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1 Einleitung 1

1 Einleitung

Der Einsatz von chemischen Kampfstoffen als Massenvernichtungswaffen begann mit der
Schlacht im belgischen Ypern im ersten Weltkrieg (1914-1918). Am 22. April 1915 wurde
durch deutsche Streitkrafte mit 150 Tonnen Chlorgas erstmalig ein chemischer Kampfstoff
eingesetzt, wobei mehrere hundert alliierte Soldaten getdtet und mehr als 2500 verwundet
wurden (Joy, 1997). Gefolgt von zahlreichen weiteren Giftgasangriffen (u.a. mit Chlor-,
Phosgen- oder Senfgas) auf beiden Seiten der Front bezeichnen Historiker den ersten
Weltkrieg auch heute noch als Chemikerkrieg, in dem es durch chemische Kampfstoffe bis
zum Waffenstillstand am 11. November 1918 mehr als 1,3 Millionen Verletzte und etwa 90.000
Tote gab (Fitzgerald, 2008). Die Verwendung von Giftgasen verstie jedoch schon damals
gegen die Haager Landkriegsordnung von 1899 (Segesser and Segesser, 2007). Zukunftige
Einsatze von Chemiewaffen in zwischenstaatlichen Konflikten sollten durch das am
17. Juni 1925 unterzeichnete Genfer Protokoll ,liber das Verbot der Verwendung von
erstickenden, giftigen oder ahnlichen Gasen [...] im Kriege“ reguliert werden (Eidgendssisches
Departement fur Verteidigung, 1925). Doch die fehlende Berticksichtigung von Forschung zu
Kampfstoffen sowie deren Produktion und Lagerung in diesem Abkommen flhrte zu einem
Wettristen. Als eine No-First-Use-Vereinbarung gesehen, wurde formell das Recht
vorbehalten, VergeltungsmalRnahmen zu ergreifen, falls ein Gegner widerrechtliche Schritte
einlegen wurde (Meselson and Robinson, 1980). So kam es in den folgenden Jahren zu
regelmafigen Einsatzen chemischer Kampfstoffe. Italienische Streitkrafte setzten Senfgas im
Krieg gegen Abessinien (1935-1936) im Vorfeld des zweiten Weltkriegs ein (Grip and Hart,
2009). Auch Japan setzte vor und wahrend des zweiten Weltkriegs (1939-1945) im Krieg
gegen China (1937-1945) bei Uber 2000 Gelegenheiten chemische Waffen, unter anderem
Senfgas, ein (Friedrich et al., 2017). Aus Angst vor Vergeltung wurde auf den Gbrigen Schlacht-
feldern des zweiten Weltkriegs jedoch weitgehend auf Chemiewaffen verzichtet (van Courtland
Moon, 1984). Der letzte grol’e Einsatz von chemischen Kampfstoffen in einem zwischen-
staatlichen Konflikt erfolgte wahrend des Iran-Irak-Krieges in den 1980er Jahren. Beide Seiten
setzten zwischen 1980 und 1988 unter anderem Sarin, Tabun und Soman bei verschiedenen
Angriffen ein (Ali, 2001). Im Jahr 1993, nach dem Zerfall der Sowjetunion und dem Ende des
kalten Krieges, konnte dann schlieBlich ein umfassenderes UN-Chemiewaffenabkommen
beschlossen werden, welches am 29. April 1997 vdlkerrechtlich verbindlich in Kraft trat
(Thakur and Haru, 2007). Aktuell haben 193 Staaten das Abkommen der unabhangigen
internationalen OPCW (Organisation for the Prohibition of Chemical Weapons) zur
Vernichtung der aktuellen Chemiewaffenbestdnde sowie des Verbots von Entwicklung,
Produktion, Ein- bzw. Verkauf, Lagerung und Einsatz von Chemiewaffen unterzeichnet
(Pitschmann, 2014). Doch auch dieses Abkommen konnte den Einsatz von Chemiewaffen

nicht ganzlich verhindern. Besonders hochtoxische phosphororganische Nervenkampfstoffe
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werden weiterhin in Kriegssituationen eingesetzt. So zum Beispiel kostete der Sarin-Anschlag
des syrischen Regimes auf die Hauptstadt Damaskus im August 2013 mehr als
1000 Menschen, darunter zahlreiche Kinder, das Leben (Meier, 2016; Pita and Domingo,
2014). Zunehmend kommt es auch in terroristischen Zusammenhangen zu einem Einsatz von
Nervenkampfstoffen (Hofer, 2002; Vale et al., 2016). Mitte der 1990er Jahre veribte die Aum-
Sekte in der U-Bahn von Tokio einen Anschlag mit Sarin, in dessen Folge Uber
5000 Menschen medizinisch behandelt werden mussten und zwdélf von ihnen starben (Sidell
etal., 1997). In den Jahren 2017 bis 2018 fanden mehrere gezielte, politisch motivierte Angriffe
mit phosphororganischen Nervengiften statt. So erlag der Halbbruder des nordkoreanischen
Diktators Kim Jong-Un, Kim Jong-Nam, einer VX-Vergiftung und Sergei Skripal, ein
ehemaliger russischer Geheimdienstoffizier, und seine Tochter Yulia Uberlebten 2018 nur
knapp einen Angriff mit dem Nervengift Novichok (Nakagawa and Tu, 2018; Vale et al., 2018).
Zuletzt kam es im Jahr 2020 zu einer Vergiftung des russischen Regierungskritikers
Alexei Nawalny. Dieser wurde bei einem Inlandsflug in Russland mit einem Novichok-

Nervengift vergiftet und Uberlebte ebenfalls nur knapp (Steindl et al., 2021).

Vergiftungen mit phosphororganischen Nervengiften treten jedoch nicht nur in kriegerischen
Auseinandersetzungen und im Zusammenhang mit terroristischen Anschlagen auf. Ein grof3es
Problem stellen insbesondere in Landern des globalen Stidens umweltbedingte, aber auch in
suizidaler Absicht unternommene Vergiftungen mit Pflanzenschutzmitteln auf Organo-
phosphatbasis dar. Schatzungen zufolge sind Selbstvergiftungen mit Pestiziden weltweit fur

etwa ein Drittel aller Suizide verantwortlich (Freire and Koifman, 2013).
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1.1 Nervengifte als chemische Kampfstoffe

Die Einteilung chemischer Kampfstoffe erfolgt Uber ihre Wirkungsweise in Lungen-, Blut-,
Haut-, Nerven- und Psychokampfstoffe. Wahrend Lungen-, Blut- und Hautkampfstoffe zur
ersten Generation der Chemiewaffen zahlen, welche vor allem im ersten Weltkrieg zum
Einsatz kamen, zahlen Nervenkampfstoffe, in der Regel Organophosphat- bzw. phosphonat-
Verbindungen, je nach Entwicklungsstadium, zur zweiten bis vierten Generation der Chemie-
waffen (Pitschmann, 2014). Zur zweiten Generation gehdren dabei G- (German-) und V-
(Venomous-) Kampfstoffe, wahrend binare GV- und Novichok-Kampstoffe zur dritten bzw.

vierten Generation Chemiewaffen gezahlt werden (Chauhan et al., 2008).

Die erste Synthese eines Nervenkampfstoffes erfolgte per Zufall, als Gerhard Schrader 1936
im Rahmen eines Forschungsprojekts der Firma |. G. Farben zu Organophosphat-basierten
Insektiziden forschte, und nach versehentlicher Freisetzung einer Substanz flr Nervengifte
typische Vergiftungssymptome bei den Forschenden auftraten. Die dabei entdeckte
Verbindung Dimethylphosphoramidocyanidsaureethylester, auch bekannt als Tabun (1), wirkt
stark toxisch und wurde deshalb schnell als potenzielle Chemiewaffe erkannt (Lopez-Mufioz
et al.,, 2009). Diese Entdeckung legte den Grundstein fur weitere phosphororganische
Verbindungen, woraufhin in den folgenden Jahren Sarin (2), Soman (3) und Cyclosarin (4), die
wie Tabun (1) zur G-Reihe der zweiten Generation gehdren, entwickelt wurden (siehe
Abbildung 1) (Pitschmann, 2014).

HsC,  Q @ Q @
N-P-0 H3C—P~0 H3C~P—0 H3C—P~0
HoC & — Fo— F )—tBu F
11
N
1 2 3 4
Tabun (GA) Sarin (GB) Soman (GD) Cyclosarin (GF)

Abbildung 1: Nervengifte der G-Reihe mit zwei-Buchstaben-NATO-Code: Tabun (1), Sarin (2),
Soman (3), Cyclosarin (4).

Alle Nervengifte der G-Reihe sind bei Raumtemperatur klare Flissigkeiten mit einem Dampf-
druck von 0.037 mmHg (Tabun) bis 2.1 mmHg (Sarin), sodass sie bei Raumtemperatur leicht
verdampfen und somit auch Uber die Atmung aufgenommen werden kdnnen. Durch die relativ

hohe Wasserloslichkeit sind G-Nervengifte allerdings nicht sehr persistent (Newmark, 2007).

Die Weiterentwicklung der Substanzen fuhrte zur V-Reihe, die wie die G-Reihe der zweiten
Generation der Chemiewaffen zugeordnet wird. Das VX (5), zehnfach toxischer als die bisher
genannten Vertreter der G-Reihe, wurde 1954 erstmals von Wissenschaftlern im Auftrag des
britischen Militars synthetisiert. Die 6lige Substanz wirkt durch den deutlich geringeren Dampf-

druck von 0.0007 mmHg nicht primar als Inhalations-, sondern als Dermaltoxin. Zuséatzlich ist
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es durch seine héhere Hydrolysebestandigkeit, verglichen mit den G-Verbindungen, weitaus
persistenter (Newmark, 2007; Spradling and Dillman, 2011). Zeitgleich wurden in der
ehemaligen Sowjetunion und in China die strukturverwandten Toxine VR (6) (sowjetisch) und
CVX (7) (chinesisch) entwickelt (siehe Abbildung 2) (Antonijevic and Stojiljkovic, 2007; Black,
2016).

2 i i
HyC—P—S HsC—P—S HsC—P—S
O O \ 0 \
A O G o 7
5 6 7
VX VR CvX

Abbildung 2: Nervengifte der V-Reihe: VX (5), VR (6) und CVX (7).

Unter den andauernden Spannungen des kalten Krieges wurde die Forschung an Nervengiften
vorangetrieben. Dabei wurde der Fokus zunehmend auf weiterentwickelte phosphor-
organische Verbindungen gelegt, welche durch Kombinationen bestimmter Strukturelemente
von G- und V-Agenzien hochtoxisch und gleichzeitig persistenter als Sarin und fllichtiger als
VX (5) sein sollten (Wiener and Hoffman, 2004). Militarlabore der USA fihrten solche
GV-Verbindungen der dritten Generation der Chemiewaffen unter der Bezeichnung IVA
(Intermediate Volatility Agents) ein. Die Instabilitat dieser Verbindungen erforderte jedoch die
Anwendung einer neuen, besonderen Technik: Als bindre Munition werden dabei zwei
ungiftige Vorlauferverbindungen getrennt in ein Projektil eingesetzt, sodass die hochtoxischen
Endverbindungen erst beim Einsatz in situ gebildet werden (Pitschmann, 2014). Dies
reduzierte die Vorsichtsmallnahmen enorm, die beim Transport und der Lagerung der
urspringlichen Chemiewaffen getroffen werden mussten (Koelle, 1981). Zwischen 1970 und
1980 wurden solch binare Chemiewaffen, z.B. GB-2, VX-2, IVA-2, in den USA entwickelt
(Black, 2016; Pitschmann, 2014).

Die Sowjetunion reagierte darauf mit der Entwicklung binarer Kampfstoffe der vierten
Generation. Dabei wurden im Rahmen des FOLIANT-Programms die sogenannten Novichok-
Substanzen mit nochmals erhéhter Toxizitat entdeckt (Bolt and Hengstler, 2022; Nepovimova
and Kuca, 2018; Pitschmann, 2014). Lange waren die genauen Strukturen dieser
Verbindungen unbekannt, doch in den letzten Jahren konnten einige durch spektroskopische
und massenspektrometrische Studien entschlisselt werden, sodass nun die allgemeine
Strukturformel 8 zur Beschreibung der Novichok-Verbindungen gilt (siehe Abbildung 3)
(Bhakhoa et al., 2019; Jeong et al., 2021; Lee et al., 2021).
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RZ R3 S
9 />_N\ il >7N 9 >7N
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F HsC  F — F
8 9 10
R', R? =H or < Cyq incl. cycloalkyl A-232 A-234

R3 = < C4g incl. cycloalkyl

Abbildung 3: Allgemeine Strukturformel der Novichok-Reihe (8), sowie explizit dargestellt A-232 (9)
und A-234 (10).

Die Novichok-Verbindungen A-232 (9) bzw. A-234 (10), welche als bindre Kampfstoffe
Novichok 5 bzw. Novichok 7 eingesetzt werden, sollen um ein Vielfaches toxischer sein als die
Nervengifte Soman oder VX (Chai et al., 2018; Franca et al., 2019).
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1.2 Vergiftungen mit phosphororganischen Verbindungen
1.2.1 Das cholinerge System

Das cholinerge System, das alle neuronalen Strukturen einschlieRt, die auf dem Neuro-
transmitter Acetylcholin (ACh) basieren (siehe Abbildung 4), spielt eine entscheidende Rolle
im Nervensystem. Eine Vielzahl von physiologischen Prozessen, wie z.B. die Regulation der
Herzfrequenz oder die Steuerung der Muskelkontraktion, wird durch cholinerge Rezeptoren,
deren Verteilung sich sowohl Uber das zentrale als auch Uber das periphere Nervensystem

erstreckt, beeinflusst.

VAChT
D@
CoA ACh @

ChAT

Ac-CoA Cholin

o

prasynaptische Zelle postsynaptische Zelle
§ nikotinischer Acetylcholinrezeptor (hnAChR) @® Acetyl-Coenzym-A (Ac-CoA)
Zi@ muskarinischer Acetylcholinrezeptor (mAChR) ® Coenzym-A (CoA)
A Acetylholin (ACh) O Colinacetyltransferase (ChAT)
Cholin «f==== Cholintransporter (ChT)
A Essigsaure (AcOH) === \/esikularer Acetylcholintransporter (VAChT)

O Acetylcholinesterase (AChE)

Abbildung 4: Vereinfachte Darstellung einer cholinergen Synapse nach Abreu-Villaga et al. (Abreu-
Villaga et al., 2011).

Acetylcholin wird mit Hilfe der Cholinacetyltransferase (ChAT) enzymkatalysiert aus Cholin
und Acetyl-Coenzym-A (Ac-CoA) im Cyctoplasma der Nervenzellen hergestellt. Dazu wird

Cholin Gber Transporter (CHT) aus dem Extrazellularraum in das Zytoplasma transportiert,
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wohingegen Ac-CoA Uberwiegend aus dem Glucose- und Zitratstoffwechsel stammt.
Anschlieend wird das gebildete ACh Uber vesikulare Acetylcholintransporter (VAChT) in die
Vesikel aufgenommen. Bei der Reizlibertragung, induziert durch Ca?*-abhangige Exozytose,
wird vesikular gespeichertes ACh in den synaptischen Spalt freigesetzt. Dort 16st es durch
Bindung an postsynaptische nikotinische bzw. muskarinische Acetylcholinrezeptoren (nAChR
bzw. mAChR) Folgeprozesse aus (Bohm, 2016). Nikotinische Acetylcholinrezeptoren als
ionotrope Rezeptoren filhren bei einer Aktivierung zu einer Offnung des lonenkanals, wahrend
eine Aktivierung von muskarinischen Acetylcholinrezeptoren als metabotrope Rezeptoren eine
G-Protein gekoppelte Signalkaskade ausldst (Abreu-Villaga et al., 2011). Um eine Dauer-
aktivierung der Rezeptoren zu verhindern, spaltet das im synaptischen Spalt lokalisierte
Enzym Acetylcholinesterase (AChE) den Neurotransmitter ACh in einer extrem kurzen
Reaktionszeit von nur 100 ps pro Molekdl in die Bausteine Cholin und Acetat (Abreu-Villaca et
al., 2011; Lawler, 1961; Zimmerman and Soreq, 2006). Die Hydrolyse wird durch eine
katalytische Triade im aktiven Zentrum des Enzyms, bestehend aus den Aminosauren Serin,

Histidin und Glutamin, vermittelt.
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1.2.2 Phosphororganische Vergiftungen und ihre Symptome

Phosphororganische Verbindungen wie z.B. Soman greifen am Abbau von ACh durch die
AChE in das cholinerge System ein. Sie inhibieren die AChE durch kovalente Bindung eines
Phosphat- oder Phosphonatrestes an die Hydroxylgruppe des Ser203 im aktiven Zentrum des
Enzyms (Sirin and Zhang, 2014). Diese Enzym-OP-Komplexe werden im Unterschied zu den
acetylierten Komplexen unter physiologischen Bedingungen nicht hydrolysiert und hemmen
so irreversibel die katalytische Aktivitat des Enzyms. Bei einigen phosphororganischen
Verbindungen kommt es dariber hinaus zur Abspaltung eines Alkylsubstituenten, ein
Vorgang, der als Aging bezeichnet wird. Dabei bilden sich aus den urspringlich vorliegenden
Phosphonsaurediestern die entsprechenden Monoester, die unter physiologischen
Bedingungen deprotoniert vorliegen (Barak et al., 2000; Soukup et al., 2010). Vor allem bei
verzweigtkettigen Alkylresten, wie sie z.B. bei Soman vorliegen, erfolgt diese exotherme
Reaktion innerhalb weniger Minuten (Nachon et al., 2005; Sirin et al., 2012). Der Mechanismus
der Phosphonylierung mit Soman sowie der anschlieRenden Dealkylierung ist in Schema 1

dargestellt.

His*47 His*47
Aktive AChE AChE-Soman-Komplex
+Hy0 | Aging

gealterte AChE

Schema 1: Mechanismus der Phosphonylierung des Ser203 im aktiven Zentrum der Acetylcholin-
esterase durch Soman sowie des anschlielRenden ,Aging“-Prozesses (Sirin and Zhang, 2014; Sirin et
al., 2012).
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Infolge der irreversiblen Inhibition der AChE durch kovalente Bindung von Organophosphaten
und der daraus resultierenden fehlenden ACh-Spaltung kommt es zu einer Akkumulation des
Neurotransmitters im synaptischen Spalt. Dabei werden alle postsynaptischen
ACh-Rezeptoren mit ACh gesattigt, sodass es zu einer Uberstimulation der Rezeptoren
kommt. Dies wird auch als cholinerge Krise bezeichnet (Soukup et al., 2010). Dabei auflert
sich eine erhohte Aktivierung des Parasympathikus tber die muskarinischen Acetylcholin-
rezeptoren unter anderem in UbermaRiger Drisensekretion, starker Bronchialsekretion und
Bronchokonstriktion. Es sind jedoch vor allem die nikotinischen Effekte an der
neuromuskularen Endplatte, die bei einer Vergiftung mit phosphororganischen Verbindungen
lebensgefahrlich sein kénnen. UbermaRige nikotinische Stimulation fiihrt zu einer raschen
Depolarisation des Membranpotentials, was sich zunachst in Muskelfaszikulationen aulert.
Bei anhaltender Stimulation verhindert eine Desensitisierung des Rezeptors eine Signal-
weiterleitung, sodass es neben Schwindelgefuhlen bis hin zu komatésen Zustéanden auch zu
Lahmungserscheinungen kommt. Bei akuten Vergiftungen wird Atemlahmung als haufigste

Todesursache genannt (Rusyniak and Nanagas, 2004; Schecter, 2004).
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1.2.3 Behandlungsmoglichkeiten bei Vergiftungen mit phosphor-

organischen Verbindungen

Aktuell werden drei verschiedene Klassen von Medikamenten zur Behandlung von
Vergiftungen mit phosphororganischen Verbindungen eingesetzt: Parasympathomimetika,
Oxime und Antikonvulsiva (Cannard, 2006). Direkt nach den ersten MalRnahmen, die bei
Vergiftungsvorfallen mit phosphororganischen Verbindungen durchgefihrt werden sollten
(Entgiftung, Beatmung und Hamodialyse), wird Atropin verabreicht (Alozi and Rawas-Qalaji,
2020; Cannard, 2006). Naturlich vorkommend in der Tollkirsche, ist Atropin (11) (siehe
Abbildung 5) ein Antagonist am mAChR und wirkt so gegen die durch eine Uberstimulation
der mAChRs ausgeldsten anfanglichen Vergiftungserscheinungen (Alozi and Rawas-Qalaji,
2020; Béhm, 2016).

11

Abbildung 5: Strukturformel von Atropin (11).

Im Unterschied zu mAChR-Antagonisten sind kompetitive nAChR-Antagonisten aufgrund ihrer
geringen therapeutischen Breite fur die Behandlung von Nervenkampfstoffvergiftungen
ungeeignet (Sheridan et al., 2005). Infolgedessen stellt die Reaktivierung inhibierter AChE
durch Oxime, die zur Spaltung der Phosphat- bzw. Phosphonatester im aktiven Zentrum der
AChE flhren, den entscheidenden Schritt zur Beseitigung der nikotinischen Uberstimulation
dar. Unter den gebrauchlichen Oximen sind insbesondere das im Jahr 1955 entwickelte
Pralidoxim (2-PAM) (12) und die strukturverwandte Bispyridinium-Verbindung Obidoxim (13)
die bekanntesten Vertreter. Der Mechanismus der Spaltung der Phosphat- bzw. Phosphonat-
ester sowie die Strukturformeln der genannten Oxime sind in Schema 2 dargestellt (Mercey et
al., 2012; Worek et al., 2004).
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His*4 His*4?
AChE-OP-Komplex Reaktivierte AChE
3C 7 o N
_N R N SN
HO™ 'Sy |
H 2CIh X = N\OH

Schema 2: Mechanismus der Reaktivierung von inhibierter AChE durch Oxim-Phosphorylierung bzw.
Phosphonylierung sowie die Strukturformeln der Oxime Pralidoxim (2-PAM) (12) und Obidoxim (13).

Innerhalb der ersten Stunden nach einer Vergiftung mit phosphororganischen Verbindungen
werden in der Regel zusétzlich Benzodiazepine verabreicht, welche als Antikonvulsiva gegen
Krampfanfalle wirken (Amend et al., 2020; Marrs, 2004). Dabei wurde lange Diazepam (14)
eingesetzt, welches durch das strukturverwandte Midazolam (15) nach dessen Freigabe durch
die FDA 2022 ersetzt werden soll (siehe Abbildung 6) (Gerecke, 1983; Joint Program
Executive Office for Chemical, 2022; Newmark, 2019). Es zeichnet sich durch eine im
Vergleich zu Diazepam schnellere und langer anhaltende, krampflésende Wirkung aus
(Newmark, 2019).

14 15

Abbildung 6: Strukturformeln von Diazepam (14) und Midazolam (15).

Zur Absicherung von Soldaten im Kampfeinsatz gegen Vergiftungen mit phosphororganischen
Verbindungen werden unterschiedliche Strategien bzw. Entwicklungsansatze verfolgt. Ein
erster Ansatz ist die Entwicklung von Bioscavengern, die die phosphororganischen
Verbindungen entweder stochiometrisch abfangen (z.B. Antikdrper) oder sie katalytisch

(Enzyme, wie z.B. Paraoxonasen) hydrolysieren. Dadurch wird eine Schadigung der AChE
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durch Phosphorylierung oder Phosphonylierung bereits im Ansatz verhindert. Der zweite
Ansatz basiert auf der Verwendung von indirekten Parasympathomimetika, die durch eine
vorubergehende Bindung an die AChE eine irreversible Inhibition durch phosphororganische
Verbindungen verhindern. Im militarischen Kontext werden hierfir Carbamate wie
Pyridostigminbromid (16) oder Physostigmin (17) (siehe Abbildung 7) eingesetzt (Bajgar et al.,
2020; Layish et al., 2005).

EHS o N o, kG
ooy O ey L
e} ~ e} CHj;
N* N H
| Br
CHj3

\

CHj;

16 17

Abbildung 7: Pyridostigminbromid (16) und Physostigmin (17) als reversible AChE-Inhibitoren.

Trotz der vorhandenen Behandlungsansatze und langjahriger Forschung gibt es noch
zahlreiche Schwierigkeiten und ungeldste Probleme. So ist eine rein praventive Behandlung
mit indirekten Parasympathomimetika fir groRRe, gefahrdete Bevdlkerungsgruppen kaum
umsetzbar (Bajgar et al., 2020). Problematisch ist aulerdem, dass trotz jahrzehntelanger
Bemuhungen fir manche Organophosphat- bzw. Organophosphonatvergiftungen bisher noch
keine geeigneten Oximwirkstoffe entwickelt werden konnten (Worek et al., 2020). So ist zum
Beispiel die Reaktivierungsrate fur Tabun-inhibierte AChE bei der Behandlung mit gangigen
Oximen nicht ausreichend (Worek et al., 2004). Zudem verlieren die Oxime bei gealterten
Enzym-OP-Komplexen, wie sie z.B. bei Soman vorliegen (siehe Kapitel 1.2.2, Schema 1), ihre
Wirkung (Worek et al., 2016). Und obwohl zahlreiche neue AChE-Reaktivatoren entwickelt
wurden, wurde bisher keine Verbindung gefunden, die alle relevanten Nervenkampfstoffe und
phosphororganischen Pestizide abdeckt und somit als Breitspektrum-Therapeutikum
verwendet werden kdnnte (Thiermann et al., 2013; Worek and Thiermann, 2013). Derzeit wird
eine kombinierte Oximtherapie angewandt, bei der eine Mischung unterschiedlicher Oxime mit
einem daraus resultierenden breiteren Wirkungsspektrum verabreicht wird (Alozi and Rawas-
Qalaji, 2020). Der therapeutische Wert von Atropin als Kompetitor von Acetylcholin an den
Muskarinrezeptoren ist bis heute unumstritten und gehort deshalb zur Standardtherapie von
phosphororganischen Vergiftungen. Die richtige Dosierung ist dabei jedoch von grofter
Bedeutung, da sich die Antagonisierung in einem schmalen therapeutischen Bereich bewegt:
Atropin soll ACh von den muskarinischen Rezeptoren verdrangen, um eine normale Signal-
transduktion zu gewahrleisten, darf aber den Rezeptor auch nicht zu stark inhibieren, um einen

gegenteiligen Effekt zu vermeiden (Thiermann et al., 2013).

Bei den nikotinischen Rezeptoren besteht nach wie vor eine grofde therapeutische Lucke. Ein

erfolgversprechender Ansatzpunkt ist hier die direkte Adressierung der nAChRs durch
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allosterische Modulatoren. Ziel ist es dabei, die Uberstimulierten Rezeptoren, die die post-
synaptische Signaltransduktion blockieren, mit Hilfe von allosterischen Modulatoren,
sogenannten Resensitizern, wieder in einen aktiven Zustand zu uUberfihren. Um
entsprechende Modulatoren gezielt flr diesen Zweck entwickeln zu kénnen, ist die Kenntnis
der Struktur und das Verstandnis der Wirkungsweise der betroffenen nAChRs essentiell
(Amend et al., 2020).
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1.3 Der nikotinische Acetylcholinrezeptor als Target zur Behandlung von

Vergiftungen mit phosphororganischen Verbindungen
1.3.1 Aufbau und Struktur des nikotinischen Acetylcholinrezeptors

Der nikotinische Acetylcholinrezeptor ist ein ionotroper Rezeptor, welcher ligandenabhangig
lonenstrdéme ermoglicht (Changeux, 2020). Er gehért, wie die GABAa-, Glycin- und
5-HT3-Rezeptoren, zu Rezeptoren der Cys-Loop-Superfamilie, welche alle aus funf Unter-
einheiten bestehen. Die Untereinheiten des nikotinischen Acetylcholinrezeptors unterscheiden
sich nicht nur untereinander, auch sind je nach Expressionsort verschiedene Zusammen-
setzungen dieser Untereinheiten bekannt. Jede der finf Untereinheiten besteht aus einer
extrazellularen Domane, die hauptsachlich aus B-Faltblattern zusammengesetzt ist, einer
Transmembrandomane, die aus vier a-Helices gebildet wird, und einer kleinen intrazellularen
Domane, die im Wesentlichen aus einer a-Helix aufgebaut ist (Sine and Engel, 2006). Die
kreisrunde Anordnung der finf membrandurchspannenden Untereinheiten ermdglicht den
Transport von Ca?*-, Na?*- oder K*-lonen durch die dabei gebildete Pore (Miyazawa et al.,
2003; Sine and Engel, 2006).

Nikotinische Acetylcholinrezeptoren lassen sich in verschiedenen Zellen und Organen, vor
allem in muskularem oder neuronalem Gewebe, aber auch in der Haut, in Leukozyten oder in
der Niere finden, wobei sie an einer Vielzahl von Prozessen im Korper beteiligt sind (Hurst et
al., 2013). Sie werden je nach Hauptexpressionsort in muskulare oder neuronale Subtypen
unterteilt und unterscheiden sich wie bereits erwahnt in ihrer Zusammensetzung der
Untereinheiten, was auch malfgebliche Unterschiede in der Pharmakologie zu Folge hat
(Millar, 2003; Millar and Gotti, 2009). So sind zum Beispiel die heteropentameren Muskeltyp-
nAChRs aus den Untereinheiten a1, d, 3, a1 und y bzw. € (bei der adulten Form des Rezeptors)
aufgebaut (Mishina et al., 1986). Sie befinden sich an neuromuskularen Verbindungen der
Skelettmuskulatur, wo sie neuromuskulére Reize Ubertragen und damit die Kontraktion der
Skelettmuskulatur ermdglichen. Die neuronalen nAChRs sind hingegen im peripheren und
zentralen Nervensystem zu finden und damit Teil der schnellen synaptischen Ubertragung von
Reizen zur neuronalen Kommunikation. Neuronale nAChRs bestehen entweder aus
verschiedenen Kombinationen der bisher identifizierten Untereinheiten a2, a3, a4, a5, a6, a7,
a9, a10, B2, B3 oder B4 und liegen damit als Heteropentamere vor, oder sind, wie im Fall des
neuronalen (a7)s-Rezeptors, Homopentamere aus funf identischen Untereinheiten
(Albuquerque et al., 2009).

Bisher ist es noch nicht gelungen, die detaillierte Struktur von humanen nAChRs zu
analysieren. Die bisher einzige vollstandige dreidimensionale elektronenmikroskopische

Aufnahme eines Modellsystems gelang Unwin et al. im Jahr 2005. Durch die Aufnahme von
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359 elektronenmikroskopischen Bildern mit einer Auflésung von 4 A konnte eine Struktur-
analyse des Torpedo marmorata-nAChRs erstellt werden (siehe Abbildung 8) (Unwin, 2005).
Der Torpedo-nAChR ist dem humanen Muskeltyp-nAChR (a1-e-a1-6-8) strukturell sehr
ahnlich (a1-y-a1-0-B) und kommt in besonders hoher Expressionsdichte im Elektroorgan des
Marmor-Zitterrochens der Familie Torpedinidae vor, was ihn zu einem geeigneten Modell-

system flr in silico-Studien oder biologische Untersuchungen macht (Changeux, 2020).

A B

Extrazellulare
Domaéne

\f

Transmembran-
domane

Intrazellulare
Domane

Abbildung 8: 3D-Strukturmodell des a1-y-a1-8-B-nAChR (Muskeltyp) aus dem Zitterrochen
Torpedo marmorata, erstellt mithilfe von Elektronenmikroskopie, in Draufsicht (A) und Seitenansicht (B),
veroffentlicht von Unwin etal. (Unwin, 2005). Die Struktur mit der ID 2BG9 wurde mithilfe des
NGL-Viewers der Protein Datenbank (PDB) erstellt (Berman et al., 2000; Rose and Hildebrand, 2015).
Zwischen den Untereinheiten a-y und a-0 sind die Bindungsstellen des Neurotransmitters Acetylcholins
farblich hervorgehoben (Hurst et al., 2013).
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1.3.2 Funktionsweise des nAChRs im cholinergen System

Die orthosterischen Bindungsstellen fur Acetylcholin bzw. Agonisten, wie z.B. Epibatidin oder
Nikotin, befinden sich bei allen nAChR-Subtypen in einer hydrophoben aromatischen Tasche
der extrazellularen Domane, jeweils zwischen einer a-Untereinheit und einer benachbarten &-,
y- oder e-Untereinheit. Die Anzahl der orthosterischen Bindungsstellen ist somit von der Anzahl
der a-Untereinheiten abhangig. Folglich gibt es am Muskeltyp-nAChR zwei Bindungsstellen,
jeweils zwischen der a- und d-Untereinheit sowie zwischen der a- und y- bzw. e-Untereinheit
(Albuquerque et al., 2009; Papke, 2014).

Agonisten I6sen beim Binden an den geschlossenen Rezeptor eine strukturelle Veranderung
aus (Hogg et al., 2003; Monod et al., 1965). Es kommt zu einer Rotation in den a-Unter-
einheiten, sodass die Helices der intrazellularen Doméane, die in der Pore eine Barriere bilden
und damit flr einen geschlossenen Zustand sorgen, eine alternative Konformation einnehmen,
wodurch ein ionendurchlassiger Kanal entsteht (Miyazawa et al., 2003; Unwin et al., 2002).
Sobald der Rezeptor in den offenen Zustand Ubergeht, befindet er sich in einer weniger
stabilen Konformation. Bei geringer ACh-Konzentration im synaptischen Spalt kehrt der
Rezeptor deshalb nach Freisetzung des Agonisten wieder in den geschlossenen Zustand
zurtck (Karlin, 2002). Die Rezeptorkonformation hangt demnach maligeblich von der
ACh-Konzentration ab. Bei einer Uber einen langen Zeitraum aufrechterhaltenen, aber auch
bei einer nur kurzen, jedoch hohen ACh-Konzentration, wird der Rezeptor tberstimuliert und
verfallt in einen desensitisierten Zustand, in dem er trotz Bindung des Agonisten dauerhaft
geschlossen und inaktiv ist. Sinkt die Agonist-Konzentration im synaptischen Spalt, 16st sich
der gebundene Agonist vom desensitisierten Rezeptor, wodurch dieser in einen reaktivierten
Zustand zurlckkehren kann (Giniatullin et al., 2005). Zudem scheint es zwischen den drei
beschrieben Rezeptorkonformationen diverse, subtypenabhangige Zwischenzustande zu
geben, sodass sich noch kein vollstdndig aufgeklartes Bild des Desensitisierungs-
mechanismus zeichnen lasst (Corradi and Bouzat, 2016). Ein vereinfachtes Modell der drei
beschriebenen nAChR-Zustande ist in Abbildung 9 dargestellit.
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Abbildung 9: Darstellung der verschiedenen Konformationsdnderungen des nAChRs in einem
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vereinfachten Modell nach Corradi et al. (Corradi and Bouzat, 2016).

Auch die Rolle der Rezeptor-Desensitisierung unter normalen physiologischen Bedingungen
ist bei weitem noch nicht vollstédndig erforscht. Es handelt sich jedoch um eine bemerkenswerte

rezeptorspezifische Kinetik, die den zeitlichen Verlauf, die Haufigkeit und die Starke der zu

Ubertragenden Signale zu beeinflussen scheint (Jones and Westbrook, 1996).
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1.3.3 Der nAChR als Target bei Vergiftungen mit phosphororganischen

Verbindungen

Bei Vergiftungen mit phosphororganischen Nervengiften kommt es, wie in Kapitel 1.2.2 und
1.3.2 beschrieben, durch die andauernd hohe Konzentration von ACh im synaptischen Spalt
und der damit verbundenen Desensitisierung der nAChRs zu einer Unterbrechung der
cholinergen Neurotransmission. Eine spontane Resensitisierung, der Ubergang des
Rezeptors zurick in den aktiven Zustand, ist bei einer hohen Agonist-Konzentration nicht
maoglich. Ein neuer vielversprechender Ansatzpunkt zur Therapie von Nervenkampfstoff-
vergiftungen ist die Entwicklung von Verbindungen, die durch direkte Interaktion mit dem
NAChR die Desensitisierung auch in Gegenwart hoher ACh-Konzentration aufheben und
dadurch die Wiederherstellung der nikotinergen Neurotransmission bewirken kénnen. Solche
Verbindungen werden als positive allosterische Modulatoren (PAM) des Typs Il bezeichnet.
Durch Herabsetzen der Energiebarrieren zwischen den einzelnen Rezeptorkonformationen
kdnnen sie eine Reaktivierung von desensitisierten Rezeptoren ermoglichen (Bertrand and
Gopalakrishnan, 2007; Chatzidaki and Millar, 2015; Papke, 2014). Fur neuronale nAChRs gibt
es bereits eine Vielzahl von PAMs des Typs I, wie z.B. das auf den a7-Rezeptor selektiv
wirkende PNU-120596, welches eine Resensitisierung desensitisierter Rezeptoren trotz hoher
Agonist-Konzentration ermdglicht (Hogg et al., 2003; Hurst et al., 2005). Fur die nAChRs des
Muskeltyps ist bislang lediglich eine Substanzklasse bekannt, die einen positiv allosterischen
Effekt auf den desensitisierten Rezeptor auslbt. Hierbei handelt es sich um Bispyridiniumsalze
vom Typ des MB327, auf deren Grundlage bislang die Forschung an resensitisierenden

Substanzen fur desensitisierte muskulare nikotinische Acetylcholinrezeptoren beruht.
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1.4 Entwicklung von positiven allosterischen Modulatoren fiir den
Muskeltyp-nAChR

Die Entwicklung von Bispyridiniumverbindungen als allosterische Modulatoren des nAChR
grindet auf einer Zufallsentdeckung im Zuge der Forschung an Reaktivatoren der Acetyl-
cholinesterase (AChE) in den 1970er Jahren. Dabei wurden zu Obidoxim (siehe Kapitel 1.2.3,
Schema 2) strukturverwandte Verbindungen, die im Unterschied zu Obidoxim keine Oxim-
Teilstrukturen aufwiesen, wie z.B. das Bispyridiniumsalz SAD 128 (siehe Abbildung 10), auf

ihre pharmakologischen Eigenschaften hin untersucht.

t-Bu | N Pz | t-Bu
/NJrvo\/NJr\

2Cr

SAD-128

Abbildung 10: Strukturformel von SAD-128.

Entgegen den Erwartungen zeigte SAD-128, obwohl die fir eine Reaktivierung von Organo-
phosphat-vergifteter AChE erforderliche Oximteilstrukur fehlt, bei Nervenkampfstoff-
vergiftungen einen positiven Effekt. Bei in vivo-Versuchen mit Soman-vergifteten Mausen
fuhrte diese Verbindung in Kombination mit Atropin im Vergleich zu einer Behandlung nur mit
Atropin zu einer héheren Uberlebensrate der Mause. Der Wirkungsmechanismus war lange
Zeit unklar. Die Schutzwirkung konnte weder auf eine Inaktivierung des eingesetzten Somans
noch auf eine Reaktivierung der phosphonylierten AChE zurtickgeflhrt werden (Oldiges and
Schoene, 1970). Erst knapp 20 Jahre spater wurde flir SAD-128 auf der Grundlage von
Einzelkanalmessungen an Muskelpraparationen von Froschen eine direkte Interaktion mit dem
NAChR postuliert (Alkondon and Albuquerque, 1989). In ex vivo-Experimenten an Muskel-
praparationen von Meerschweinchen, die mit Soman vergiftet wurden, konnte schlie3lich eine
direkte pharmakologische Aktivitat von Bispyridiniumverbindungen vom Typ des SAD-128 auf
den Muskel nachgewiesen und damit der Muskeltyp-nAChR als Target fir diese Klasse von

Bispyridiniumverbindungen identifiziert werden (Tattersall, 1993).
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1.4.1 Das Bispyridiniumsalz MB327 als Ausgangspunkt fir die Entwicklung

von positiven allosterischen Modulatoren fiir den Muskeltyp-nAChR

MB327 ist eine weitere Verbindung aus der oben genannten Klasse von Bispyridinium-
verbindungen, die keine Oximfunktionen aufweisen. Sie unterscheidet sich von SAD-128 nur
durch den Ersatz des Sauerstoffatoms im C3-Spacer durch eine Methylengruppe (siehe
Abbildung 11). MB327 ist die hinsichtlich einer Interaktion mit dem nAChR bisher in in vitro-,

ex vivo- und in vivo-Studien wohl am besten charakterisierte Verbindung.

t-Bu | N pZ | t-Bu
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Abbildung 11: Die Bispyridiniumverbindungen MB327 und MB399.

In vivo-Versuche haben gezeigt, dass MB399, das besser wasserlésliche Methansulfonat-
Analogon zu MB327 (siehe Abbildung 11), in Kombination mit muskarinischen Antagonisten
und indirekten Parasympathomimetika die Uberlebensrate von mit Sarin, Soman, oder Tabun
vergifteten Meerschweinchen verbessern kann. Dieser Effekt ist sowohl im Vergleich zu
Versuchen ohne MB399-Zusatz aber auch im Vergleich zu einer entsprechenden Dreifach-
therapie mit dem Oxim HI-6 anstelle von MB399 beobachtet worden (Timperley et al., 2012;
Turner et al.,, 2011). Auch hier konnte, &hnlich wie im Falle von SAD-128 (s.o.), eine
Reaktivierung der gehemmten AChE ausgeschlossen werden. Um die Wirkungsweise der
Bispyridiniumverbindungen besser zu verstehen, wurde das Bindungsverhalten von MB327
am Muskeltyp-nAChR untersucht. [*H]Epibatidin-Radioligand-Bindungsstudien, die an
Torpedo californica-Praparationen durchgeflihrt wurden, zeigten dabei, dass MB327 in einem
Konzentrationsbereich bis zu 100 uM keine wesentliche Affinitat zur orthosterischen Bindungs-
stelle des nAChR aufweist (Niessen et al., 2011). Da fur MB327 jedoch in
ex vivo-Experimenten mit Soman-vergifteten Meerschweinchen- und Ratten-Diaphragmen
sowie mit Soman-vergifteten humanen Interkostalmuskeln im entsprechenden
Konzentrationsbereich eine signifikante Wiederherstellung der Muskelkraft gefunden wurde
(Seegeretal., 2012; Turner et al., 2011), konnte ziemlich sicher ausgeschlossen werden, dass
der reaktivierende Effekt durch Bindung an die orthosterische Bindungsstelle des nAChR

hervorgerufen wird.

