diverse Kombinationen aus DFT-Funktio-
nalen, Basissiatzen und Solvatationsmodellen im Bezug auf die Verlasslichkeit und Giite
ihrer Vorhersage von VCD-Spektren systematisch untersucht. Die berechneten harmoni-
schen Rotationsstdarken von sechs organischen Verbindungen wurden unter Verwendung
der Software SpecDis in Lorentzkurven iibersetzt, der spektrale Uberlapp mit den entspre-
chenden experimentellen Spektren bestimmt und durch den enantiomeric similarity index
quantifiziert. Auf Grundlage der Ergebnisse konnten folgende Empfehlungen ausgespro-
chen werden, die sich fiir die Strukturaufklarung mit dieser spektroskopischen Methode

eignen:

B3LYP/6-311G(d,p)/SMD

wB97X-D/6-311+G(d,p)/SMD

M06-2X/6-311+G(d,p)/TEFPCM

PBE0/6-311G(d)/IEFPCM.

Die breiteste Anwendbarkeit wiesen die Kombinationen bestehend aus dem wB97X-D Funk-
tional und dem SMD Solvatationsmodell in Verbindung mit dem 6-311+G(d,p)- oder dem
aug-cc-pVTZ-Basissatz auf. Diese zwei Kombinationen erreichten fiir Campher 125, Phe-

nethlyamin 128 und Thiocampher 130 ESI-Werte >80%.

8.2.2 Differenzierung von Diastereomeren in der Synthese eines

HIV-Integrase-Inhibitors

In der Von- entwickelten Syntheseroute zu Dolutegravir-Natrium (137) konnen bei
der Transacetalisierung von Verbindung (-)-169 zwei Diastereomere 170 und 171 auftre-

ten, deren Differenzierung mittels NMR-Spektroskopie nicht moglich war. Das ausschlief3-
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Zusammenfassung

lich gebildete Produkt (-)-170 sowie dessen absolute Konfiguration konnte durch den Ver-
gleich der aufgenommen VCD-Spektren mit den in silico Simulationen der Vibrationsspek-
tren beider moglichen Diastereomere bestimmt werden (B3LYP/6-31G(d,p)/IEFPCM(CCL,)).
Das berechnete Oxazinon 170 mit der gewiinschten S-Konfiguration an C-9a besitzt einen
Ahnlichkeitsfaktor von 76% zu dem experimentellen Spektrum, wohingegen Isomer 171
mit R-Konfiguration an C-9a lediglich einen Ahnlichkeitsfaktor von 25% besitzt (Sche-

ma 8.2).0%]

OMe
OMe Me O Me O
/J/:NBn HC|(aq.) ('\NJJ\ ('\N)J\
EE—— +
NBn )\/NBn
rt,48h e} o-
07 "NH A a

Me/'\/\OH 92% (ee >99.7%) 171
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Schema 8.2: Das in der Umsetzung von Verbindung (-)-169 gebildete Produkt (-)-170 so-
wie dessen absolute Konfiguration wurde durch den Vergleich von aufge-

nommenen VCD-Spektren mit simulierten Spektren identifiziert.>!

8.2.3 Bestimmung der absoluten Konfiguration eines 13-Hydroxy-

14-deoxyoxacyclododecindions

Die NMR-spektroskopischen Daten des Von- hergestellten 13-Hydroxy-14-deoxy-

oxacyclododecindions (+)-141 wiesen eine deutliche Diskrepanz zu den NMR-Daten eines
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Naturstoffs, fiir den dieselbe chemische Struktur vorgeschlagen wurde, auf. Infolgedessen
wurde analog zu der Veréffentlichung von Shang und Lin et al. die ECD-Spektroskopie
fiir die Bestimmung der absoluten Konfiguration herangezogen.**! Obwohl gewisse Ahn-
lichkeiten in den Spektren der synthetischen Verbindung (+)-141 und des Naturstoffs fest-
gestellt werden konnten, stellte sich diese Methode in dieser Anwendung als nicht aus-
sagekraftig heraus, da die simulierten Spektren aller moglichen Diastereomere des Ma-
krozyklus 141 eine zu hohe Ahnlichkeit im untersuchten Wellenldngenbereich aufwiesen
(Abbildung 8.4).1543]
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Abbildung 8.4: Simulierte ECD-Spektren aller moéglichen Diastereomere des Makro-
lactons 141 im Vergleich zu dem experimentellen Spektrum.