In  Experimenten, die mit Hilfe der Surface-Electrogenic-Event-Reader-Technologie

(SURFE?R) durchgefiihrt wurden, konnte gezeigt werden, dass MB327 als positiver
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allosterischer Modulator den Rezeptor aktiviert. So konnte MB327 bei zellfreien elektro-
physiologischen Untersuchungen mit festkorpergestitzten Membranen (Solid Supported
Membranes, SSMs), bei welchen eine Messung von Ladungstranslokationen erfolgt, einer
Carbachol-vermittelten Desensitisierung von Torpedo califonica-nAChR entgegenwirken
(Niessen et al., 2016). Die spezifische Bindung von MB327 an den nAChR wurde schlief3lich
in unserer Arbeitsgruppe mit Hilfe von Sattigungsexperimenten an Torpedo-nAChRs in einem
MS-basierten Bindungsassay nachgewiesen. Dabei wurde in Kompetitionsexperimenten mit
[?’He]MB327 als Reporterligand eine Bindungsaffinitat von Ki= 18.3+ 2.6 ymol/L ermittelt
(Sichler et al., 2018).

Diese sehr vielversprechenden Ergebnisse wurden von in vivo-Versuchen getribt, die zeigten,
dass MB327 bei hoheren Konzentrationen toxische Effekte aufweist. So fuhrte die
Verabreichung von 100 mg/kg MB327 bei gesunden Meerschweinchen zum Tod der Tiere
(Price et al., 2016). Eine mogliche Erklarung hierfir ist die Inhibierung nikotinischer Acetyl-
cholinrezeptoren durch Bindung von MB327 an die orthosterischen Bindungsstellen. Zwar
wurde, wie bereits oben beschrieben, von Niessen et al. im [*H]Epibatidin-Radioligand-
Bindungsassay in einem Konzentrationsbereich bis 100 uM keine signifikante Bindung von
MB327 an die orthosterische Bindungsstelle gefunden. In weiteren Untersuchungen zeigte
sich jedoch bei hoéheren Konzentrationen (> 100 uM) eine relevante Affinitat fir diese
Bindungsstellen (Niessen et al., 2018). Daraufhin wurden in erneuten ex vivo-Experimenten
an Soman-vergifteten Ratten-Diaphragmen auch hdhere Substanzkonzentrationen (bis zu
1000 uM) von MB327 untersucht. Dabei wurde bei Konzentrationen im Bereich von
100-300 uM  wieder eine Reaktivierung der Muskelkraft beobachtet. Bei hoheren
Konzentrationen (> 300 uM) wurde dagegen ein gegenlaufiger Effekt — eine Abnahme der
Muskelkraft — festgestellt (Niessen et al.,, 2018). Dieser biphasische Verlauf der
Konzentrations-Wirkungskurve wurde mit der bei hdheren Konzentrationen signifikanten

Affinitat zur orthosterischen Bindungsstelle in Verbindung gebracht.

Diese Ergebnisse verdeutlichen, dass MB327 aufgrund einer zu geringen therapeutischen
Breite fUr eine therapeutische Anwendung am Menschen nicht in Betracht kommt. Gleichwohl
erschien die Verbindung als Ausgangspunkt fir weitere Untersuchungen vielversprechend. So
wurden ausgehend von MB327 weitere Bispyridiniumverbindungen untersucht, mit dem Ziel,

Verbindungen mit einer hoheren Affinitat zur allosterischen Bindungsstelle zu entwickeln.
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1.4.2 Entwicklung neuer Bispyridiniumverbindungen auf der Basis von
MB327 als allosterische Modulatoren fiir den nAChR

Die Entwicklung weiterer allosterischer Modulatoren fir den nAChR beruhte auf der
systematischen Variation der Molekilstruktur von MB327. Zur Bestimmung der Bindungs-
affinitdten sowie der intrinsischen Aktivitaten kamen dabei, wie in Kapitel 1.4.1 beschrieben,
verschiedenste in vitro- und ex vivo-Assays zum Einsatz. Zusatzlich halfen in silico-Studien
dabei, die Modulation des Rezeptors durch Ligandenbindung besser zu verstehen. Die
Untersuchung vieler verschiedener Strukturanaloga mit vielfaltigen Substitutionsmustern ist fir
die Ableitung von Struktur-Wirkungs-Beziehungen als Grundlage flr die zielgerichtete
Entwicklung von neuen, hdher aktiven Verbindungen unabdingbar. Erst wenn die Zusammen-
hange zwischen der Molekulstruktur und der Wirkung im biologischen System verstanden

werden, kann zielgerichtet eine Optimierung hin zu verbesserten Wirkstoffen erfolgen.

Charakteristisch fur die Struktur der Bispyridiniumverbindungen vom Typ des MB327 sind die
beiden Uber die Ring-Stickstoffatome und einen Propan-1,3-diyl-Spacer (C3-Spacer)
miteinander verbunden Pyridiniumringe. Erste Bestrebungen, verbesserte Modulatoren zu
gewinnen, widmeten sich dem Abstand der kationischen Zentren und damit der Spacerlange.
So wurden MB327-Analoga mit C1- bis C10-Spacern in in vitro-Assays auf ihre Bindungs-
affinitdt zur orthosterischen Bindungsstelle und in elektrophysiologischen Assays sowie
ex vivo-Assays mit Soman-vergifteten Ratten-Diaphragmen hinsichtlich ihrer intrinsischen
Aktivitat untersucht. Dabei wurden fur MB327 Assay-ubergreifend die vielversprechendsten
Ergebnisse erzielt: das Bispyridiniumsalz mit dem C3-Spacer zeigte nicht nur die niedrigste
Affinitdt zur orthosterischen Bindungsstelle, sondern auch die hdchsten intrinsischen
Aktivitaten. Sowohl eine Kettenverkirzung als auch eine Kettenverlangerung fuhrte zu einer
Abnahme der intrinsischen Aktivitat (Niessen et al., 2016; Niessen et al., 2013; Seeger et al.,
2013).

Daraufhin wurde in unserer Arbeitsgruppe im Rahmen eines Vorlauferprojektes eine grolde
Vielfalt von symmetrischen MB327-Analoga mit Propan-1,3-diyl-Spacer (siehe Abbildung 12)
synthetisiert und im [?Hg]MB327-MS-Bindungsassay auf ihre Affinitdt zur allosterischen
Bindungsstelle untersucht (Rappenglick et al.,, 2018b). Es wurden dabei anstelle der
tert-Butyl-Reste in 4-Position der Pyridiniumringe andere apolare (18) aber auch polare (19)
Reste in die 2-, 3- oder 4-Position der Pyridiniumringe eingefuhrt, um deren sterischen Einfluss
und/oder die Fahigkeit zur Ausbildung von Wasserstoffbriickenbindungen zur Bindungstasche
zu untersuchen. Des Weiteren wurden von MB327 abgeleitete Verbindungen, die zusatzlich
zu den tert-Butylresten in 4-Position Substituenten in der 2- oder 3-Position enthalten,

synthetisiert (20). Um die strukturelle Vielfalt noch weiter zu erhéhen, wurden verschiedenste
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N-Heterocyclen anstelle der fir die Bispyridiniumverbindungen typischen Pyridiniumreste

eingefuhrt (Verbindungen 21).

X § 7 X - =z
Rapolar@léx\/ @Rapolar Rpolar{/)\r\ix\/ @Rpolar

18 19
-Bu
R\/\ (\(R R- 1, 2X [ 2R
\/N\/\/N\/ \&N\/\/N%"
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Abbildung 12: Symmetrische MB327-Analoga.

Insgesamt konnten fur Verbindungen mit unpolaren Resten, die lipophile Wechselwirkungen
erlauben (z.B. C=CH, Me, i-Pr, t-Bu, Ph), hdhere Bindungsaffinitaten erzielt werden, als fir
entsprechende Verbindungen mit polaren Resten (z.B. OMe, CONMe;, COOEt). Die niedrigste
Bindungsaffinitat unter den untersuchten Verbindungen (pKi=2.74 £ 0.13) wurde fur die
3-Carboxyl-4-tert-Butyl-substituierte Verbindung PTM0028 gefunden (siehe Abbildung 13). Im
Gegensatz dazu konnte fur die lipophilste Verbindung, das 3-Phenyl-4-tert-Butyl-substituierte
Bispyridiniumsalz PTMO0022 (siehe Abbildung 13) die hdchste Bindungsaffinitat der
untersuchten Substanzen (pKi=5.16 £0.07) gemessen werden, womit im Vergleich zu
MB327 (pKi=4.73 £ 0.03) eine Erhéhung der Affinitdt um mehr als 0.4 log-Einheiten erzielt
wurde. Fur eine Bindung zum Target scheinen demnach zusatzliche lipophile
Wechselwirkungen wie z.B. Van-der-Waals-, 11-11- oder Kation-1mm-Wechselwirkungen relevant
zu sein. Andererseits zeigte die in 3-Position NMez-substituierte Verbindung PTMO0007 (siehe
Abbildung 13) mit einem pKivon 4.78 + 0.05 als einzige der polar substituierten Verbindungen
eine hohere Affinitat als ein Groliteil der unpolar substituierten Verbindungen, darunter auch
das 3-tert-Butyl-substituierte Analogon PTMO0001 (pKi = 4.44 + 0.10, siehe Abbildung 13). Die
starker polare NMe,-Gruppe scheint damit als bioisosterer Ersatz fur die tert-Butylgruppe

geeignet zu sein.
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Abbildung 13: Strukturformeln von PTM0001, PTM0007, PTM0022 und PTM0028.

Erste Docking Studien mit MB327 an Torpedo-nAChR (Wein et al., 2018), die spater nicht
belegt werden konnten (Kaiser et al., 2023), legten nahe, dass die MB327-Bindungstasche im
nNAChR nicht, wie urspriinglich angenommen, symmetrisch aufgebaut ist, sondern eine eher
polare und eine eher unpolare Seite aufweist. Von den daraufhin synthetisierten nicht-
symmetrischen MB327-Analoga, die jeweils eine weniger polare und eine starker polare Teil-
struktur aufweisen (siehe Abbildung 14), wurden entsprechend héhere Bindungsaffinitaten
erwartet (Rappenglick et al., 2018a). Die meisten Zielverbindungen wiesen zusatzlich zu
einem  4-tert-Butylpyridiniumrest,  unterschiedliche, Uberwiegend polar-substituierte
Pyridiniumreste (22) oder N-Heterocyclen, wie z.B. N-Methylimidazolium-, 1,3-Thiazolium-
oder Isoquinoliniumeinheiten (23) auf. Weitere Zielverbindungen (24) leiteten sich von
3-Methoxypyridin und einem zweiten, in 4-Position substituierten, Pyridin ab. AulRerdem wurde
die monokationische Verbindung 25 untersucht, welche anstelle einer 4-tert-Butylpyridinium-

gruppe eine 4-tert-Butylphenylgruppe aufweist.
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Abbildung 14: Nicht-symmetrische MB327-Analoga.

Obwohl einige der von Rappenglick et al. beschriebenen nicht-symmetrischen Verbindungen
MB327 in seiner Affinitdt zur allosterischen Bindungsstelle Ubertrafen, erreichte keine eine
vergleichbar hohe Bindungsaffinitat wie die symmetrische Verbindung PTM0022 mit dem bis
dato héchsten pKi-Wert.
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Um im Falle der Verbindungen 22 und 23 den Einfluss des Substituenten bzw. des N-Hetero-
cyclus besser vergleichen zu kénnen, wurde auch das MB327-Analogon PTM0029, das Uber
eine unsubstituierte Pyridiniumeinheit verfligt, synthetisiert (siehe Abbildung 15). Fir diese
Verbindung konnte ein affinitatssteigernder Effekt von polaren Substituenten, wie z.B.
NMe,-Gruppen, gezeigt werden. So wiesen die beiden Verbindungen PTMO0030
(pPKi=4.92+0.09) und PTMO0056 (pKi=4.90+0.06) im Vergleich zu PTM0029
(pKi =4.52 + 0.06) eine hdhere Affinitat auf. Die NMe,-Gruppe von Verbindung PTMO0056
zeigte dabei auch einen etwas starkeren Effekt als die entsprechende 4-fert-Butylgruppe von
MB327 (pKi = 4.73 + 0.03). Der Austausch der tert-Butylgruppe an der 4-Position des zweiten
Pyridiniumrings von PTMO0056 durch eine Methoxygruppe an der 3-Position erwies sich
dagegen als nachteilig. Fur die entsprechende Zielverbindung PTM0042 wurde im Vergleich
zu PTMO0056 eine geringere Bindungsaffinitat (pKi = 4.40 £ 0.06) festgestellt. Fur das nur
einfach positiv geladene Desaza-Analogon von MB327, PTMO0060 (25), mit einem 4-tert-Butyl-
phenylrest anstelle eines der beiden 4-tert-Butylpyridinium-Reste, wurde im Vergleich zu
MB327 eine um knapp 0.4 log-Einheiten geringere Affinitat gefunden (pKi = 4.34 + 0.04), was
die Bedeutung einer bis-kationischen Grundstruktur verdeutlicht. Unter den Verbindungen der
allgemeinen Struktur 23, die anstelle eines der beiden 4-tert-Butylpyridiniumreste von MB327
einen anderen N-Heterocyclus aufweisen, fanden sich ebenfalls Verbindungen mit etwas
hoherer Affinitat als MB327. So wurde zum Beispiel fur Verbindung PTM0054 mit einer Iso-
quinolinium-Teilstruktur ein pKi-Wert von 4.90 = 0.06 gefunden. Zusammengefasst wiesen die
zu Beginn meiner Arbeit zu den Struktur-Wirkungs-Beziehungen von MB327-Analoga
vorliegenden Erkenntnisse auf gunstige Effekte einer nicht-symmetrischen bis-kationischen
Grundstruktur, mit einer mehr polaren und einer mehr apolaren Halfte, hin. Das Vorhandensein
einer der beiden 4-tert-Butylpyridinium-Teilstrukturen von MB327 erschien ebenfalls gunstig.
Eine Steigerung der Bindungsaffinitdten lie3 sich schlieBlich mit der Einflhrung von

Phenylsubstituenten in die 3-Position der Pyridiniumringe erwarten.
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Abbildung 15: Strukturformeln der nicht-symmetrischen Bispyridiniumverbindungen PTMO0029,
PTMO0030, PTM0042, PTM0054 und PTM0056.

Vor dem Hintergrund der im Vorgangerprojekt gewonnen Erkenntnissen zu den Struktur-
Aktivitdts-Beziehungen der Bispyridiniumverbindungen bestand durchaus noch Entwicklungs-
potential, da keine der bisher untersuchten MB327-Analoga — mit Ausnahme von PTM0022 —
eine im Vergleich zu MB327 deutlich héhere Affinitdt zur allosterischen MB327-Bindungs-
tasche am nAChR aufwies. Um Verbindungen mit héheren Bindungsaffinitaten zu erzeugen
ist die EinflUhrung von starker mit der Bindungstasche interagierenden Substituenten
essenziell. Vor allem die im polaren Bereich der Bindungstasche angenommenen Aspartat-,
Threonin- oder Tyrosin-Reste erschienen als Ansatzpunkt. Aufgrund ihrer Wasserstoff-
briickendonor- und -akzeptor-Eigenschaften sind sie sehr wahrscheinlich von vielen Wasser-
molekilen umgeben (Kaiser et al., 2023; Wein et al.,, 2018). Idealerweise fluhrt eine
Verdrangung der Wassermolekile aus der Bindungstasche durch polare Substituenten zu
einer hoheren Affinitat. Die Herausforderung bei der Entwicklung von hoher affinen Liganden
bestand also darin, die Verbindungen so zu modifizieren, dass sie den polaren Teil der

Bindungstasche mdglichst vollstandig ausfullen.

Doch nicht nur die Affinitaten zur allosterischen MB327-Bindungsstelle, die im Rahmen des
Vorgangerprojektes von Rappenglick und Sichler et al. untersucht wurden, sind fir eine
Wirkstoffoptimierung relevant (Rappenglick et al., 2018a, b). Auch die fir die potenziellen
Resensitizer im Ratten-Diaphragma-Assay an Soman-vergifteten Muskeln ermittelte ex vivo-
Aktivitat gibt wichtige Hinweise darauf, ob eine Verbindung als Startpunkt fur eine weitere
medizinalchemische Entwicklung von Interesse ist. So wurde kurz vor Projektstart fur die
4-N,N-Dimethylamino-substituierte Verbindung PTMO0056 (siehe Abbildung 15) eine auffallend

hohe Muskelkraftwiederherstellung an Soman-vergifteten Ratten-Diaphragmen festgestellt
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(Bernauer et al., 2024). Trotz einer im Vergleich zu MB327 nur etwas héheren Bindungsaffinitat
scheint PTM0056 den Muskel effektiver zu reaktivieren als MB327. Diese vielversprechenden
Ergebnisse machten PTMO0056 zu einem interessanten Ausgangspunkt flr die weitere
Entwicklung von nicht-symmetrischen  Bispyridiniumverbindungen als Modulatoren
desensitisierter NAChR.
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1.4.3 UNCO0646 und A366 als neue Ansatzpunkte fiir die Entwicklung von
allosterischen Modulatoren fiir den Muskeltyp-nAChR

Neben der Entwicklung neuer Bispyridiniumverbindungen war das Screening von Substanz-
bibliotheken mit einem breiten Spektrum strukturell diverser, biologisch aktiver Verbindungen
ein vielversprechender Ansatzpunkt fir die Suche nach neuen Verbindungen mit einer
maoglichst hohen Affinitat zur MB327-Bindungsstelle des nAChR. Neue Chemotypen, die im
Vergleich zu MB327 idealerweise bereits eine deutlich hdhere Affinitat zur MB327-Bindungs-
stelle aufweisen, koénnten eine gunstigere Startposition fir eine Wirkstoffentwicklung

darstellen.

So wurde im Rahmen des Vorgangerprojekts unter Verwendung des zuvor entwickelten
[°He]MB327-MS-Bindungsassays ein Screening zweier Substanzbibliotheken durchgefihrt
(Sichler et al., 2024). Dabei wurde ein Pool aus Uber 1300 verschiedenen biologisch aktiven
Substanzen aus der Tocriscreen Plus- und der ChemDiv ion channel ligand-Substanz-
bibliothek hinsichtlich der Bindungsaffinitat an die MB327-Bindungsstelle des Torpedo-nAChR
untersucht. Zehn Verbindungen konnten dabei identifiziert werden, welche bei einer
Testsubstanzkonzentration von 10 uM den deuterierten [?Hs]MB327-Marker (10 uM Marker-
konzentration) zu mehr als 50% verdrangen konnten. Unter diesen als aktiv identifizierten

Substanzen sind zwei Verbindungen besonders aufgefallen, UNC0646 und A366.

Das Chinazolin UNC0646, welches in der 2-, 4- und 7-Position unterschiedliche basische
Reste enthaltende Substituenten tragt (siehe Abbildung 16), wurde von Liu et al. als selektiver
Inhibitor flr die Histon Methyltransferase G9a entwickelt (Liu et al., 2011). Im
MS-Bindungsassay am nAChR von Torpedo californica mit [2Hs]MB327 als Reporterligand
zeigte die Verbindung mit einem pKi-Wert von 6.23 £ 0.02 (Sichler et al., 2024) im Vergleich
zu MB327 (pKi=4.73 £ 0.03) (Rappenglick et al., 2018b) eine mehr als eine Zehnerpotenz
hdhere Bindungsaffinitat. UNC0646 war zu Beginn dieser Arbeit tatsachlich der Ligand mit der
héchsten bekannten Affinitat zur MB327-Bindungsstelle und erschien damit als ein sehr

vielversprechender Ansatzpunkt fir weitere Untersuchungen.

UNC0646

Abbildung 16: Strukturformel von UNC0646.
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Der zweite vielversprechende Screening-Hit war das 2-Amino-3H-indol A366 (siehe
Abbildung 17). Urspriinglich ebenfalls als Inhibitor der Methyltransferase G9a entwickelt
(Sweis et al., 2014) fiel A366 durch eine im Vergleich zu MB327 um ca. 0.8 log-Einheiten
hohere Affinitat zur MB327-Bindungsstelle auf. Mit einem pKi-Wert von 5.52 + 0.15 (Sichler et
al., 2024) bleibt A366 zwar hinsichtlich der Affinitat hinter UNC0646 (pKi = 6.23 £ 0.02) zurlick,
besitzt daflir aber eine deutlich geringere Moleklilmasse (MW = 329.44 g/mol gegenlber
621.90 g/mol bei UNC0646) und erfullt damit eher das in der Wirkstoffforschung besonders
wichtige Kriterium einer hohen ligand efficiency. Diese Eigenschaften machten A366 ebenfalls

zu einem attraktiven Ausgangspunkt flr eine Wirkstoffoptimierung.

.0
H3C
»—NH;
e
A366

Abbildung 17: Strukturformel von A366.
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2 Ziele der Arbeit

Die Entwicklung von Resensitizern desensitisierter nikotinischer Acetylcholinrezeptoren ist ein
vielversprechender neuer Ansatzpunkt zur Behandlung von Nervenkampfstoffvergiftungen. Da
die prototypische Modellverbindung MB327 eine zu geringe Wirkstarke und entsprechend eine
unzureichende therapeutische Breite aufweist, sollten im Rahmen meiner Arbeit ausgehend
von 4-Amino-substituierten MB327-Analoga, wie z.B. PTM0056, und den beiden Screening-
Hits UNC0646 und A366, neue Resensitizer entwickelt werden

2.1 Rationales Wirkstoffdesign

Die vorliegende Arbeit wurde im Rahmen des Forschungsvorhabens E/U2AD/KAQ019/IF558,
finanziert durch das Bundesamt flr Ausristung, Informationstechnik und Nutzung der
Bundeswehr (BAAINBw), von Oktober 2019 bis Marz 2023 an der Ludwig-Maximilians-
Universitat Minchen im Arbeitskreis von Prof. Dr. F. F. Paintner / Prof. Dr. K. T. Wanner im
Bereich Medizinische Chemie angefertigt. Zusammen mit weiteren Forschungsarbeiten in
unserer Arbeitsgruppe ist die vorliegende Arbeit Teil eines interdisziplindren Forschungs-
projekts zur Entwicklung neuartiger Modulatoren zur Behandlung von Nervenkampfstoff-
vergiftungen. In einem iterativen Prozess wurden aufeinander aufbauend in silico- (Molecular
Modeling), praparativ-synthetische, biologische und pharmakologische Methoden
(MS-Bindungsassay, Ratten-Diaphragma-Assay) genutzt, um zielgerichtet neue potente
Wirkstoffe zu entwickeln (siehe Abbildung 18).

H,c’OKj\ﬁ/N\/\/\NQ
: (&) N/)\N
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DU ) Zielgerichtete \
Tl i Synthese : e
o w]@f} MS-Bindungsassay
Molecular
Modeling i3
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? ; Ratten-
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Abbildung 18: Darstellung des iterativen Forschungsprozesses innerhalb dieses Projekts.
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Der MS-Bindungsassay, der im Vorgangerprojekt von S. Sichler entwickelt worden war, stellte
zu Beginn des Projektes die effizienteste Methodik zu Charakterisierung von Struktur-
Aktivitats-Beziehungen von allosterischen Modulatoren an der MB327-Bindungsstelle des
nAChRs dar (Sichler et al., 2018). Als Reporterligand zur Affinitdtsbestimmung an Torpedo
californica nAChR-Praparationen wurde dabei deuteriertes [?Hs]MB327 verwendet. Im
Rahmen des Forschungsprojekts sollte der Assay hinsichtlich seiner Effizienz und Robustheit
weiterentwickelt werden. Sowohl die von mir synthetisierten Verbindungen als auch
kommerziell verfugbare Analoga sollten damit im Verlauf des Projektes charakterisiert werden.
Die Durchfihrung dieser biologischen Untersuchungen sollte an der Ludwig-Maximilians-
Universitat Minchen im Arbeitskreis von Prof. Dr. F. F. Paintner / Prof. Dr. K. T. Wanner
durch V. Nitsche stattfinden. In den MS-Bindungsassays als besonders affin erkannte
Verbindungen sollten anschlieRend in Ratten-Diaphragma-Assays auf ihre Fahigkeit zur
Muskelkraftwiederherstellung bei Soman-vergifteten Muskelpraparationen untersucht werden.
Dies sollte in der Arbeitsgruppe von Dr. T. Seeger am Institut fir Pharmakologie und
Toxikologie der Bundeswehr Munchen (InstPharmToxBw) erfolgen. Zusatzlich dazu sollte die
Auswahl der Zielstrukturen in jeder Phase des Optimierungsprozesses von den Erkenntnissen
begleitender in silico-Untersuchungen, durchgefiihrt von J. Kaiser im Arbeitskreis von
Prof. Dr. H. Gohlke an der Heinrich-Heine-Universitat Dusseldorf, geleitet werden. Ziel war es,
neue tiefere Einblicke in die Struktur-Wirkungs-Beziehungen zu erhalten und auf dieser
Grundlage mit Hilfe des Computer Aided Drug Design (CADD), Strukturvorschlage fir die
Weiterentwicklung der jeweiligen Hit-Substanzen, zu erzeugen. Die daran anknupfenden
chemischen Synthesen zur Darstellung neuer potenzieller Modulatoren wurden von mir

geplant, durchgefiihrt und ausgewertet, und sind in dieser Arbeit niedergeschrieben.
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2.2 Synthese nicht-symmetrischer MB327-Analoga

Im Rahmen der vorliegenden Arbeit stand zundchst die Synthese von Bispyridinium-
verbindungen im Fokus. Dabei sollten fur die Auswahl der Zielstrukturen sowohl Erkenntnisse
zu Struktur-Wirkungs-Beziehungen aus bereits vorliegenden biologischen Untersuchungen als
auch Ergebnisse von ersten in silico-Untersuchungen genutzt werden. Besonders viel-
versprechend erschienen dabei im Hinblick auf den nicht-symmetrischen Charakter der
postulierten Bindungstaschen, mit jeweils einem sehr lipophilen und einem polaren Bereich,
insbesondere nicht-symmetrische Bispyridiniumverbindungen mit jeweils einem unpolaren
und einem polaren Rest an der 4- bzw. 4’-Position der Pyridiniumringe. Da bei Projektstart
bereits erste vielversprechende Ergebnisse aus dem Ratten-Diaphragma-Assay flr das im
Vorgangerprojekt synthetisierte nicht-symmetrische MB327-Analogon PTMO0056 (siehe
Abbildung 15), mit einem N,N-Dimethylamino-Substituenten anstelle eines der tert-Butyl-
Reste von MB327, vorlagen, sollten Struktur-Wirkungs-Beziehungen fir Bispyridinium-
verbindungen dieses Typs abgeleitet werden. Dafir sollten zundchst Analoga von PTM0056
mit modifizierten 4-Aminosubstituenten (26) dargestellt werden (siehe Abbildung 19). An die
Stelle der N,N-Dimethylaminogruppe von PTMO0056 sollten eine NH>-Gruppe, eine N-Methyl-
aminogruppe, unterschiedliche sekundare Aminogruppen (z.B. -NMez, -NBn;), cyclische
Aminoreste [z.B. R', R? = -(CH.)s-] sowie Acylaminoreste (z.B. R' = H, R2= COCHj3) treten.
Die Auswahl der Zielstrukturen sollte dabei in jeder Phase des Optimierungsprozesses von
den Erkenntnissen begleitender in silico-Untersuchungen geleitet werden.

R1
|

t-Bu | N or Z | N\Rz
/N+\/\/N+\

26

Abbildung 19: Allgemeine Strukturformel der MB327-Analoga 26.

Die Zielverbindungen der allgemeinen Struktur 26 sollten sich, angelehnt an die etablierte
Syntheseroute flr nicht-symmetrische Bispyridiniumverbindungen von Rappenglick et al., in

zwei Schritten aufbauen lassen (siehe Schema 3) (Rappenglick et al., 2018a).
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Schema 3: Retrosynthese der Zielverbindungen 26 aus den Bausteinen 28, 29 und 30.

Die Synthese der Zielverbindungen 26 erfolgt somit durch Monoalkylierung von 4-fert-Butyl-
pyridin (29) mit 1,3-Diiodpropan (30) und nachfolgender Alkylierung der entsprechenden
4-Amino-substituierten Pyridine 28 mit dem als Zwischenprodukt erhaltenen 4-(tert-Butyl)-1-

(3-iodopropyl)pyridin-1-iumiodid (27).
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2.3 Synthese von UNC0646-Analoga

Ein weiterer Schwerpunkt dieser Arbeit sollte auf der Synthese von UNC0646-Analoga liegen.
Das in 2-, 4- und 7-Position mit unterschiedlichen basischen Resten substituierte Chinazolin
UNCO0646 (siehe Abbildung 16) erschien wegen seiner zu Beginn dieser Arbeit hdchsten
bekannten Affinitat zur MB327-Bindungsstelle des nAChRs (Sichler et al., 2024), als dul3erst
vielversprechender Ausgangspunkt fur weitere Untersuchungen. Um die fur die hohe Affinitat
verantwortlichen pharmakophoren Gruppen zu identifizieren, war beabsichtigt, die Struktur
dieser Hit-Verbindung breit zu variieren. So sollten insbesondere die basischen Substituenten
in 2-, 4- und 7-Position des Chinazolin-Grundkoérpers von UNCO0646, die potenziell starke
Wechselwirkungen mit der Bindungsstelle eingehen kdnnen, systematisch abgewandelt
werden. Strukturelle Abwandlungen sollten dabei den Austausch durch strukturverwandte
Substituenten, aber auch durch solche mit reduziertem sterischen Anspruch bis hin zu einem
Wasserstoffatom umfassen. Die Kenntnis der flr diese Analoga ermittelten Bindungsaffinitaten

sollte dann Ansatzpunkte fur eine weitere Hit-Optimierung liefern.

Die im Rahmen dieser Arbeit geplanten Strukturvariationen lassen sich im Wesentlichen in
drei Gruppen einteilen. In der ersten Gruppe sollte die basische Seitenkette von UNC0646 in
der 7-Position unverandert beibehalten und die Substituenten in 2- und 4-Position breit variiert
werden. Dabei sollten vor allem kleinere, Aminofunktionen enthaltende Reste zum Einsatz
kommen. Die zweite Gruppe von Analoga sollte strukturell vereinfacht werden, in dem die
basische Seitenkette in 7-Position durch eine Methoxygruppe ersetzt wird. Sollte das dabei
erhaltene UNCO0646-Analogon, bei dem die Substituenten in 2- und 4-Postion unverandert
vorliegen, eine hinreichende Affinitat zur MB327-Bindungsstelle aufweisen, sollten die
Substituenten in 2- und 4-Position ahnlich wie in der ersten Gruppe breit abgewandelt werden.
Die Zielverbindungen der dritten Gruppe sind durch den Ersatz des Aminosubstituenten in
2-Position durch ein Wasserstoffatom charakterisiert. Sollte das entsprechende UNC0646-
Analogon, bei dem die Substituenten in 4- und 7-Postion unverandert vorliegen, eine
hinreichende Affinitat zur MB327-Bindungsstelle aufweisen, sollte der Substituent in 4-Position
und insbesondere die basische Seitenkette in 7-Position breit abgewandelt werden (siehe
Abbildung 20).

R! R R
.0 3 .0 4 .0 4
HsC H,C

) )
7 e H.C. 7 e 7 _
O/\/\O N)\Rz 3 \O N)\Rz R3 N)Z
Gruppe 1 Gruppe 2 Gruppe 3

Abbildung 20: Allgemeine Strukturformeln von UNC0646-Analoga der Gruppen 1, 2 und 3.
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Fir die Synthesen der oben genannten Zielverbindungen sollten aufbauend auf literatur-
bekannten Arbeiten auf dem Gebiet der Synthese von Chinazolinderivaten vom Typ des
UNCO0646 (Liu et al., 2011; Liu et al., 2009; Liu et al., 2010; Sundriyal et al., 2017) effiziente
konvergente Verfahren entwickelt werden, die breite Strukturvariationen an der 2-, 4- oder
7-Position erlauben. Ausgangspunkt sollten dabei entsprechende kommerziell erhaltliche

2,4-Dichlor- oder 4-Chlorchinazolinbausteine sein.

Am Beispiel von Zielverbindungen der ersten Gruppe von UNC0646-Analoga mit variierenden
Resten in der 2- und 4-Position des Chinazolingrundgerists ist die allgemeine Synthese-
strategie in Schema 4 beschrieben. Als zentraler Synthesebaustein sollte hier jeweils der
ausgehend von dem kommerziell erhaltlichen 2,4-Dichlor-7-benzyloxy-6-methoxychinazolin
(34) in zwei Syntheseschritten (hydrogenolytische Abspaltung der Benzylschutzgruppe und
Mitsunobu-Reaktion zur Anknupfung der basischen Seitenkette) zugangliche 2,4-Dichlor-
substituierte Chinazolinbaustein 33 (Doig et al., 2014; Vital et al., 2023) dienen. Die
schrittweise Substitution der Chloratome in der 2- und 4-Position sollte ausgehend von dem
Schlisselbaustein 33 in zwei Stufen gelingen. Bei der Umsetzung mit den jeweiligen primaren
oder sekundaren Aminen sollte entsprechend der literaturbekannten Synthesen erst eine
nukleophile Substitution in der 4-Position des Ringsystems und bei erneuter Reaktion unter
forcierteren Bedingungen in der 2-Position erfolgen. So sollten entsprechende UNC0646-
Analoga mit einem definierten Substituenten in der 4- und einem davon unterschiedlichen
Substituenten in der 2-Position leicht zuganglich sein.

PR _R!
HN HN

H3C/OmN Hyc© | SN
3
O/\/\O N/)\N,R :D O/\/\O N/)YCI
2
31 R 32

Nukleophile
Substitution mit

ﬁ Aminbausteinen
C/

Cl
(e} (0]
HaC~ :@f*N : HaC~ | SN
©/\O N/)\CI O/\/\O N/)\CI
34 33

Benzylspaltung zum entsprechenden Phenol
gefolgt von Kopplung mit Aminoalkoholen
unter Mitsunobu-Bedingungen

Schema 4: Retrosynthese der Zielverbindungen 31 ausgehend von 34 mit Beschreibung der Synthese-

schritte.
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Eine Herausforderung stellt vor diesem Hintergrund eine effiziente Gewinnung von UNC0646-
Analoga mit definierten Substituenten in der 2- und unterschiedlichen Substituenten in der
4-Position dar. Hier sollte ein von Yoshida et al. fiir 2,4-Dichlorchinazolin 37 beschriebenes
Verfahren untersucht werden, bei dem im ersten Schritt ein N-Methyl-substituiertes tertiares
Amin, wie z.B. N-Methylpiperidin, zum Einsatz kommt (Yoshida and Taguchi, 1992), das regio-
selektiv das Chloratom in 2-Position substituiert. Eine anschlieRende nukleophile Substitution
des Chloratoms in 4-Position des Ringsystems von 36 mit entsprechenden Aminbausteinen
sollte zur Gewinnung der Zielverbindungen 35 flihren (siehe Schema 5).

;
HNR cl ¢

H;C” | =N : HsC | >N : H,;C | SN
R2 R2 N/)\I\O R2 N/)\CI
36

)
35 37

Schema 5: Retrosynthese der Zielverbindungen 35 ausgehend von 2,4-Dichlorchinazolin 37 unter
Verwendung von N-Methylpiperidin.

6,7-Dimethoxy-substituierte Analoga 38 der zweiten Gruppe von Verbindungen sollten sich
entsprechend der Zielverbindungen 31 und 35 ausgehend von dem kommerziell erhaltlichen

Baustein 39 gewinnen lassen (siehe Schema 6).

R'l
HN” o
pe .
HaC ji\/ﬁjl\ —> hHc© N
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38 39

Schema 6: Retrosynthese der Chinazolin-Zielverbindungen 38 ausgehend von 39.

In 2-Position unsubstituierte Chinazoline 40 der dritten Gruppe von Zielverbindungen mit
einem Variationspunkt in der 7- oder 4-Position sollten ausgehend von den kommerziell
erhaltlichen Startmolekilen 42, 44 bzw. 47 jeweils in zwei Schritten erhalten werden (siehe
Schema 7). Dabei sollte im Falle von 42 (analog zu den bisherig vorgestellten Methoden)
zunachst der Baustein 41 Uber nukleophile Substitution des Chloratoms gewonnen werden,
bevor die basische Seitenkette via Mitsunobu-Reaktion angeknupft werden konnte. In
umgekehrter Reihenfolge sollte die Modifikation am Baustein 44 erfolgen: hier sollte zunachst
die basische Seitenkette eingefiigt werden, bevor dann am so erhaltenen Baustein 43 durch
nukleophile Substitution des Chloratoms die Zielverbindungen 40 synthetisiert werden
konnten. Fur die Herstellung der zur Zielverbindung 40 aquivalenten, jedoch in 7-Position
Amino-substituierten Chinazoline 45, ist jedoch ein alternativer Syntheseweg von Néten. Der

kommerziell erhaltliche 7-Fluor-substituierte Lactambaustein 47 sollte zunachst Uber eine
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phosphoniumvermittelte SyAr-Reaktion unter Verwendung von PyBOP/DBU und den
jeweiligen Aminobausteinen zu den entsprechenden 4-Aminochinazolinen 46 umgesetzt
werden. Das Fluoratom an der 7-Position sollte dann durch eine nukleophile Substitution mit

den jeweiligen primaren oder sekundaren Aminobausteinen ersetzt werden kénnen.
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Schema 7: Retrosynthese der Chinazolin-Zielverbindungen der Gruppe 3 mit der allgemeinen Struktur
40 bzw. 45 ausgehend von A) 42 bzw. B) 44 und C) 47.
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2.4 Synthese von A366-Analoga

In einem dritten Projekt sollten Analoga des Screening-Hits A366 (siehe Abbildung 17) (Sichler
et al., 2024) synthetisiert und auf ihre biologische Wirkung untersucht werden, um erste
Einblicke in die Struktur-Aktivitats-Beziehungen dieser Substanzklasse zu erhalten. Dabei
sollte zunachst das synthetisch einfacher zugangliche A366-Analogon 48 [R' = R? = CHj,
R3, R* =-(CHz)s-, n=1], welches in 3-Position des 3H-Indol-Grundgeriists anstelle des
gespannten Cyclobutanrings von A366 zwei Methylreste aufweist, untersucht werden (siehe
Abbildung 21). Sollte diese Verbindung eine vergleichbare Aktivitat wie A366 am nAChR
besitzen, wirden weitere Strukturmodifikationen ausgehend von dieser Struktur erfolgen.
Basierend auf der Struktur des genannten Analogons bzw. von A366 sollte in einem ersten
Schritt zunachst die Kettenlange der w-Aminoalkoxyseitenkette (n=0, 1 oder 2) und
anschlielfend die Ringgrofle des cyclischen Amins [z.B. Verbindungen der allgemeinen
Struktur 48 mit R®, R* = -(CH.)s- oder -(CH.)s-] variiert werden. Darliber hinaus war geplant,
die Anknlpfungsposition der Seitenkette in 6-Position am 3H-Indol-Grundgerist zu variieren.
Von besonderem Interesse waren dabei Verbindungen der allgemeinen Struktur 49, bei denen

die beiden Substituenten in 5- bzw. 6-Position des Grundgerists von A366 vertauscht sind.

R' 2 RS R
R R
H30/O R3'NVH”\/O
4 /) NH2 /) NH2
R? H3C.
N o N o) N

48 49

Abbildung 21: Aligemeine Strukturformeln der A366-Analoga 48 und 49.

Das Synthesekonzept fiur eine kurze und effiziente Darstellung von A366-Analoga, das
umfangreiche Strukturvariationen erlauben sollte, orientierte sich an den Arbeiten von
Fagan et al. und Sweis et al. (Fagan et al., 2019; Sweis et al.,, 2014). Es beruht in den
SchlUsselschritten auf einer Dialkylierung des Phenylacetonitrilbausteins 51 in a-Position zur
Nitrilgruppe, einer selektiven Nitrierung des Phenylrings in 6-Position, der Einflhrung einer
w-Aminoalkoxyseitenkette in 4-Position des Phenylrings sowie dem finalen Ringschluss zum

2-Amino-3H-indol-Ringsystem (siehe Schema 8).
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Schema 8: Retrosynthese fiir A366-Analoga der allgemeinen Struktur 48.

Die A366-Analoga der allgemeinen Struktur 48 sollten demnach ausgehend von dem
kommerziell erhaltlichen Phenylacetonitrilbaustein 51 in jeweils funf Schritten synthetisiert
werden kénnen. Im ersten Schritt sollte sich das entsprechende Dimethyl- oder Cyclobutyl-
derivat durch eine Dialkylierungsreaktion mit Methyliodid bzw. 1,3-Dibrompropan erhalten
lassen. Der nachste Schritt erfordert die regioselektive Nitrierung des jeweiligen Phenylrings
in 6-Position. Fagan et al. und Sweis et al. (Fagan et al., 2019; Sweis et al., 2014) zeigten
bereits, dass dies unter milden Bedingungen (70% HNO3, Ac.O, 0 °C) gelingen sollte.
Alternativ ist auch eine inverse Abfolge der beiden ersten Syntheseschritte denkbar. Dies hatte
den Vorteil, dass sich die Anzahl der linearen Syntheseschritte ab dem ersten Variationspunkt,
der Dialkylierung des Nitrils, um einen Schritt verkirzen lieBe. Im dritten Schritt muss die
Benzyletherfunktion in 4-Position selektiv gespalten werden, um die entsprechenden Phenole
zu erhalten. Dies sollte hydrogenolytisch (z.B. Hz, Pd/C) oder unter sauren Bedingungen (z.B.
TFA) gelingen. AnschlieBend sollte dann im zweiten Variationspunkt der Synthese die
Veretherung der phenolischen Hydroxylgruppe mit unterschiedlichen Aminoalkoholbausteinen
unter Mitsunobu-Bedingungen erfolgen. Die so dargestellten Verbindungen 50 sollten sich
dann im letzten Schritt durch Reduktion der Nitrogruppe zu den gewlinschten Ziel-
verbindungen 48 mit den fur sie charakteristischen 2-Amino-3H-indol-Strukturen cyclisieren

lassen.
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Analoga der allgemeinen Struktur 49, welche die basische Seitenkette in 5-Position des
3H-Indol-Ringsystem aufweisen, sollten ausgehend von dem entsprechenden Dimethoxy-
substituierten Baustein 53 zuganglich sein (siehe Schema 9). Im Vergleich zu dem Synthese-
baustein 51, welcher Ausgangspunkt flr die regioisomeren Verbindungen darstellt, verfiigt die
kommerziell erhaltliche Verbindung 53 bereits Gber eine Nitrofunktion, so dass der Synthese-

weg, um einen Schritt verkirzt werden kann.

4 4
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Anbringung der Seitenkette Dialkylierung
-0 ‘
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H;C.
0 NO,

53

Schema 9: Retrosynthese fiir A366-Analoga der allgemeinen Struktur 49.

Der entscheidende Schritt ist hier die selektive Spaltung des Methylethers in para-Position zur
Nitrogruppe von Verbindung 53. Wie an einer vergleichbaren Verbindung von Fagan et al.
gezeigt wurde, sollte ein Angriff von Thiolat-lonen aufgrund des elektronenziehenden
Einflusses der Nitrogruppe, selektiv an der Methylgruppe in para-Stellung zur Nitrogruppe
erfolgen und zu einer Spaltung des Ethers fiihren (Fagan et al., 2019). Anschliel3end sollten,
wie bei den regioisomeren Bausteinen 51, verschiedene w-Aminoalkoxyseitenketten unter
Mitsunobu-Bedingungen eingefihrt werden kénnen. Die Zielverbindungen 49 mit 2-Amino-3H-
indol-Struktur sollten sich schlieBlich analog zu den Verbindungen 48 durch reduktive

Cyclisierung der Bausteine 52 gewinnen lassen.
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3 Veroffentlichungen

3.1 Erste Publikation: A Novel Binding Site in the Nicotinic Acetylcholine Receptor
for MB327 can Explain its Allosteric Modulation Relevant for Organophosphorus-

Poisoning Treatment
3.1.1 Zusammenfassung der Ergebnisse

Die Wiederherstellung der funktionalen Aktivitat desensitisierter nikotinischer Acetylcholin-
rezeptoren (nAChR) durch allosterische Modulatoren, sogenannte Resensitizer, stellt einen
erfolgversprechenden Ansatzpunkt in der Therapie von Vergiftungen mit Organophosphaten
und -phosphonaten dar. Damit lieRe sich die therapeutische Liicke schlie3en, die auftritt, wenn

Oximreaktivatoren der Acetylcholinesterase unwirksam bleiben.

Als vielversprechende Substanzklasse gelten Bispyridiniumverbindungen vom Typ des
MB327. In vitro-Untersuchungen an Torpedo californica-Praparationen sowie ex vivo-Unter-
suchungen an Soman-vergifteten Ratten-Diaphragmen und humanen Interkostalmuskeln
haben gezeigt, dass MB327 und einige davon abgeleitete Derivate in der Lage sind,
desensitisierte NAChR vom Muskeltyp wieder in den funktionalen Zustand zu tGberfihren. Des
Weiteren wurde in MS-Bindungsassays mit [°Hs]MB327 als Reporterligand die spezifische
Bindung von MB327 an Torpedo californica-nAChR charakterisiert.

Im Rahmen dieser Verdffentlichung konnte in in silico-Studien durch eine Kombination aus
Blind-Docking-Experimenten und  Molekulardynamik-Simulationen  eine  potenzielle
allosterische Bindungstasche von MB327 am Muskeltyp-nAChR identifiziert werden, die als
MB327-PAM-1 bezeichnet wurde. Sie befindet sich am Ubergang von der extrazelluldren zur
transmembranaren Region und zeigt fir die mit MB327 interagierenden Aminosauren ein
hohes MalR an Konserviertheit zwischen den vier verschiedenen Untereinheiten der
pentameren Rezeptoren. Daruber hinaus sind die entsprechenden Rezeptor-Untereinheiten
auch zwischen verschiedenen Spezies hochkonserviert. Rigiditatsanalysen lassen den
Schluss zu, dass nach Bindung von MB327 an die MB327-PAM-1-Bindungsstelle sowohl auf
die orthosterische Bindungstasche als auch auf die Transmembrandomane allosterische
Effekte ausgelibt werden. In Molekuldynamik-Simulationen wurde auch eine gewisse Affinitat
von MB327 zur orthosterischen Bindungstasche gefunden, was die bei hoheren
Konzentrationen in ex vivo-Untersuchungen beobachtete muskelhnemmende Aktivitat erklaren

konnte.

Die Kenntnis der allosterischen Bindungstasche sowie des vorhergesagten Bindungsmodus
ermoglichte die Vorhersage struktureller Modifikationen von MB327 mit dem Ziel, verbesserte

Resensitizer zu erhalten. Die der Transmembrandomane zugewandte tert-Butylgruppe von
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MB327 ist in einem polaren Teil der Bindungstasche lokalisiert. Deshalb sollte der Austausch
einer der beiden tert-Butylgruppen durch einen starker polaren Substituenten die Bindungs-
affinitdt erhéhen. Dementsprechend wurden zwei nicht-symmetrische MB327-Analoga
vorgeschlagen, bei denen eine der beiden tert-Butylgruppen von MB327 durch eine Amino-
funktion (PTM0062) bzw. N-Methylaminofunktion (PTM0063) ersetzt ist. Die beiden Ziel-
verbindungen PTM0062 und PTMO0063 wurden in einer Mikrowellen-unterstitzten Synthese
ausgehend von 1,3-Diiodpropan und den entsprechenden Pyridinbausteinen in zwei Schritten
in hohen Ausbeuten gewonnen. In ex vivo-Untersuchungen an Soman-vergifteten Ratten-
Diaphragmen konnte fur die beiden Verbindungen im Vergleich zu MB327 tatsachlich eine

deutlich starkere Wiederherstellung der Muskelkraft beobachtet werden.

3.1.2 Darstellung des Eigenanteils

Alle in silico-Studien wurden von Jesko Kaiser durchgeflihrt, der bis auf einzelne erganzende
Beitrage von mir und Thomas Seeger auch das Manuskript verfasste. Die Synthesen der
beiden MB327-Analoga PTM0062 und PTM0063 sowie die analytische Charakterisierung der
Verbindungen, deren MS- und NMR-Spektren von der Analytikabteilung des Departments fiir
Pharmazie gemessen wurden, wurden eigenstandig von mir durchgefuhrt. Die ex vivo-
Untersuchungen von PTM0062 und PTMO0063 an Soman-vergifteten Ratten-Diaphragmen
wurden von Thomas Seeger durchgefihrt. Das Manuskript wurde von Jesko Kaiser
gemeinsam mit Christoph G.W. Gertzen und Holger Gohlke konzipiert und das Manuskript im
Wesentlichen von Holger Gohlke und Christoph G.W. Gertzen korrigiert. Darlber hinaus
flossen Korrekturbeitrage von Georg Héfner, Karin V. Niessen, Franz Worek,

Horst Thiermann, Franz F. Paintner und Klaus T. Wanner in das Manuskript ein.



3 Verdéffentlichungen / Erste Publikation

45

Toxicology Lettera 373 (2023) 160-171

ELSEVIER

journal homepage: www journals.elsevier.com/toxicol ogy-letters

Contents listz available at ScienceDirect

Toxicology Letters

A novel binding site in the nicotinic acetylcholine receptor for MB327 can

i§ !i l;

explain its allosteric modulation relevant for
organophosphorus-poisoning treatment

Jesko Kaiser™', Christoph G.W. Gertzen™?, Tamara Bernauer >, Georg Hisfner”,

Karin V. Niessen“, Thomas Seeger®

, Franz F. Paintner ™, Klaus T. Wanner ™°, Franz Worek ",

Horst Thiermann °, Holger Gohlke % "+°

‘mﬁmwmww Heinvich Heine Universly Disichdorf, Dissehlof, Germany
" Department of Pharmacy — Center for Drug Research, Ludwig Milnchen, Germany
* Bundeswehr Instifute of Pharmacolagy and Taxicology, Minchen, Germany

A fohn von Irestitute for Gt

uting Centre (JSC), Institute of Biological fnformation Processing (1B1.7: Structural Biochemistry) &

Instinuz of Bio, and Geosciences (IBG-4:

Jidtich, Jilich, Germargy

ARTICLE INFPO

ABSTRAGCT

Editor: Dr. Angela Mally

Organophosphorus compounds (OPGs) are highly toxic :mpnundu lhat can block acetylcholine esteraze (AChE)

and thereby indirectly lead to an overtimulation of i inic acetylcholine receptorn (nAChRz).
Keywaords: 'ﬁie:u.tuntumtwlﬂ:mmﬂAanm[mullnmuﬁnmtmmmmm
RACHR a lyain, after poisonings with various OPCa. Thus, alternative treatment options are required oo
m‘; - increace treatment efficacy. Movel therapeutics, such as the bispyridinium non-oxime MB327, have been found to
lw“wm r blizh o ular transmission by interacting directly with nAChR, probably via allosteric mechaniama.
et sl To racionally design new, more patens drugs addressing nAChR, knowledge of the binding mode of MB327 is
Rigidity analysis fundamental. However, the binding pocket of MB327 hao remained elusive. Here, we identify 2 new potential

allosteric binding pocket (MB327-PAM-1) of MB327 located at the tansition of the extracellular to the trans-
membrane region wing blind docking experiments and molecular dynamics simulations. MB327 forma atriking
interactions with the receptor at this site. The interacting amine acids are highly conserved among different
wubunits and different species. Correcpondingly, MB327 can interact with several nAChR subtypes from different
species. We predice by rigidity analyniz that MB327 exerts an alloateric effect on the orthosteric binding pocker
and the transmembrane domain after binding to MB3Z27-PAM-1. Furthermore, free ligand diffusion MD simu-
lations reveal that MB327 aloo has an affinity to the orthosteric binding pocket, which agrees with recently
publizhed results thar related bispyridinium compounds show inhibitory effects via the orthosteric binding sire.
The newly identified binding aite allowed ua te predict structural medifications of MB327, resulting in the moze
potent resensitizers FTMO062 and PTMO063.

1. Introduetion

serious threat to the military and civilian population (Wiener and
Hoffman, 2Z004). The highly toxic organophosphoruz (OPCs) nerwve

Dezpite the aim to ban chemical warfare agents, they remain a agents block acetyicholinesteraze (AChE) and lead to an increase of

* Corr dence to: Universits 1, 40225 Diisseldorf, Germany.
E-mail address: gohllefuni-duesseldocf de (H. Gohllel.
ORCID: 0000-0002-65429-0911
ORCID: 0000-D002-9562-7708
ORCID: 0000-D001-9570-1253
ORCID: 0000-0002-6795-586X
ORGID: 0000-D003-4399-1425
ORGID: 0000-D001-6613-1447

L

httpac//doiorg/10.1016/) toxlet 2022 11.018

Received 7 October 2023; Accepted 25 November 2022
Awailable online 26 November 2022

0375-427 40 2022 Eloevier B.V. All rights reserved.




46

3 Veroéffentlichungen / Erste Publikation

o Kmiser ot al.

acetylcholine at cholinergic zynapses, followed by overstimulation of
muzscarinic {mAChR] and nicotinic (nAChR) acetylcholine receptors.
‘This iz aszociated with zeveral zerious toxic effects, such az respiratory
paralyzis, which can lead to death (Wiener and Hoffman, 2004; Holm-
spedt, 19590,

5o far, the treatment of OPC-poizonings mainly focuszez on reestab-
lishing the function of AChE with oximes and competitive antagonizm at
mAChR (Thiermann et al, 2013). Although oximesz ecan hawe a
remarkable pozitive indirect effect on nAChR function by restoring
AChE functionality in poisoningz with several OPCs, they lack efficacy
with others, e.g., tabun- and soman-inhibited AChE, which results in a
substantial therapeutic gap (Worek et al., 2004). MNowel therapeutic ap-
proaches foruz on ligands that interact directly with nAChR (Sheridan
et al., 2005; Turner et al., 2011). Az such, the bispyridinium compound
MB327, which modulates several nAChR subtypes from different zpe-
cies, haz been reported to reestablish neurcmuscular transmizzion in
vitro (Seeger et al, 2012; Mieszen et al., 2016; Scheffel et al., 2018;
Sichler et al, 2018). Purthermore, it leads to increased protection
againzt soman-poizoning in guinea pigs in combination with hyoscine
and physostigmine (Turner et al, 2011). However, to improve the effi-
cacy of such compounds in a knowledge-driven molecular design
workflow, detailed information of the binding mode iz of utmost
Importance.

5o far, three potential binding sites for bizpyridinium compounds
have been reported in nAChR. Based on blind docking experiments,
Wein et al. suggested two potential binding sites of MB327, one in the
axtracellular domain and one in the upper part of the transmembrane
domain (Wein et al., 2018). Recently, Epatein et al. propozed that bis-
pyridinium compounds can bind in the orthosteric binding pocket and
itz neighboring region between the o and e-zubunits, exerting an
inhibitory effect, and confirmed their in silico findings uzing mutational
studies (Epstein ec al., 2021). Although thiz data explains the inhibitory
effect of bispyridinium compounds, our previous studies indicated that
MB327 probably acts as an allosteric modulator to reestablish muscular
function (Mieszen et al., 2015). Furthermore, the affinities of analogs of
the bizpyridinium compound SAD-128 to the orthosteric binding pocket
do not correlate with the improvement of neuromuscular tranamission,
suggesting that thiz effect iz not mediated via binding to the orthosteric
binding site (Miessen et al, 2011). Additonally, the displacement of the
orthozsteric ligand Jepibatidine by MB327 results in an ICgq = 100
uM, although the affinity of [3I-]:|Epcihalidine to nAChE waz already
increazed at lower concentrationz of MB327 (Mieszen et al, 2013).
Finally, pharmacological effects have been recorded at low pM con-
centrations of MB327 in the presence of carbamoylcholine. In the
absence of carbamoylcholine, no effect has been detected. The latter
fAndings further indicate an allosteric effect (Mieszen et al, 2016).

In this study, we dezcribe a novel potential binding zite for M327 in
nACHhR, termed MB327-PAM-1, which was identified by a combination
of molecular docking experiments, molecular simulations, and rigidity
analyzes. To explore the ligand-receptor dynamics, we performed mo-
lecular dymamicz (MD) zimulationz and identified important in-
teractions of MB327 with the receptor. The interacting amino acids are
highly conserved among different subunitz and different species, which
can explain the promizcuity of MB327 towards several nAChR subtypes
in different zpecies. Furthermore, constraint nerwork analysiz (CMNA)
reveal: that MB327 can allosterically impact both the orthosteric bind-
ing pocket and the transmembrane domain after binding to MB327-
PAM-1. Free ligand diffusion MD simulations imply that MB327 iz also
affine to the orthosteric binding site, which might conmoibute to the
inhibitory effect on nAChR at higher concentrations (Scheffel et al,
2015; Niessen et al., 201Z). Finally, bazed on the newly identified
binding mode of MB327, we predicted structural modifications of
MB327, resulting in the more potent resensitizers PTMO062 and
PTMO0G3.
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2, Materlals and methods
2.1. Homology modeling

The homology model: of nAChR were created using MODELLER,
version 9.19 (Webb and Sali, 2016). For modeling the dezensitized state
of nAChR, we only included receptor structures of nAChRs where the
transmembrane domain iz resolved and that are described to be in a
desenszitized state. All receptors that, to the best of our knowledge, ware
available in the PDB at the point of model generation were included.
Receptors deposited by Unwin et al. (PDB-ID= 2BG9 (Unwin, 2005),
4A0Q5, and 4AQ8 (Unwin and Fujiyo
‘becauze later structurez and experiments showed that, due to low res-
olution, the strocturez were wrongly fitted in the transmembrane
domain (Mnatzakanyan and Janszen, 2013; Morales-Perez et al., 2016).
Furthermore, to neglect a biaz of zimilar protein backbone conforma-
tions from one publication, we only included one structure from each
publication. However, because all of these receptors show a resolution
above 3.5 & and we expect MB327 to bind in the extracellular domain,
we alzo included the crystal structure of the acetylcholine-binding pro-
tein in complex with the partial agonist 4-OH-DMXBA (PDB-ID: 2WN9
(Hibbz et al, 2009)). Concluding, for the human desensitized
muszcle-type nAChR, the PDB structures GPVE (Gharpure et al, 2019,
BEXI (Morales-Perez et al., 2016), 2WN9 (Hibbe et al., 2009), and 6CNE

Walzh et al., 2018) were used az templates.

For the human o7 -nAChR, the PDB structures 6PVE (Gharpure et al.,
2019, 5KXI (Moralez-Perez et al, 2016), 2WN9 (Hibbz et al., 2009,
GCNE (Walsh eral., 2018), and 6URS (Mukherjee et al., 2020) were used
ag templates. While not stated explicitly in that publieation, the cryoEM
structure of the a4p2 nAChR in complex with the partial agonist vare-
nicline (PDB-ID: 6URE (Mukherjee et al, 2020)) showsz a trans-
membrans domain typical for the desensitized state (51 Fig. 1). Thus,
after analyzing the transmembrane pore of thiz receptor, we also
included the receptor in the later created alpha? nAChE models.

For the human inactive muscle-type nAChR, the PDB atructure 6UWE
(Fahman et al | 2020) wazs used as a template. Thiz was, to the best of our
knowledge, the only PDB structure of the inactive nAChR available in
the PDE at the time of model generation. To compare the binding site of
PNU-120596 in the human muscle-type nAChR with of-nAChR, the
structure of the a7-nACHR in complex with PNU-120596 was uzed azs a
template (PDB-ID: 7EKT (Zhao et al., 2021).

The alignments were created uzing BLAST (Altzchul et al., 1990) and
verified uzsing PROMALS3D (Pei et al, 2008). Water molecules and
crystallization artifacts were removed. Amino acids at the N- and
C-termini and in the intracellular loop not resolved in the templates
were not included in the modelz. 50 models were generated for the
human muzcle-type and a7-nAChR, respectively, and the final model
was zelected based on the DOPE potential (Shen and Sali, 2006), Top-
Seore (Mulnaez and Gohlke, 2018), and visnal inspection. The selected
homology models were protonated uzing PROPFEA (Olzzon et al, 2011;
Sondergaard et al, 2011) az implemented in Maestro (Schridinger,
2020) at a pH of 7.4, and the termini were capped with NME and ACE
using Maestro (Schridinger, 2020).

2.2, Docking

For the docking, 3D structures of the ligands were generated using
Maestro (Schridinger, 2020). MB327 was placed in the middle of the
extracellular part of the pore zo that we could generate a docking box
including the extracellular part of the receptor (51 Fig. 52). The ligands
were subsequently docked into the receptor using AutoDock3 (Morris
et al., 1992) in combination with DrugScore®®'® (Diterich et al, 2019) az
the scoring function. During the docking, default parameters were uzed,
with the exception that themarginufﬂlehuxwaxsetm%iandﬂmpid
spacing to 1 A

MB327, PTMO0062, and PTMO0063 were alzo docked into the newly
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identified binding pocket using FRED (OpenEye Scientific Software,
2020) with default parameters. Therefore, conformers of MB327 were
generated using OMEGA (COpenEye Scientific Software, 2020) with
default parameters. The receptor was prepared using MakeReceptor
(OpenEye Scientific Software, 2020) with the highest-ranked posze of
MB327 afrer the initial docking for each pocket, and the ligands were
subeequently docked into the receptor. To avoid a bias of the placement
of MB327 based on the initial dockings, no constraints for protein-ligand
interactions were selectad, rezulting in an independent placement of the
ligand:z in the newly identified pocket. The best poses were zelected
based on their docking zeores and visual inspection. For MD simulations,
micotine was docked to the orthosterie binding pocket using the zame
two-step procedure. For the simulations with MB327 bound to all five
subunits, nicotine was added to nAChR by aligning the PDB structure of
the w3p4-nAChR (PDB ID 6PV7 (Charpure et al., 2019)) to the models
and subsequently minimized in the orthosteric binding site using
SZYBE] (OpenEye Scientific Software, 20200

2.3 Molecular dynamics simulations

The structures were embeadded in 2 membrane consizting of 1-pal-
mitoyl-2-oleoyl-sn-glycero-3-phosphocholine  (POPG) lipidz and zol-
vated in a rectangular box of OPC water (Izadi et al, 2014) using
Packmol-Memgen (Schott-Verdugo and Gohlke, 2019), with the edge of
the bax atleastlzimyfmmﬂle solute atoms. For the MD simulations
‘with MB327 bound to all five subunits, zodium was placed in the pore by
aligning the zodium ion from the human o3p4-nAChR (PDB ID 6PV7
(Gharpure et al | 2019)). For the free ligand diffuzion MD zimulations,
ten independent simulation systems were generated by placing MB327
at random pozitions within the rectangular box.

The AMBER package of molecular simulation software (Caze et al,,
2005) and the fF195B foree field (Tian et al., 2020) in combination with
the Lipid17 force field (Gould et al., unpublished) was used to perform
MD simulations. Ligand charges were caleulated using Gaussianl6
(Frizch et al. 2016). The "Particle Mezh Ewald" method was used to
conzider long-range interactions; for all bondz involving hydrogens, the
SHAEE algorithm was applied (Darden et al., 1993; Ryckaert et al.,
1977). During the thermalization period, the time step was set to 2 fz
with a direct-space, nonbonded cutoff of 9 A During the prodoction
runz, hydrogen mass repartitioning was used, and the time step was set
to 4 fz with a direct-space, nonbonded curoff of 8 A (Hopkins et al.,
2015).

Initially, a combination of steepest descent and conjugate gradient
minimization waz performed; positional harmonic restraints were
applied to protein and bound ligand atoms and gradually reduced from &
{25 for the simulation with MB327 bound to all subunits) to 0 keal mal~
A=2. Next, the system was heated to 100 K during 50 ps (5 ps for the
simulations of the docked structure) of NVT-MD (constant number of
particlez, volume, and temperarture). Subzequently, 50 pe (115 pe for the
simulations of the docked structure) of NPT-MD (constant number of
particles, pressure, and temperature) were conducted to heat the system
to 300 K. During these steps, harmonic restraints with a force constant of
1 keal mol~! -2 (25 keal mol™* A~2 for the simulations with MB327
bound to all subunits) were applied to receptor and ligand atoms. The
harmonic restraintz were then gradually reduced to 0 keal mol™! A-?
during NPT-MD simulations.

Thereafter, the production runs of 900 ns length for the free ligand
diffuzion MD simulationz (100 ne for the simulations of the docked
structure) were performed. Subsequently, the distances of the ligand to
the receptor were analyzed uszing the notivecontacts mindist function as
implemented in CPPTRAJ (Foe and Cheatham, 2013). Representative
binding poses were created by clustering the frames uzing the k-meanz
clustering algorithm az implemented in CPPPTRAJ (Foe and Cheatham,
2013). The RM5D of the heavy atoms of the protein and the ligands have
been used as a cluster eriterion. The backbone RMED and electron
denzity wvalues of the zyztem during MD simulations were computed
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uzing CPPTRAJ (Foe and Cheatham, 2013). We computed the effective
binding energy of MB327 in each binding pocket uzing the MM-GBSA
method in eombination with the OBG implicit water model, as imple-
mented in AMBER (Casze et al., 2005; Onufriev et al, 2004; Miller et al_,
2012). We calculated the mean over all replicaz x in which MB327 stayz
stable in MB327-PAM-1 and the standard error of the mean (SEM) using
the following equation as done previously (Twizerimana et al., 2020}

1
SEM == EEME

2.4, Constraint network analysis (CNAJ

Frame:s were extracted from the MD simulations of nAChR with
MB327 bound to all five subunits and nicotine bound to both orthosteric
binding sites every 1 ns using CPPTRAJ (Roe and Cheatham, 2013). Te
inwvestigate a potential functional coupling between the ligand binding
sitez as well az with the ransmembrane domain, we performed pertur-
‘bation runs as implemented in CNA (Pfleger et al., 2013a). The pertur-
‘bation approach performs two runs of constraine dilution simulations of
the protein in the prezence and absence of the ligands and, thereby,
calculates a per-residue decomposition AG)eys that indicates the li-
gands’ effect on the structural stability of residue i. We performed three
calculations, one where only MB327 was extracted from the system (=1),
one where only nicotine was extracted (32), and one where both ligands
where extracted (z1,/52) to inwvestigate the rezpective impact of the li-
gands. To investigate the statistical independence of the frames, we
computed the autocorrelation function (ACP(1)) of the first replica for
AGenas (Case et al, 2005). As ACF(r = 0.5 ns) = 0.2 < 1/e, the frames
are statistically independent To predict cooperative effects in the sys-
tem, AGeNA, {5 /o2, 51, a2} Was computed as the sum ower all AGj cna for the
respective state. Then, the cooperative free energy AAGey, was
computed according to Eq. 1 as done previously (Pfleger er al., 2021),

Ad G = AGcwuaa — (AG g +4Goea) [a)]

where positive values indicate a negative cooperativity while negatiwe
values indicate a positive cooperativity.

To analyze the impact of calcium on the system, we removed the
ligand: from nAChR and performed two CMA runs, one where we
manually added additional restraints in the form of covalent bonds be-
‘tween the two glutamates involved in caleium binding in three subunits,
and one without additional restraints. The former mimics the local
rigidifying effect of a bound calcium ion. Then, we calculated the dif-
ference in AGjcna between the CNA analyses for the systems with and
without additional restraintz for each residue i to compute the impact of
caleium on the struetural stability of nAChR.

2.5. Similarity analysis of the binding pocket

For the zimilarity analyziz of the binding pocket, the PDB structure
1UWS (Celie et al., 2004) of the acetylcholine binding protein of Lym-
naea stagnalis was aligned to the human muscle-type nAChR model using
UCSF Chimera (Pettersen et al,, 2004), and amino acids within 5&of
nicotine were compared to the respective region in the §-p-subunit uzing
BLAST (Altzchul et al., 1990).

2.6. Electrostatic analysiz

The electrostatics was analyzed by solving the linear Poisson-Bolts-
man equation as implemented in APBS (Jurrus et al., 2018) uzing the
APBE Pymol Plugin in the prezence of positively (charge +1, ion radiuz
1.8 &) and negatively (charge — 1, ion radiuz 2.0 &) charged counter ions
in a concentration of 0.15 M. The dielectric constant of the solvent and
the protein were zet to 78.0 and 2.0, respectively.
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2.7. Image generation

Images of nAChR. were generated using PyMol (Schrodinger, 2015),
version 2.3.0.

2.8, Analysic of the transmembrane pore redius

The transmembrane pore radiuz of proteinz was analyzed using the
CAVER PyMol Plugin (Pavelka et al., 2016).

2.9. Synthesiz of PTMO062 (2a) and PTMO0G3 (3b)

Microwave reactions were carried out on a Discover 3P microwave
system by CEM GmbH. All chemicals were used az purchased from
commercial sources. Solvents uzed for purification were diztilled before
uze. 'H and '*C NMR spectra were recorded on a Bruker BioSpin Avance
11 HD 400. MestReNova (Version 14.1.0) from Mestrelab Research 5.L.
2019 was uzed for data processing, and for calibration, the solvent zignal
was used. The purity of the test compounds was > 99 %, determined by
‘means of quantitative NMR using TraceCERT® ethyl 4-(dimethylamino)
benzoate from Sigma Aldrich as an internal calibrant (Cushman et al.,
2014; Pauli e al, 2014). High-rezolution mass spectrometry was per-
formed on a Finnigan LTQ FT (ESI). Melting points were determined
with a Biichi 510 melting point instrument and are uncorrected. For IR
spectrozcopy, an FT-IR Spectrometer 1600 from PerkinElmer was uzed.

2.0.1. 4-Amino-1-{3-[4-(tert-butyDpyridin-1-ium-1-ylJpropyl}pyridin-1-
ium ditedide (3a)

A solution of 4-{tert-butyl)— 1-(3-iodopropyl)pyridin-1-ium iodide
(1} (Rappenglick, 2012) (216mg, 0500mmol, 1.0eq.) and
pyridin-4-amine (2a) (51.8 mg, 0.550 mmol, 1.1 eq.) in acetonitrile
(1 mL) was stirred under microwave irradiation (150 W) for 1h at
90 *C. The reaction mixture was concentrated in vacuo and the residue
purified by recrystallization from ErDAc/EtOH (2:3) yielding 3a
(215 mg, 82 %) as yellow solid. mp.: 205 *C; IR (KBr): v"= 3184, 1652,
1194, 839 cm™; '"H NMR (400 MHz, CD30D): 6 = 1.45 (s, @ H, C{CHz)s),
258270 (m, 2H, NCHxCH;), 438 (t J = 77Hz, 2H,
CHyNCHCHCNHz), 4.75 (t, J = 7.8 Hz, 2 H, CH;NCHGHCC(CHz)a),
6.82-6.90 (m, 2H, GHCNHs), 8.12-820 (m, 2H, CHCC(CHsls),
8.158-8.26 (m, 2 H, CHCHCNH3), 8.93-9.00 (m, 2 H, CHCHCC(CH3zls);
3¢ NMR (101 MHz, CD30D): = 30.22 [G(CHg)s], 33.11 (NCHyGHz),
37.66 (C[CHs)s), 55.54 (CH,NCHCHCNHj), 58.55 [CHaNCHCHCC
(CHs)s]. 111.04 (CHCNHz), 126.87 [CHCG{CHsls]. 144.08
(CHCHCNHz), 145.39 [CHCHCC(CH3)s], 160.91 (CNHz), 173.18 [CC
(CH3)s]; HRMS-ESI m/z [M-1-]* caled for Cy7HagNsl: 3951003, found:
398.1082.

2.9.2 4-{tert-Butyl)— 1-[3-(4-(methylamino)pyridin-1-ium-1-yIjpropyl}
pyridin-1-ium diiodide (3b)

Syntheziz according to the procedure deseribed above for the prep-
aration of 3a from 4-{tert-butyl}—1-{3-iocdopropyl)pyridin-1-ium iodide
(1) (Rappengliick, 2018) (216 mg, 0.500 mmol, 1.0 eq.) and N-meth-
vilpyridin-4-amine (2b) (56.8 mg, 0.525 mmaol, 1.05 eq.). Recrystalliza-
tion from EtOAc/EtOH (2:1). 3b (210 mg, 78 %). Yellow zolid. mp.:
180°C; IR (KBrl: v“= 3013, 1654, 1194, 843 em'; 'H NMR. (400 MHz,
CD3OD): 6 = 1.45 [s, 9 H, C(CHa)s], 2.60-2.72 (m, 2 H, NCH2CHz), 2.99
(s, 3 H, NCH3), 4.41 (t, J = 7.7 Hz, 2 H, CH;NCHCHCNHCHz), 4.78 [t,J
=7.8Hz, 2H, CH;NCHCHCC(CHs)3)], 6.84-6.94 (m, 2H,
CHCNHCH3), 8.13-8.22 [m, 3H, CHCHCNHCHs, GHCG(CHslsl,
833-8.40 (m, 1 H, CHCHCNHCH3), 8.96-9.03 [m, 2 H, CHCHCC
(CH3)s]; 'C NMR (101 MHz, CD4OD): 6= 26.80 (NCHj), 30.23 [C
(CH3#)s], 3319 (NCH2CHz), 37.65 [C(CH31)s], 55.39
(CH;NCHCHCNHCH3), 58.50 [CHNCHCHCCICHz)s], 106.66
(CHCNHCHz), 112.03 (CHCNHCHs), 126.87 [CHCC(CHas)s], 142.39
(CHCHCNHCH3), 144.92 (CHCHCNHCHs), 145.40 [CHCHCGICHs)s],
159.57 (CNHGH3), 173.09 [CG(CHx)3]; HRMS-ESIm/z [M-1-1* caled for
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CygHayNal: 412.1250, found: 412.1230.

2.10. Rat digphragm myography

All procedures using animals followed animal care regulations and
were approved by the responzible ethies committee. Preparation of rat
diaphragm hemispheres and experimental protocol of myography was
performed az dezcribed before with slight modifications (Seeger et al.,
2012, 2007). In zhort, for all proceduresz (including wash-out steps,
preparation of soman and bispyridinium compound solutions) aerated
Tyrode solution (125 mM NaCl, 24 mM NaHCO4, 5.4 mM KCI, 1 mM
MgClz, 1.8 mM CaCly, 10 mM glucoze, 95 B O, 5 % CO2; pH 7.4; 25
+ 0.5°C) waz uzed. After the recording of control muscle force, the
muscle preparations were incubated in the Tyrode zolution, containing
3 pM soman. Following a 20 min wash-out period, the test compounds
PTMOO62 or PTMO063 were added in ascending concentrations (1 pM,
10 pM, 100 pM, 300 pM). The incubation time was 20 min for each
concentration. The electric field stimulation waz performed with 10 ps
pulze width and 0.2 A amplitudes. The titanic trainz of 20 Hz, 50 Hz,
100 Hz were applied for 1 z and in 10 min intervals. Muzele force was
caleulated as a time-force integral (area under the curve, AUC) and
constrained to values obtained for maximal force generation (muscle
force in the prezence of Tyrode solution without any additives; 100 %),

3. Resultz
3.1. Identifying a new potential binding zite vin blind docking

To identify a possible binding site of MB327 without bias towards
any previously known binding site, we have used blind docking exper-
iments. Here, binding to the complete extracellular domain and half of
the tranzmembrane domain of the human adult muscle-type and the a7 -
nAChR was allowed (8] Fig. 22}, as the permanently charged MB327
likely does not croze the plasma membrane in a notable quantity and,
thus, likely does not interact with the intracellular parts of the receptor.
Using AutoDock (Morriz et al., 1998) and DrugSeore®™® (Dittrich et al |
20193, we docked MB327 100 times to each subtype. Thiz allows us to
judge whether MB327 prefers the orthosteric binding site or alternative
ones. The largest cluster, which was also the cluster with the best-ranked
docking pose, placed MB327 in both receptors in a newly identified
binding pocket, MBE327-PAM-1, which iz located in between two adja-
cent zubunitz at the tranzition from the extracellular to the trans-
membrane demain (Fig. 1, Fig. 2A, 8I Table 51, 8I Table 52). 8ince the
o7 -nACHR iz a homopentamer, there are five potential, identical binding
zitez for MB327. The human muscle type nAChR iz a heteropentamer
containing 2 oy, 1 B3, 1 & and 1 e subunit. In & out of the 10 highest
ranked elusters, MB327 bindz to MB327-PAM-1 but in different subunits
(81 Table 51) suggesting that MB327 can bind in the newly identified
binding pocket between different subunits. By contrast, MBE327 binds to
the orthosteric binding zite in the 28th and 34th highest ranked cluster
only (81 Table 51). In comparison, in 58 out of 100 docking runs,
including 30 poses in the highest ranked cluster, the orthosteric agonist
acetylcholine was placed in the orthosteric binding pocket, confirming
the quality of our predictions (51 Table 530

32 MD simulotions strengthen the suggestion of the new binding site

To conzider receptor plasticity and azzess the stability of the binding
‘poze in the receptor, we performed 32 timez 100 n: long MD simulations
starting from the docked structure of MB327 in all five subunits of the
human musecle-type nAChR embedded in an explicit bilayer membrane
(51 Fig. 53). The initial blind docking procedure failed to place MB327
between the f- and a-zubunit in the best 100 docked pozez, however.
5till, we expect that MB327 can bind in between all five subunits of the
receptor because of the high sequence similarity of amino acids avail-
able for electrostatic interactions (Table 1). Hence, to enable simulations
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Fig. 1. Location of MB327-PAM-1 in the human adult muscle-type nAChR. (A)
MB327 with restrained electrostatic potential (RESP) partial charges (Frisch
etal, 2014; Bayly =t al., 1993) of the nitrogen and carbons in the aromatic ring.
nAChR iz viewed from (B) the exacellular space and (D) the side. MB327 in
digplayed in orange spheres The orange box indicates the location of the newly
identified allosteric binding site MB327-PAM-1. The orthosteric binding pocket
iz marked with a black box. The E in indicated with red Uular
border} and blue (intracellular border) spheres. The membrane position was
extracted from the a7-nAChR in a desensitized state (PDB ID FEOQ (Nowviello
20217) from the Orientations of Protzinz in Membranes (OPM) databaze
(Lomizz et al., 2012)

‘with MB327 bound to all five subunits, we docked MB327 into MB327-
PAM-1 between each subunit using FRED (OpenEve Scientific Software,
20207 (51 Fig. 54). Throughout the MD zimulations, the receptor and the
‘membrane remained structurally virtually invariant (81 Figz. 55, 56). Te
evaluate whether MB327 stays bound during the 100 ns long MD zim-
ulations, we evaluated the minimal diztance of MB327 to the highly
conzerved izoleucine of f1 (161,), located centrally in each respective
subumnit (Fig. 2A, SIFig. 57). Since the largest distance among the docked
structures in all five subunits of thiz isoleucine to MB327 iz 4.2 A (31
Table 54), we considered an unbinding of MB327 at distances above 5 A
In 122 of 160 cases (32 replicas * 5 possible binding sites), MB327 stays
bound in MB327-PAM-1. The unbinding events were mainly observed in
between the p- and a-subunit (in 19732 replicaz) and in between the o
and e-subunit (in 16,°32 replicas), while we observed a rare unbinding in
between the & and f-subunit (in 3/32 replicaz) and no unbinding in
between the o and &- az well az the e- and o-subunit. Thiz iz in line with
effective binding energy computations of MB327 in each subunit,
revealing that MB327 bind: most stably in between the o- and &
(—23.01 £ 0.04keal mol™!) and & and wsubunit  (—24.43
+ 0.05 keal mol™") and shows decreased free binding energies in be-
tween the & and P-subumit (—19.2+ 0.05 keal mol™'), the o and
e-zubunit (—18.99 £0.07), and the p- and o-subunit (—14.30
+ 0.08 keal mol ).

We next analyzed striking interactions with the receptor in the three
binding pocketz where MB327 remained predominantly bound. To do
50, we computed the minimal distance of acidic side chainz of the re-
ceptor to the partially positively charged atoms in MB327 when MB327
was bound. Berauze the nitrogen iz part of an aromatic ring, its positive
charge can be delocalized among the ring members. In fact, restrained
electrostatic potential (RESP) partial charges (Frizch et al., 20146; Bayly
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et al., 1993) revealed that the pozitive charge iz mainly located on the
nitregen and the carbon atom in para position (Fig. | A). Thusz, we
analyzed the minimal distance of these two atoms in each ring to the
oxygen atoms of acidic side chainz located in the binding pocket in each
subunit where MB327 atays stable during the simulations (Fig. 2B, C, DL
In between the o- and f-zubunit, MB327 mainly sthows interactions with
E210f located in loop F (Fig. 2B). This amino acid is highly conserved
amonyg different subunitz of the heteropentamer. However, in between
the & and p-subunit, thiz residue iz mutated to glutamine (Table 1).
There, MB327 shows almost no interactions with the zide chain oxygen
of thiz residue (81 Fig. 55C). Howewver, in this subunit, MB327 forms
good interactions with E71 located in the pl-p2-loop (Fig. ZC). In be-
tween the e- and c-zubunit, glutamates are prezent at both pozitions
(E220, and E68; Fig. 2A). Howewer, MB327 chows preferred in-
teractions with E68; located in the pl-p2-loop (Fig. 2D, 81 Fig. 52D

These resultz suggest the two acidic glutamates az major interaction
partmerz for MB327. Both acidic amino acids are highly conserved
among similar binding pockets in different subunits and different zpecies
(Table 1) In each subunit, at least one of the two acidic amino acids iz
prezent to stabilize MB327 in the binding pocket, strengthening the
assumption that MB327 can bind in all subunits. Thiz is in line with
reports that MB327 can bind to nAChR of different species, e.g.,
T. califormica, and to nAChR: containing different subunits, e.g., human
o7-nAChR (Turner et al., 2011; Seeger et al., 2012; Niezzen et al., 2016;
Scheffel et al., 2013; Sichler et al , 2018). However, in our MD simula-
tions, MB327 did not stay stable in the propozed binding pocket in two
out of five subunitz. There, MB327 might not have been placed correctly
during the initial docking. In fact, in the two binding sitez where MB327
unbound faster, the partially positively charged atoms of MB327 were
maore IJmnSJLawajrfmmﬂlecuhuxyluxygEm of the deseribed amino
acids, whereas in the other subunitz, the diztance to at leazt one oxygen
iz 4.5 A or lesz (51 Table 54). Unsurprizingly, the effective binding en-
ergy iz worst in between the p- and a-subunit where the ligand was
placed farthest from the two glutamates in the binding site (81 Table 24).
This further streszes the importance of these two amino acids. Thus,
mutating one of theze amino acids should lead to a significant decrease
in binding affinity.

3.3. Allosteric impacts originating from the newly proposed binding pocker

To probe if the newly identified binding pocket MB327-PAM-1
couple: functionally with other parts of nAChR, we applied a model of
dynamic allostery introdueed by us (Pfleger et al, 20133, 2021) that
describes allosteric effectz due to ligand binding in terms of a free energy
meazure AG; ey, computed from changes in biomolecular staticz via
CMNA. To generate conformational ensembles for the analyzes, we uzed
the 32 times 100 ns long MD simulations with MB327 bound to all five
subunitz and nicotine bound to both orthosteric binding sitez of the
human muzcle-type nAChR. Howewer, due to the instability of MB327 in
two subunits, we only considered the three subunits where MB327
remained stable in MB327-PAM-1. In 29 simulations, all three MB327
molecules were atill bound after 100 ns; these replica were uzed to
analyze the allosteric effect of MB327 binding on nAChR. For the
perturbation run in CNA, all three MB327 molecules were removed to
investigate the allosteric impact due to the ligand. Furthermore, to study
the cooperative behavior of both ligands, two additional perturbation
runz were performed: first, both nicotine molecules were removed;
zecond, all ztably bound ligands (three MB327 ligand: and two nicotine
molecules) were removed (8] Fig. 59).