Aus diesem Grund wurde der synthetische Makrozyklus (+)-141 zusatzlich mittels VCD-
Spektroskopie in Verbindung mit DFT-Berechnungen untersucht. Durch die Bestimmung
des spektralen Uberlapps im mittleren IR-Bereich konnten alle moglichen Diastereomere
unterschieden und eine eindeutige Zuordnung der absoluten Konfiguration des Makro-
lactons (+)-141 vorgenommen werden. Im Vergleich mit den experimentell aufgenom-
men Spektren wies das Oxacyclododecindion 141 mit (13R,14S,15R)-Konfiguration sowohl
den grofiten Ahnlichkeitsfaktor mit 73%, als auch den hochsten ESI mit 71% auf (Abbil-
dung 8.5). Eine anschlieflende Rontgenkristallstruktur-Analyse konnte die so bestimmte

absolute Konfiguration bestatigen.
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Abbildung 8.5: Experimentell aufgenommenen IR- und VCD-Spektren (oben) sowie die
simulierten Spektrum (unten) des synthetischen Makrolactons (+)-141.

8.3 Strukturaufklarung isolierter Naturstoffe mittels

computergestiitzter Spektroskopie

Im Rahmen diverser Kooperationsprojekte wurden die Inhaltsstoffe verschiedener Pilze
und Pflanzen untersucht, wobei nicht nur bekannte Verbindungen detektiert, sondern auch
die Strukturen mehrerer neuartiger Sekundarmetaboliten aufgeklart werden konnten (Ab-
bildung 8.6).

OH OH OH OH

L 1 0
12b OH Lt
OH o)
oL
(6]

Abbildung 8.6: Neuartige Naturstoffe 157, 159, 161 und 162, deren Struktur mittels com-
putergestiitzter Spektroskopie aufgeklart werden konnte.

In einem Kooperationsprojekt mit der Arbeitsgruppe - ermoglichte der Vergleich

von simulierten und gemessenen ECD-Spektren die Bestimmung der absoluten Konfigura-
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tion zweier Perylenchinone (+)-157 und (+)-159, die aus einem Pilz der Gattung Alternaria
isoliert wurden (Abbildung 8.7). Die elektronischen Anregungen wurden mittels TD-DFT
berechnet, die erhaltenen Linienspektren mit der Software SpecDis in Gau3kurven iiber-
setzt und anschliefSend der spektrale Uberlapp mit den experimentellen Spektren bestimmt.
Fir Perylenchinon (1S,2R,3R,12aR,12bS)-157 wurde ein ESI von 83% erhalten, wahrend Pe-
rylenchinon (10R,12R)-159 einen Wert von 52% ergab. Aufgrund zu geringer Substanzmen-
gen war es allerdings nicht moglich, die Konfiguration des ebenfalls isolierten Perylenchi-
nons 158 vollstandig aufzuklaren oder biologische Tests durchzufiithren.

In Zelltests zeigte der Naturstoff (+)-157 eine zytotoxische Wirkung, die Induktion von
DNA-Schiaden sowie die Aktivierung des Nrf2/ARE-Signalwegs und die Erhohung des
mRNA-Spiegels der Him-Oxygenase 1. Erste Tests mit Perylenchinon (+)-159 deuteten
zwar auf eine Transkriptionsinhibition der Nrf2/ARE-Signaliibertragung hin, der genaue

Wirkmechanismus muss jedoch in zukiinftigen Studien genauer untersucht werden.>%?!
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