CMA reveals that MB327 binding structurally stabilizes the extra-
cellular domain, ineluding amino acids in the orthosteric binding pocket
(Fig. 34, S1 Fig. 510.). Interestingly, MB327 shows the largest impact in
the orthosteric binding zite on W169, the only residue forming a
hydrogen bond to the orthosteric ligand nicotine in the PDB strocture of
the human e3f4-nAChR (PDB-ID 6PVT) (Gharpure et al., 2019). MB327
‘tranzmits itz allosteric information to the extracellular domain via both
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0 1 2 3 4 5 & F B % W1

Distamce [A] to ETL

Fig: 2. Interactions of MB327 with nAChR in MB327-PAM-1. [A) Proposed binding mode of MB327 in MB327-PAM-1 between the £- and a-subunits. The color of
amino acida E220; and B68, relates to the figures in panels B-D. Minimum distance of the nitrogens and carbon atoms located in 4-position of MB327 to the carboxyl
oxygena of (B) E210; of loop F in the @-G-subunit (located at the same poaition as EX20,, 81 Fig. 54 B), (G) E71 of the f1-p2-loop in the §-f-oubunit {located at the
same position as B68e, 51 Fig. £4 C), and (D) E68c of the f1-P2-loop in the @-2-subunie.

Table 1

Eequence similarity of nAChR subunits in various species at specific poditions in the MB327-PAMI binding pockets.”.

Human muscle type a7 Torpedo marmorata Rat
a B & £ a7 o B 5 ¥ a B & £
Q E E E68 Q Q E E E Q E E E
E220 aQ E E E E (o] E E E Q E E
161 [ | 1 M | L | | | [ | |

* Aming acida shown in Fig. 24 are represented with green shadings. Amino acids with deviating properties in other subunits are shown in jealics.

adjacent subunits through the extracellular p-sheets (Fig. 3B). p-sheats
have been demonstrated to be senzitive to changes in structural stability
(Whiteley, 2005), and transition pathways along f-sheetz have been
reported previously (Pfleger et al., 2021, 2017). Especially, the stability
of the three f-strandz pl, f2, and p6 are affected by MB327 binding. 1
and the p1-p2-loop are both part of MB327-PAM-1. W78 in p2 is part of
the highly conzerved aromatic rezidues in which nicotine iz enveloped
according to the cryo-EM structure of the human a3p4-nAChR (FDE ID
G6PVT (Gharpure et al, Z019)). Additionally, via these three p-sheets,
MB327 also impacts fi7, f9, and p10. The loops of these three p-sheets
form the orthozteric binding zite. Because MB327 impact: both adjacent
subunitz, a binding of MB327 to each of the five poszible binding pockers
likely affects the binding of the orthosteric ligand zince each binding site
for MB327 featuresz at least one subunit to which the orthosterie ligand
binds. Thiz qualitative obzervation suggests that MB327 addition can
modulate cholinergic signalz. Hence, we gquantified cooperative effects
between MB327 and nicotine binding according to Eq. 1 (Pfleger et al.,
2021). Our resuliz reveal a positive cooperative effect (AAGeysn =
—397 4+ 071 kealmol™"), in line with experimental fAndings that

addition of MB327 leads to an enhancement of the cholinergic effect
(Wiezsen et al., 2016). Therefore, binding of MB327 in MB327-PAM-1 iz
suggested to enhance cholinergic signals by increasing orthosteric
ligand affinity.

Motably, a recently publizhed PDB structure of the a7-nAChR (PDB
ID THOX) shows ecaleium ions bound in the MB327-PAM-1 pocker
(MWoviello et al., 2021). Calcium binds in between E44 and E172. E172 iz
located in loop F, at the same position az E220, (51 Fiz. S11). A high
concentration of caleium ions increases the cholinergic response in
o7 -nAChR, and our previows results suggest that the presence of divalent
cations enhances the affinity of agonists in Torpedo nAChRs (Miezzen
et al, 20013; Galzi et al., 19956). Hence, we probed the effect of caleium
binding in MBE327-PAM-1 on the structural stability of the orthosteric
site with CMA. To mimic the presence of the caleium ion which bridges
‘two glutamates, we placed a constraint between the two carboxyl groups
of E44 and E172. Similar to MB327, calcium leads to allozteric effectz on
the erthosteric binding site transmitted via the extracellular p-strands
(81 Fig. 512). These findings strengthen the suggestion that positive
allosteric modulation of the orthosteric ligand binding can originate
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Distance along pore axis |4

o

Fig. 5. Allosteric effect of MB327 (orange) on nAChR. Effect on the extracellular domain of (A) the three stable MB327 molecules and (B) MB327 located between
the alpha- and gzubunit The receptor io colored accarding o the stabilizing impact of MB327 on the respective amino acid (bluish color); darker colors indicace 2
higher impact. The pathway of the alloateric atabilization of the orthosteric binding pocket i indicated by red asrows. Nicotine (purple) ia shown in the arthosteric
Tinding packet W169, and W78y are dhwn in green. (G) Alloctesic offects of MESZZ on the tramanrmirrane domain of the hunan mmade type aACAE. For caritiy,
only three subunits are shown. Amino acids at position — 1" are shown in green. (D) Pore radii of the desensitized (yellow) and inactive (purple) nAChR. The
desengitization gate at position — 1 and the inactive gates st positions 9 and 16 are projectad on the structure by red barz. The distance along the pore axia has been

oet to 0 A at position .

from binding to MB327-PAM-1.

MB327 binding to MB327-PAM-1 alzo modulates the structural sta-
bility of the transmembrane region, incloding the amino arids at poai-
tion — 1’ in helices 2 (Fig. 3C, D). X-ray and cryo-EM structures of
nAChR: reveal that thiz pozition acts as a desenzitization gate (Moral-
es-Perez et al, 2016; Gharpure et al , 2019; Walsh et al, 2018; Noviello
et al, 2021). The effects on the position — 1 (AGpsssacna = 0.075
+ 0.005 keal mol ™, AGeomes,cin = 0.076 = 0.004 keal mol ™', AGga71c,
ena = 0.041 £ 0.003 keal mol ™) are zignificant. The effect on W16,
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located at a central pozition in the orthosteric binding pocket, iz even
larger (AGwieea.chi = 0.224 £ 0.017 keal m.n]'ll, which may be due to
helices being more stable, and, hence, lezs receptive to stability changes,
in general (Whiteley, 2005). Furthermore, we used the rigidity index to
compute AGey,; thiz index waz described to show minor effects on he-
lices (Pileger et al., 2013k). Owverall, the impact on the N-terminal region
of helices 2 suggests a mechanizm for how MB327 binding reestablishes
the muszecle function after desenzitization, a second effect exerted by
MB327 on nAChR (Seeger et al, 2012).
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3.4. MB327 shows affinity to the orthosteric binding site

Previous results indicate that related bizpyridinium compounds
ransmit their inhibitory effect on nAChR wvia the orthosteric binding site
(Epstein et al., 2021). An inhibitory effect of MB327 haz been reported at
concentrations abowve 70 uM (Scheffel et al, 2018). To further investi-
gate a possible binding of MB327 to the orthosteric binding site, we
performed ten additional replicas of 900 nz long unbiased free ligand
diffuzion MD simulations with one MB327 molecule (0.57 mM) placed
at a random pozition within the simulation box around the human
muzcle-type nAChR. The inhibitory effect of bizpyridinium compounds
was degeribed to occur via the orthosteric binding zite between the o-
and e-gubunits (Epstein et al, 2021). Thus, in order to obzerve a po-
tential binding to this binding site, the orthosteric ligand nicotine was
only placed in the orthosteric binding site between the o- and &-subunits.

Fig. 4. Affinity of MB327 to the orthosteric binding site of nAChR. (A) R

Towdrology Letters 373 (2023) 160-171

In three out of ten replicaz, MB327 entered the orthosteric binding
pocket. In two replicaz, MB327 stayed within the binding pocket until
the end of the simulation (after itz entrance at 54 and 760 ns). In both
replicas, MB327 can interact with Y131, after binding (Fig. 44, B),
which iz important for the stabilization of bispyridinium compounds
(Epstein et al., 2021). In the third replica, ME327 bound to the binding
pocket after 211 ns and left it after additional 130 ns. Howewver, in this
replica, MB327 showed a slightly different binding mode not interacting
with Y131, (51 Fig. 513).

We alzo analyzed the electrostatics surrounding the orthosteric
binding pocket by solving the linear Poizson-Boltzmann equation for the
human muscle-type nAChR. Since the minimum distance of W169,, a
central amino acid in the orthosteric binding site, to the membrane iz
2’?!., the membrane waz neglecred in caleulating the elsctrostaric
properties around the orthosteric binding site. A strong electric fAeld

DENSITY 3]

o 1 2 T 4 5 & 7 B 5 10 11

DISTANCE [A]

n 13 14

of MB327

) bound to the orthosteric binding pocket and its

adjacent region in between the 0~ and £-subunit where no nicotine molecule was present during free ligand diffusion MD simulations. (B) Minimum distance of the
heavy atoms of the aromatic ring of ¥131; 21 shown in {A) to the heavy atoms of the aromatic systema of MB327 while MB327 iz bound. Electrastatica surrounding

the orthosteric binding pocket between the @- (green) and e- (salmon) subunits shown as (C) electric flux lines and (D) i :
ic binding pocket is marked with a black box. Notably, a strong elecixic field (red field lines)
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compounds such as MB327 surrounds the pocket entrance and leads towards the orthosteric binding pocket of the human nAChR.
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attractive to positively charged compoundz such az MB327 zurrounds
the pocket entrance and leads towards the orthosteric binding pocket.
This may explain why bispyridinium compounds get dragged into this

binding pocket (Fig. 4G,D).

3.5. Identification of MB327-PAM-1 allows rational design of more

potent analogs

We uzed the knowledge gained from the binding mode of MB327 in
MB327-PAM-1 to predict stuctural modifications of the ligand that
should lead to more potent rezensitizers. The tert-butyl group of MB327

PTMODG3

PTMO063

. i

cantrol i;m\ wazh  10pM 100 uM 300 UM wash
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facing toward the transmembrane domain iz located in a polar part of
the binding zite (Fig. SA). Thus, substituting the apolar with a polar
substimnent should increase the binding affinity (Fig. 5B). We, therefore,
docked PTM0062 and PTMO0063, which carry amino and methylamino
groups, (Fig. 5C) in the binding site of all subunitz. Both ligand: were
ranked berter than MB327 in all but one zubunit, rezpectively (Fig. 5B, 51
Table 55). PTM0062 (3a) and PTMO0063 (8b) were synthesized ae-
cording to Rappengliick et al. by reacting 1 (Rappenglick, 2013) with
pyridin-4-amine (2a) and N-methylpyridin-4-amine (2b), respecdvely,
in acetonitrile under stirring and microwave irradiation for 1 hat @0 +C
[(Scheme 1) (Rappenglick, 2018). The bispyridinium salts were obtained
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Fig. 5. Structure-based ligand decign leads to novel compounda with increased resensitizing effects on nAChR. [A) Binding mode of MB327 in between the 0- and e-
alll:mn.l.l‘_Tllemt-bulylnnhntnmkfacmgh:mldutbemnmmhrmupmmlmmdmapnlalpartufﬂ:zbnﬂmgmu {B) Proposed binding mode of PTMO063.

Polar «can enk the i
Eestoration of the muscle force of soman-pai d

after

dard deviation.

168

mmﬂ:ﬂl:mcq)m {C) Beructure of the two newly identified positive allosteric modulators PTMO062 and PTMO063.
with (D) PTMOD62, (E) PTMO063, and (F) MB327. The emor bam indicate the stan-
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Gcheme 1. Synthesiz of PTMO0S2 (3a) and PTMO063 (3b): (a) 2a (1.1 equiv.)
ar 2b (1.05 equiv.), CHsCN, microwave: 150 W, 20 °C, 1 h; 3a: 52 %; 5b: 78 %.

in good yields (3a: 82 %; 3b: 78 %) and high purities (> 99 %) by
recrystallization of the rezidues resulting afrer the removal of the reac-
tion zolvent (Scheme 1). The compounds were subzequently evaluated
in the rat diaphragm myography assay. PTMO062 (25.68 ¢ £+ 7.91 %
(mean + standard deviation) at 100 pM, 60.46 % £+ 13.94 % at 300 pM)
and PTMOO063 (37.65 00 £ 11.73 %o at 100 pM, 44.43 %o £ 14.88 % at
300 pM) both show increased resensitizing effects on muscles after OPC
poizoning at a stimulation frequency of 20 Hz compared to MB327
(17.77% + 7.5 % at 100 pM, 26.29 % + 18.43 % at 300 pM) (Fig. SD-F).

4. Discusslon

We have identified a new potential binding zite of MB327 in nAChR,
MB327-PAM-1, uzing blind docking, MD zimulations, and rigidity ana-
byzez. Previously, two allosteric and one orthosteric binding pocket were
proposed for bispyridinium compounds using in sifico methods (Wein
et al., 2015; Epstein et al., 2021). MB327-PAM-1 iz different from theze
three binding sitez. Wein et al suggested that MB327 might bind in
between two adjacent subunits in the extracellular domain (MB327-1)
or at the transition from the extracellular to the transmembrane domain
(MB327-2) (Wein et al., 2012 In our blind dockings, we could alzo ree
a binding in the pocket MB327-1 but with worse docking scores
compared to our newly identifled binding pocket (81 Table 51). In the
screening conducted to identify MB327-2, the structure of the Torpedo
marmorata nAChR (PDB ID 2BGY (Unwin, 2005)) was used (Wein et al |
2018). However, recently publizhed structurez and dizulfide trapping
experiments revealed that due to the structure's low resolution, the
amino acids in the tranzmembrane domain were wrongly fitted, result-
ing in an amino acid shift (I Fig. 814, 3I Table 56) (Mnatzakanyan and
Janzen, 2013; Morales-Perez et al, 2016). Without thiz shifi, there iz no
MB327-2 pocket in nACRR (Wein et al., 2013).

During the MD simulations, MB327 iz mainly stabilized via slectro-
static interactions with glutamates located in the p1-P2 loop and loop F
(BE220, and BE68; in Fig. 2A). These two amino acids are highly conserved
among different subunitz of the nAChR and different species. Thiz cor-
responds to MB327 showing functional recovery of different types of
nAChRe after overstimulation with agonists (Seeger et al., 2012; Niezzen
et al, 2016). Our newly identified binding pocket alzo occupies a region
in which structural change: during desensitization occur (51 Fig. 515,
which suggestz that thiz binding zite can be inwolved in allosteric
modulation. Furthermore, CWA calculations show that MB327 might
impaet both the orthosteric binding site and the transmembrane domain
after binding ro MB327-PAM-1.

Several published structures of nAChRz and related Cys-loop re-
ceptors include allosteric modulators (Zhao et al.,, 2021; Noviello et al.,
2021; Masiuliz et al,, 2019; Kim etal., 2020; Delbart et al., 2018; Spurny
eral, 2013, 2015). A recent structure revealed that the binding zite of a
calcium ion owerlaps with MB327-PAM-1 (Mowiello et al., 2021). Gal-
cium can act a= a pogitive allosteric modulator of the a7-nAChR (Galzi
et al, 1996). Additionally, mutating E172 of loop F to lysine in the
o7 -nAChR, which iz located at the same position az E220g, leads to a loss
of sensitivity to the orthosteric ligand acetylcholine (Zhang et al., 2015).
A mutation of thiz amino acid in the o7-nAChR to glutamine alse abol-
izhes the enhancement of the phyziological rezponze to acetylcholine
mediated through caleium ions (Galzi et al., 1996). These data underline
the potential importance of this binding pocket in allosteric modulation.
Mimicking the calcium ion in thiz binding pocket by including itz
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interactions into the constraint network reprezentation rezults in similar
effectz on the receptor az MB327 a:z zhown with CNA computations.
Notably, the calcium ion also exerts a szimilar effect on the trans-
membrane region, indicating that calcium might have a resenszitizing
effect on nAChR, too (5[ Fig. 5120

Notably, the binding zite of PNU-120596 haz been revealed in an
electron microscopy structure (PDB-ID: 7EET (Zhao et al, 2021])
recently. Thiz binding zite overlaps with the newly identified allosteric
binding zite of diazepam in the GABA, receptor (PDE-IDa: 6X3X (Him
et al., 2020), 6HUP (Masiuliz et al., 2019)). Becauzse PNU-120596 alzo
actz as a positive allosteric modulator (Hurst et al., 2005), we investi-
gated whether MB327 may bind to thiz binding site. Howewer, in the
publizhed PDB structure, no negatively charged amino acids are locared
within 5 A of PNU-120586, which would lead to an insufficient stabi-
lization of the double positively charged compound MB327 (51
Fig. 216A). Furthermore, PNU-120596 iz a selective of modulator
(Hurst et al | 2005). A reazon for that may be that A298 iz mutated to
sterically larger amino acids in different subtypes of the receptor, which
leads to a clazh with PNU-120596. Thus, the binding site iz critically
zmaller in other subtypes, including the human muzcle-type nAChR
(Fig. 516E). However, MB327 iz known to bind to several subtypes of
nACHR, including the muscle-type nAChR (Turner et al., 2011; Seeger
et al., 2012; Ni n et al, 2016; Scheffel et al, 2018; Sichler et al.,
2012). Therefore, binding of MB327 to the binding site of PNU-120596
iz highly unlikely.

Furthermore, the multitude of binding zites and possible interactions
within one binding zite in the human muzcle-type nAChR could lead to
MB327 binding at lower concentrations to MB327-PAM-1 than to the
orthosteric binding site. The binding of MB327 to the orthosteric bind-
ing pocket results in a binding pose where MB327 protrudes in part out
of the pocket, but it completely fitz into ME327-PAM-1. After poizoning
with OPCz rezulting in elevared levels of acetylcholine, MB327 would
additionally need to dizplace acetylcholine in the orthosteric binding
pocket because the binding pose of MB327 in the orthosteric pocket
overlaps with the binding poze of the orthosteric ligand. Thuz, binding to
the arthosteric site would be expected at higher concentrations, where it
«can lead to an inhibitory effect. Thiz inhibitory effect was shown by uz in
that an increaze of MB327 concentration leads to a decrease of muscle
foree restoration after soman poizoning (MWieszen et al, 2018). Forther-
more, recent mutational smdiez showed thar related bizpyridinium
compounds tranafer their inhibitory effect via binding to the orthosteric
pocket (Epstein et al., 2021).

Epatein et al. propozed that the therapeutic effect of bizpyridiniom
compounds could be conducted via binding to the orthosteric binding
site and its adjacent region (Epztein et al, 2021). We also see an affinity
of MB327 to thiz binding zite in our free ligand diffuzion MD simula-
tionz. Epstein et al. performed docking experiments considering the
orthosteric binding pocket and did not investigate binding to allosteric
binding pockets. However, previous experimental resultz indicate that
the bizpyridiniom compounds probably act az allosteric modulators of
nACHR and, additionally, improvement of neuromuscular function iz not
correlated to their affinity to the orthoesteric binding site (Mieszen et al.,
2016, 2018, 2011). Thus, although an inhibitory effect, detrimental to
the therapeutic treatment, of the bizpyridiniom compounds might be
conducted through binding to the orthosteric binding site at higher
concentrations (Epstein et al., 2021; Nieszen et al., 2012), our resuliz
zuggest that for the allosteric modulation, relevant for treatment,
MB327 binds to the newly identified binding pocker. This
concentration-dependent binding to the allosteric and orthosteric
binding site can alzo explain the therapeutic effect seen at lower con-
centrationz of MB327 and the inhibitdon of the nAChR and losz of
therapeutic effect at higher concentrations (Mieszen et al., 2012). Thus,
our results suggest that new drugs should show a high affinity to the
newly identified binding pocket while showing a low affinity to the
orthosteric binding zite.

The knowledge of the binding mode iz most important to predict
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structure-bazed ligand modifications resulting in more potent i
‘zers. Following thiz strategy, we predicted and validated PTMO0062 and
PTMO0G63, which are about two-fold more potent resensitizers than
MB327. These findings further support that MB327 binds to MB327-
PAM-1. Another way to enhance the affinity to the newly identified
binding zite might be to add chemical moietiez that can form in-
teractions via hydrogen bond:z or salt bridges to the two glutamates
E220, and E68e, while maintaining the apolar part of the compounds.

‘Taken together, our newly identified binding pocket can explain the
alloateric effect mediated by MB327 and, together with a binding to the
‘orth zite, the e tion dependence of the observed thera-
peutic effect
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Figure S1: Pore radius of the v4p2 nAChR in complex with the partial agonist varenicline (PDB-ID: 6URS[1]). The distance
along the pore axis has been set to 0 A at position 9°. The funnel-shaped structure with a gate at position -1 indicates a

desensitized state.

Figure S2: Model of the a7 nAChR. The displayed box indicates the part of the receptor that has been used to perform the

blind docking experiments.
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Table S1: Highest-ranked clusters of the blind docking experiments of MB327 in the human muscle-type nAChR. [

Cluster Lowest docking | Number of poses | Binding pocket Subunits
ene1gy [kcal/mol] in the cluster

1 -10.69 21 MB327-PAM-1 o-p

2 -1039 13 _orthosteric!”! 5-p

3 -9.83 5 MB327-PAM-1 e-0

4 -9.70 1 MB327-PAM-1 o-£

5 -9.56 10 MB327-PAM-1 0-3

6 -9.48 2 MB327-PAM-1 5-p

% -9.39 8 MB327-PAM-1 0-5

8 -8.8 1 MB327-PAM-1 o-£

9 -8.73 1 MB327-PAM-1 o-d

10 -8.60 1 ,,orthosteric“[h] 5-p

11 -8.29 5 MB327-1 o-0
[ 28 I -7.43 [ 1 I orthosteric [ o-g |
34 I -7.09 [ 1 I orthosteric [ o-g |

I The ten highest-ranked clusters are shown. Additionally, the highest-ranked clusters where MB327 was placed in the
orthosteric binding site (clusters 28 and 34) and MB327-1 as identified by Wein et al. [2] (cluster 11) are displayed

[ The orthosteric binding pocket is marked in quotes because the location of the binding pocket is identical between two
neighboring subunits but acetylcholine only binds in between the « and its respective adjacent subunit. The sequence similarity
of the “orthosteric™ binding pocket between the 6- and p- subunits to the actual orthosteric binding pocket where nicotine binds
(between the a- and 6-/e- subunit)is 18%. MB327-PAM-1 refers to the newly identified pocket.

Table S2: Ten highest-ranked clusters of the blind docking of MB327 in the human a7-nAChR

Cluster Lowest docking | Number of poses | Binding pocket
energy [kcal/mol] in the cluster

1 -11.41 26 MB327-PAM-1
2 -10.91 1 MB327-PAM-1
3 -10.56 7 orthosteric
4 -9.69 11 MB327-PAM-1
5 -9.51 4 MB327-PAM-1
6 -9.32 5 orthosteric
7 -9.27 1 orthosteric
8 -9.27 15 MB327-1
9 -9.20 1 MB327-1
10 -9.11 1 MB327-1
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Table S3: Four highest-ranked clusters of the blind docking experiments of acetyl choline in the human muscle-type nAChR.

Cluster Lowest docking | Number of poses | Binding pocket Subunits
energy [kcal/mol] in the cluster
1 -6.51 30 orthosteric o~
2 -6.44 10 _orthosterice! 3-p
3 -6.43 22 orthosteric 0-0
4 -6.31 6 orthosteric 0-5

1 The orthosteric binding poclket is marked in quotes because the location of the binding pocket is identical between two
neighboring subunits but acetylcholine only binds in between the o andits respective adjacent subunit. . The sequence similarity
of the “orthosteric™ binding pocket between the 6- and p- subunits to the actual orthosteric binding pocket where nicotine binds
(between the a-and 6-/&- subunit)is 18%6. MB327-PAM-1 refers to the newly identified pocket.
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Figure S$3: Starting structure for the MD simulations with MB327 bound to all five subunits. The membrane bilayer is shown
as spheres. For clarity, water, potassiim, and chloride molecules are not shown.
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Figure S4: Docked binding mode of MB327 in MB327-PAM-1 in A) the B-6-, B) &-a-, C) «-p-, E) &-0-, and F) a-g-subunit.
D) Extracellular view on MB327-PAM-1.
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subunits.
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Figure S6: Electron density plot of membrane components and water based on all 32 replicas of the MD simulations with
MB327 bound to nAChR. The electron density is plotted against the z-coordinate with the membrane centered at 0 A for PC:
phosphatidylcholine, OL: oleic acid, PA: palmitoylic acid, and WAT: water.
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Figure S7: Distances of MB327 to the respective isoleucine in the binding site. A) The distance of MB327 of all 32 replicas
during the simulations and the respective distance distributions B) in between the u- and &-subunit to 1645 is shown in dark
blue, C) in between the &- and B-subunit to I64p in orange, D) in between the B- and a-subunit to 161, in purple, E) in between
the a- and g-subunit to I61c in yellow, F) and in between the £ and a-subunit to I61e in grey. The distance cutoff of 5 A is

indicated by a black line in the distances plotted over the time during simulations. Values over 15 A in the distance distributions
are summarizedin the last bin.
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Table S4: Distances of docked MB327 to important amino acids in the binding site.™

Subunit Distance to Distance to Distance to isoleucine
glutamate/glutamine in | glutamate/glutamine in in p1lt!
loop F B1-p2 Loop™
0- 4.5 5.5 24
5B 6.1 3.9 1.1
B 74 10.6 1.5
o-£ 5.1 7.7 42
£-a 4.9 3.2 3.0

o The distances to acidic sidechains represent the minimum distance of the partially positive charged atoms of the aromatic

ring of MB327 (nitrogen and carbon in para position) to the oxygens of the respective sidechain. The distance to threonine
represents the minimum distance to MB327.
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o 1 z 3 4 5 6 7 8 9 10 11
Distance {AJ to E220,

Figure $8: Distances of the nitrogens and carbon atoms in para position to the second acidic/polar residue in MB327-PAM-1.
A) Proposed binding mode of MB327 in MB327-PAM-1 between the & and o-subunits. The color of amino acids E220 and
EG8 relates to the figures in panels B-D. Minimwmn distance of the nitrogens and carbon atoms located in the para position of
MB327 to the side chain oxygens of B) Q68., C) Q207p, and D) E220.. Distances above 11 A are summarized in the last bin.
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ground state

Figure S9: Performed perturbation runs in CN A toinvestigate the allosteric impact of MB327 and the cooperativity of binding
of nicotine and MB327. The pentagon represents nAChR with its five subunits. During the MD simulations, MB327 is bound
in all five possible binding sites, and nicotine is bound to both possible binding sites (left). The two MB327 molecules that did
not stay stable in the binding site during MD simulations are shown in light orange. Three perturbation runs were performecd:
1) s1/s2: all stable ligands were removed (top right); 2) s1: MB327 was removed in all stable binding sites (iniddle right); 3)
s2: nicotine was removed in both binding sites (bottom right).
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Figure S10: Allosteric effect of MB327 on the extracellular domain. A) Residues with significant changes of structural rigi dity
after removal of MB327 are shown as spheres. Residues located within 5 A of MB327 are shown in red and those within 5 A
of the orthosteric ligand nicotine are shown in green. A cutoff of 0.15 kcal mol! was used to display resicdues. Thus, only an
effect on the extracellular domain is shown. B) The information from (A) shown as a graph. The nodes represent resiches, and
edges the flow between these residues. Twisted squares represent residues from the e-, squares residues from the «-, circles
resichies from the 8-, and octagons residues from the B-subunit.
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Figure S11: Location of calciim in MB327-PAM-1. A) Cryo-EM structure of ¢7-nAChR (PDB-ID: 7KOQ[3]) with calcium
(ereen) located in between E44 and E172. B) Comparison of the calcium binding site to the docked binding mode of MB327
in the human mugcle-type nAChR in MB327-PAM-1 between the a- and &-subunit (orange) in ¢7-nAChR (PDB-ID: 7TKOX
[3]) after aligning the hwman muscle-type nAChR meodel to the cryo-EM struchure of o7-nAChR.

0.3 keal mol?
4 AT F

Figure S12: Allosteri ¢ effects of calcium on the A) the extracellular and B) the transmembrane domain of nAChR. The calcium
ion was mimicked by setting constraints between the carboxy groups of the glutamates involved in calcium binding (shown in
red). Blue colors indicate a stabilizing impact of calciun on the receptor. W169., a central amino acid in the orthosteric binding
site, is shown in green.
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44

Figure S13: Representative binding mode of MB327 in the orthosteric binding pocket in the replica where MB327 stays only

130 ns within this pocket.

Table S5: Docking scores of MB327, PTM0062, and PTM0063 in all subunits of the muscle-type nAChR.

Subunit Docking score of Docking score of Docking score of
MB327 PTMO0062 PTMO063
ad -8.62 -9.20 -8.51
OB -4.88 -5.76 5.62
Ba -4.36 -6.17 -5.24
ae -8.65 -8.13 -8.95
gd -5.44 -6.01 -7.42
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Figure S14: A) Amino acids that are part of the binding site MB327-2 in the PDB-structure 2BG9[4]. B) Amino acids that are
part of M327-2 in our new models of the human muscle-type nAChR. The alignment of the amino acids is shown in Table S4.

Table S6: Alignment of the amino acids that are part of MB327-2 in the Torpedo marmorata and human muscle-type nAChR.

2BGY human 2BGY human
F159 F158 L1294 1293
Q209 Q207 Q297 $296
P241 P245 P300 P300
L242 L246 E301 A301
F243 F247 L304 M304
Y244 Y248

1245 L249

V246 V250

Y247 N251

T248 V252

L.290 L.294

K293 K297

V294 V298

E296 E300

T297 T301

V301 V305
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Figure S15: Aligned models of the human nAChR in the desensitized (green) and inactive (blue) state viewed from A) the side
and B) the extracellular space. Structural changes that occur during desensitization in the region of the binding site of MB327
(orange spheres) are colored in yellow in the desensitized model. These regions are in line with the regions of structural changes
in the glycine receptor, another pentameric ligand-gatedion channel, curing desensitization[5]. For clarity, only two adjacent
subunits (o and €) are shown. Similar structural changes can be observed in all subunits of the receptor.

K =g A_’_/
‘L_ 4 ‘V/

.
=

Figure $16: Comparison of the PNU-120596 binding site in the o7- and the human muscle-type nAChR. A) Amino acids
located within 5 A of PNU-120596 (purple) are shown as sticks. No charged amino acids are located in the binding site. B) A
mutation of A298 in the «7 -nAChR to L299 in the human muscle-type nAChR leads to a clash with the o7 -selective modulator
PNTU-120596. The closest distance between heavy atoms of the ligand and heavy atoms of .299 is 0.9 A.
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3.2 Zweite Publikation: Synthesis and Biological Evaluation of Novel MB327
Analogs as Resensitizers for Desensitized Nicotinic Acetylcholine Receptors

after Intoxication with Nerve Agents
3.2.1 Zusammenfassung der Ergebnisse

Um die aktuell noch unzureichenden Behandlungsmoglichkeiten von Vergiftungen mit
phosphororganischen Verbindungen zu verbessern, werden Substanzen untersucht, die als
allosterische Modulatoren direkt mit desensitisierten nAChRs interagieren und diese
resensitisieren. Die kurzlich entwickelten nicht-symmetrischen MB327-Analoga PTM0062,
PTMO0063 und PTMO0056 konnten die Muskelkraft von mit Soman-vergifteten Ratten-
Diaphragmen in bemerkenswertem Ausmald wiederherstellen, wodurch sie erfolg-
versprechende Ausgangspunkte flr die Entwicklung neuer Resensitizer desensitisierter
nNAChR darstellen.

Im Kontext dieser Veroffentlichung wurde eine Serie weiterer, von den oben genannten nicht-
symmetrischen Bispyridiniumverbindungen abgeleiteter, Verbindungen synthetisiert, welche
nicht nur hinsichtlich ihrer intrinsischen Aktivitat, sondern auch mit Hilfe des UNC0642-
MS-Bindungsassays hinsichtlich ihrer Affinitat zur allosterischen MB327-PAM-1-Bindungs-
tasche am nAChR untersucht wurden. Die Zielverbindungen, welche neben einer 4-tert-Butyl-
pyridinium-Teilstruktur Gber unterschiedliche 4-Aminopyridinium-Teilstrukturen verfigen,
konnten in einer Mikrowellen-unterstitzten Synthese in ein bis zwei Schritten aus dem
SchlUsselbaustein  4-(tert-Butyl)-1-(3-iodopropyl)pyridin-1-iumiodid und entsprechenden
Pyridinbausteinen durchwegs in hohen Ausbeuten sowie hohen Reinheiten gewonnen

werden.

Im Rahmen der biologischen Untersuchungen fielen vor allem die Piperidino-substituierte
Verbindung PTMO0069 sowie die N-Boc-Piperazino-substituierte Verbindung PTMO0071 auf.
Neben nennenswert héheren Affinitaten zur MB327-PAM-1-Bindungsstelle verglichen mit
MB327, zeigten sie gleichzeitig einen deutlichen Muskelkraft-wiederherstellenden Effekt: Die
untersuchten Substanzen erreichten nicht nur eine starkere Reaktivierung der Muskeln nach
Soman-Vergiftung, sondern sie bewirkten diesen Effekt bereits bei deutlich geringeren
Konzentrationen als MB327. In hdheren Konzentrationen wurde jedoch bei beiden
Verbindungen eine Abnahme der Muskelkraft, bis zur vollstdndigen Hemmung der Muskeln,
beobachtet. Interessanterweise zeigte PTMO0069 bei Untersuchungen an nicht vergifteten
Ratten-Diaphragmen genau in diesem Konzentrationsbereich eine reversible muskel-
hemmende Aktivitat. Eine Erklarung fur diesen inhibitorischen Effekt kdnnte eine bei hoheren
Konzentrationen auftretende Bindung von PTMOO069 an die orthosterische Bindungsstelle des
nAChR sein.
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Zusatzlich zu den oben beschriebenen Bispyridiniumverbindungen mit 4-Aminopyridinium-
Teilstrukturen wurden zwei, in in silico-Studien identifizierte, Hydroxy-substituierte MB327-
Analoga synthetisiert. Basierend auf GIST-Berechnungen sollten Moleklle mit polaren Teil-
strukturen durch Verdrangung von Wasser-Clustern aus der MB327-PAM-1-Bindungstasche
eine erhohte Affinitat aufweisen. Tatsachlich konnte fir die Verbindung PTMD90-0012, die
eine 7-Hydroxychinazolinium-Teilstruktur aufweist, nicht nur eine erhohte Affinitat an die
genannte Bindungsstelle, sondern auch eine im Vergleich zu MB327 leicht verbesserte

intrinsische Aktivitat gefunden werden.

3.2.2 Darstellung des Eigenanteils

Alle Synthesen sowie die analytische Charakterisierung der Verbindungen wurden von mir
durchgefihrt. Die technische Durchfihrung der MS- und NMR-Messungen wurde von der
Analytikabteilung des Departments fir Pharmazie Ubernommen. Die Bestimmungen der
Bindungsaffinitaten mittels des UNC0642-MS-Bindungsassays wurden von Valentin Nitsche
durchgefiihrt. Thomas Seeger Ubernahm die ex vivo-Untersuchungen der Substanzen an
Soman-vergifteten Ratten-Diaphragmen. Die in silico-Studien wurden von Jesko Kaiser
durchgefiihrt. Das Manuskript wurde von mir in Zusammenarbeit mit Klaus T. Wanner und
Franz F. Paintner konzipiert und verfasst. Erganzende Beitrdge stammen von
Valentin Nitsche, Jesko Kaiser und Thomas Seeger. Die Korrektur des Manuskripts
Ubernahmen im Wesentlichen Franz F. Paintner sowie Klaus T. Wanner. Des Weiteren wurde
das Manuskript von Georg Hofner, Christoph G. W. Gertzen, Holger Gohlke,

Karin V. Niessen, Dirk Steinritz und Franz Worek korrigiert.
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improve the treatment of organophosphate poisoning, direct targeting of nAChRs with appropriate compounds is
a key step, and this study is an important contribution to this research

1. Introduction

The verified use of sarin in the Syrian warin 2013 (Dolgin, 2013; Pita
and Domingo, 2014) and 2017 (OPCW, 2017), as well as the politically
motivated llovichok attack on Russian opposition politician Alexei
Havalny in 2020 (Steindl et al, 2021), provide clear evidence that
highly toxic organophosphorus nerve agents still pose a major threat to
military personnel and civilians, evenafter their international ban by the
Chemical Weapons Convention in 1997 (Thakw and Haru, 2007).
Intoxication with organophosphorus compounds (OPCs) leads to the
irreversible inhibition of acetylcholinesterase (AChE), resulting in an
uncontrolled accumulation of acetylcholine (ACh) in the synaptic cleft
of cholinergic newons. As a result, cholinergic signaling is disrupted by
overstimulation of muscarinic and nicotinic acetylcholine receptors
(mAChRs and nAChRs, respectively) (Iloelle, 1981; Maselli, Leung,
1993; Massoulié et al., 1993). This condition, known as a “cholinergic
crisis”, can be life-threatening due to respiratory paralysisasa result of
the disruption of nAChR-mediated neuromuscular transmission (Brown
and Brix, 1998; Thiermann et al., 2010). Standard treatment for nerve
agent poisoning currently includes a muscarinic acetylcholine receptor
antagonist, e.g atropine, to reduce mAChR overstimulation and an
oxime-based AChE reactivator, e.g. obidoxime. According to Sheridan
et al. (Sheridan et al, 2005) neuwromuscular blockers (competitive
nAChR antagonists) are not suitable for the treatment of nerve agent
poisoning. Hence, reactivation of inhibited AChEappearsto be erucial to
counteract nicotinic overstimulation. However, despite decades of
effort, there is still no universally applicable AChE reactivator that can
efficiently cleave all OPC-AChE conjugates (Worele et al, 2020).
Therefore, there is an wgent need to develop novel antidotes to coun-
teract desensitization of muscle-type nAChRs as a result of over-
stimulation. One approach is to use agents that directly target the
nAChR to restore its function after it has been desensitized by over-
stimulation (Sheridan et al., 2005; Turner et al., 2011).

Indeed, a number of bispyridinium salts, such as the prototypical
compound MB327 (Fig. 1), are able to restore the function of desensi-
tized nAChR of Torpedo californica (recently reclassified as Tetronarce
californica) in in vitro experiments by interacting divectly with the re-
ceptor most likely via an allosteric mechanism (lliessen et al., 2016;
liessen et al., 2018; Seeger etal., 2012; Sichler etal., 2018). Since the
Torpedo californica nAChR has a high sequence identity to the rat and
human muscle-type nAChRs, it is reasonable to assume that MB327 has
similar effects on the desensitized nAChRs of the latter species as well.
Indeed, in ex vive experiments, MB327 shows a muscle force-restoring
effect on both soman-poisoned rat diaphragms and soman-poisoned
human intercostal muscles, which is thought to be due to the resensiti-
zation of desensitized nAChR (lliessen et al, 2018; Seeger et al., 2012).
In addition, MB327 (or the corresponding methanesulfonate salt
MB399, respectively) in combination with the mAChR antagonist hyo-
scine and the indirect parasympathomimetic physostigmine, was shown

t-Bu | e - > | t-Bu
/Nt\/\/N\

MB327

to increase the survival rates of guinea pigs poisoned with sarin or tabun
in in vive studies (Timperley et al, 2012; Turner et al,, 2011). Despite
these promising results, MB327 is not suitable for human use due to its
narrow therapeutic window. levertheless, MB327 isa promising start-
ing point for further investigation.

Recently, based on blind docking experiments and molecular dy-
namics simulations, we proposed a new allosteric binding site of MB327
at the muscle-type nAChR, termed MB327-PAM-1 (Kaiser et al., 2023).
This binding site is located at the transition from the extracellular to the
trans-membrane region and, accordingto a rigidity analysis, is expected
to exert an allosteric effect on the orthosteric binding pocket upon
binding of MB327. The amino acids interacting with MB327 in this
binding site, predominantly glutamate residues, are highly conserved
within the different nAChR subunits as well as in different species.
Accordingly, comparable resensitizing effects of MB327 should be
observable on desensitized nAChR of different species (e.g. Torpedo
californica, rats and humans).

However, recently published results also show that bispyridinium
compounds related to MB327 have inhibitory activity on the nAChR,
most lilkely mediated via the orthosteric binding site (Epstein et al,
2021). Indeed, free ligand diffusion MD simulations performed by us
indicated that MB327 also has affinity for the orthosteric binding site
(Kaiser et al., 2023). The fact that the muscle force restoring activity of
MB327 on soman-poisoned rat diaphragms is lost at higher concentra-
tionsaftera peakat 300 pM may be explained by this inhibitory activity
(lliessen et al., 2018).

The binding mode of MB327 in the MB327-PAM-1 binding pocket
indicates that one of the two tert-butyl groups projects into a polar re-
gion of the binding pocket. This allowed us to predict structural modi-
fications of MB327 that led to the more potent resensitizers PTM0062
(1) and PTMO0063 (2), which have a more polar substituent, i.e., an
amino anda methylamino group, respectively, instead of one of the two
tert-butyl residues of MB327 (Fig. 1) (Kaiser et al, 2023). Interestingly,
the recently described dimethylamino analog PTMO0056 (3) (Fig. 1),
which has a less polar substituent than PTM0062 (1) or PTM0063 (2),
also shows a slightly higher affinity for the MB327-PAM-1 binding site
than MB327 (Rappengliick et al., 2018) and a muscle force-restoring
activity comparable to PTM0062 (1) and PTM0063 (2) in preliminary,
unpublished ex vivo studies with soman-poisoned rat diaphragm hemi-
spheres. Therefore, PTM0056 (3) appeared to be a promising starting
point for the development of new, possibly even more potent, resensi-
tizers for the desensitizied muscle type nAChR.

In this study, we report the development of a series of non-symmetric
MB327 analogs detived from PTMO0062 (1), PTMO0063 (2) and PTMO0056
(3), respectively, as resensitizers for desensitized muscle-type nAChRs.
To obtaina structurally diverse set of analogs, the 4-amino substituents
of compounds 1-3 were replaced by either acylamino groups, dia-
lkkylamino groups previously not considered or eyclicamino groups (e.g.
pywrolidino, piperidino, morpholino and piperazino  groups).

RI
|

tBu | SN - = | N‘R2
NNy

PTM0062 (1): R'=RZ=H
PTMO0063 (2): R' = CHy, R2=H
PTMO056 (3): R' = R? = CHy

Fig. 1. Chemical structures: MB327, PTMO062 (1), PTMO0063 (2) and PTMO0056 (3].
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Furthermore, based on identifying entropically unfavorable water
clusters in MB327-PAM-1 using molecular dynamics (MD) simulations
in combination with Grid Inhomogeneous Solvent Theory (GIST) com-
putations (Iazaridis, 1998; liguyen et al., 2011; lguyen et al, 2012;
Ramsey etal, 2016), we designed novel MB327 analogs potentially able
to substitute these water clusters. To determine the affinities of the
newly developed compounds at the MB327-PAM-1 binding site of Tor-
pedo-nAChR, our recently developed UlIC0642 MS Binding Assays were
applied. To gain insight into the intrinsic activity of some selected rep-
resentatives of the newly developed compounds, their ability to restore
muscle force was also investigated in ex vive experiments with
soman-poisoned rat diaphragms. Some of the newly developed com-
pounds showed a slightly higher affinity for the MB327-PAM-1 binding
site of Torpedo-nAChR than the prototypical compound MB327 and a
comparable or even higher muscle force-restoring effect on
soman-poisoned rat diaphragms at lower concentrations than MB327.

2. Material and methods
2.1. Synthesis of novel MB327 analogs

Microwave reactions were carried out on a Discover SP microwave
system by CEM GmbH in glass vials. All chemicals used in the syntheses
were used as purchased from commercial sources. Solvents used for
crystallization were distilled before use. Melting points were determined
with a Biichi 510 melting point apparatus and are uncorrected. For IR
spectroscopy, an FT-IR Spectrometer 1600 from PerkinElmer was used.
High-resolution mass spectrometry was performed on a Finnigan MAT
95 (ED or a Finnigan LTQ FT (ESD. 'H and "*c NMR spectra were
recorded on a Bruker BioSpin Avance III HD 400 and 500 MHz at 25 °C.
For data processing, MestRellova (Version 14.1.0) from Mestrelab
Research S.1. 2019, and for calibration, the solvent signal (CD;0D) was
used. See Supporting I[nformation (SL Figures 51-S11) for the 1TMR
spectra of the bispyridinium compounds. Unless otherwise noted, the
puwity of the test compounds was > 98%, determined using quantitative
"H MR spectroscopy using TraceCERTS® ethyl 4-(dimethylamino)
benzoate from Sigma Aldrichasinternal calibrant (Cushman et al., 2014;
Pauli et al., 2014).

All target compounds synthesized in the context of this study were
cataloged with a certain PTM and PTMD number, respectively (Phar-
macy and Toxicology Munich and Pharmacy and Toxicology Munich
and Diisseldorf, respectively).

General Procedure (GP): Synthesis of non-symmetric MB327
analogs by N-alkylation with 4

A solution of 4-(tert-butyl)-1-(3-iodopropylpyridin-1-ium iodide (4)
(Rappenglitck et al., 2018) (1.0 equiv) and the cocresponding 4-amino—
substituted pyridine 5 (1.05-1.1 equiv) or 7-hydroxychinoline (7) in
acetonitrile (2.0-2.7 mL/mmol) was stirred at 90 °C under microwave
irradiation (150 W) for 1h unless otherwise stated. The reaction
mixture was concentrated in vacuo, and the residue was purified by
recrystallization from different solvent mixtures.

Acetamido-1-{3- [4-(tert-butyl)pyridin-1-ium-1-y1] propyl}pyr-
idin-1-ium diiodide (PTMO0064, 6a)

According to the GP, with 4 (431 mg, 1.00 mmol, 1.0 equiv) and 5a
(150 mg, 1.10 mmol, 1.1 equiv) in MeCH (2.0 mL). Recrystallization
from BtOAc/EtOH/MeOH (1:2:1) afforded 6a (529 mg, 93%)asa yellow
solid. m.p. 259 °G, 'H HMR (400 MHz, CD;0D): & = 1.45 (5, 9 H), 2.27
(s 3 H), 2.71-2.80 (m, 2 H), 4.66-4.72 (m, 2 H), 4.77-4.83 (m, 2 H),
8.12-8.16 (m, 2 H), 8.16-8.20 (m, 2 H), 8.79-8.86 (m, 2 H), 8.96-9.02
(m, 2 H); 1°C HMR (101 MHz, CD;0D): & — 24.61, 30.21, 33.27, 37.68,
57.42, 58.32, 116.48, 126.90, 145.43, 146.32, 154.33, 172.69, 173.27;
IR (KBr): ¥ = 2964, 1645, 1518, 1207 em '; HRMS (ESD): m/z caled for
CygHar 11501, T: 440.1199 [M-7; found: 440.1185.

4-[(tert-Butoxycarbonyl)amino] -1-{3- [4-(tert-butyl)pyridin-1-
ium-1-yl] propyl}-pyridin-1-ium diiodide (PTM0065, 6b)

Accordingto the GP, a solution of 4 (323 mg, 0.750 mmol, 1.0 equiv)
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and 5b (157 mg, 0.810 mmol, 1.08 equiv) in MeCl1 (2.0 mL) was sticred
under microwave irradiation (150 W) at 60 °C for 15 h. Recrystalliza-
tion from Bt,0/DMF (10:1)afforded 6b (431 mg, 92%) asa yellow solid.
Purity: 94%. m.p. 117 °CG; THIIMR(4()[) MHz, CDs0D): 6 =1.45 (s, 9 H),
1.56 (s, 9 H), 267-2.79 (m, 2 H), 4.59-4.67 (m, 2 H), 4.74-4.82 (m,
2H), 7.87-8.02 (m, 2 H), 8.20-8.14 (m, 2 H), 8.68-8.76 (m, 2 H),
8.91-9.01 (m, 2 H); '°C IMR (101 MHz, CD;0D): & = 28.25, 30.21,
33.19, 37.68, 57.16, 58.38, 84.27, 115.30, 126.90, 145.41, 145.85,
153.10, 155.64, 173.30; IR (KBr): ¥ = 2967, 1643, 1531, 1148 em T;
HRMS (ESI): m/z caled for CpHas11:0:0-T: 498.1618 [M-11*; found:
498.1600.

4- [Benzyl(methyl)amino]-1-{3- [4-(tert-butyl)pyridin-1-ium-1-
yll propyl} pyridin-1-ium diiodide (PTMO0066, 6¢)

Accordingto the GP, with 4 (323 mg 0.750 mmol, 1.0 equiv)and 5¢
(164 mg, 0.830 mmol, 1.1 equiv) in MeCll (2.0 mL). Recrystallization
from EtOAc/EtOH/MeOH (10:5:1) afforded 6¢ (354 mg, 75%) as a
yellow solid. m.p. 185 °G; 'H 11MR (400 MHz, CD;0D): & = 1.45 (s, 9 H),
2.56-2.70 (m, 2 H), 3.34 (5, 3 H), 440 (t, J — 7.6 Hz, 1 H), 4.74 (t, J =
7.7 Hz, 2 H), 4.90 (s, 2 H), 7.03-7.19 (m, 2 H), 7.24-7.29 (m, 2 H),
7.29-7.41 (m, 3 H), 8.13-8.19 (m, 2 H), 8.20-8.40 (m, 2 H), 8.91-8.97
(m, 2 H); °C HMR (101 MHz, CD;0D): 5 = 30.20, 33.14, 37.67, 39.70,
55.41, 56.75, 58.52, 109.83, 126.86, 127.82, 129.11, 130.21, 136.21,
143.72, 145.38, 158.26, 173.24; IR (KBr): ¥ — 2967, 1645, 1556,
1193 em'; HRMS (ESL): m/z caled for CosHasllsI-T: 502.1719 [M-111;
found: 502.1703.

4-(tert-Butyl)-1-{3- [4-(diethylamino)pyridin-1-ium-1-y1] pro-
pyl}pyridin-1-ium diiodide (PTMO0067, 6d)

According to the GP, with 4 (431 mg, 1.00 mmol, 1.0 equiv)and 5d
(165 mg, 1.10 mmol, 1.1 equiv) in MeCl (2.0 mL). Recrystallization
from EtOAc/EtOH (2.5:1) afforded 6d (419 mg, 72%)as a yellow solid.
m.p. 217 °G; 'H HMR (400 MHz, CD;0D): 6 =1.27(t, J = 7.2 Hz, 6 H),
1.45 (s, 9 H), 2.60-2.71 (m, 2 H), 3.64 (q, J = 7.2 Hz, 4 H), 441 (t, J =
7.7 Hz, 2H), 478 (t, J = 7.8 Hz, 2 H), 7.01-7.08 (m, 2 H), 8.13-8.21
(m, 2 H), 8.24-8.31 (m, 2 H), 8.97-9.02 (m, 2 H); '°C IMR (101 MHz,
CD;0D): & = 12.21, 30.23, 33.20, 37.66, 46.46, 55.15, 58.49, 109.23,
126.86, 143.44, 145.41, 156.42, 173.11; IR (KBr): ¢ — 2968, 1648,
1561, 1197 cm'; HRMS (ESI): m/z caled for GyyHssllsl1: 454.1719
[M-I]"; found: 454.1704.

4-(tert-Butyl)-1-{3- [4-(pyrrolidin-1-yl)pyridin-1-ium-1-y1] pro-
pyl}pyridin-1-ium diiodide (PTMO0068, 6e)

According to the GP, with 4 (431 mg 1.00 mmol, 1.0 equiv)and 5e
(159 mg, 1.05 mmol, 1.05 equiv) in MeCll (2.0 mL). Recrystallization
from EtOAc/i-PrOH (1.1:1) afforded 6e (457 mg, 79%) asa yellow solid.
m.p. 178 °C; '"H HMR (400 MHz, CD;0D): & — 1.45 (5, 9 H), 210-2.15
(m, 4 H), 2.60-2.69 (m, 2 H), 3.55-3.60 (m, 4 H), 4.40 (t, J = 7.7 Hz,
2 H), 4.76 (t, J — 7.8 Hz, 2 H), 6.86-6.91 (m, 2 H), 8.15-8.18 (m, 2 H),
8.24-8.29 (m, 2 H), 8.96-9.00 (m, 2 H); '°C 1IMR (101 MHz, CD;0D): &
= 26.14, 30.21, 33.22, 37.66, 49.83, 55.26, 58.52, 109.87, 126.86,
143.01, 145.40, 155.23, 173.15; IR (KBr): ¥ = 2961, 1647, 1561,
1192 em'; HRMS (ESL): m/z caled for CoyHa151-T: 452.1563 [M-111;
found: 452.1545.

4-(tert-Butyl)-1-{3- [4-(piperidin-1-y])pyridin-1-ium-1-yl] pro-
pyl}pyridin-1-ium diiodide (PTMO0069, 6f)

Accordingto the GP, with 4 (216 mg 0.500 mmol, 1.0 equiv)and 5 f
(85.2 mg, 0.530 mmol, 1.05 equiv) in MeCll (1.0 mL). Recrystallization
from EtOAe/i-PrOH (1:1.2) afforded 6 £ (245 mg, 83%) asa yellow solid.
m.p. 240 °C; 'H HMR (400 MHz, CDz0D): 5 = 1.45 (5, 9 H), 1.69-1.76
(m, 4 H), 1.76-1.85 (m, 2 H), 2.58-2.71 (m, 2 H), 3.69-3.76 (m, 4 H),
4.30(t, J— 7.6 Hz, 2 H), 4.77 (t, J = 7.7 Hz, 2 H), 7.12-7.20 (m, 2 H),
8.13-8.20 (m, 2 H), 8.21-8.29 (m, 2 H), 8.95-9.02 (m, 2 H); '°C MR
(101 MHz, CD;0D): & — 24.93, 26.73, 30.22, 33.14, 37.66, 49.17, 55.07,
58.51, 109.45, 126.86, 143.58, 145.41, 156.92, 173.13; IR (KBr): v =
2956, 1648, 1547, 1194 em ; HRMS (ESI): m/z caled for CooH5510515-T
466.1719 [M-11"; found: 466.1711.

4-(tert-Butyl)-1-[3-(4-morpholinopyridin-1-ium-1-yl)propyll
pyridin-1-ium diiodide (PTMO0070, 6g)
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According to the GP, with 4 (431 mg, 1.00 mmol, 1.00 equiv) and
5 g (172 mg, 1.10 mmol, 1.05 equiv) in MeCHl (2.0 mL). Recrystalliza-
tion from EtOAc/EtOH (1:1.4) afforded 6 g (518 mg, 87%) as a yellow
solid. m.p. 222 °G; 'H 1IMR (400 MHz, CD;0D): 5 = 1.45 (s, 9 H),
2.62-2.72 (m, 2 H), 3.69-3.76 (m, 4 H), 3.80-3.85 (m, 4 H), 4.45 (t, J =
7.7 Hz, 2 H), 4.78 (t, J = 7.8 Hz, 2 H), 7.13-7.27 (m, 2 H), 8.14-8.20
(m, 2 H), 8.33-8.40 (m, 2 H), 8.97-9.04 (m, 2 H); '*C 11MR (101 MHz,
CD;0D): 5 = 30.23, 33.21, 37.66, 47.73, 55.33, 58.44, 67.15, 109.72,
126.86, 143.86, 145.41, 157.85, 173.11; IR (KBr): ¥ = 2964, 1650,
1545, 1193 em ™ '; HRMS (ESI): m/z ealed for Gy Hs 11501,-T: 468.1512
[M-]*; found: 468.1493.

4-[4-(tert-Butoxycarbonyl)piperazin-1-yl] -1-{3- [4-(tert-butyl)
pyridin-1-ium-1-yl] propyl}pyridin-1-ium diiodide (PTM0071, 6h)

According to the GP, with 4 (216 mg, 0.500 mmol, 1.0 equiv) and
5 h (145 mg, 0.550 mmol, 1.1 equiv) in MeClHl (1.0 mL). Recrystalliza-
tion from EtOAc/EtOH (2:1) afforded 6 h (320 mg 92%) as a yellow
solid. m.p. 149 °G; 'H HMR (500 MHz, CD;0D): & = 1.45 (5, 9 H), 1.49
(s, 9 H), 2.61-2.69 (m, 2 H), 3.62-3.68 (m, 4 H), 3.76-3.80 (m, 4 H),
4.42(t,J = 7.6 Hz, 2 H), 475 (t, J = 7.7 Hz, 2 H), 7.19-7.23 (m, 2 H),
8.15-8.19 (m, 2 H), 8.31-8.36 (m, 2 H), 8.95-8.99 (m, 2 H); '°C NMR
(126 MHz, CD;0D): 5 = 28.59,30.21, 33.17, 37.67, 43.60, 47.12, 55.38,
58.48, 81.95, 109.85, 126.86, 143.79, 145.40, 156.17, 157.71, 173.22;
IR (KBr): ¥ = 2967, 1649, 1416, 1169 cm. '; HRMS (ESD: m/% caled for
CaeHioll 05017 567.2196 [M-11"; found: 567.2180.

4-(1-{3- [4-(tert-Butyl)pyridin-1-ium-1-yl] propyl}pyridin-1-
ium-4-yl)piperazin-1-ium triiodide (PTM0072, 6i)

A solution of 6 h (69.4mg 0.100 mmol, 1.0 equiv) and iodo(tri-
methyl)silane (80.0 mg 0.400 mmol, 4.0 equiv) in MeCH (2.0 mL) was
sticred under argon at tt for 2 h. 6i (71.3 mg, 99%) was afforded after
filtration of the reaction mixture asa yellow solid. m.p. 109 °G 'H MR
(400 MHz, CD;0D): 6 =1.45 (5, 9 H), 2.65-2.75 (m, 2 H), 3.47-3.55 (m,
4 H), 4.03-4.12 (m, 4 H), 4.52 (t, J = 7.5 Hz, 2 H), 4.77-4.83 (m, 2 H),
7.33-7.39 (m, 2 H), 8.14-8.20 (m, 2 H), 8.45-8.52 (m, 2 H), 9.01-9.06
(m, 2 H); 1°C HMR (101 MHz, CD;0D): & — 30.23, 33.27, 37.65, 44.04,
44,65, 55.66, 58.33, 110.83, 126.84, 144.37, 145.44, 158.02, 173.07; IR
(KBr): ¥ = 2963, 1647, 1549, 1191 cm ™ '; HRMS (ESD: m/z caled for
CoHasllIs-H' 21 467.1671 [M-I-1-H]'; found: 467.1663.

1-{ 3- [4-(tert-Butyl) pyridin-1-ium-1-yl] propyl}-7-hyd rox-
yquinolin-1-ium diiodide (PTMD90-0012, 8)

According to the GP, a solution of 4 (431 mg, 1.00 mmol, 1.0 equiv)
and 7 (163 mg 1.10 mmol, 1.1 equiv) in MeCH (2.0 mL) was stirred
under microwave itradiation (150 W) at 90 °C for 3 h. Recrystallization
from EtOH/EtOAc (2:1.5) afforded 8 (167 mg, 29%) as a yellow solid.
m.p. 263 °G; "H HMR (400 MHz, CD;0D): & — 1.45 (s, 9 H), 2.76-2.89
(m, 2 H), 4.89-4.96 (m, 2 H), 5.09-5.19 (m, 2 H), 7.56 (dd, J = 9.0,
2.1Hz 1H), 7.68 (d, J = 2.2 Hz, 1 H), 7.81 (dd, J = 8.1, 6.1 Hz, 1 F),
8.11-8.22 (m, 2 H), 8.29 (d, J = 9.1 Hz, 1 H), 8.95-9.04 (m, 3 H), 9.31
(dd, 7 = 6.1, 1.4 Hz, 1 H); "*C IIMR (101 MHz, CD;0D): & = 30.20,
31.59, 37.68, 54.85, 58.50, 101.59, 119.39, 123.77, 126.81, 126.88,
134.57, 142,53, 145.41, 148.20, 148.99, 167.19, 173.30; IR (film): ¥ =
2968, 1628, 1209, 849 em ™ '; HRMS (ESD): m/2 caled for CyHag 11,01
H'-2I: 321.1967 [M-I1-H]"; found: 321.1961.

1,1-(2-Hyd roxypropan-1,3-diyl)bis [4-(tert-butyl)pyridin-1-
ium] dibromide (PTMD90-0015, 11)

A mixture of 9 (108 pL, 229 mg, 1.00 mmol, 1.0 equiv) and 10
(352 pl, 325 mg 240 mmol, 2.4 equiv) was stirred at 145 °C for 2 h.
The reaction mixture was concentrated in vacuo and the residue was
pwified by recrystallization from EtOAc/EtOH (1:2) to afford 11
(196 mg, 40%) as a colorless solid. m.p. 248 °G; 'H MR (400 MHz,
CD;0D): & = 1.45 (s, 18 H), 4.43-4.69 (m, 3 H), 4.97-5.22 (m, 2 H),
8.11-8.24 (m, 4 H), 8.83-9.01 (m, 4 H); "’C1IMR (101 MHz, CD;0D): &
— 30.19, 37.70, 63.74, 71.06, 126.42, 146.09, 173.58; IR (film): ¥ =
2972, 1643, 1468, 1117 ecm '; HRMS (ESD: myz caled for
Co Haol1,0Br-H  2Br: 327.2436 [M-Br-Br-H]"; found: 327.2430.
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2.2, UNC0642 MS Binding Assays

Competitive MS Binding Assays were performed as previously
described (Kaiser etal, 2024; llitsche etal, 2024) apart from one minor
difference: in order to obtain competition curves for compounds bearing
a 4-aminopyridinium moiety, the nonlinear regression function “log
(inhibitor) vs. normalized response — Variable slope™ (Prism Software v.
6.07, GraphPad Software, La Jolla, CA, USA) was used instead of the
recently used function “One site - fit Ki". Statistically significant dif-
ferences were verified by a two-sided ttest (alpha = 0.05).

2.3. Rat diaphragm myography

All experiments were conducted at the Bundeswehr Institute of
Pharmacology and Toxicology (InstPharmToxBw) which is the only
institute in Germany authorized to use chemical warfare agents (CWA)
for research in the areas of pathomechanisms, prevention, detection,
treatment, and epidemiology of CWA-induced health disorders.

All procedures using animals followed animal care regulations.
Preparation of rat diaphragm hemispheres from male Wistar rats (300 =
50 g) and experimental protocol of myography was performed as pre-
viously described (llitsche etal., 2024; Seeger et al,, 2012). In brief, for
all procedures (including wash-out steps, preparation of soman and test
compound solutions) aerated Tyrode solution (125 mM Macl, 24 mM
1laHCO5;, 5.4mM KCl, 1 mM MgCl,, 1.8 mM CaCl;, 10 mM glucose,
95% 03, 5% COgz; pH 7.4; 25 = 0.5 °C) was used. The organophosphorus
compound (OPC) soman (pinacolylmethylphosphonofluoridate; >93%
by GG-MS, 'H lIMR and °'P IMR) was provided by the German Ministry
of Defence (Bonn, Germany). Soman stock solutions (0.1% v/v) were
prepared in acetonitrile, stored at 20 °C and appropriately diluted in
Tyrode buffer just before the experiment, and were kept at room tem-
perature until use. All experiments were carried out in a chemical safety
hood. After the recording of control muscle force one hour after prep-
aration, the muscles were incubated in the Tyrode solution, containing
3 uM soman for 20 min. Following a 20 min wash-out period, the test
compounds were added in ascending concentrations (0.1 pM to
300 pM). The incubation time was 20 min for each concentration. The
electric field stimulation was performed with 10 ps pulse width and 2 A
amplitudes. The titanic stimulation of 20 Hz, 50 Hz, 100 Hz were
applied for 1s and in 10 min intervals. Measurements on non-toxic
muscle were cawcied out according to the same scheme. Instead of
soman, pure Tyrode was incubated. Muscle force was caleulated as a
time-force integral (area under the ewrve, AUC) and constrained to
values obtained for maximum force generation at the start of the mea-
surements (muscle force in the presence of Tyrode solution without any
additives; 10094). All results were expressed in means & SD (n = 6-12).
Prism 5.0 (GraphPad Software, San Diego, CA, USA) was used for data
analysis.

2.4. MD simulations

The model of the human muscle type nAChR was generated using
Modeller with the PDB structure of the a7-nAChR as the template (PDB
ID: 7KOX (lloviello et al., 2021). The orthosteric ligand nicotine and a
sodium ion in the transmembrane pore were included by aligning the
structure of the a3p4-nAChR (PDB ID: 6PV7 (Gharpuce et al, 2019) to
the homology model. icotine was subsequently minimized using
SZYBKI (OpenEye Scientific Software, 2021). MB327 was docked in
MB327-PAM-1 using MOE with an induced-fit refinement using default
parameters (Chemical Computing Group, 2020). Ligand charges were
calculated wsing Gaussianl6 (M. J. Frisch et al, 2016) at the
HF/6-31 G* level of theory; force field parameters for the lignnd were
taken from the gaff force field (Wang et al, 2004). Using
Packmol-Memgen (Schott-Verdugo and Gohllke, 2019), the system was
embedded in a membrane containing 1-palmitoyl-2-oleoyl-sn-glycer-
0-3-phosphocholine (POPC) lipids, solvated using the Optimal Point
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Charge water model (Izadi et al., 2014) with a minimum distance of
12 A between receptor atoms and the edge of the box, KCl wasadded in
a concentration of 150 mM, and the system was neutralized using CI°
ions. To perform MD simulations, the AMBER22 package of molecular
simulations software (Case et al., 2005; Case et al, 2022), the ff19SB
force field (Tian et al., 2020) for the protein, the Lipid17 force field
(Gould etal.,, unpublished) for lipids, the gaff force field for the ligand,
and the Joung and Cheatham parameters for monovalent ions were used
(Joung and Cheatham, 2008). MD simulations were performed as
deseribed previously (Iaiser et al., 2023). In short, a combination of
steepest descent and conjugate gradient minimization was performed
while gradually decreasing positional harmonic restraints. The system
was then heated in a stepwise manner to 300 K, and harmonic restraints
on receptor and ligand atoms were gradually removed subsequently.
Then, 12 replicas of 1 ys long unbinse d MD simulations were performed
in the 1PT ensemble using semi-isotropic pressure adaptation with the
Berendsen barostat. The RMSD, electron density profiles and represen-
tative binding modes were computed using CPPTRAJ (Roe and Cheat-
ham, 2013), as implemented in AmberTools (Case etal, 2023).

2.5. GIST computations

GIST (Lazaridis, 1998; llguyen et al., 2011, 2012; Ramsey et al.,
2016) computations, as implemented in CPPTRAJ (Roe and Cheatham,
2013), were pecformed in replicas where MB327 remained in the
binding site (distance to [645 (respectively, [61¢, 61, 164) < 5 A, as
done previously) (Kaiser et al., 3) during MD simulations. The
backbone of each frame during these MD simulations was aligned to the
starting structure of the simulations using CPPTRAJ (Roe and Cheatham,
2013). The middle carbon atom of the C3-linker in MB327 was used as
the center of the box for GIST grid generations with grid dimensions of
40 increments along each axis and a grid spacing of 0.5 A. In GIST, the
entropy term of water in each voxel consists of both an orientational and
translational contribution. Furthermore, for the energetic contribution
the solute-water and water-water interaction is computed based on
Lennard-Jones and electrostatic interactions. The results were filtered
based on the density of oxygen centers in each voxel compared to bulk
density (cutoff: > 1.75) and the solvent free energy (cutoff: =
—0.25 lkeal mol Y). Viswalization of water clusters and manual modifi-
cation of MB327 to PTMD90-0012 (8) and PTMD90-0015 (11) was
performed using MOE (Chemical Computing Group, 2020).

2.6. Image generation

Images of nAChR in complex with MB327 and its analogs were
created using UCSF Chimera (Pettersen etal, 2004).

3. Results and discussion
3.1. Synthesis of novel MB327 analogs

To identify novel non-symmetric MB327 analogs that should exhibit
higher binding affinities to the MB327-PAM-1 binding site as well as
higher intrinsic activities compared to MB327, a series of non-symmetric
bispyridinium compounds 6a-6i with a 4-aminopyridinium ion partial
structure derived from compounds 1-3 was synthesized. In addition,
based on modeling studies (see chapter 3.3), novel MB327 analogs 8 and
11 with an additional OH function were synthesized with the assump-
tion that this modification should increase the binding affinity by dis-
placing water molecules from the binding pocket.

3.1.1. Non-symmetric MB327 analogs PTM0064-PTM0072 (6a-61) and
PTMD90-0012 (8)

Hon-symmetric MB327 analogs 6a-6 h bearing a 4-aminopyridinium
ion moiety were readily accessible in one step by N-alkylation of 4ami-
nopytidines 5 with N-(3-iodopropyl)pyridinium building bloclk 4,
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analogous to the method described by Rappenglick et al. (2018)
(Scheme 1). To cover a wider variety of 4-amino substituents in the
target compounds, the set of commercially available 4-aminopytidines
5a, 5b, and 5e-5 g was extended with some building blocks (5¢, 5d
and 5 h), synthesized according to literature (Hay et al, 2015; Price
et al., 2006; Wang et al, 2019). N-Alkylation of the pyridines 5a and
5¢-5 h with building block 4 (Rappengliicl et al, 2018) was accom-
plished by stitring the components in acetonitrile at 90 °C under mi-
crowave irradiation for 1 h. After removing the reaction solvent, the
resulting residues were purified by crystallization to yield the target
compounds 6a and 6¢-6 hin good to excellent yields (72-93%) and high
purities (> 98%). Reaction with tert-butyl pyridin-4-ylearbamate (5b),
however, required a lower reaction temperature to prevent cleavage of
the Boc group as a reaction at 90 °C for 1 h had led to a mixture of
product 6b and 4-amino-analog 1 in a matio of 3:1. By stirring 5b with
building block 4 at 60 °Cfor 15 h no side product 1 was observed and the
product 6b was afforded in excellent yield (92%) and sufficient purity
(949). To get the hydroiodide 61, the Boc protecting group of 6 h was
cleaved by stirring with trimethylsilyl iodide (TMSI) (4.0 equiv) in
acetonitrile at room temperature for 1 h (Lott etal, 1979). Thus, com-
pound 6i was isolated in quantitative yield (99%) and with high purity
(100%).

PTMD90-0012 (8) was synthesized from building block 4 (Rappen-
glitck et al., 2018) and 7-hydroxyquinoline (7) under the reaction con-
ditions described for bispyridinium compounds 6a-6 h. However, the
reaction time had to be increased to 3 h to compensate for the lower
reactivity of the sterically more demanding quinoline 7 as compared to
the 4-aminopyridines 5. That way, PTMD90-0012 (8) was obtained in
29% yield after recrystallization (purity > 98%) (Scheme 2).

3.1.2. MB327 analog PTMD90-0015 (11)

The symmettic bispyridinium compound PTMD90-0015 (11) witha
2-hydroxypropyl linker between the two pyridinium rings, was synthe-
sized by heating 1,3-dibromopropan-2-ol (9) with an excess of 4-tert-
butylpyridine (10) to 145 °C for 2h. Bisalkylation product
PTMD90-0015 (11) was obtained in 40% yield and in high purity
(100%) after recrystallization (Sche me 3). In contrast, reaction of 8 with
epichlorohydrine or 1,3-dichloropropan-2-ol under the reaction condi-
tions described above led only to the corresponding monosubstituted
products.

3.2 Biological evaluation

3.2.1. Affinity to the MB327-PAM-1 binding site of Torpedo californica
nAChR

All of the newly developed compounds presented in this study, i.e.
PTMO0064-PTM0072 (6a-6i), PTMD90-0012 (8) and PTMD90-0015
(11) as well as MB327 and its recently reported analogs PTM0062 (1)
(Kaiser etal., 2023), PTM0063 (2) (Iaiser etal, 2023) and PTMO0056 (3)
(Rappengliick et al, 2018) were evaluated for their binding affinity
towards the MB327-PAM-1 binding site of Torpedo californica nAChR by
means of the recently introduced U1C0642 MS Binding Assays (Table 1)
(Kaiser et al., 2024; llitsche et al., 2024). First, for economic reasons, all
test compounds were studied at a single concentration of 10 uM and a
reporter ligand concentration of 1 uM. For a set of selected compounds
also the binding affinity constants (pK; values) were determined in
full-scale MS competition experiments.

Remaining reporter ligand binding in the presence of 10 uM of the
respective compounds listed in Table 1 range from 102% + 9% for
MB327 (Table 1, entry 1) to 64% <+ 8% for the N-Boc-piperazino de-
tivative PTM0071 (6 h, Table 1, entry 12). For clatity reasons it may be
stated that increasing binding affinities of the test compounds are re-
flected by decreasing values of the remaining reporter ligand binding.
Substitution of one of the two 4-tert-butyl residues of MB327 by an
amino [PTM0062 (1), 93% + 5%, Table 1, entry 2], an N-methylamino
[PTMO063 (2), 92% £ 1%, Table 1, entry 3], or dimethylamino group
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Scheme 1. Synthesis of 6a-6i. Reagents and conditions: (a) 4-(tert-butyl)-1-(3-iodopropyl)pyridin-1-ium iodide (4) (1.0 equiv), pyridines 5a-5 h {1.05-1.1 equiv),
MeCN, microwave: 150 W, 60-90 °C, 1-15 h, 72-93%; (b) 6i: 6 h (1.0 equiv), TMSI (4.0 equiv), MeCN, rt, 1 h, 39%.
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Scheme 2. Synthesiz of PTMDS0-0012 (8) Reagents and conditions: (a) 4-(tert-butyl)-1-(3-lodepropyl)pyridin-1-ium iodide (4) (1.0 equiv), 7-hydroxyquincline (7)

(1.1 equiv), MeCN, microwave: 150 W, 90 °C, 3 h, 29%
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Scheme 3. Synthesic of PTMD30-0015 (11). Reagents and conditions: (a) 1,3-dibromopropan-2-cl (9) (1.0 equiv), 4-tert-butylpyridine (10) (2.4 equiv), 145 °C,

2 h, 40%.

[PTMOO056 (3), 90% & 5%, Table 1, entry 4] resultsin a nominal yet not
statistically significant reduction of remaining reporter ligand bindingas
compared to MB327. Thisisalso true for compounds PTM0064 (6a, 90%
=+ 6%, Table 1, entry 5) and PTM0065 (6b, 90% + 4%, Table 1, entry 6)
displaying an N-acetamido- and an N-tert-butoxycarbonylamino moiety,
respectively effecting a reduction to 90% of remaining reporter ligand
binding Accordingto the data obtained for 1-3 and 6a-6b the capability
of the nitrogen substituents, present in these compounds to participate
in hydrogen bonding seems to have only little if any influence on the
binding affinities, the remaining reporter ligand binding amounting in
any case to about 90%. Likewise, when the dimethylamino group in
PTMO056 (3, 90% =+ 5%, Table 1, entry 4) is replaced by a sterically
more demanding N,N-diethylamino moiety, the binding affinity of the
resulting PTM0067 (6d) remains with 91% + 11% virtually unaltered
(remaining reporter ligand binding, Table 1, entry 8). Although 1-3 as
well as 6a, 6b and 6d effect remaining reporter ligand binding nomi-
nally below that of MB327 (Table 1, entry 1), for none of these com-
pounds the observed differences are statistically significant. However,
for the N-benzyl-N-methylamino derivative PTMO0066 (6c) with an
enlarged lipophilic domain, remaining reporter ligand binding reaches
85% + 8% (Table 1, entry 7), which is statistically significantly lower
than that of MB327 (102% + 99, Table 1, entry 1).

156

otably, the pyrrolidine and the piperidine substituted derivatives
PTMO0068 (6e) and PTM0069 (6 f), of which the former can be consid-
ered as a cyclic analog of the diethylamino substituted 6d, reduce
remaining reporter ligand binding to 85% + 0.5% (Table 1, entry 9) and
73% + 6% (Table 1, entry 10), both values being also statistically
significantly below than that of MB327 (102% = 9%, Table 1, entry 1).

Upon transition from the piperidino-substituted bispyridinium salt
6 f to the more polar morpholino-substituted analog PTM0070 (6 g),
again a decline in binding affinity is observed with the remaining re-
porter ligand binding increasing to 90% + 8% (Table 1, entry 11).
However, for the nitrogen analog of the morpholino derivative 6 g, the
piperazino derivative PTM0072 (6i), the decline in binding affinity
compared to 6 f displaying a piperidino residue (73% + 6%, Table 1,
entry 10) was less pronounced, with the remaining reporter ligand
binding amounting to 83% + 5% (Table 1, entry 13). Obviously, the
binding affinity-diminishing effect of the additional heteroatom seems
to be less distinct for the piperazino derivative 6i than for the mor-
pholino derivative 6 g (as compared to the piperidino analog 6 f). This
can possibly be attributed to the capability of the terminal amino
function of the piperazino group of 6i- presentin free formorasa salt or
both - to participate in a hydrogen bridge with the protein. Still, this
ability to be part of a hydrogen bond appears to be of less overall
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Binding affinities of bispyridinium compounds for the MB327-PAM-1 binding site of Tornpedo californica nAChR, determined in UNC0842 MS Binding Assays
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Asteriske indicate statistically significantly lower values for the remaining reporter ligand binding of the respective compound compared to the MB327 value (* p <
0.05, ** p < 0.01, based on a two-sided £test)

* The results of UNC0O642 MS Binding Assays are given as percentages re prese nting the remaining reporterligand binding ([UNC0642, 1 pM] in presence of 10 uM test
compound as compared to 100% reporter ligand binding in the absence of a competitor. Values are given as means & SD of triplicate experiments, except for MB327,
which was determined in two experiments from a triplicate determination each. The pK; values given in brackets represent means + SEM of three independent ex-
periments determined in UNCO642 MS Binding Assays in full scale competition experiments (mean Hill coefficient = 0.45-0 61

b pK; value of MB327 from (Nitsc al,, 2024)

¢ Compound from (Kaiser et al, 2023)

¢ Compound from (Rappengliick et al,, 2018).

® Compound tested as hydroiodide

importance, since although it is lost by the attachment of an N-Boc soman. Whereas upon indirect electric field stimulation commonly
substituent to the piperazino moiety of 6i, resulting in PTM0071 (6 h, carried out at frequencies of 20 Hz, 50 Hz and 100 Hz, unpoisoned rat
Table 1, entry 12), the binding affinity is distinctly improved. Thus, a diaphragms undergo muscle contractions, in case of poisoned samples

remaining reporter ligand binding of 64% -+ 8% could be measured for no or only very faint contractions occur. Thisinhibition further does not
this compound, which is statistically significantly lower than that of the vanish, when the poisoned samplesare freed from the toxin by washing,
piperazino-substituted compound 6i (Table 1, entry 13). Hence, the typically performed asa control, as this has no effect on the irreversible
piperidino-substituted compound 6 f (Table 1, entry 10) and the N-Boe- inhibition of the AChE by the nerve agent. The positive intrinsic activity

piperazino derivative 6 h (Table 1, entry 12) possess the highest binding of the test compounds becomes apparent, when their addition to the
affinities for the MB327-PAM-1 binding site of the nAChR of the com- poisoned muscle preparations, typically performed in increasing con-
pounds evaluated in this study. centrations from 0.1 to 300 pl, affects a recovery of the muscle force of
Modeling studies (see chapter 3.3) indicated, that the presence ofan the soman-impaired rat diaphragm hemispheres. Muscle foree inhibition
OH function in ligands of the MB327-PAM-1 binding site might be reappears, when samples are subjected to a subsequent washout step,
favorable for the binding affinity by displacing water molecules present which is due to the itreversible inactivation of the AChE and indicative
in the binding pocket. In particular, the MB327 analog 11 with an OH of the reversibility of the receptor-mediated resensitizing effect of the
function in the spacer linking the two pyridinium subunits in the test compounds.
molecule aswell as 8 with a 7-hydroxyquinolinium replacing one of the For the characterization of the muscle force restoring potency of
two pyridinium subunits in MB327 were expected to possess improved soman-poisoned rat diaphragms in the aforementioned test system, the
binding affinities. Hence, the binding affinities of PTMD90-0015 (11) piperidino- and the N-Boc-piperazino derivatives 6f and 6 h were
and PTMD90-0012 (8) were studied. Both compounds, however, show selected asthey had shown the highest binding affinities amongthe new
no ot onlya negligible improvement of the binding affinity compared to test compounds presented in this study. In addition, the piperazino de-
MB327 (Table 1, entry 1), the remaining reporter ligand binding rivative 6i, closely related to 6 h, the N,N-dimethylamino-substituted
amounting to 98% + 5% for 11 (Table 1, entry 15) and 93% + 9% for 8 compound 3 as parent compound, as well as the hydroxy-substituted
(Table 1, entry 14). Although no clear improvement of the binding af- compounds 8 and 11 as analogs of MB327 devoid of an amino-
finity could be achieved with 11 and 8, the results indicate that the substituent were evaluated in this test system.

presence of an additional polar OH function is tolerated in the binding Since it is known, that the largest efficacy is observed at low stim-
pocket. ulation frequencies (Seeger et al., 2012), only the results of experiments

Finally, for a small set of compounds, the pK; values as a more ac- pecformed at 20 Hz will be presented (Fig 2) and discussed in the
cwate measure of the binding affinity were determined in full-scale following The data of measurements carried out at higher frequencies

competitive MS Binding Assays. This set comptised the two com- (50 Hz, 100 Hz) can be found in the Supporting Information (SL
pounds 6 fand 6 h, which had shown the highest binding affinities in Figure 512).

the single point determinations described above (reduction of the As reference, the published data obtained for MB327 in the test
remaining reporter ligand binding to < 75%) as well as the two OH system have been included in Fig. 2 (lliessen et al., 2018). As previously
function-containing derivatives 8 and 11, which had emerged as reported, MB327 addition (Fig. 2A) leads to a concentration-dependent
candidate compounds for testing from modeling studies. lotably, the reactivation of soman-impaired muscle. The recovery gradually in-
piperidino derivative 6 f (Table 1, entry 10) exhibits a pK; of 3.96 + creases with the MB327 concentration (Fig. 2A). At a MB327 concen-
0.08, which was approximately 0.5 log units and thus statistically tration of 100 pM, the muscle force recovery amounts to 14.8% + 9.2%,
significantly higher than the pK; of MB327 previously determined to be reaches 30.2% + 9.5% at 300 uM (both values statistically significantly
3.40 + 0.04 (Table 1, entry 1) (litsche et al,, 2024). The N-Boe-piper- different from the value obtained for the soman-poisoned musele), to
azino derivative 6 h (Table 1, entry 12) showed an even higher pK; of finally decrease to 4.2% -+ 4.2% at 1000 M MB327 (not shown in
4.17 + 0.02, as to be expected from the preliminary binding data Fig 2A)(lliessen et al., 2018).

(remaining reporter ligand binding 64% L 5%), exceeding that of Similar to MB327, the analogs 3, 6 f, 6 hand 6i exhibiting a 4-amino
MB327 by approximately 0.8 log units. For the MB327 analog 11 with group at one of the two pyridinium subunits instead of a tert-butyl
an OH function as part of the propan-1,3-diyl spacer (Table 1, entry 15), moiety (present in MB327) lead to an increase of the regeneration of the
the pK; value (3.29 & 0.05) matched that of MB327 within the limits of muscle force of soman-poisoned rat diaphragms with increasing con-
ecror. For the 7-hydroxyquinolinium derivative 8 (Table 1, entry 14), a centrations, whereasthe onset and the size of this effect differ. The N,N-
pK; value of 3.69 & 0.03 was found, almost 0.3 log units higher than that dimethylamino-substituted analog 3 shows its maximum recovery at a
of MB327, which is statistically significantly different, indicating the concentration of 100 puM (45.8% + 17.4%), which statistically signifi-

higher binding affinity of this compound compared to MB327. cantly exceeds that of MB327 (p < 0.01) at the same concentration
(14.8% =+ 9.2%). However, the reactivation decreases nominally at

3.2.2. Ewaluation of muscle force recovery in soman-poisoned rat 300 pM to 37.0% + 15.8%, approximating that of MB327 at the same
diaphragm hemispheres concentration (30.2% X 9.5%). At a compound concentration of
In addition to the binding affinities, the intrinsic activities of a se- 100 pM, the results for the piperidino- and the piperazino-substituted
lection of the test compounds have been determined by means of an ex compounds 6 f (47.5% + 29.8%) and 6i (47.3% + 21.8%) are compa-
vivo assay based on rat diaphragm hemispheres. In this assay dissected rable to the value observed for the dimethylamino derivative 3, which
rat diaphragm hemispheres are treated with a solution containing 3 pM are also nominally the highest values of all three compounds. At
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Fig. 2. Concentration-dependent restoration of muscle force of soman-poisoned rat diaphragms by (A) MB327 (Nieszen et al, 2015), (B) PTMO0056 (3), (C) PTMOOES
(6 ), (D) PTM0071 (6 h), (E] PTM0072 (61), (F) PTMDS0-0012 (8] and (G) PTMD90-0015 (11). For indirect stimulation, a frequency of 20 Hz was applied Data are
shown as % of control and are given as mean £ SD (n = 4-25). Asterisks indicate statistically significantly higher values for the respective compound concentration
compared to the soman value (* p < 0.05, ** p < 0.01, based on a two-sided t-test). n.d.: not defermined

concentrations above 100 pM, alike observed for the dimethylamino
derivative 3, the muscle force declines again for 6 fas well as 6i, which
is in the case of 6i with 39.5% = 7.7% muscle force recovery at 300 pl
compound concentration far less pronounced than for 6 f with 10.0% +
9.8% (statistically significant, p < 0.01; 6 fat 200 uM 29.3% + 16.8%).

The N-Boc-piperazino derivative 6 h induces a rather strong muscle
force recovery already at 10 uM with a value amounting to 21.7% +
15.3%, which is nominally the highest for all tested compounds at this
concentration, which further increases at 30 uM to 33.8% + 13.8%
followed by a sharp drop to almost 0% (0.3% + 0.8%) at 100 pM (0.0%
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+ 0.0% at 300 pM). This strong muscle force recovery effect of 6 hata
low concentration might be a result of its high binding affinity, which is
the highest of all compounds studied.

Hotably, all three MB327 analogs with cyclic amino residues exert
already at a concentration of 10 uM a muscle force recovery that is
statistically significantly higher than that of the soman-poisoned but
untreated muscle, whereas thisis neither the case for the dimethylamino
derivative 3 nor for MB327. For the piperidino derivative 6 f, the
respective recovery of muscle force at 10 pMamounts to 9.5% £ 12.7%,
for the N-Boe-piperazino analog 6 h to 21.7% + 15.3% and the piper-
azino derivative 6ito 16.0% L 14.1%. Statistical significance of muscle
force recovery over the soman-poisoned but untreated muscle as refer-
ence value isreached for these three compounds also at a test compound
concentration of 30 UM (6 £ 40.6% L 18.5%; 6 h, 33.8% & 13.8%; 6i,
34.5% + 23.20). Yet, it remains unclear, whether this isalso the case for
the dimethylaminoe derivative 3 and MB327, as data for these two
compounds when applied at 30 uM are missing.

The two MB327 analogs featuring an additional hydroxy group
either in the spacer, 11, oras pact of a quinolinium moiety, 8, show very
similar effects in terms of muscle force regeneration after soman-
intoxication. Also, muscle force recovery effected by 11 and 8 at con-
centrations of 100 pM and 300 pM is statistically significant as
compared to the soman value. Thereby, the values for muscle force re-
covery of soman-poisoned muscle amounted for 11 to 15.9% L 9.9%at
100 pM and to 30.1% + 19.1% at 300 uM, whereas those for 8 are
higher with 25.6% - 17.5% at 100 pM and 34.3% + 17.5% at 300 M.
For both compounds, no decrease in muscle force could be observed up
to the highest concentration of 300 uM studied.

Finally, the effects of test compounds that were still available in
sufficient amounts, i.e., of MB327 and the dimethylamino 3, the piper-
idino 6 fas well as the quinolinium derivative 8, on the muscle force of
rat diaphragm hemispheres not been poisoned with soman were studied
(S, Figure S13). These experiments were carried out in analogy to those
for the determination of muscle force recovery of soman-poisoned rat
diaphragm hemispheres. Accordingly, the muscle force of rat diaphragm
hemispheres not exposed to soman was measuwed as a function of
increasing concentrations of the test compounds under indirect electric
field stimulation at 20 Hz, 50 Hz and 100 Hz. Data from analogous ex-
petiments performed in pavallel but without the application of test
compounds served as reference by unveiling the loss of muscle force
purely due to the washing steps. MB327 and dimethylamino derivative 3
showed no inhibitory effect up to the maximum concentration of
300 pM, as did the quinolinium derivative 8 up to 200 pMas the highest
concentration still feasible due to a shortage of the compound. For the
piperidino derivative 6 f, however, although the muscle force remained
unaffected up to a concentration of 100 pM, a distinet reduction
occurred ata concentration of 300 plM. The latter might explain the bell-
shaped curve observed for this compound, 6 f, in the muscle force re-
covery experiments of soman-poisoned rat diaphragm hemispheres
(Fig. 2C). The positive effect of 6 f on soman-poisoned rat diaphragms
mediated by binding to the MB327-PAM-1 binding site of the nAChR
might be counteracted by a direct negative effect on muscle force,
mediated by different binding sites, which seems to become dominating
at concentrations above 100 pM of 6 £, leading to the observed decline of
muscle foree recovery in soman-poisoned muscles (Fig 2C) above this
concentration.

3.3. Substituting eniropically unfaverable water clusters using in silico
methods

We performed unbiased MD simulations (12 replicas of 1 s length
each) of the human nAChR with MB327 bound to the recently identified
allosteric binding site MB327-PAM-1 in all five subunits (Iaiser et al.,
2023). Dwing the simulations, the receptor and membrane stayed
structurally invariant shortly after the simulations started (S
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Figure 514, 515). MB327 mostly or completely remained within the
binding sites in between the o- and 3-subunits (ten out of twelve rep-
licas) as well as in between the a- and e-subunits (twelve out of twelve
replicas) using the distance of heavy atoms of MB327 to heavy atoms of
1645 (respectively 161¢) to characterize unbinding as done previously
(Kaiser et al, 2023). For these two binding sites, Grid Inhomogeneous
Solvent Theory (GIST) computations (Lazaridis, 1998; llguyen et al,
2011; lguyen et al., 2012; Ramsey et al., 2016) were subsequently
performed to identify potential entropically unfavorable water clusters
(Fig. 3B, SI, Figwe 516A). We then visualized the docked MB327
binding mode and representative MB327 structures from MD simula-
tions in the presence of such water clusters and manually created new
MB327 analogs with substituents replacing these water clusters.
Initially, during the first few replicas (5 out of 12) of MD simulations and
subsequent GIST computations, a network of entropically unfavorable
water molecules near the linker of MB327 wasidentified between E65a,
V66w, and Q68u (SI, Figure S17). Based on these preliminary results,
PTMD90-0015 (11) was designed. However, after completion of the MD
simulations, the hydroxyl group located at the C3-linker would not
result in replacing entropically unfavorable water molecules as indi-
cated by GIST. Hence, PTMD90-0012 (8) was designed based on the
results after 1 ps long simulations (Fig. 3C, SI, Figure 516B), such that it
should substitute entropically unfavorable water molecules in close
proximity to 163¢, E65¢, and E204¢ (respectively L665, E685, and
E2105). As only the analogs based on the docked structure
[PTMD90-0012 (8)] and those based on the initial MD simulations re-
sults [PTMD90-0015 (11)] could be synthesized, they were subse-
quently tested for affinity and resensitizing potential.

4, Conclusion

The recently developed non-symmetric MB327 analogs PTM0062
(1), PTM0063 (2) and PTM0056 (3), which have an amino, methyl-
amino or dimethylamino group in place of one of the two tert-butyl
residues of MB327, respectively, show higher muscle force restoring
activity on soman-poisoned rat diaphragms than MB327. They are
therefore promising starting points for the development of new resen-
sitizers for desensitized muscle-type nAChRs as antidots for OPC
poisoning

In the present study, a series of new non-symmetric MB327 analogs,
PTMO0064-PTM0072 (6a-6i), with a 4-amino-substituted pyridinium ion
substrueture derived from compounds 1-3, were synthesized and eval-
wated for their binding affinity towards the MB327-PAM-1 binding site
of Torpedo californica nAChR using the recently introduced UNC0642 MS
Binding Assays. In addition, selected compounds were evaluated for
their intrinsic activity on soman-poisoned rat diaphragms in myography
assays.

Among the compounds evaluated in this study, the piperidino de-
rivative PTMO0069 (6 f) and the N-Boc-piperazino derivative PTM0071
(6 h) showed the highest affinities for the MB327-PAM-1 binding site of
the nAChR. The pK; values for 6 f and 6 h exceeded that of MB327 by
approximately 0.5 and 0.8 log units, respectively. PTMD90-0015 (11),
designed to substitute unfavorable water clusters in MB3 27- PAM-1 after
preliminary MD simulations, showed reduced affinity towards MB327-
PAM-1 and no beneficial resensitizing effects compared to MB327.
These results are concordant with that the hydroxy group located at the
C3-linker would not result in replacing entropically unfavored water
molecules as indicated by GIST after 1 ps long MD simulations. By
contrast, PTMD90-0012 (8), designed using extended MD data, showed
a statistically significant increase of affinity compared to MB327. Lilcely,
this may result from replacing entropically unfavored water molecules
close to 163,, E65,, and E204, (or L66; E68; and F210;) with the 7-hy-
droxy quinazoline moiety.

Ex vivo studies in soman-poisoned rat diaphragms showed a clear
muscle foree restoring activity for all compoundstested [PTM0069 (6 f),
PTMO0071 (6 h), PTM0056 (3), PTM0072 (61), PTMD90-0012 (8), and
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Fig. 3. Design of MB327 analogs based on substituting water clusters in MB327-PAM-1. A) Structure of the MB327 analogs PTMD90-0012 (8) and PTMD90-0015
(11]). B) MB327 (green) binding in between the a- and e-subunit. Water clusters identified during GIST computations are shown as spheres. Water clusters within 5 A
of MB327 are shown in cyan. C) Proposed binding mode of PTMDS0-0012 (8) (salmon) in between the - and e-subumit. Modification of MB327 to PTMDS0-0012 (8)
(salmon) leads to a substitution of a water chuster located in proximity to 163,, E65,, and E204,; for 16 1., the backbone atoms are shown in addition to the side chain

PTMD90-0015 (11)]. In particular, compounds PTMO0069 (6 f),
PTM0071 (6 h) and PTM0072 (61), which all have cyclic aliphatic
amino substituents instead of one of the two tert-butyl residues of
MB327, showed a statistically significantly higher activity at lower
concentrations than MB327. Thus, to achieve muscle force recovery
comparable to that of the aforementioned compounds, MB327 must be
used at a tenfold higher concentration. This could be due to the fact that
PTMO0069 (6 f)and PTMO0071 (6 h), in particulat, but also PTM0072 (61)
have statistically significantly higher binding affinities for the MB327-
PAM-1 binding site than MB327. It is noteworthy that the recovery of
muscle force with PTM0069 (6 f) and PTM0071 (6 h) at higher con-
centrations decreased significantly immediately after reaching the
maximum value, a phenomenon also observed for MB327. Experiments
with PTM0069 (6 f) and rat diaphragms that had not been poisoned with
soman showed that in the presence of higher concentrations of
PTMO069 (6 f), a significant inhibition of musele force oceurs, which is
reversible as it almost completely disappears after a subsequent washout
step. Interestingly, this reversible inhibition occurs in the same con-
centration range in which the muscle force restoring effect of compound
6 f decreases in the experiments with soman-poisoned rat diaphragms.

Talen together, this indicates that the positive resensitizing effect
mediated by binding to the MB327-PAM-1 binding site is counteracted
by a muscle force inhibitory effect becoming generally prominent at
higher concentrations that appears to be due to reversible binding to a
different binding site.

Therefore, future efforts must focus, on the one hand, on further
increasing the affinity of new compounds for the MB327-PAM-1 binding
site and, on the other hand, on reducing the direct musecle inhibitory
effect.
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Figure S12: Concentration-dependent restoration of the muscle force by (A) PTMO056 (3), (B)
PTMO069 (6f), (C) PTMOO071 (6h), (D) PTMO0072 (6i), (E) PTMD90-0012 (8), (F) PTMD90-0015 (11) of
rat diaphragm preparations after poisoning with soman (3 uM). For indirect stimulation, a frequency of
20 Hz, 50 Hz and 100 Hz was applied. Data are shown as % of control and are given as mean * SD

(n = 4-25).
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Figure $16: MB327 analog based on substituting water molecules in the allosteric MB327-PAM-1
binding pocket between the a- and &-subunit. A) MB327 binding in between the a- and &subunit. Water
clusters as identified by GIST are shown as spheres; clusters within 5 A of MB327 are colored cyan. B)
Proposed binding mode of PTMD90-0012 (salmon) in between the a- and &-subunit. Modification of
MB327 to PTMD90-0012 (salmon) leads to a substitution of a water cluster located in proximity to L66s,
E68s, and E210s. For L66 5, the backbone atoms are shown in addition to the side chain.
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Figure S17: Initial water cluster leading to the design of PTMD90-0015. A) During the first few replicas
(5 out of 12) of MD simulations of MB327 in MB327-PAM-1, an energetically unfavorable cluster of water
molecules was identified in between the backbone atoms of E65,, V66, and Q68, close tothe C3-linker
of MB327 in a representative binding mode during MD simulations (k-means clustering based on MB327
atoms ligand between the a- and &-subunit). Based on these preliminary results, B) PTMD90-0015 was
designed. This water cluster was later only observed in between the 8- and a-subunit. However, there,
no docked or representative structure from MD simulations was in the range to form interactions with
the protein after modification of MB327 to PTMD90-0015.
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3.3 Dritte Publikation: /dentification of Ligands Binding to MB327-PAM-1, a Binding

Pocket Relevant for Resensitization of nAChRs
3.3.1 Zusammenfassung der Ergebnisse

Allosterische Modulatoren an der MB327-PAM-1-Bindungsstelle des nikotinischen Acetyl-
cholinrezeptors (NAChR) stellen Dank ihres resensitisierenden Effekts auf desensitisierte
nAChRs eine vielversprechende Moglichkeit zur Behandlung phosphororganischer
Vergiftungen dar. Aufgrund ihrer relativ geringen Affinitdt zum nAChR und der damit
verbundenen geringen therapeutischen Breite sind die bisher hierzu untersuchten
Bispyridiniumverbindungen, wie z.B. MB327, fur einen Einsatz am Menschen jedoch

ungeeignet.

Basierend auf dem kdrzlich identifizierten, hoheraffinen allosterischen Liganden UNC0646
sowie der kurzlich identifizierten potenziellen Bindungstasche MB327-PAM-1 am nAChR,
konnte im Rahmen dieser Veroffentlichung neue vielversprechende Liganden entwickelt bzw.
identifiziert werden. Der Einsatz von liganden- sowie strukturbasierten Screeningmethoden
gefolgt von pharmakophorbasierten Dockingexperimenten diente, neben einer detaillierten
Untersuchung der Bindungstasche im Hinblick auf den Chinazolin-Strukturraum, nicht nur zur
Weiterentwicklung von chinazolinbasierten Liganden vom Typ des UNC0646 sondern auch

zur ldentifizierung weiterer erfolgversprechender Chemotypen.

Im Rahmen einer zweidimensionalen Ahnlichkeitssuche, basierend auf UNC0646, wurden
zehn potenzielle Liganden identifiziert und hinsichtlich ihrer Bindungsaffinitaten an die
MB327-PAM-1-Bindungstasche untersucht. Besonders vorteilhaft schienen dabei Chinazoline
zu sein, die in der 4-Position des Chinazolinrings konformativ flexible, basische Reste
enthaltende Substituenten aufweisen. Tatsachlich konnte fur ein vor diesem Hintergrund
synthetisiertes Chinazolin, PTMDO01-0050, mit flexibler 5-(Pyrrolidin-1-yl)pentyl-Teilstruktur in
der 4-Position, eine mit UNC0646 vergleichbare Bindungsaffinitat festgestellt werden. Die Ziel-
verbindung wurde Uber eine neu entwickelte zweistufige Synthesesequenz, ausgehend von

2,4-Dichlor-6-methoxy-7-[3-(piperidin-1-yl)propoxy]chinazolin, in guter Ausbeute gewonnen.

Die fur die Bindung in der Bindungstasche relevante Konformation der Chinazolin-basierten
Liganden, welche in die erste, zweidimensionale Ahnlichkeitssuche nicht mit einfloss, wurde
in einem zweiten, dreidimensionalen Screening miteinbezogen. Dieses Screening wurde
basierend auf dem in 2-Position unsubstituierten UNCO0646-Analogon PTMDO01-0004
durchgefuhrt. Diese Verbindung wurde aufgrund der, verglichen mit UNC0646, vorteilhafteren
ligand efficiency ausgewahlt. Unter den synthetisierten Hits des virtuellen Screenings fiel die
Verbindung PTMDO01-0043 mit einer deutlichen Reporterligandverdrangung im UNCO0642-

MS-Bindungsassay auf. Diese Verbindung weist, anstelle der Uber eine Alkoxyfunktion mit
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dem Chinazolinrest verknlpften basischen Seitenkette der bislang untersuchten UNC0646-
Analoga, eine 3-(Piperidin-1-ylmethyl)pyrrolidin-Teilstruktur in der 7-Position auf. Die
Verbindung konnte ausgehend von dem kommerziell erhaltlichen 7-Fluor-6-methoxy-

chinazolin-4(3H)-on in nur zwei Schritten und in sehr guter Ausbeute gewonnen werden.

Auf der Suche nach neuen potenziellen Resensitizern wurden die virtuellen, ligandenbasierten
Screenings schlieBlich durch strukturbasiertes Screening erweitert. Dabei konnten vier neue
Chemotypen (PTMD99-0001C, PTMD99-0016C, PTMD99-0026C und Cycloguanil)
identifiziert werden, die eine starkere Bindung an die MB327-PAM-1-Bindungstasche
aufweisen als MB327. Zudem wurden diese vier neuen Chemotypen zusammen mit UNC0646
mit Hilfe von in silico-Methoden hinsichtlich ihrer pharmakokinetischen und toxikologischen
Eigenschaften charakterisiert. Im Gegensatz zu UNC0646, das unter anderem eine schlechte
Zellpermeabilitdt und Verletzungen von zwei Regeln fir die orale Bioverfligbarkeit (Lipinski's
Rule of Five) aufweist, entsprechen die neu identifizierten chemischen Strukturen diesen
Regeln und lassen insgesamt vielversprechendere pharmakokinetische und toxikologische

Eigenschaften erwarten.

Cycloguanil, das unter den vier Substanzen die hdchste Reporterligandverdrangung bewirkte,
wurde anschlielend im Hinblick auf seine intrinsische Aktivitat im Ratten-Diaphragma-Assay
untersucht. Tatsachlich zeigte es, und zwar bereits bei geringeren Konzentrationen, eine
vergleichbare Reaktivierung von Soman-vergifteten Ratten-Diaphragmen wie MB327.
Allerdings scheint auch Cycloguanil, ahnlich wie die Bispyridiniumverbindungen, in héheren

Konzentrationen eine muskelhemmende Aktivitat aufzuweisen.

3.3.2 Darstellung des Eigenanteils

Die Durchflhrung der in silico-Studien sowie die Erstellung des Manuskripts erfolgte durch
Jesko Kaiser. Das Manuskript wurde durch Beitrdge von mir, Valentin Nitsche und
Thomas Seeger erganzt. Alle Synthesen sowie die analytische Charakterisierung der
Verbindungen wurden von mir durchgefihrt. Die technische Durchfihrung der MS- und
NMR-Messungen wurde von der Analytikabteilung des Departments fiur Pharmazie
ubernommen.  Valentin Nitsche  fuhrte den  UNCO0642-MS-Bindungsassay  durch.
Thomas Seeger Ubernahm die ex vivo-Untersuchungen der Zielverbindungen an Soman-
vergifteten Ratten-Diaphragmen. Das Manuskript wurde von Jesko Kaiser in Zusammenarbeit
mit Christoph G.W. Gertzen und Holger Gohlke konzipiert und im Wesentlichen von
Holger Gohlke und Christoph G.W. Gertzen korrigiert. Zusatzliche Korrekturbeitrdge wurden
von Georg Hofner, Karin V. Niessen, Dirk Steinritz und Franz Worek und insbesondere

Franz F. Paintner und Klaus T. Wanner beigesteuert.
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Desensitization of nicotinic acetylcholine receptors (nAChRs) can be induced by overstimulation with acetyl-
choline [ACh) caused by an insufficient degradation of ACh after poisoning with organcphesphorus compounde
(OPCs). Currently, there is no generally applicable treatment for OPC poisoning that directly targets the
desensitized nAChR. The bispyridinium compound MB327, an allosteric modulator of nAChR, has been shown to
act as a resensitizer of nAChRs, indicating that drugs binding directly to nAChRs can have beneficlal effects after
OPC poisoning. However, MB327 aleo acts as an inhibitor of nAChRe at higher concentrations and can thus net
be used for OPC polsoning treatment. Consequently, novel, more potent resensitizers are required. To success-
fully design novelligands, the knowledge of the binding site iz of utmost importance. Recently, we performed in
silico studies to identify a new potential binding site of MB327, MB327-PAM-1, for which a more affine ligand,
UNCO0646, has been described. In this work, we performed ligand-based screening approaches to identify novel
analogs of UNC0646 to help further understand the structure-affinity relationship of thizs compound class.
Furthermore, we used structure-based screenings and identified compounds representing four new chemotypes
binding to MB327-PAM-1. One of these compounds, cycloguanil, is the active metabolite of the antimalaria dmg
proguanil and shows a higher affinity towards MB327-PAM-1 than MB327. Furthermore, cycloguanil can rees-
tablish the muscle force in soman-inhibited rat muscles. These results can act as a starting point to develop more
potent resensitizers of nAChR and to close the gap in the treatment after OPC poisoning.
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J. Kmiser et al,

1. Introduction

Chemical warfare agents remain a serious threat to the military and
civilian population. Organophosphorus compounds (OPCs) are one class
of chemical warfare agents and block acetylcholinesterase (AChE)
covalently (Wiener and Hoffman, 2004). This inhibits the decomposi-
tion of acetylcholine causing inflated acetylcholine (ACh) concentra-
tions in the synaptic gap and, thereby, an overstimulation of muscarinic
(mAChR) and nicotinic (nAChR) acetylcholine receptors. The over-
stimulation leads to structural rearrangements of nAChR, resulting ina
non-functional, desensitized state (Wiener and Hoffman, 2004; Albu
querque et al., 2009; Unwin, 2013).

While the overstimulation of mAChRs can be treated with atropine,
onlyantidotes (oximes) with insufficient efficiency are available to treat
the overstimulation of nAChRs indirectly by reactivating AChE. How-
ever, these oximes are ineffective against several OPCs, in particular,
when aging leads to altered OPC-enzyme complexes that are less sus-
ceptible to reactivation (Thiermann et al., 2013; Worek et al., 2005).
Thus, novel antidotes are required to treat OPC poisonings.

The compound MB327 can reestablish the muscle force of OPC-
poisoned muscles by interacting directly with nAChRs from several
species via an allosteric modulation (Sichler et al., 2018; Scheffel etal,
2018; liessen et al,, 2016, 2018; Seeger et al, 2012). Furthermore,
administration of MB327 can prolong the survival rates of guinea pigs
after tabun poisoning compared to the oxime HI-6, both in combination
with physostigmine and hyoscine (Tuner et al, 2011). While these re-
sults are promising, MB327 cannot be used in the treatment of OPC
poisoning so far because the therapeutic range is too narrow. Restora-
tion of the muscle force in a rat diaphragm myography assay by MB3 27
increases up to concentrations of 300 uM but decreases at higher con-
centrations (liessen et al., 2018; Seeger et al., 2012). Similarly, MB327
initially shows positive allosteric effects on nicotine binding, which
decrease at micromolar concentrations. Lilkewise, MB327 increases the
binding of the orthosteric ligand epibatidine up to micromolar concen-
trations but at higher concentrations decreases it (Scheffel et al., 2018;
lliessen et al., 2018). These results indicate that MB327 transmits
inhibitory effects on nAChR via binding to the orthosteric binding site,
which has recently been experimentally validated for related bispyr-
idinium compounds (Epstein et al., 2021). Additionally, we observed the
binding of MB327 to the orthosteric binding site using free ligand
diffusion molecular dynamies (MD) simulations (Kaiser et al,, 2023).
Hence, novel compounds that are more affine and more selective to the
allosteric binding site than MB327 need to be identified. A first step in
this direction was recently done by us by identifying Ul1C0646 as an
allosteric nAChR ligand witha higher affinity than MB327 (Sichleretal.,
2024).

One way to identify novel binders and improve the affinity of known
ligands is by using computer-aided drug design methods (Leelananda
and Lindert, 2016). In ligand-based screening, one can search for ana-
logs based on two- (topological) or three- (structural) dimensional
ligand representations. In two-dimensional similarity screening the
importance of the three-dimensional conformation in the binding site is
not taken into account. This can lead to unsatisfactory results, especially
for highly flexible ligands. Thus, three-dimensional ligand screening
approaches can be more effective in identifying binders that can fit into
the binding site and have been used for identifying novel binders suc-
cessfully in the past (Metz et al., 2013; Dick et al., 2017; Porta et al.,
2019; Huo etal., 2022; Ha et al., 2015; Menendez-Gonzalez etal., 2022).
However, ligand-based scre ening approaches neglect explicit knowledge
of the receptor structuwre. Additionally, ligand-based screening may only
identify hits with more similar chemical scaffolds compared to the
query. Thus, structure-based screening is a popular approach to identi-
fying novel ligands for biological targets and can help to identify novel
chemical seaffolds (Gunern et al., 2020; Park et al., 2 Fink et al.,
2022; Pacl et al., 2021; Benod etal., 2013; Song etal., 2013; Diaoc etal.,
2012; Song et al., 2012). Recently, we identified a novel allosteric
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binding site of MB327 (MB327-PAM-1) and described a potential
binding mode of UlIC0646 in MB327-PAM-1 (Iaiser et al., 2023; 1lit-
sche er al, 2024), providing necessary input for three-dimensional
ligand-based screening and structure-based screening.

Here, we used this information to perform all three described
sereening approaches to increase the chance of success and validated
hits by a mass spectrometry-based affinity determination (MS Binding
Assay). We identified novel substituents (1a-k, 2b-e, 2g) at the
UNC0646 quinazoline scaffold that lead to higher affinity and ligands
with novel chemotypes [PTMD99-0001C (3), PTMD99-0016C (4),
PTMD99-0026C (5), and cycloguanil (6)] binding to MB327-PAM-1.

2. Materials and methods
2.1. Two-dimensional similarity search

The MolPort database was searched for compounds similar to
UNIC0646 using a two-dimensional search as implemented on the Mol-
Port website (https://molport.com, aceessed on October 21st, 2020). All
compounds identified by the similarity search using default parameters
were selected. From 22 compounds identified, twelve compounds were
ordered for testing in this study.

2.2, Homology modeling of nAChR

The homology modeling of the human and Torpedo (recently
reclassified as Tetronarce) nAChR was performed as previously described
(Kaiser et al., 2023). In shott, homology models were generated using
MODELER version 9.19 (Eswar et al., 2006) with the PDB structures
6PV8 (Gharpure et al., 2019), 5KXI (Morales-Perez et al., 2016), 2WNH9
(Hibbs etal., 2009), and 6CHK (Walsh et al., 2018) as templates. Water
molecules and molecules from the crystallization buffer were removed.
Amino acids not resolved in the templates were not included in the
models; these amino acids ave located within the intracellular loop, the
N- and Cterminal region and, hence, not in the region that forms the
MB327-PAM-1 pocket. The final models were selected based on the
DOPE potential (Shen and Sali, 2006), TopScore (IMulnaes and Gohlle,
2018), and visual inspection and subsequently protonated using
PROPKA, v3.4.0 (Sondergaard et al.,, 2011; Olsson et al., 2011) as
implemented in Schrodinger Maestro, v2021-1 (Schrodinger, 2020) at
pH 7.4. The termini were capped with N-methyl amide (1IME) and acetyl
(ACE) groups, respectively.

2.3. Ligand-based screening with subsequent template-based docking

Based on owr proposed binding mode of UNC0646 (llitsche et al.,
2024), we used the binding mode of PTMD01-0004 (2a) [Bernauer
et al, in preparation], a structurally reduced analog of UlC0646 that
lacks the quinazoline substituent in 2-position, as input for ligand-based
screening. We created a database from feasible organic reactions of
building blocks of PTMDO01-0004 (2a) with MolPort (https://molport
com) building blocks as implemented in the PINGUI webserver
(https://scubidoo. pharmazie. uni-marburg.de/pingui/, accessed on May
19th, 2021) (I Figure 51) (Chevillard et al., 2018), resulting in 69,223
in principle synthesizable compounds. We protonated the constituents
of the database using OpenEye FixpKa, v2.1.1.0 (QUACPAC 2.1.1.0,
2020) and filtered the database to only use compounds that are at least
double positively charged as PTMD01-0004 (2a), resulting in 14,396
compounds and generated conformers using OpenEye OMEGA, v4.1.1.0
(OMEGA 4.1.0.0, 2020; Hawlkins et al, 2010) with default parameters
except setting the sirictstereo parameter to false. Initially, we used
OpenEye vROCS, v3.4.1.0 (Hawkins et al., 2007; ROCS 3.4.1.0, 2020)
(SI Figure 52) to filter the database by applying default parameters and
the TanimotoCombo score. The best 1000 hits from the vROCS sereening
were further investigated using CCG MOE, v2020 (Chemical Computing
Group and Molecular Operating Environment MOE, 2021) using a
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template-based docking with an upstream pharmacophore filter (SI
Figure 53). The hits were analyzed based on visual inspection, and four
compounds were selected for synthesizing.

2.4 Synthesis

All target compounds synthesized in the context of this study were
cataloged with a PTMD number (Pharmacy and Toxicology Munich and
Diisseldorf). All chemicals were used as purchased from commercial
sources. Solvents used for pwification were distilled before use. 5-Pyrro-
lidin-1-ylpentan-1-amine, which could only be purchased as the
respective hydrochloride salt was converted into the free base before use
(Mellsted et al., 2016). Anhydrous reactions were carried out under an
argon atmosphere in vacuum-dried glassware. For microwave reactions,
a Discover SP microwave system by CEM GmbH was used. TLC-Analysis
was performed on plates purchased from Merck (silica gel 60 Fz5, on
aluminum sheet). Flash chromatography was carried out using silica gel
60 (40-63 mm mesh size) as stationary phase, purchased from Merels.
All synthesized compounds were diied undera high vacuum. 'Hand '°cC
MR spectra were recorded with a Bruker BioSpin Avance 11 HD 400
and 500MHz at 25 °C. For data processing, MestRellova (Version
14.1.0) from WMestrelab Research S.L. 2019, and for calibration, the
solvent signal (CD.Cl,, CD;0D or DMSO-dg) was used. The purity of the
test compounds was > 95%, determined by means of quantitative MR
using TraceCERT® ethyl 4-(dimethylamino)benzoate from Merck as an
internal ecalibrant (Pauli et al, 2014; Cushman et al., 2014).
High-resolution mass spectra were recorded on a Finnigan MAT 95 (EI)
or a Finnigan LTQ FT (ESI). Melting points were determined with a
Biichi 510 melting point instrument and are uncocrected. For IR spec-
troscopy, an FT-IR Spectrometer 1600 from PerkinElmer was used. The
analytical data of the synthesized compounds described below, obtained
using the described methods, can be found in the Supporting
Information.

Synthesis of 2,4-dichloro-6-methoxy-7-[3-(piperidin-1-yl)propoxy]
quinazoline (7) recently reported by Vital et al. (2023). and of
N-(1-cyclohexylpiperidin-4-yl)-6-methoxy-7-[3-(piperidin-1-yl)propox-
y]-quinazolin-4-amine (2a) was accomplished according to Bernauer
et al. [Bernauer et al, in preparation].

General Procedure: Synthesis of quinazolin-4-amines (GP): A
solution of the respective 4-chloroquinazoline (8) or (9) (1.0 equiv), the
corresponding amine (2.0 equiv - 10 equiv) and N,N-diisopropylethyl-
amine (DIEA) (3.0 equiv) in i-PrOH (5 mL/mmol) was stirred at 160°C
for 15-60min under microwave irradiation (200W). The reaction
mixture was concentrated in vacuo and the erude product was purified
by flash chromatography [5-15% 3 M 11H; (in MeOH) in CH-Cl, or 109
MeOH in CH,dl; + 0.5% DMEA].

6-Methoxy-2-(piperidin-1-yl)-7- [3-(piperidin-1-yl)propoxy] -N-
[5-(pyrrolidin-1-y)pentyl] quinazolin-4-amine (1k): According to
GP with 8 (126 mg, 0.300 mmol, 1.0 equiv), 5-(pyrrolidin-1-yl)pentan-
1-amine (93.8mg, 0.600 mmol, 2.0 equiv) and DIEA (160 pL, 119 mg,
0.900 mmol, 3.0 equiv) in i-PrOH (1.5mL) for 15 min. 1k (117 mg, 72%
yield, 96% purity) was isolated by flash chromatography [7-15% 3 M
11H; (in MeOH) in CHCl;] as a colorless solid.

N'-Cyclohexyl-N*-{6-methoxy-7- [3-(piperidin-1-yl)propoxy]
quinazolin-4-yl}-N'-methylethane-1,2-diamine (2b): According to
GP with 9 (101 mg 0.300 mmol, 1.0 equiv), N'-cyclohexyl-N'-methyl-
ethane-1,2-diamine (104 pL, 93.8 mg, 0.600 mmol, 2.0 equiv) and DIFA
(160 pL, 119 mg, 0.900 mmol, 3.0 equiv) in i-PrOH (1.5mL) for 1 h. 2b
(127 mg, 93%) was isolated by flash chromatography [10% 3 M ITH; (in
MeOH) in CH.Cl;] asa yellow oil (96% purity).

6-Methoxy-N-[3-(4-methylpiperazin-1-yl)butyl] -7- [3-(piper-
idin-1-y)propoxy] quinazolin-4-amine (2¢): According to GP with 9
(101 mg, 0.300 mmol, 1.0 equiv), 3-(4-methylpiperazin-1-yl)butan-1-
amine (114pl, 108 mg 0.600mmol, 2.0 equiv) and DIEA (160pL,
119 mg, 0.900 mmol, 3.0 equiv) in -PrOH (1.5 mL) for 1 h. 2¢ (110 mg,
78% yield, 97% purity) was isolated by flash chromatography [10% 3 M
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1TH; (in MeOH) in CH:Cl;] as a pale yellow solid.
6-Methoxy-7-[3-(piperidin-1-yl)propoxy] -4- [4-(pyrrolidin-1-

yl)piperidin-1-yl] quinazoline (2d): According to GP with 9 (101 mg,
0.300mmol, 1.0 equiv), 4-(pyrrolidin-1-yl)piperidine (97.4mg,
0.600 mmol, 2.0 equiv) and DIEA (160pL, 119mg, 0.900 mmol, 3.0
equiv) in iPrOH (1.5mL) for 1h. 2d (122 mg, 89%) was isolated by
flash chromatography [10% 3 M 1H; (in MeOH) in CH,Cl:] asa yellow
oil (97% purity).

N- [1-(Azepan-1-yl)-2-methylpropan-2-yl] -6-methoxy-7-[3-
(piperidin-1-yl)propoxy] quinazolin-4-amine (2e): According to GP
with 9 (134mg, 0.400 mmol, 1.0 equiv), 1-(azepan-1-yl)-2-methyl-
propan-2-amine (717 mg, 4.00mmol, 10 equiv) and DIEA (213 pL,
158 mg, 1.20 mmol, 3.0 equiv) in i-PrOH (2.0 mL) for 1 h. 2e (46.4mg,
25% yield, 97% putity) was isolated by flash chromatography [1. 109
7M NH; (in MeOH) in CH:Cls, 2. 10% MeOH in CHCl; + 0.5% DMEA]
asa yellow oil. Inaddition, a further product fraction of lower purity was
obtained (21% yield, 72% purity).

N-(1-Propan-2-ylpiperidin-4-y1)-6-methoxy-7-[3-(piperidin-1-
yl)propoxyl quinazolin-4-amine(2f): According to GP with 9
(33.6mg, 0.100mmol, 1.0 equiv), 1-propan-2-ylpiperidin-4-amine
(31.6 pL, 28.4 mg, 0.200 mmol, 2.0 equiv) and DIEA (53.3 pL, 39.6 mg,
0.300 mmol, 3.0 equiv) in - PrOH (0.5mL) for 15 min. 2f (41.2 mg, 93%)
was isolated by flash chromatography [5-10% 3 M 1Hs (in MeOH) in
CH-Cl;] as a colorless solid (96% purity).

N-(1-Propan-2-ylpiperidin-4-yl)-6-methoxy-7- [ 3-(piperidin-1-
ylmethyl)pyrrolidin-1-yl] quinazolin-4-amine (2g): A mixture of 10
(111mg, 0.350 mmol, 1.0 equiv), 1-(pyrrolidin-3-ylmethyl)piperidine
(310mg, 1.75mmol, 5.0 equiv) and potassium carbonate (53.2mg,
0.385 mmol, 1.1 equiv) in N-methyl-2-pyrrolidone (1TMP) (455 L) was
stitred at 135 °C for 20 h. The reaction mixture was concentrated and
purified by flash chromatography [5-20% 3M WH; (in MeOH) in
CH(l:] to afford 2g (147 mg 90%) as a pale yellow solid (99% purity).

4-Chloro-6-methoxy-2-(piperidin-1-y1)-7- [3-(piperidin-1-y1)
propoxy] quinazoline (8): A solution of 7 (370 mg, 1.00 mmol, 1.0
equiv) and 1-methylpiperidine (244 uL, 200 mg 2.00mmol, 2.0 equiv)
in 1,4-dioxane (2.5 mL) was stirred at 150 °C for 1 h under microwave
irradiation (300W). 8 was isolated by flash chromatography (10-20%
MeOH in CH2Cl2) as a yellow solid (327 mg, 78% yield, 95% purity).

4-Chloro-6-methoxy-7- [3-(piperidin-1-yl)propoxy] quinazoline
(9) (Hennequin et al., 2000; Ravez et al., 2014): To a slwrry of 11
(22.2 mg, 0.100 mmol, 1.0 equiv), 3-piperidin-1-ylpropan-1-ol (19.9 uL,
188 mg, 0.125mmol, 1.25 equiv), PPh; (34.4mg, 0.130 mmol, 1.3
equiv) and dry THF (1.0 mL) was added di-tert-butyl azodicarboxylate
(DBAD) (30.5mg, 0.130 mmol, 1.3 equiv) in portions at 0°C. The
resulting solution was stirred overnight at t and concentrated under
reduced pressure. Purification by flash chromatography [5% 3 M 1TH;
(in MeOH) in CH-Cl-] afforded 9 asa pale yellow solid (34.5 mg, > 99%
yield, 96% purity).

7-Fluoro-N-(1-propan-2-ylpiperidin-4-yl)-6-methox-
yquinazolin-4-amine (10): A mixture of 12 (20.2mg, 0.100 mmol, 1.0
equiv), PyBOP (69.0 mg, 0.130 mmol, 1.5 equiv), diazabicycloundecene
(DBU) (22.9 1, 23.3 mg, 0.150 mmol, 1.5 equiv) and 1-propan-2-ylpi-
peridin-4-amine (23.7 pl, 21.3 mg, 0.150 mmol, 1.5 equiv) in acetoni-
trile (0.5 mL) was sticred at ct for 1 h. The mixture was concentrated in
vacuo. 10 (29.3 mg, 92%) was isolated after flash chromatography [5%
3M MH; (in MeOH) in CHCl;] as a colotless solid (97% purity).

2.5, Structure-based screening

The SMILES codes of in-stock compounds in the lead-like (3,434,621
compounds) and the double-protonated (129,606 compounds) subsets
were downloaded from the ZINC20 database (Irwin et al., 2020). All
compounds were protonated using OpenEye FixpKa, v2.1.1.0, and
conformers were generated using OpenEye OMEGA, v4.1.0.0 (OIMEGA
4.1.0.0, 2020) with default parameters except setting the strictstereo
parameter to false (OMEGA 4.1.0.0, 2020; Hawlins et al,, 2010). The
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human and Torpale homology models of nAChR were prepared for
docking using OpenEye MakeReceptor, v4.0.0.0, and all compounds
were docked using OpenEye FRED, v4.0.0.0 (OEDOCKIIG 4.0.0.0,
2020; MeGann, 2012, 2011), writing out a maximum of one pose per
compound. The best 1000 hits in each binding pocket were visually
inspected, and 30 compounds were ordered for testing.

2.6. Commercially obtained compounds

The 42 commercially obtainable compounds were purchased from
several suppliers with purities of at least 85%. A corresponding, detailed
list can be found in the Supporting Information (SITable S1). For affinity
testing in MS Binding Assays, the compounds were applied as described
in SI Table S1.

2.7. Molecular dynamics simulations of cycloguanil bound to nAChR

The receptor with the docked lignnd was embedded in a membrane
of 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) lipids and
solvated using Packmol-Memgen (Schott-Verdugo and Gohlke, 2019) in
arectangular box of TIP3P water (Jorgensen et al., 1983). KCl wasadded
at a concentration of 150 mM and the system was neutralized using I’
ions. The edge of the box was set to be at least 124 away from receptor
atoms. The AMBER22 package of molecular simulations software (Case
et al, 2005, 2022) was used in combination with the ff14SB force field
for the protein (IMaier et al., 2015), the Lipid21 force field for the lipids
(Dickson et al., 2022), and the Joung and Cheatham parameters for
monovalent ions (Joung and Cheatham, 2008). Ligand charges were
calculated according to the RESP procedure (Bayly et al., 1993) with
default parameters as implemented in antechamber (Wang et al., 2006)
using electrostatic potentials generated by Gaussian16 (Frisch et al.,
2016) at the HF/6-31G* level of theory; ligand force field parameters
were derived from the gaff2 force field. Since eyeloguanil (6) should
carry one positive charge (pKy = 11.4 (Charman et al., 2020)) on the
nitrogen atoms in the 1,6-dihydro-1,3,5-triazine-2,4-diamine ring sys-
tem, N-3 was protonated.

Molecular dynamics (MD) simulations were performed as described
eatlier (Kaiser et al., 2023) using AMBER22. In short, a combination of
steepest descent and conjugate gradient minimization was performed
while lowering positional restraints with force constants from
25keal mol ' A2 to zero. Stepwise heating to 300 K and a subsequent
reduction of harmonic restraints from 25 kealmol ' A % to zero
followed.

Subsequently, 10 replicas of 1 ps length each of unbiased MD sim-
ulations were performed; for temperature control, the Langevin dy-
namics were applied with a collision frequency of 2ps ', and the
Berendsen barostat with semi-isotropic pressure adaption was used.

Based on the four replicas in which cycloguanil (6) remained within
the binding site, we computed representative binding structures of
cycloguanil (6) using the k-means clustering algorithm, as imple mented
in CPPTRAJ (Roe and Cheatham, 2013). We then restarted simulations
from the representative binding mode. Because the hydrogen bonds to
E62, and E200, were highly conserved among all clusters except the
largest one (containing 18.3% of all frames), we decided to restart
simulations from the second largest cluster (containing 14.1% of all
frames) (SI Figure 54). Therefore, we started dicectly with the produe-
tion run with similar settings as for the docked structure. The first 10 ns
of each replica were removed for further analysis.

All simulations were analyzed using CPPTRAJ (Roe and Cheathan,
2013).

2.8 Pradiction of physicochemical and toxicological properties

Using OpenEye OMEGA, version 4.1.1.1 (Hawkins et al., 2010;
OMEGA 4.1.1.1, 2021), three-dimensional conformations of the com-
pounds based on the SMILES code were generated using the default
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setting with the exception that only one conformation was generated for
each compound. Pharmacokinetic properties and hERG inhibition were
predicted using Schrodinger QikProp, version 2022-2 (Schrodinger
Release, 2022-2: QikProp, 2022).

For PAINS filtering the PAIlIS-remover webserver, v0.99 (htt
ps://www.cbligand.org/PAIIS/) (Baell and Holloway, 2010), was
used. For the prediction of further toxicological properties, we used
NEXUS Derel, v6.0.1 (Greene et al, 1999).

2.9 Image generation

Images of nAChR were created using UCSF Chimera (Pettersen etal.,
2004).

2.10. Rat diaphragm myography

All procedures using animals followed animal cave regulations and
were approved by the responsible ethics committee. Preparation of rat
diaphragm hemispheres and experimental protocol of myography were
petformed as described before (lliessen et al., 2018). In short, for all
procedures (including wash-out steps, preparation of soman and bis-
pytidinium compound solutions) aerated Tyrode solution (125mM
1acCl, 24 mM aHCO3, 5.4mM Kdl, 1 mM MgCl,, 1.8 mM CaCl,, 10 mM
glucose, 95% O, 5% CO-; pH 7.4; 25 + 0.5°C) was used. After the
recording of control muscle force, the muscle preparations were incu-
bated in the Tyrode solution, containing 3 pM soman. Following a
20 min wash-out period, the test compound cycloguanil (Merck KGaA)
was added in ascending concentrations (1 uM, 10pM, 30 M, 70 M,
100 p, 150 b, 200 ph, 300 pM, 500 ph, 1000 pM). In each prepara-
tion, four concentrations were measured to avoid the fatigue effects of
muscle force generation. The incubation time was 20 min for each
concentration. The electric field stimulation was performed with 10 ps
pulse width and 0.2 A amplitudes. The titanic trains of 20 Hz, 50 Hz,
100 Hz were applied for 1 sand in 10 min intervals. Measurements on
non-poisoned muscles were carried out according to the same scheme.
Instead of soman, pure Tyrode was incubated. Muscle force was caleu-
lated as a time-force integral (area under the curve, AUC) and con-
strained to values obtained for maximal force generation (muscle force
in the presence of Tyrode solution without any additives; 100%).

2.11. UNC0642 MS Binding Assays

Competitive MS Binding Assays were performed as described previ-
ously (llitsche et al, 2024). In short, the reporter ligand (UlIC0642,
1puM) and the corresponding test compound (varying concentrations)
were incubated with aliquots of a membrane preparation from Torpedo
californica electroplaque (approx. 75 g protein per sample) in incuba-
tion buffer (120 mM HacCl, 5 mM KCl, 8.05 mM Ha,HPO, and 1.95 mM
MaH2PO4, pH 7.4). Samples were generated in triplicates. After sepa-
rating the protein-bound from the non-bound reporter ligand in the in-
cubation mixture by centrifugation, the protein-bound portion of
UNC0642 was liberated and finally quantified via LC-ESI-MS/MS. Total
binding of UlC0642 was normalized to 100% (i.e. reporter ligand
binding in the absence of test compound) and 0% (i.e. non-specific re-
porter ligand binding, determined by the presence of 100 uM UNC0646
instead of test compound). Applying the non-linear regression function
“One site — fit Ii” yielded competition curves, which then revealed ICs,
and K; values, respectively (Prism software v. 6.07, GraphPad software,
La Jolla, CA, USA). Top and bottom levels were fixed at 100% and 09,
respectively, for that purpose. K; values are given as mean pK; values
from three experiments £ SEM, if not stated otherwise. lext to the
full-scale competition experiments, also competition experiments with
only a single concentration of test compound (i.e,, 10 pM) have been
performed in this study. Compared to full-scale competition experi-
ments, the obtained data was not analyzed via non-linear regression in
this case and only normalize das described above to reveal the remaining
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reporter ligand binding as an indicator for the affinity of the respective
test compound. If not stated otherwise, the remaining reporter ligand
binding is given as the mean of triplicates + SD.

3. Results and discussion
3.1. Screening strategy

We used different strategies to identify novel binders of MB327-
PAM-1. First, we performed ligand-based screening to identify analogs
of UlIC0646 using a two-dimensional similarity search as implemented
on the MolPort website (https://molport.com) to identify compounds
with high similarity to UNC0646 (Fig. 1, blue scheme). Furthermore, we
used PTMD01-0004 (2a), an analog with no substituent in the 2-posi-
tion of the quinazoline ring, to perform ligand-based screening using
its three-dimensional binding mode as a query using OpenEye VROCS
(Hawkins et al, 2007; ROCS 3.4.1.0, 2020), followed by a
pharmacophore-based docking of the best hits using CCG MOE (Chem-
ical Computing Group and Molecular Operating Environment MOE,
2021) (Fig. 1, yellow scheme). Second, to reveal new binders with novel

Ligand based screening

21 + 3%* 50 £ 5%*

UNC0646

Similarity search
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chemical scaffolds, we performed structure-based virtual screenings
(Fig. 1, green scheme). There, we first docked a ZDNC20 (lrwin et al.,
2020) lead-like library (3,434,621 compounds) into the human
muscle-type nAChR using OpenEye FRED (OEDOCIKIIG 4.0.0.0, 2020;
MeGann, 2012, 2011). The lead-like library only includes compounds of
a molecular weight between 250 and 350 gmol . However, because a
higher affinity of known ligands binding to MB327-PAM-1 generally
correlates with a larger size of the ligandsand most previously described
binders feature at least two positive charges (Sichler etal., 2024; llitsche
et al., 2024; Rappengluck et al,, 2018a,b), we performed an additional
sereening using a ZINNC20 library (Irwin et al., 2020) of in-stock com-
pounds bearing at least two positive charges (129,606 compounds). To
exploit that the amino acids interacting with MB327 and UlIC0646 are
highly conserved among the human muscle-type and Torpede nAChR
(Kaiser et al,, 2023; llitsche et al., 2024) but that the conformations of
the sidechains nevertheless vary, we now used the Torpedo nAChR for
docking to increase the search space. Also, the Torpedo nAChR is used in
ow MS Binding Assays.

Structure based screening

Double protonated

Lead-like library library 130 K
Dacking | - M Docking | =
Search for analogs 18
based on best hits
[
©
6 4
Cycloguanil PTMD99-0016C
76 + 3%* 78 1 3%*

*Remaining reporter ligand binding

Fig. 1. : Screening strategies to identify novel binders of MB327-PAM-1. A) A two-dimensional similarity search using UNCO646 as a template was performed wsing

MolPort (https

www molport com/). Based on the hits, one novel chimera compound was designed. B) Based on PTMD01-0004 (2a), a UNCO646-analog lacking

the side chainin the 2-position, a database was generated based on feasible organic reactions (SI Fig £1). After applying a charge filter and a pharmacophore filter,
docking experiments led to five novel analogs of UNC0646. C) Based on structure-based screening experiments in the human muscle type and Torpedo nAChR, 5
respectively 7 compounds with novel chemotypes were ordered for affinity characterization in MS Binding Assays. After the first experimental results, 18 additional
compounds based on three chemical scaffolds were selected from the initial screening and ordered. This resulted in the identification of cycloguanil (6] and
PTMDS5-0016C (4). For each screening strategy, the best hits are shown. Percentage values indicate the remaining reporter ligand binding in the presence of test
compounds (at 10 pM concentration) as compared to 100% reporter ligand binding in the abeence of a competitor veing the reporter ligand UNC0642 in MS Binding

Assays (1 pM UNCO0642) (mean & SD, n = 3]
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3.2. Two-dimensional similarity search yields affine UNC0646 analogs
with small substituents in 4-position

Based on a two-dimensional sereening of the MolPort library using
UllCo646asa template (Fig. 1, blue scheme), 12 compounds were tested
in our MS Binding Assay for MB327-PAM-1 (llitsche et al, 2024). Of
these, 10 compounds displaced the reporter ligand UNNC0642 from the
binding site at 10 pM (1a-1j; remaining reporter ligand binding at most
90 + 7%, n=3; Table 1, S8I Table 52). The best result was obtained for
PTMDO01-0019C (1a). In contrast to previously described UNC0646
analogs (Sichler et al, 2024; litsche et al., 2024), this is the only
compound that does not have a side chain in 7-position with an aliphatic
amino group, although mainly acidic amino acid side chains are avail-
able for ligand binding in MB327-PAM-1 (I%aiser et al., 2023; llitsche
et al, 2024). However, a study with related 4-amino-2-(N,N-dieth-
ylamino)quinazoline derivatives revealed that the two amino sub-
stituents impact the pK, values of quinazolines resulting in pK, values of
up to 8.31 (Zieliski and Kudelko, 2002) compared to 3.51 of the
unsubstituted quinazoline (Armarego, 1963). Thus, PTMDO01-0019C
(1a) can still be protonated under experimental and physiological con-
ditions, similar to all previously described binders in MB327-PAM-1
(Kaiser et al, 2023; litsche et al., 2024; Rappengluck et al., 2018a,b).
Furthermore, 4-aminopyridine has a pK; of 9.17, indicating that even
the residue in the 2-position of PTMD01-0019C (1a) may be protonated
(Albert et al., 1948). These results are in line with suggestions that a
positive charge is crucial for binding in MB327-PAM-1 but also indicate
that the location of the positive charge is less important, which can be
explained by the many acidic amino acids in MB327-PAM-1 (SI
Figure 86, SI Table 53) (Kaiser et al.,, 2023; llitsche et al, 2024). To
verify the results obtained from the competition experiments by
applying a single concentration, we performed full-scale competition
studies for the best-binding compound PTMD01-0019C (1a), resulting
in a pK of 5.19 + 0.05 (SI Figure S5).

The second strongest reduction of reporter ligand binding was
observed for UNC0379 (1b), a ligand with a substituent with increased
flexibility at the 4-position compared to UN1C0646. Along these lines, the
results for ZT-12-037-01 (lc), G021 (1d), MS012 (le),
PTMDO1-0020C (1 f), PTMD01-0021C (1 g), PTMD01-0024C (1 h),
and PTMD01-0025C (11) indicate that for affinity towards MB327-PAM-
1, the positively charged amino side chain can be present at either po-
sition 2 or position 4 of the quinazoline building block. Furthermore,
bunazosin (1) has no basic side chains at the quinazoline ring but only
the two electron donating groups in 2- and 4-positions, further indi-
cating that the positive charge of the ligand might also be located within
the heteroaromatic ring. This confirms the above observation that the
location of the positive charge is not crucial for the binding of UNIC0646
analogs. Based on these results, we synthesized PTMD01-0050 (1k), a
chimera inspired by UlIC0646, UNIC0642, and U1C0379. The synthesis
consisting of two steps started from 7 (Vital etal., 2023; Bernauer et al.,
2024) (Scheme 1). In analogy to a procedure described in the literature
(Yoshida and Taguchi, 1992), 7 was reacted with N-methylpiperidine
(2.0 equiv) at 150 °C under microwave irradiation for 1 h affording the
quinnzoline 8 with a piperidine ring in 2-position after column chro-
matography in good yield (78%). For the subsequent substitution of
chloride in 4-position, 8 was stirred with 5-(pyrrolidin-1-yl)pentan-1—
amine (2.0 equiv) in the presence of DIEA (3.0 equiv) under microwave
irradiation at 160 °C for 15 min. The desired product PTMD01-0050
(1k) could be isolated in good yield (72%). Notably, this compound
shows a higher reporter ligand displacement than UNC0646 (Table 1).

3.3. Ligand-based screening using PTMDO1-0004 (2a) as a template
representing an analog of UNC0646 with a reduced molecular structure

While the two-dimensional similarity search based on UNCD646
yielded new, affine molecules binding to MB327-PAM-1, this approach
did not consider the position and orientation of the ligand in MB327-
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PAM-1. Thus, we also performed a ligand-based screening in MB327-
PAM-1 using PTMDO1-0004 (2a) (Bernauer et al., 2024) as a template
(Fig. 1, vellow scheme). We started with this analog of UNC0646
because the substituent in the 2-position of UlIC0646 shows minor in-
teractions with the receptor in our proposed binding mode (llitsche
etal, 2024), and UNC0646 violates the molecular weight rule of Lip-
inski’s “rule of five” (Lipinski et al., 1997), in contrast to PTMDO01-0004
(2a). Furthermore, the absence of an electron-donating group in the
2-position only has a minor impact on the affinity (Sichler et al,, 2024).

We performed a two-step screening (see Materials and Methods)
using a database of synthesizable compounds based on the building
blocks of PTMDO01-0004 (2a) (SI Figwe S1). We selected five com-
pounds that we synthesized (see below) and tested for affinity towards
MB327-PAM-1 (2b-2e, 2g, Table 2). The substituents chosen for position
4 did oot increase the affinity in any compound compared to
PTMDO01-0004 (2a). still, slight modifications in this substituent can
influence reporter ligand displace ment significantly.

As to the UlIC0646 building block, our two-dimensional similarity
search revealed that substituting it with flexible linkers in the 4-position
can lead to highly affine compounds as seen for PTMD01-0050 (1k). The
compound with increased flexibility between the quinazoline ring and
the basic side chain nitrogen located within the ecyclohexyl ring
PTMD01-0032 (2b), has a higher affinity than PTMD01-0053 (2c).
However, the piperazine ring of PTMDO01-0053 (2c) mightalso resultin
an alternative distance between the positive charge of the side chain and
the quinazoline moiety, depending on the protonation site. Still, the
relation between linker flexibility and affinity is also observed in
PTMDO01-0027 (2d), PTMDO01-0030 (2e), and PTMD01-0032 (2b),
where the distance between the quinazoline ring to the positively
charged nitrogen is 3-4 heavy atoms long The increased flexibility
potentially enables improved interactions with the side chains acting as
hydrogen bond acceptors in the f1-p2 loop within MB327-PAM-1 (E65,
in 8I Figwe S56). However, this trend does not always apply.
PTMDO1-0053 (2c) with a more flexible side chain than PTMD01-0030
(2e) has a lower affinity. Thus, the additional polar atom and the
additional methyl substituent of the piperazine ring as well as the
different distance between the positive charge in the side chain and the
quinazoline moiety of PTMDO01-0053 (2¢) mayalso lead to a decrease in
affinity. Although experimentally observed structure-affinity relation-
ships for UNC0646 analogs are based on measurements with the Torpedo
nAChR, this knowledge is presumably transferable to the human muscle-
type nAChR because of the high sequence identity within the binding
site (SI Figure 56, SI Table S3). However, one limitation of these
structure-affinity relationships is that MB327-PAM-1 can be present in
five subunits of the heteropentamer. Thus, the relationships need to be
considered as a representation over all five potential MB327-PAM-1
binding sites, and structure-affinity relationships between binding
sites of one species might vary.

In the 7-position, we identified in PTMD01-0043 (2g), an alternative
substituent that leads to a higher reporter ligand displacement than if
the same substituent as in UNC0646 is used in the in 7-position
[PTMDO01-0005 (2f)]. PTMD01-0043 (2g) otherwise bears the same
side chains as PTMDO01-0005 (2f) except in the 7-position of the qui-
nazoline ring As for the assessment of the two-dimensional similarity
search, we verified our results by characterizing the binding affinity of
the most affine compound according to the single point determinations
[PTMD01-0043 (2g); remaining reporter ligand binding 43 & 1%] ina
full-scale MS Binding Assay yielding a pK; of 5.46 & 0.04 (S Figure 57).

3.3.1. Synthesis of compounds 2b-2g

Target compounds 2b-2f were easily accessible by a two-step syn-
thesis from commercially available building block 11 (Scheme 2). First,
key intermediate 9 (Hennequin et al, 2000) was obtained in quantita-
tive yield (= 99%) by reaction of quinazoline derivative 11 with 1.25
equiv 3-(piperidin-1-yl)propan-1-ol under Mitsunobu conditions (1.3
equiv PPh;, 1.3 equiv DBAD, THF, rt, 20 h) following a literature
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Table 1
Selected analogs of UNCO646 identified by a two-dimensional similarity search and their affinities to MB327-PAM-1 in nAChR determined in MS Binding Assays.
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* The pK; value has been reported in ref (Nitzche et al,, 2024),

® Characterized by UNC0642 MS Binding Assays; Percentage of remaining reporter ligand binding in the presence of test compounds as compared to 100% reporter
ligand binding in the absence of a competitor. Results are based on thirty measurements for UNC0646 and three measurements for all other compounde at a test
compound concentration of 10 pM and a reporter ligand concentration of 1 uM. Mean and standard deviation are displayed.

DIEA (3.0 equiv)to 160 “C under microwave irradiation. Thus, 4-amino-

5 quinazolines 2b-2d and 2f were isolated in good to excellent yields

- HyC” \/’1 (78-93%). However, the reaction with the sterically demanding amine

cl O«MO N I\O 1-(azepan-1-yl)-2-methylpropan-2-amine to get 2e was sluggish. Hence,

N a higher excess of the amine (10 equiv) was applied. This led to the

target compound, which could be isolated in a yield of 25% only, which

A is partly due to the fact, that also a small amount of a side-product had
\3 formed being difficult to separate.

cl

_b.. HSC’O N The 7-aminoquinazoline 2g was synthesized in two steps starting
O/\/\O from commercially available 7-fluoro substituted quinazoline-4(3H)-

one 12 (Scheme 3). In the first step, the lactame 12 was converted to the

1k 4-aminoquinazoline 10 by a phosphonium-mediated SyAr reaction ac-

Scheme 1. : Reagents and conditions: (a) 1-methylpiperidine (2.0 equiv), 1,4- cording to a procedure described in the literature (Wan et al., 2007).
dioxane, 150 “C (300 W), 1k, 78%; (b) 5-(pyrrolidin-1-yl)pentan-1-amine (2.0 Thus, 12 was reacted with 1.5 equiv of 1-propan-2-ylpiperidin-4-amine,
equiv), DIEA (3.0 equiv), +PrOH, microwave: 200 W, 160 °C, 16 min, 72% PyBOP and DBU in acetonitrile at tt for 1 h, to obtain product 10 in
excellent yield (92%). The subsequent substitution of the fluorine in

procedure (Tasler et al., 2009). In the second step, the 4-amino sub- 7-position of 10 to afford target compound 2g was achieved by a reac-

stituents were introduced to afford the target compounds 2b-2f. tion of 10 witha 5-fold excess of 1-(pyrrolidin-3-ylmethyDpiperidine in
Hucleophilic displacement of the 4-chloro substituent was achieved MMP at 135 °C in the presence of K;CO; (1.1 equiv) according to a
according to a procedure reported in the literature (Livet al., 2011) by procedure reported in the literature (FHarris et al., 2005). In this way, the
heating 9 with the corresponding amines (2.0 equiv) in the presence of product 2g could be isolated in 90% yield and high purity (99%).

Table 2
Selected analogs of FTMDO1-0004 [2a) identified by a ligand-based screening followed by template-based docking and their affinities to MB327-PAM-1 in nAChR
determined in MS Binding Assays
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? Characterized by UNCO642 MS Binding Assays; Percentage of remaining reporter ligand binding in the presence of test compounds as compared to 100% reporter
ligand binding in the absence of a competitor. If not stated otherwise, results are based on three measurements at a test compound concentration of 10 pM and a
reporter ligand concentration of 1 pM. Mean and standard deviation are displayed

b PTMD01-0004 (2a) (Bernaver et al, 2024) and PTMD01-0005 (2f) were not identified in this study but are shown as reference structures to compare to
PTMD01-0043 (2g)

4 Resultz are based on twelve and six measurements, respectively, ata test compound concentration of 10 pM and a reporter ligand concentration of 1 pM. Mean and
standard deviation are displayed.
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Scheme 2. : Reagents and conditions: (a) 3-piperidin-1-ylpropan-1-ol (1.25
equiv), PPhj (1.3 equiv), DBAD (13 equiv), THF, 1t, 20 h, = 99%; (b) amines
(2.0-10 equiv), DIEA (3.0 equiv), -PrOH, microwave: 200 W, 160 °C,
15-60 min, 2b: 93%, 2 75%, 2d: 59%, 2e: 25%, 2f 95%

o
o HN
H30’0;©\)J\NH 2 Hyc ™2 =N
F N/) F NdJ
12

10
Q*
b o HN
I HsC” \)N
@

2g

Scheme 3. : Reagents and conditions: (a) 1-propan-2Zylpiperidin-4-amine (1.5
equiv), PyBOP (1.5 equiv), DBU (1.5 equiv], acetonitrile, rt, 1 h, 92%; (b] 1-
(pyrrolidin-3-ylme thyl)piperidine (5.0 equiv), KCO5 (1.1 equiv), NMP, 135 °C,
20 h, 90%

3.4. Structure-based screening reveals new chemotypes with a higher
affinity than MB327

We first sereened the lead-like library of ZINC20 (Irwin et al., 2020)
with 3434,621 molecules using the homology model of the human
muscle-type nAChR and OpenEye FRED (OEDOCKIIIG 4.0.0.0, 2020;
MeGann, 2012, 2011)as docking engine with default parameters (Fig. 1,
green scheme). However, we know from previous work that larger
molecules, such as UIC0646, usually bind to MB327-PAM-1 with a
higher affinity than smaller ones, such as MB327. Furthermore, the two
previously identified binders in MB327-PAM-1, UITC0646, and MB327,
carty at least two positive charges. Thus, we decided to also screen a
subset of the ZNC20 database (lrwin et al., 2020) containing all doubly
protonated in-stock compounds (129,606 compounds) by docking into
the Torpedo nAChR (see also above).

We ordered 12 compounds based on visual inspection of the best
1000 hits in MB327-PAM-1 in each subunit in each of the sereenings (2
%x5%1000 = 10,000 hits in total) (Fig. 2, SI Table 54) (PTMD99-0001C~
PTMD99-0015C). (In preliminary MS binding studies (the results of
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which had later on to be partly revised; for final results see SITable 54),
PTMD99-0006C (13), PTMD99-0010C (14), and PTMD99-0014C (15)
showed the most promising results.) Thus, we decided to inspect the best
1000 hits in both screenings in each subunit again to find structurally
similar chemotypes. We ordered three analogs of PTMD099-0006C
(13), seven analogs of PTMD99-0010C (14), and eight analogs of
PTMD99-0014C (15) (SI Table 55). In each group, at least one com-
pound (at 10 pM concentration) displaced the reporter ligand UNC0642
(at 1pM concentrations) from MB327-PAM-1 during single-
concentration MS Binding Assay experiments indicating that these
compounds show a higher affinity towards MB327-PAM-1 than MB327,
which shows a remaining macker ligand binding of 102 + 9% (n = 6)
under identical conditions (1 pM reporter ligand, 10 pM test ligand)
(Bernauver et al., 2024). In total, four new chemotypes, all containing at
least one positive charge, were identified that displace UNIC0642 from
MB327-PAM-1 at concentrations of 10 pM (reporter ligand concentra-
tion of 1 pM) to any appreciable extent. However, for two of these
compounds the remaining reporter ligand binding valuesare slightly not
significantly different from 100%, while the two other compounds differ
significantly from 100% {p < 0.05according to a two-sided one-sample
t-test; p [PTMD99-0001C(3)] = 0.064, p [PTMD99-0016C(4)] = 0.005,
p [PTMD99-0026C (5)] = 0.079, p [eycloguanil (6)] = 0.006}.

Of the analogs based on PTMD99-0006C (13), PTMD99-0016C (4)
shows the highest affinity within this group and is the only compound
able to displace UlIC0642 to any appreciable extent during measure-
ments with test compound concentrations of 10 pM and reporter ligand
concentrations of 1 uM. Small changes in the 4-methylbenzyl group can
have a high impact on affinity. For example, PTMD99-0020C (16) (SL
Table 55), bearing a (3-methylpyridin-4-yDmethyl substituent instead of
the 4-methylbenzyl group, does not show a displacement of the reporter
ligand to any appreciable extent anymore under identical experimental
conditions. In fact, all compounds bearinga heteroaromatic ring instead
of the 4methylbenzyl group fail to displace UNC0642 to any appre-
ciable extent under identical experimental conditions to a reasonable
extent.

Based on the initial results for PTMD99-0010C (14), we identified
PTMD99-0026C (5), able to displace the reporter ligand (concentration
1 pM) to any appreciable extent at 10 pM test compound concentration.
However, compounds with an amide group in 3-position to the nitrogen
at position 2 of the 2,8-diazaspiro [4.5]decane system do not displace the
reporter ligand UNC0642 under similar experimental conditions to any
appreciable extent (PTMD99-0010C (14), PTMD99-0023 C (17),
PTMD99-0024C (18), PTMD99-0025C (19), PTMD99-0028C (20) (SI
Table 54, 55)). Furthermore, replacing the quinolinyl substituent by a 5-
(tert-butyl)}-pyrazol-3-yl  substituent (PTMD99-0031C (21) (SI
Table S5)) also abrogates the reporter ligand displacement indicating
that hydrogen bond donors as substituents of the 2,8-diazaspiro[4.5]
decane ring might be unfavorable.

Additionally, as the fourth novel chemotype binding to MB327-PAM-
1, the 1,6-dihydro-1,3,5triazine-2,4-diamine building block was iden-
tified. Most interesting, the compound showing the highest affinity,
cyclogmnil (6, 10 pM test compound concentration at 1 pM reporter
ligand concentration, Fig 2D), is the active metabolite of the antima-
larial drug proguanil. In competitive MS binding experiments, we
observed a pK; value for cycloguanil (6) of 3.64 + 0.03 (SI Figure 58),
significantly higher compared to MB327 [pK; (MB327) = 3.40 & 0.04
(llitsche et al, 2024), p < 0.01, according to a two-sided ttest].
Cycloguanil (6) forms salt bridges both with E62, and E200, in the
docked pose (Fig 2D). These two amino acids are highly conserved
among different subunits of several species (Table 3), including the
Torpedo nAChR, which is used in our MS Binding Assay, the rat muscle
nAChR, which is used in ow rat diaphragm assays, and in the human
nAChR, in which the compounds need to exhibit an effect after OPC
poisoning Furthermore, these glutamates are crucial for the stabiliza-
tion of the calcium ion in the a7 nAChR that can act as a positive allo-
steric modulator (1liessen et al., 2013; Galzi etal., 1996; loviello et al.,
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Fig. 2. : Docked binding mode and MS Binding Aszay affinity data of selected hits from a structure-based screening in different subunits and species of nAChR.
Docked binding mode of (A) PTMD95-0001C (3] in between the - and 8-subunits of the human nAChR, (B) PTMDS9-0016C (4) in between the 8- and p-subunits of
the Torpedo nAChR, (C) PTMD95-0026C (5] in between the «- and §-subunits of the Torpeds nACHR, and (D) cycloguanil (6] in between the o- and y-subunits of
Torpeds nAChR. Red lines indicate hydrogen bonds. Percentage values indicate the remaining reporter ligand binding in the presence of test compounds (at 10 pM
concentration) as compared to 100% reporter ligand binding in the absence of a competitor using the reporter ligand UNCO642 in MS Binding Assays (1 pM
UNC0642) (mean + SD, n = 3). Compounds displaying chirality were tested as racemats. (E) Resoration of muscle force of soman-inhibited muscles after treatment
with cycloguanil (6). Error bars indicate the standard deviation (n is between 5§ and 27). Since the largest efficacies are cbeerved at low stimulation frequencies
(Seegeretal, 2012), results are only shown for a stimulation frequency of 20 Hz (see SI Table 56 for all stimulation frequencies applied).

Table 3

Sequence conservation of E62, and E200, (green shadings) in the human muscle-
type, Torpedo, and rat nAChR with respect to structurally homologous positions
in the y-subumit of the Torpedo nAChR *

Human muscle type Torpedo Rat

a [ & e @ i} & ¥ @ B a e
E E E E E E E E62 E E E E
E Q E E E Q E E200 E Q B E

* E62, and E200, are important for interactions with cycloguanil (6) in the
docked binding mode and during MD simulations (Fig 5; see also text)

2021). According to our screening results, we can, in general, see that
larger substituents at both tings of cycloguanil (6) lead to a decrease in
affinity (22-28, SI Table 55). Compounds based on the 1,3,5triazin-2,
4-diamin building block are overall much smaller than UlIC0646 (M
[UL1C0646] = 621.93 g mol LM [Cycloguanil (6)] = 251.72 g mol ,
leading to compounds with an improved ligand efficiency.

Enough substance to conduct competition experiments with varying
ligand concentrations and to perform rat diaphragm assays in order to
investigate the restoration of muscle force after soman poisoning was
only commercially available for cycloguanil (6). Treatment with cyclo-
guanil (6) led to significant restocation of muscle force in rat diaphragm
hemispheresafter soman inhibition (Fig, 2E, SI Table 56). The maximum
restoration at stimulation frequencies of 20 Hz is comparable to the
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maximum restoration when using MB327 as a treatment option. How-
ever, while concentrations of 300 uM are necessacy for the maximum
effect of MB327 [26.29 1 18.43% (mean 1 SD; n — 27) restoration of
muscle force, values taken from ref (IKaiser et al,, 2023).], eycloguanil
(6) exerts a comparable effect at concentrations of 70 pM (30.87 +
19.23%; n = 5). At a concentration of 100 pM, eyeloguanil (6) leadsto a
significantly increased restoration of muscle force compared to MB327
[30.42 + 18.04% vs. 17.77 + 7.5%, values for MB327 taken from ref
(Kaiser etal., 2023), p < 0.01 according to a two-sided t-test (n = 27)].
Like MB327, cycloguanil (6) has a small therapeutic index, leading to
muscle force inhibition at concentrations > 300 pM (Fig. ZE, SI
Figure 59). To compare the therapeutic range of cycloguanil to that of
MB327, we compared the muscle force reestablishing capabilities of
both compounds. Therefore, we calculated at which concentrations
cycloguanil significantly reestablishes the muscle force after soman
poisoning compared to the ficst wash-out, as done previously for MB327
(lliessen et al, 2018). Starting at concentrations of 10 pM [6.2 + 8.4%
(n=18; p=0.02)] (100 pM for MB327 [25.7 £ 17.7%] (lliessen et al.,
2018)), cycloguanil significantly and eadier than MB327 reestablishes
the muscle force. The effect increases dose-dependently at concentra-
tions of 30 and 70 pM to a maximum at 100 pM [30.4 + 18.0% (n =
27)], whereas the maximum is reached at 300 pM [33.2 + 27.7%] for
MB327 (lliessen et al, 2018)). At this concentration, the reestablishing
capabilities of cycloguanil vanish, whereas thisis observed for MB327 at
700 pM (lliessen et al., 2018) (SI Table S6). Considering that experi-
ments were performed at precise compound concentrations with missing
data for intermediate concentrations, this implies that cycloguanil and
MB327 have comparable concentration-dependent and maximal rees-
tablishing capabilities as well as therapeutic ranges, although the effect
of cycloguanil is shifted to lower concentrations. Thus, cycloguanil (6)
currently cannot be considered as a treatment option but as a novel lead
structure for treating OPC poisoning.

To further investigate the binding mode of cycloguanil (6), we per-
formed MD simulations starting from the docked conformation. In 6 out
of 10 replicas over 1 ps simulation time each, the ligand left the binding
site (SI Figure 510). In the replicas where eyeloguanil (6) remained in
the binding site, the binding mode shifted. Whereas the interaction with
the two glutamates persisted, the aromatic system of cycloguanil (6)
moved towards the transmembrane region of nAChR in the direction of

E62),

F152v\r%53

Y
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Y239, (Fig 3A). Thisamino acid is located in a hydrophobic part of the
binding site. Thus, we clustered the replica in which cycloguanil (6)
remained in the binding site and pecformed additional 10 replicas of 1ps
long MD simulations starting froma representative structure. Duringthe
simulations, the membrane and receptor remained structwally virtually
invariant (SI Figure 511, $12). Cycloguanil (6) continued to remain in
the binding site in all replicasand showed highly conserved interactions
with E62, and E200, (Fig. 3B, C). Thus, we conclude that according to
the MD-optimized binding mode, the interactions with the two gluta-
mates persistand the hydrophobic interactions with amino acids close to
Y239, are important for ligand stabilization.

3.5. Prediction of pharmacokinetic and toxicological properties of best
hits

UlICo646, the best hits of both ligand-based screenings
[PTMDO01-0050 (1k), PTMDO01-0043 (2 g)], and the best hit of each
novel chemotype from the structure-based screening [PTMD99-0001C
(3), PTMD99-0016C (4), PTMD99-0026C (5), and cycloguanil (6)]
were initially probed in a pan interference compounds (PAINS) filter as
implemented in the PAINS-remover webserver (Baell and Holloway,
2010); all compounds passed this filter, suggesting that they ace less
likkely to react nonspecifically with biological targets. We further pre-
dicted the pharmacokinetic and toxicological properties using
Schrodinger QikProp (Schradinger Release, 2022-2: QilkProp, 2022) and
MEXUS Derek (Greene et al,, 1999) (Table 4, Table 5). By far the most
predictions for UNIC0646 fall outside a 95% range for values of known
drugs, questioning the drug-likke properties of this compound. Along
these lines, UIIC0646 shows the worst Caco-2 cell permeability predic-
tion as a model for gut-blood barrier permeation among all tested
compounds and also violates two rules of Lipinski’s rule of five and one
rule of Jorgensen’s rule of three, which are used as indicators for oral
bioavailability. By contrast, all newly identified chemotypes show no
violations of Lipinski's rule of five, and only PTMD99-0026C (5) vio-
lates one rule of Jorgensen's rule of three. 1ote, however, that the
violated pharmacokinetic descriptors describe oral availability, whereas
in the case of OPC poisoning drugs may be injected. On the other hand,
improved oral bioavailability and reduced side effects might lead to the
possibility to provide the antidote to a broader group of civilians and
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Fig. 3. : Binding mode of cycloguanil during MD simulations. A) Representative (according to a k-means clustering based on receptor and ligand atoms; the biggest
cluster containing 48.2% of all frames is shown] binding mode of cycloguanil during 10 replicas of 1 ps long unbiased MD simulations starting from the docked
conformation. B) Distance of the center of mass (COM) of the phenyl ring of cycloguanil to the phenyl ring of Y239, The mean 4 SEM distance iz displayed as a
legend. C) Distance of the nitrogens that can act as hydrogen bond donors of cycloguanil to the side chain oxygens of E62, (dark red] and E200, (pink). The frequency

of contacts (distance < 4 R; mean + SEM) iz displayed as a legend
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Table 4

Predicted pharmacokinetic properties of the best screening hits
Compound #stars” QFlogPo/w" QPPCaco Rule OfFive’ Rule OfThree®
UNCO646 7 6.014 125.427 2 1
PTMD01-0050 (1k) 1 5.609 428.531 2 0
PTMDO1-0043 (2g) 0 4541 297.484 1] 0
PTMD89-0001C (3) 0 2,568 615.239 1} 0
PTMDS9-0016C (4) 0 3718 277.071 0 i}
PTMD89-0026C (5) 0 2,446 201.628 1} 0
Cycloguanil (6) 1 1.592 446.492 0 0

* Number of properties falling outside the 95% range of similar values for known drugs

b Octanol/water partition coefficient (recommended values: —2.0 - 6 5).

¢ Caco-2 cell permeability [nm/s] as a model for gut-blood barrier permeation (values < 25 poor, > 500 great)

4 Number of viclations of Lipinski's mule of five.

® Number of viclations of Jorgensen’s mile of three

Table 5

Predicted toxicological properties of the best screening hits

Compound QPlogHERG® Toxicological alert count® Bacterial mutagenicity!
UNCOG46 -5.224 4 EQUIVOCAL
PTMDO1-0050 (1k) -6.109 2 EQUIVOCAL
PTMDO1-0043 (2g) -7.460 4 EQUIVOCAL
PTMD39-0001C (3) -4.980 0 INACTIVE
PTMDS9-0016C (4) -6.125 2 INACTIVE
PTMD39-0026C (5) -6.528 4 PLAUSIBLE
Cycloguanil (6) -3.989 1 INACTIVE

¢ Bacterial mutagenicity in vitro

* ICsp value for blockage of HERG K' channels (recommended values: above 5.

® Number of alerts for toxicological predictions. For further information see ST Table 5

military membersin the case of a high risk of OPC poisoning, Finally, the
newly identified chemotypes [PTMD99-0001C (3), PTMD99-0016C
(4), PTMD99-0026C (5), and cycloguanil (6)] show a reduced predicted
affinity towards the HERG K" channel and a reduced toxicological alert
count compared to UlIC0646 and its analogs [PTMDO01-0050 (1k),
PTMDO01-0043 (2g)]. Also, for the new chemotypes - except
PTMD99-0026C (5) - no bacterial mutagenicity is predicted. To over-
come the predicted mutagenicity of UNIC0646 and its analogs, the
substituted 4-anilinoquinazoline would need to be substituted, which is
a common building block in all UNC0646 analogs tested in our binding
assays so far (litsche et al,, 2024). In that respect, all novel compounds
identified from the screenings show improved predicted pharmacoli-
netic properties compared to ULIC0646 (Table 4) and, besides
PTMD99-0026C (5), all novel chemotypes also display improved pre-
dicted toxicological properties (Table 5). Particulacly, PTMD99-0001C
(3) does not present any toxicologic alerts. PTM99-0016C (4) only
shows toxicologic alerts regarding HERG channel inhibition (SI
Table 57), however, the predicted ICs; is higher than for UNC0646.
Because this parameter is problematic for nearlyall compounds, it needs
to be thoroughly investigated and experimentally validated during lead
optimization. PTMD99-0026C (5) mises toxicological concerns
regarding mammal mutagenicity and androgen receptor modulation —
two parameters where no other compounds show toxicological alerts.
Hoteworthy, the reason for these toxicological alerts is the quinoline
building block. Iastly, cycloguanil raises toxicological concerns
regarding nephrotoxicity because of the halogenated benzene. However,
proguanil, the prodrug of cycloguanil, is already used in malaria treat-
ment and is considered well tolerated. Thus, in further approaches to
optimize these new lead structures, the quinoline substructure of
PTM99-0026 C (5) and the halogenated benzene of cycloguanil (6)
would need to be modified to avoid these toxicological alerts. Both
building blocks are not involved in any hydrogen bonds in the doclked
binding mode and, thus, might be replaced without compromising af-
finity towards MB327-PAM-1.

4. Conclusion

To find new compounds repre senting novel chemotypes that bind to
MB327-PAM-1 and to better understand structure-affinity relationships
of the known binder UlIC0646, we performed exhaustive virtual
sereening followed by an MS Binding Assay. As to the importance of the
substituents of UNC0646 analogs, overall, beneficial substituents in
position 4 are also more flexible, suggesting that conformational
adaptability may be favorable compared to the loss of conformational
entropy. Furthermore, while all compounds known to bind to MB327-
PAM-1 carry at least one positive charge, our results indicate that the
location of the positive charge playsa minor role. Based on owr results,
we developed PTMDO01-0050 (1k), which leads to a higher reporter
ligand displacement at test compound concentrations of 10 pM than
UNC0646.

UIC0646 analogs in general show increased binding affinity with
increased molecular weight and size. Due to concerns for oral
bioavailability and because for some pharmacokinetic and toxicological
predictions UlIC0646 lies outside the recommended value range,
together with the fact that despite an increase d affinity UNC0646 and its
analogs show no increased muscle force restoration compared to MB327
(llitsche etal,, 2024), we also aimed to find novel che motypes binding to
MB327-PAM-1. The identified compounds with four novel chemotypes
can displace UNC0642 from MB327-PAM-1 (mean & SD < 100%) at test
compound concentrations of 10 pM and reporter ligand concentrations
of 1 pM. While one compound (PTMD99-0016C (4)) already has a
molecular weight > 400 Da, the other three hits have a molecular
weight < 300 Da. These compounds can be used as a starting point for
optimization in terms of affinity, pharmacokinetics, and resensitization
capability of a desensitized nAChR. Because only for one of those
compounds, cycloguanil (6), enough substance wasavailable to perform
rat diaphragm myography assays, it was tested for its resensitizing ca-
pabilities in soman-inhibited rat muscles and led to a significant muscle
force restoration at a concentration of 1 uM. Furthermore, the muscle
force restoration was significantly increased compared to MB327 at a
concentration of 100 pM. Thus, the cycloguanil building block can be a
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promising starting point for further ligand optimization with a focus on
annihilating the inhibitory effect at higher concentrations. All novel
chemotypes display acceptable predicted pharmacokinetic propetties.
Cycloguanil already is described to be well-tolerated and shows the least
risk for HERG inhibition based on the predictions of toxicological pa-
rameters, followed by PTMD99-0001C (3). PTMD99-0016C (4) and
PTMD99-0026 (5) lie outside the recommended range. Additionally,
PTM99-0026C (5) raises further toxicological concerns regarding
mutagenicity and androgen receptor modulation. Taken together,
cycloguanil and PTMD99-0001C (3) are the most promising lead
structures, followed by PTMD99-0016C (4) because of its size and po-
tential HERG inhibition. PTMD99-0026C (5) already raises several
toxicological concerns, which might make lead optimization
demanding However, which novel chemotype is ultimately most
promising and should be favored in further studies highly depends on rat
diaphragm myography assays for the remaining three compounds.

The identification of more potent resensitizers of nAChR is of utmost
importance to improve the currently insufficient treatment after OPC
poisonings. [dentifying novel chemotypes by structure-based screening
and showing with our MS Binding Assay that these compounds can bind
in the same binding site as MB327 suggests that the hits also bind to the
allosteric binding site MB327-PAM-1.
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Figure S1: Building blocks of PTMD01-0004 (2a) for the generation of a virtual database. For each building block, the stated
virtual syntheses have been performed with building blocks available on MolPort (https://molport.com) using PINGUI [1].
Functional groups that participate in the respective reaction are shown in red.
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Figure 52: Pharmacophore models used for database filtering during template-based docking. Conformations of PTMDO1-
0004 (2a) (green) are shown as sticks between the A) a- and 6, B) 6- and B-, C) B- and a-, D) a- and y-, and E) y- and a-
subunits. Colored elements indicate pharmacophore filters: the grey surface indicates the ligand surface, green circles
indicate aromatic systems, blue dircles indicate hydrogen bond donor cations, and red cirdes indicate hydrogen bond
acceptors. Figures were generated using OpenEye vROCS [2].
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Figure S3: Binding mode of and pharmacophore model for template-based docking based on PTMDO01-0004 (2a) (gold) shown
between the A) a- and &-, B) - and B-, C) B- and a-, D) a- and y-, and E) y- and a-subunits. Colored mesh areas indicate
features of the pharmacophore filter: green area indicates the surface of the receptor where no atoms of the ligands are
allowed to overlap, orange cirdes indicate the presence of an aromatic system, purple cirdes indicate the presence ofa cation
donor, andred circles indicate the direction of the hydrogen bond donor orientation. Figures were generated using Chemical
Computing Group MOE [3].
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Figure S4: Representative binding modes of cycloguanil in MD simulations starting from the docked binding mode after
clustering using the k-means algorithm asimplemented in CPPTRAJ [4]. A) Only in the largest cluster (containing 18.3% of all
frames) cycloguanil is not interacting with E200,. In the B) second (containing 14.1% of all frames), C) third (containing 12.4 %
of all frames, D) fourth (containing 10.9% of all frames), E) fifth (containing 10.8% of all frames), F) sixth (containing 10.5% of
all frames), G) seventh (containing 10.1% of all frames), H) eight {containing 6.7% of all frames), 1) ninth (containing 3.6% of
all frames), and J) tenth (containing 2.5% of all frames) largest duster, cycloguanil is interacting with E200, and E62,.



136 3 Verdéffentlichungen / Dritte Publikation

bhound UNCO642 [%]

log [PTMDO1-0019C)

Figure S5: Competition curves obtained for PTMD01-0019C (1a) in UNC0642 MS Binding Assays. Data points (mean + SD,
n = 3) represent the specific binding of UNC0642.
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Figure 56: Amino acids within 5 A of UNC0646 in the recently proposed binding mode of UNC0646 [5].
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Figure S8: Competition curves obtained for cycloguanil (6) in UNC0642 MS Binding Assays. Data points (mean 5D, n = 3)

represent the specific binding of UNC0642.
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Figure 59: Normalized rat muscle force in the presence of increasing cycloguanil (6) concentrations and in the absence of
cycloguanil (6) (control) during indirect electric field stimulations of 20, 50, and 100 Hz. Error bars indicate the standard
deviation (n is between 3 and 13).
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Figure $10: Distance of nitrogens that can act as hydrogen bond donors of cycloguanil to side chain oxygens of E62, (pink)
and E200, (dark red) during 10 replicas of unbiased MD simulations.
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Figure S11: Normalized (number of electrons per volume [e-/A3]) electron density of membrane components and water
averaged over all 10 replicas of 1 ps long MD simulations. The electron density is plotted against the z-coordinate, which is
parallel to the membrane normal. The membrane is centered at 0 A for phosphatidyl choline (:PC), oleic acid (0L}, palmitoyl
acid (:PA), and water (:WAT).
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Figure $12: Backbone (C, CA, N) RMSD of nAChR during 10 replicas of 1 ps long MD simulations with respect to the first
frame of the production run.
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Supplemental Tables

Table S1: List of commercially obtained test compounds.

# | Compound Salt Purity | Supplier

1 | Bunazosin - >95% | Angene (Honk Kong, China)

2 | C-021 - 297% | BIONET —KeyOrganics Ltd (Cornwall, United Kingdom)
3 | Cycloguanil HCI >95% | Otava Ltd (Kiew, Ukraine)

4 | MS012 - >90% | TimTec, LLC (Newark, United States)

5 | PTMDO01-0019C 3 >85% | ChemBridge Corporation (San Diego, United States)
6 | PTMDO01-0020C - >90% | Enamine Ltd (Kiew, Ukraine)

7 | PTMDO01-0021C - >85% | ChemBridge Corporation (San Diego, United States)
8 | PTMDO01-0022C - 2 85% | ChemBridge Corporation (San Diego, United States)
9 | PTMD01-0023C - >90% | Enamine Ltd (Kiew, Ukraine)

10 | PTMDO01-0024C - > 85% | ChemBridge Corporation (San Diego, United States)
11 | PTMDO01-0025C - >90% | Enamine Ltd (Kiew, Ukraine)

12 | PTMD99-0001C HI >90% | Enamine Ltd (Kiew, Ukraine)

13 | PTMD99-0002C - >90% | UkrOrgSynthesis Ltd. (Kiew, Ukraine)

14 | PTMD99-0004C 2HCl | 285% | ChemBridge Corporation (San Diego, United States)
15 | PTMD99-0005C - >90% | ChemBridge Corporation (San Diego, United States)
16 | PTMD99-0006C - > 85% | ChemBridge Corporation (San Diego, United States)
17 | PTMD99-0008C H,S0, | 290% | Vitas-M Laboratory Ltd (Causeway Bay, Hong Kong)
18 | PTMD99-0009C HBr >90% | Enamine Ltd (Kiew, Ukraine)

19 | PTMD99-0010C 2HCl | 285% | ChemBridge Corporation (San Diego, United States)
20 | PTMD99-0011C - >85% | ChemBridge Corporation (San Diego, United States)
21 | PTMD99-0013C HCl >90% | ChemBridge Corporation (San Diego, United States)
22 | PTMD99-0014C HCI >90% | Enamine Ltd (Kiew, Ukraine)

23 | PTMD99-0015C - >85% | ChemBridge Corporation (San Diego, United States)
24 | PTMD99-0016C - >85% | ChemBridge Corporation (San Diego, United States)
25 | PTMD99-0020C - >85% | ChemBridge Corporation (San Diego, United States)
26 | PTMD99-0021C - >85% | ChemBridge Corporation (San Diego, United States)
27 | PTMD99-0023C 2HCl | 285% | ChemBridge Corporation (San Diego, United States)
28 | PTMD99-0024C 2HClI | 285% | ChemBridge Corporation (San Diego, United States)
29 | PTMD99-0025C 2HCl | 285% | ChemBridge Corporation (San Diego, United States)
30 | PTMD99-0026C 2HCl | 285% | ChemBridge Corporation (San Diego, United States)
31 | PTMD99-0028C 2 HCl | 285% | ChemBridge Corporation (San Diego, United States)
32 | PTMD99-0029C 2HCl | 285% | ChemBridge Corporation (San Diego, United States)
33 | PTMD99-0031C 2HCl | 285% | ChemBridge Corporation (San Diego, United States)
34 | PTMD99-0032C HCl 290% | Maybridge Ltd (Cornwall, United Kingdom)

35 | PTMD99-0035C HCl >90% | Otava Ltd (Kiew, Ukraine)

36 | PTMD99-0036C HCI >90% | ChemBridge Corporation (San Diego, United States)
37 | PTMD99-0038C HCI >95% | Otava Ltd (Kiew, Ukraine)

38 | PTMD99-0041C HCl >85% | ChemBridge Corporation (San Diego, United States)
39 | PTMD99-0044C HCl >90% | Maybridge Ltd (Cornwall, United Kingdom)

40 | PTMD99-0045C HCl >90% | Maybridge Ltd (Cornwall, United Kingdom)

41 | UNCO379 - >98% | TargetMol (Boston, United States)

42 | ZT-12-037-01 - >98% | TargetMol (Boston, United States)
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Table $2: All analogs of UNC0646 tested for affinity to MB327-PAM-1 in nAChR determined in MS Binding Assays based on a

two-dimensional similarity search.
HN

o H3C’O 2N
H.C~ N H.C '
=) /”\ 3 ~0 \N*Rz
=
UNCO0646
;= 5-83£0.05,

Remaining reporter ligand binding: 21 + 3 %P

Remaining reporter

1 2
Compound R R ligand binding [%]"

Ay
c-021 O\

\N( V
2T-12-037-01 Q NH 665

MSs012 83+6

UNC0379 {J—/ \TD 59+4
\_>:o
NH,

Bunazosin L. (\—/N> 90+7
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\(

N
7N
NH, =
PTMDO01-0019C .y (— 47 £3
\{N\)
(\NICH3
N
PTMD01-0020C ‘\/NH? \) 737
OH
PTMDO01-0021C ‘*{NH2 \(N 87+2
N
CH,
OH
NH, i
PTMDO01-0022C ¥ -\: N 108 +10
NH,
PTMDO01-0023C ¥ 98 +3
Ay A =0
H
NH, o
PTMDO01-0024C \( 83+4
H,
o_ N
NH,
PTMDO01-0025C X (\N 81+5
N \)

?The pK;jvalue of UNC0646 has been reported in ref. [6].
b Characterized by UNC0642 MS Binding Assays; Percentage of remaining reporter ligand binding in
the presence of test compounds as compared to 100% reporter ligand binding in the absence of a
competitor. Results are based on thirty measurements for UNC0646 and three measurements for all
other compounds at a test compound concentration of 10 M and a reporter ligand concentration of
1 uM. Mean and standard deviation are displayed.
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Table $3: Sequence similarity between the Torpedo and human muscle-type nAChR.[2

o - subunit B - subunit 6 - subunit y - subunit & .
subunit
Torpedo | human Torpedo | human Tomedo | human Torpedo | human | human
Q63 Q N Q N N N N
L64 L L L L L L I L
165 | L | | | | | |
566 N | S S S S S S
V67 Vv L L L L L L L
E69 E E E E E E E E
E75 T T 5 1. T I T T
M195 M T | Il T T T T
E196 E E E E E E E E
5197 S N N N N N N N
E199 E Q Q E E E E E
R233 R R R R R R R R
Y237 Y F F F F F F F
F238 F Y Y Y Y Y Y Y
1287 L K K R R K K K
) V K K Il V K63 R K
N N | D D E E64 E E
Q Q E E E E E65 E E
| | E E il T AB6 A T
A A N N N N V113 ) |
D D D D D D D114 D D
K K R R R R R142 R R
Y Y S S S S T144 A V
C C C C C C C145 C C
E E T 5 P p P146 S A
P P P P P P P291 P P
S S E E E A E292 E E
I T T T il T T293 T T

12l Numbered amino acids are also shown in Figure 2. Amino acid differences between Torpedo and
human muscle-type nAChR are colored blue for identical chemical properties and orange for deviating
chemical properties.

16



3 Verdéffentlichungen / Dritte Publikation

145

Table S4: Results of affinity testing to MB327-PAM-1in nAChR determined in MS Binding Assays of initial compounds
ordered based on structure-based screening.

Remaining reporter ligand

Name Structure binding [%]°
O NH
PTMD99-0001C (3) O 5\/\NJLNH2 83+ 5
H
NH,
PTMD99-0002C %@ 10149
NH,
cl N
\@h
PTMD99-0004C 92 17
HﬁH%
H
YO NH NH
PTMD99-0005C 101+ 3
cl NJLNJLNH2
H H
OH
PTMD99-0006C _N CH, 0\)\,“"3 —
(= Q\Jl{l\/(j:O’CH3
NH
OH (\NJ\NH2
PTMD39-0008C o\)\/ N \) 95+ 4
NH
PTMD99-0009C H)LNHz 92+9
Ch
o
PTMD99-0010C HN N —
“CH;
OH (\N/\
(o] N
PTMD99-0011C Ch{z\@/ \/I\/ \) 95+7
HZN\]// Nood g
PTMD99-0013C 10146
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HoN
-
PTMDS99-0014C N\ @
94+6
(15) HZ,%
Cl

LD
I
PTMD99-0015C ©/\N O\)\/N 98+ 38
SH CH
3 o 3

2 Characterized by UNC0642 MS Binding Assays; Percentage of remaining reporter ligand binding in the
presence of test compounds as compared to 100% reporter ligand binding in the absence of a
competitor. If not stated otherwise, results are based on three measurements at a test compound
concentration of 10 uM and a reporter ligand concentration of 1 uM. Mean and standard deviation
are displayed.
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Table 55: Results of affinity testing of compounds analogous to the best hits from the initially ordered compounds based on

structure-based screening.

Remaining reporter ligand

(22)

Name Structure binding [%]°
OH
0 N
PTMD39-0016C (4) N A 1833
&H, o-CHa
OH
PTMD{S:IE‘.B-}OMOC . o _A_N 97 +4
I\, = éHg O,CHS
OH (\S
N (0] N
PTMD39-0021C 27y S AN F=dl
2 I'{I O,CHB
o
PTMD99-0023C
vid N 108+ 4
“CHa,
F
L T
PTMD99-0024C
N 9946
(18) HRE I
“CHa
o)
H N/Yo
PTMD99-0025C e 10046
(19) .
CH; O
N
-~
PTMD99-0026C (5) HOC\ | 9045
N =
o]
PTMD99-0028C - N A 101+7
(20) H
NH =N’
0
H
PTMD99-0029C O@ \)l\ﬁ s
PTMD99-0031C HOO\' '\,"NH 10148
a1 \/k/)\é =
HoN YN \]L F
PTMD99-0032C i} 9846
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PTMD99-0035C

(28)

109+8
(23) H
o]
H.C
H-N
b
PTMD99-0036C N\ @ 9344
(24) ”> -
) @
H-N J;N
PTMD99-0038C 3/ ] 100+ 4
(25) H, -
@]
HaC
H5N N
Y
Cycloguanil (6} NYN 763
NH, cl
H-N_ N
PTMD99-0041C “ 81+3
(26) NN -
ng
H,N YN
& N N
PTMD99-0044C -\\I/ 106+ 6
(27) NH, B
PTMD99-0045C 95+ 8

2 Characterized by UNC0642 MS Binding Assays; Percentage of remaining reporter ligand binding in the
presence of test compounds as compared to 100% reporter ligand binding in the absence of a
competitor. If not stated otherwise, results are based on three measurements at a test compound
concentration of 10 uM and a reporter ligand concentration of 1 uM. Mean and standard deviation

are displayed.
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Table $6: Restoration of muscle force in soman-nhibited rat muscles after cyclouanil (6) treatment. [

20 Hz 50 Hz 100 Hz
Mean [%)] SD [%] n Mean [%] SD [%] n Mean [%] SD [%] n
control 100.00 0.00 27 100.00 0.00 27 100.00 0.00 27
soman 4.30 6.02 27 3.86 8.36 27 4.51 8.95 27
wash 0.00 0.00 27 0.00 0.00 27 0.00 0.00 27
1uM 1.86 291 13 0.64 1.29 13 0.40 1.00 13
10 uM 6.20 8.40 18 0.82 1.28 18 0.25 0.56 18
30 uM 7.66 7.64 5 1.38 2.34 5 1.14 2:51 5
70 uM 30.87 19.23 5 2.76 3.51 5 0.68 1.32 5
il?\g 30.42 18.04 27 4.68 4.76 27 1.29 2.72 27
150
UM 7.78 10.79 9 0.85 1.33 9 0.28 0.57 9
200
uM 1.69 3.35 4 0.23 0.41 4 0.00 0.00 4
300
UM 0.51 2.09 17 0.51 1.69 17 0.71 2.44 17
i?‘g 0.24 0.53 5 1.37 3.05 5 1.67 3.73 5
13&0 0.00 0.00 5 0.73 1.62 B 1.05 2.35 5
wash 14.30 15.66 27 2.43 3.89 27 0.39 1.44 27

? For the stimulation frequencies of 20, 50, and 100 Hz, the mean muscle force restoration, the

standard deviation (5D}, and the number of experiments (n} are displayed at each testing point.
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Table $7: Breakdown of the toxicological alert count of the best screening hits.?

HERG
channel - Phospho- | Androgen -
inhibition Mu-taggmmty lipidosis receptor Mu'fag:?muty Nephrotoxicity
e in vitro A in vivo
Compound | invitro 3 mammal | modulation mammal alert
bacterium mammal
mammal alert mammal count
alert count alert count

alert count alert count

count
UNCO0646 2 1 1 0 0 0
PTMDO1-
0050 (1K) 1 il 0 0 0 0
PTMDO1-
0043 (2g) 2 1 1 0 0 0
PTMD99-
0001C (3) 0 0 0 0 0 0
PTMD99-
0016C (4) 2 0 0 0 0 0
PTMD99-
0026¢ (5) 1 1 0 1 1 0

Cycloguanil
0 0 0 0 0 1
(6)

? Predictions where no compound displays alert counts (Skin sensitization mammal alert count,
Teratogenicity mammal alert count) are not shown as a column.
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Analytical Data

6-Methoxy-2-(piperidin-1-yl)-7-[3-(piperidin-1-yl)propoxy]-N-[5-(pyrrolidin-1-yl)pentyllquinazolin-
4-amine (1k): mp.: 54 °C. Rr= 0.34 [10% 3 M NH3 (in MeOH) in CH2Clz]. IR (film): ¥ = 2935, 1581, 1493,
1244, 754 c™. *H NMR (500 MHz, CD,Cl): 8 = 1.37-1.47 (m, 2 H, CH,CH,CH,NCH2CH,CH,0), 1.48-1.55
(m, 2 H, CH,CH2CH2NH), 1.55-1.61 (m, 8 H, CH,CH2CH;NC, CH2CH,CHoNCHRCH2CH20), 1.62-1.70 (m, 4 H,
CH2CH2CH3NC, CH,CHLCHRCHaNH), 1.74 (p, J=7.0Hz, 2H, CH.CHoNH), 1.80-1.89 [m, 4H,
CH2CH2N(CH2)sNH], 2.00 (p, J = 6.9 Hz, 2 H, CH2CH20), 2.22-2.42 (m, 4 H, CHaNCH2CHCH,0), 2.42-2.48
(m, 2 H, CHaCH,CH20), 2.57-2.66 [m, 2 H, CH2(CH3)aNH], 2.66-2.84 [m, 4 H, CH2N(CH2)sNH], 3.53-3.64
(m, 2 H, CH2NH), 3.73-3.84 (m, 4 H, CH2NC), 3.89 (s, 3 H, CH30), 4.11 (t, /= 6.7 Hz, 2 H, CH>0), 5.77 (s,
1H, NH), 6.84 (s, 1H, CHCOCH,), 6.98 (s, 1 H, CHCOCHs). ®*CNMR (126 MHz, CD,Cl,): &=23.82
[CH2CHaN(CH2)sNH], 24.94 (CH2CH2CHaNCH2CHLCH20), 25.17 (CH2CHaCH2NH), 25.57 (CH2CH2CHaNC),
26.41 (CH2CH2NCHCH2CH,0)*, 26.46 (CH2CH:NC)*, 27.05 (CH2CH:0), 28.02 [CH2(CH2)sNH], 29.19
(CH2CHaNH), 41.36 (CHoNH), 45.39 (CH,NC), 54.41 [CHaN(CHa)sNH], 55.00 (CH2NCH,CH,CH,0), 55.97
(CH2CH2CH20), 56.31 [CH2(CH2)sNH], 56.96 (CHs0)}, 67.57 (CH0), 102.41 (CHCOCHs), 103.30 (CCNH),
106.82 (CHCOCH,), 145.83 (COCH3), 149.62 (CCCNH), 154.35 (COCH>), 159.04 (CNCNH), 159.49 (CNH).
HRMS-El m/z [M]* calcd. for CaiHsoNgO2: 538.3995, found: 538.3989.

N'-Cyclohexyl-N?-{6-methoxy-7-[3-(piperidin-1-yl)propoxy]quinazolin-4-yl}-N*-methylethane-1,2-
diamine (2b): Rr = 0.38 [10% 3 M NHz (in MeOH) in CHCl]. IR (film): ¥ = 3020, 1641, 1215 cm™. *H NMR
(500 MHz, CD;Cl3): 8=1.03-1.16 (m, 1 H, CH2CHCH,CHN), 1.19-1.37 (m, 4 H, CH,CH,CHN}), 1.37-1.47
(m, 2 H, CH5CH2CH,NCH,CH,CH,0), 1.47-1.59 (m, 4 H, CH2CH2NCH,CH,CH;0), 1.59-1.66 (m, 1H,
CHCHACH2CHN), 1.77-1.87 (m, 4 H, CH2CH>CHN), 2.02 (p, J = 6.8 Hz, 2 H, CH2CH,0), 2.32 (s, 3 H, CHaN),
2.34-2.43 (m, 4 H, CH;NCH,CH,CH,0), 2.43-2.52 (m, 3 H, CH»CH,CH>0, CH,CHN), 2.68-2.88 (m, 2 H,
CH,CH2NH), 3.53-3.67 (m, 2 H, CH;NH), 3.94 (s, 3 H, CH:0), 4.16 (t, J =6.7 Hz, 2 H, CH;0), 6.50 (d,
1=13.6 Hz, 1 H, NH), 6.95 (s, 1 H, CHCOCH3), 7.14 (s, 1 H, CHCOCH,), 8.43 (s, 1 H, CHNCNH). *C NMR
(126 MHz, CDCl2): 5=24.97 (CH2CH,CH2NCH,CHLCH,0), 26.35 (CH2CH,CHN), 26.52
(CH2CH2NCH2CH2CH,0), 26.68 ( CHaCH,0), 27.02 (CH2CHaCHACHNY), 28,26 (CH2CHN), 37.08 (CHaN), 38.38
(CHaNH), 52.08 (CH2CH.NH), 55.03 (CHaNCH,CH,CH,0), 55.91 (CH.CH,CH.0), 56.39 (CH:0), 63.59
(CH2CHN), 67.87 (CH,0), 100.42 (CHCOCHs), 108.83 (CHCOCH,), 109.02 (14), 146.84 (15), 149.46 (12),
154.21 (11), 154.49 (CHNCNH), 158.65 (19). HRMS-ESI m/z [M+H]* calcd. for CasHa2NsO2: 456.3339,
found: 456.3334.

6-Methoxy-N-[3-(4-methylpiperazin-1-yl)butyl]-7-[3-(piperidin-1-yl)propoxy]quinazolin-4-amine
{2c): mp.: 85°C. Rr=0.22 [10% 3 M NHs {in MeOH) in CHCla]. IR (film): ¥ = 2100, 1622, 1504, 1338,
1217 cm®. *HNMR (500 MHz, CDyCly): 6=1.05 (d, /=6.6 Hz, 3H, CH:CH), 1.37-1.49 (m, 2H,
CH2CH2CHaNCH,CHACH,0), 1.51-1.61 (m, 4 H, CHaCHaNCH,CH2CH,0), 1.65-1.97 (m, 2 H, CHaCHoNH),
1.98-2.08 (m, 2 H, CH:CH,0), 2.26 (s, 3 H, CHzN), 2.28-2.62 (m, 12 H, CH2CH2NCH3 CHaNCH2CH2CH-0),
2.64-2.77 (m, 2 H, CH,CH,;NCH3), 2.78-2.96 (m, 1 H, CHCH3), 3.58-3.70 (m, 1 H, CH:NH), 3.72-3.85 (m,
1 H, CH3NH),3.97 (s, 3 H, CH30), 4.17 (t,J = 6.6 Hz, 2 H, CH;0), 6.71 (s, 1 H, NH), 7.05 (s, 1 H, CHCOCHs),
7.15 (s, 1 H, CHCOCH,), 8.43 (s, 1 H, CHNCNH). **C NMR (126 MHz, CD,Cla): = 13.74 (CHsCH), 24.92
(CH2CHaCH,NCH2CH,CH,0), 26.47 (CH2CHoNCH,CHACH,0), 26.98 (CH,CH40), 32.20 (CHLCHoNH), 40.71
(CH2NH), 46.07 (CH3N), 48.75 (CH2CH2NCH3), 55.01 (CH2NCH2CH2CH20), 55.93 (CH2NCH3, CH2CH2CH-0),
57.61 (CH30), 59.32 (CHCH3), 67.81 (CH,0), 102.33 (CHCOCH3), 108.99 (CHCOCH,), 109.06 (CCNH),
147.20 (CCCNH), 149.40 (COCH3), 154.51 (CHNCNH, COCH3), 158.94 (CNH). HRMS-ESI m/z [M+H]*
calcd. for C2sHaaNgO3: 471.3447, found: 471.3443.
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6-Methoxy-7-[3-(piperidin-1-yl)propoxy]-4-[4-(pyrrolidin-1-yl)piperidin-1-yl]Jquinazoline  (2d): IR
(film): ¥=2937, 1643, 1504, 1209cm™ *'H NMR (500 MHz, CD:Cls): 6=1.36-1.49 (m, 2H,
CH3CH2CH2NCH2CH2CH,0), 1.49-1.59 (m, 4 H, CH>CH>NCH,CH2CH-0}, 1.69-1.82 (m, 6 H, CH.CHN,
CH2CH,NCH), 1.98-2.10 (m, 4 H, CH2CHN, CH,CH,0), 2.28 (tt, /= 10.2, 4.0 Hz, 1 H, CHNCH,), 2.32-2.43
(m, 4 H, CH,NCH2CH,CH20), 2.46 (t, J = 7.1 Hz, 2 H, CH2CH2CH20), 2.51-2.64 (m, 4 H, CH;NCH), 3.04-
3.15(m, 2 H, CH3NC), 3.94 (s, 3 H, CH30), 4.04-4.14 (m, 2 H, CH:NC), 4.18 (t,/ =6.7 Hz, 2 H, CH,0), 7.11
(s, 1 H, CHCOCH3), 7.19 (s, 1 H, CHCOCH,), 8.55 (s, 1 H, CHNCN}. **C NMR (126 MHz, CD.Cl,): 5=23.74
(CH2CH2NCH), 24.96 (CH2CH2CH2NCH2CH2CH20), 26.52 (CH2CH2NCH2CH>CH,0), 26.98 (CH.CH-0), 32.07
(CH2CHN), 49.09 (CH2CH>CHN), 51.78 (CHoNCH), 55.03 (CH2NCH>CH>CH,0), 55.89 (CH2CH2CH.0), 56.31
(CH30), 62.21 (CHNCH3), 67.92 (CH,0), 103.89 (CHCOCHs), 108.49 (CHCOCH,), 111.84 (CCHCOCHa3),
149.03 (COCH3), 149.47 (CCCNCH2), 153.34 (CHNCN), 154.41 (COCH,), 164.49 (CNCH,). HRMS-ESI m/z
[M+H]* calcd. for CagHaoNsO2: 454.3182, found: 454.3177.

N-[1-(Azepan-1-yl)-2-methylpropan-2-yl]-6-methoxy-7-[3-(piperidin-1-yl)propoxy]quinazolin-4-
amine (2e): Hygroscopic. R¢=0.30 [5% 7 M NHz (in MeOH) in CH,Cl3]. IR (film): ¥=2926, 1643,
1498 cm®. *H NMR (500 MHz, CD,Cl3}: 3= 1.38-1.47 (m, 2 H, CH2CH,CH2NCH2CH,CH,0}, 1.52-1.62 (m,
10 H, CHsC, CH2CHzNCH2CH2CH:0), 1.62-1.78 (m, 8 H, CH2CH.CH2NCH.CNH), 2.03 (p, J=6.9 Hz, 2 H,
CH,CH50), 2.26-2.46 (m, 4 H, CH,NCH,CH,CH,0), 2.46-2.57 (m, 2 H, CHaCH2CH50), 2.75 (s, 2 H,
CH.CNH), 2.82-2.96 (m, 4 H, CH.NCH2CNH), 3.95 (s, 3 H, CHs0), 4.16 (t, J =6.6 Hz, 2 H, CH,0), 6.84 (s,
1H, NH), 6.93 (s, 1 H, CHCOCHs), 7.12 (s, 1 H, CHCOCH3), 8.40 (s, 1 H, CHNCNH). *C NMR (126 MHz,
CDzCl2): 3=24.91 (CH2CHZCH.NCHZCH2CH20), 25.77 (CHsC), 26.45 (CH2CH2NCH:CH.CH:0), 26.97
(CH2CH;0), 27.51 (CHaCH.CHANCH,CNH), 29.59 (CH,CH,NCH,CNH), 54.36 (CHsC), 55.00
(CH2NCH2CH2CH20), 55.91 (CH2CH.CH,0), 56.38 (CH30), 58.82 (CH.NCH>CNH), 67.81 (CH,0), 69.97
(CH2CNH), 100.45 (CHCOCH3), 109.02 (CHCOCH,), 109.86 (CCNH), 146.93 (CCCNH), 149.32 (COCHa),
153.88 (COCH,), 154.04 (CHNCNH), 158.64 (NCNH). HRMS-ESI m/z [M+H]* calcd. for C7HaaNsO:
470.3495, found: 470.3492.

N-(1-Propan-2-ylpiperidin-4-yl)-6-methoxy-7-[3-(piperidin-1-yl)propoxy]quinazolin-4-amine  (2f):
mp.: 166 °C. Ri = 0.18 [10% 4 M NHs (in MeOH) in CHCl,). IR (film): ¥ = 2933, 1593, 1506, 1254 cm™. 'H
NMR (500 MHz, CDsOD): &=1.14 (d, J=6.6Hz, 6H, CHsCH), 145156 (m, 2H,
CH,CH,CHoNCH,CHLCH,0), 1.57-1.69 (m, 4 H, CH,CH,NCH,CH,CH,0), 1.69-1.81 (m, 2 H, CH,CHNH),
2.04-2.18 (m, 4H, CH,CH;O, CH.CHNH), 2.38-2.48 (m, 2H, CH,NCH), 2.48-2.60 (m, 4H,
CHaNCH,CH,CH,0), 2.60-2.69 (m, 2 H, CH3CH2CH-0), 2.82 (hept, J = 6.5 Hz, 1 H, CH3CH), 2.98-3.09 (m,
2 H, CHaNCH), 3.97 (s, 3 H, CH30), 4.09-4.30 (m, 3 H, CH,0, CHNH), 7.07 (s, 1 H, CHCN), 7.60 (s, 1 H,
CHCCN), 830 (s, 1H, CHNCNH). C NMR (126 MHz, CDs:OD): 5=18.47 (CHsCH), 25.04
{CH,CH,CH,NCH,CHLCH,0), 26.38 (CH,CHLNCHLCHLCHL0), 27.00 (CHLCHA0), 32.37 (CH,CHNHY), 48.83
{CH3NCH), 49.84 (CHNH), 55.46 (CH3NCH,CH,CH0), 56.06 (CHsCH), 56.82 (CH30), 57.00 (CH2CH,CH,0),
68.32 (CH.0), 102.94 (CHCCN), 107.81 (CHCN), 110.17 (CCNH), 146.65 (CCCNH), 150.87 (CH30C),
154.28 (CHNCNH), 155.48 (CH,OC), 159.65 (CNH). HRMS-ESI m/z [M+H]* calcd. for CasHaoNsOa:
442.3182, found: 442.3175.

N-(1-Propan-2-ylpiperidin-4-yl)-6-methoxy-7-[3-(piperidin-1-ylmethyl)pyrrolidin-1-yl]quinazolin-4-

amine (2g): mp.: 244 °C. Ry=0.35 [10% 3 M NH3 (in MeOH) in CH4Cl5]. IR (film): ¥ = 2935, 1612, 1504,
1363 cm™. *H NMR (500 MHz, CD,Cl): 8=1.04 (d, /=6.6Hz, 6 H, CHsCH), 1.33-1.47 (m, 2H,
CH2CH5CHN), 1.47-1.60 (m, 6 H, CH2CH2CH3N, CH,CHNH), 1.60-1.78 (m, 1H, CH,CHCHCH,N),
2.02-2.09 (m, 1 H, CH,CH,CHCH,NY), 2.09-2.17 (m, 2 H, CH,CHNH}), 2.19-2.44 (m, 8 H, CHaNCH,CHCH:N,
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CH,CH.CHNH), 2.49 (hept, J = 7.0 Hz, 1 H, CHCH:N), 2.76 (hept, J = 6.4 Hz, 1 H, CHsCH), 2.83-2.93 (m,
2 H, CH-CH,CHNH), 3.26 (dd, J = 10.2, 7.2 Hz, 1 H, CHCH,NC), 3.51-3.62 (m, 3 H, CH5NC), 3.90 (s, 3 H,
CH30),4.10-4.26 {m, 1 H, CHNH}), 5.01-5.18 (m, 1 H, NH), 6.76 (s, 1 H, CHCOCHs), 6.79 (s, 1 H, CHCNCH2),
8.34 (s, 1H, CHNC). C NMR (126 MHz, CDyCl;): §=18.46 (CHsCH), 24.97 (CH2CH:CH.N), 26.55
(CH2CH,CH2N), 30.45 (CH,CHCH,NY), 33.37 (CH,CHNH), 36.58 (CHCH:N), 48.05 (CH,CH,CHNH), 48.85
(CHNH), 50.56 (CH2CH,CHCH,N), 54.85 (CHaCH), 55.41 (CH2CH>CHoN), 55.84 (CNCHACH), 56.33 (CH:0),
63.20 (CH:CHCHANC), 100.12 (CHCOCHs), 106.53 (CCNH), 109.46 (CHCNCH,), 145.49 (CNCH5), 147.48
(CCCNH), 150.16 (COCH3), 154.18 (CHNCNH), 157.71 (CNH). HRMS-ESI m/z [M+H]* calcd. for C27HisNgO:
467.3498; found: 467.3489.

4-Chloro-6-methoxy-2-(piperidin-1-yl)-7-[3-(piperidin-1-yl)propoxylquinazoline (8): mp.: 138°C.
Re=0.35(15% MeOH in CH,Cl; IR (film): ¥ = 2931, 1626, 1585, 1495, 1238, 754 cm™. *H NMR (500 MHz,
CDs0D}): 8= 1.59-1.70 (m, 6 H, CH2CH2CH2NCH2CH:CH-0, CH>CH:NC}, 1.70-1.77 (m, 2 H, CH2CH,CH:NC),
1.77-1.89 (m, 4H, CH>CH>NCH,CH,CH,O), 2.15-2.37 (m, 2H, CH,CH;0), 2.87-3.17 (m, 6H,
CH2NCH,CH,CH,0}, 3.81-3.88 (m, 4 H, CH2NC}), 3.95 (s, 3 H, CH30), 4.25 (t, J =5.8 Hz, 2 H, CH20), 7.00
(s, 1H, CHCOCHz, 7.26 (s, 1H, CHCOCHs). ™“CNMR (126 MHz, CD;OD): &=23.72
(CH2CH2CHaNCH2CH,CHA0), 25.29 (CH2CH2NCHZCH2CH20), 25.74 (CH2CH20)*, 25.92 (CH2CH2CHLNC)¥,
26.88 (CH,CH,NC), 46.31 (CH2NC), 55.01 (CH2NCH,CH2CH,0), 56.54 (CH30), 56.73 (CH,CH,CH,0), 68.09
(CH20), 104.82 (CHCOCH3), 106.56 (CHCOCHo), 113.18 (CCCl), 148.82 (COCH3), 152.67 (CCCCl), 157.42
(COCH,), 158.93 (CNCH>), 160.90 (CCl). HRMS-ESI m/z [M+H]* calcd. for C22H32CINgOa: 419.224, found:
419.2206.

4-Chloro-6-methoxy-7-[3-(piperidin-1-yl)propoxy]quinazoline (9) [7, 8]: mp.: 106 °C. R¢=0.21 [5%
4 M NHs (in MeOH} in CH2Clo). IR (film): ¥ = 2933, 2358, 1500, 1232, 1020 cm™. *H NMR (500 MHz,
DMSO-dg) 8 = 1.31-1.43 (m, 2 H, CH2CH,CH>NCH2CH,CH20), 1.45-1.54 (m, 4 H, CH>CH,NCH>CH2CH,0),
1.95 (p, J=6.7Hz, 2H, CH,CH.0), 2.26-2.38 (m, 4H, CH.NCH2CH.CH-0), 2.38-2.43 (m, 2H,
CHLCH,CH20), 4.00 (s, 3H, CH30), 4.25 (t, J=6.4 Hz, 2H, CH:0), 7.38 (s, 1 H, CHCN), 7.44 (s, 1H,
CHCCN), 8.86 (s, 1 H, CHN). *C NMR (126 MHz, DMSO-ds) & = 24.13 (CH,CH2CH>NCH,CH2CH,0}, 25.60
(CH2CH2NCH2CH2CH20), 25.92 (CH2CH20), 54.11 (CH>NCH>CH,CH,0), 54.93 (CH.CH,CH,0), 56.21
(CH30), 67.65 (CH,0), 102.30 (CHCCN), 107.32 (CHCN), 118.48 (CCCl), 148.60 (CCCCI), 151.49 (CH50C),
152.19 (CHN), 156.11 (CH>0C), 157.84 (CCl). HRMS-ESI m/z [M+H]* calcd. for C17H23CIN3O2: 336.1479,
found: 336.1476. The analytical data agree with those previously reported in the literature [7, 8].

7-Fluoro-N-(1-propan-2-ylpiperidin-4-yl)-6-methoxyquinazolin-4-amine (10): mp.: 233°C
(decomposition). R¢=0.48 [10% 3 M NHz (in MeOH) in CHxCl). IR (film): ¥ =2968, 1593, 1537,
1045 em*. 'H NMR (500 MHz, CD,Cl5): 5= 1.04 (d, J = 6.6 Hz, 6 H, CHsCH), 1.52-1.64 (m, 2 H, CH,CHNH),
2.11-2.20 {m, 2 H, CH2CHNH), 2.31-2.42 (m, 2 H, CH,CH.CHNH}), 2.71-2.84 (m, 1 H, CHsCH), 2.83-2.96
{m, 2 H, CH2CH,CHNH), 4.00 (s, 3 H, CH:0), 4.15-4.31 (m, 1 H, CHNH)}, 5.43 (d, / = 7.6 Hz, 1 H, NH), 7.02
(d,J = 8.6 Hz, 1 H, CHCOCH3), 7.44 (d, J = 12.0 Hz, 1 H, CHCF), 8.48 (s, 1 H, CHNCNH). ®C NMR (126 MHz,
CDyCla): §=18.43 (CH3CH), 33.01 (CH:CHNH), 48.00 (CH2CH.CHNH), 49.23 (CHNH), 54.86 (CHaCH),
56.96 (CH30), 102.29 (d, J = 3.5 Hz, CHCOCH3), 111.90 (CCNH), 114.04 (d, J = 17.6 Hz, CHCF), 146.26 (d,
J=12.0 Hz, CCHCF), 147.82 (d, J = 13.0 Hz, COCH3), 154.79 (CHNCNH), 156.64 (d, J = 255.1 Hz, CF),
158.12 (CNH). HRMS-ESI m/z [M+H]* calcd. for C37H2FN,0: 319.1934, found: 319.1929.

* Due to signal overlap in 2D-NMR, signals could not be unambiguously assigned.
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3.4 Manuskript zur vierten Publikation: Structure-Affinity Relationship of
Quinazoline Derivatives as Potential Resensitizers for Desensitized nAChRs

After Nerve Agent Intoxication
3.41 Zusammenfassung der Ergebnisse

Allosterischer Modulatoren, die desensitisierte nikotinische Acetylcholinrezeptoren bei einer
Uberstimulation mit Acetylcholin wieder in einen funktionalen Zustand tberfiihren kénnen (sog.
Resensitizer), gelten als vielversprechende Behandlungsoptionen bei Vergiftungen mit
phosphororganischen Verbindungen. Chinazoline, wie das vor kurzem bei einem Library-
Screening als Hit identifizierte UNC0646 erscheinen hierflir aufgrund ihrer hohen Affinitat fur
die MB327-PAM-1-Bindungstasche als erfolgversprechende Ausgangspunkte. Um die fir die
hohe Affinitat verantwortlichen pharmakophoren Gruppen zu identifizieren, wurde die Struktur
von UNCG646 hinsichtlich der in den Positionen 2, 4 und 7 des Chinazolin-Grundkoérpers
vorhanden, basische Gruppen enthaltender Substituenten, die gemeinhin starke Interaktionen
mit der Bindungstasche erwarten lassen, systematisch variiert. In einer ersten Gruppe von
Verbindungen wurde das Substitutionsmuster von UNC0646 in den Positionen 6 und 7
unverandert beibehalten und die Substituenten in 2- und 4-Position breit variiert. Die
strukturellen Abwandlungen umfassten dabei den Austausch der Reste durch struktur-
verwandte Substituenten, aber auch durch solche mit deutlich reduziertem sterischen
Anspruch bis hin zu einem Wasserstoffatom. Bei einer zweiten Gruppe von Verbindungen
wurden die Strukturen weiter vereinfacht, indem die basische Seitenkette in 7-Position durch
einen Methoxysubstituenten ersetzt wurde, wahrend die Substituenten in der 2- und 4-Postion
ahnlich wie in der ersten Gruppe abgewandelt wurden. Bei der dritten Gruppe von
Verbindungen wurde schliellich die Aminofunktion in der 2-Position durch ein
Wasserstoffatom ersetzt, und der so vereinfachte Grundkérper einmal hinsichtlich der

4-Position oder der 7-Position strukturell abgewandelt.

Fir die Synthesen der Zielverbindungen wurden sehr effiziente und leistungsfahige Verfahren
entwickelt, die eine breite Auswahl an einzufiihrenden Substituenten zulassen und hinsichtlich

der Reihenfolge der Einflhrung der Substituenten eine hohe Flexibilitat erlauben.

In den meisten Fallen kamen 2,4-Dichlorchinazolinbausteine zum Einsatz, bei denen ggf. im
ersten Schritt noch eine basische Seitenkette an die phenolische Hydroxylgruppe in der
7-Position angeknupft wurde. Dies erfolgte sehr effizient Uber Mitsunobu-Reaktionen mit
entsprechenden, zumeist kommerziell verfligbaren Aminoalkoholen. Bei anschlieRenden
Umsetzungen mit primaren oder sekundaren Aminen erfolgte dann erst eine nukleophile
Substitution in der 4-Position des Ringsystems und bei neuerlicher Reaktion mit einem Amin-

derivat unter etwas starker forcierenden Reaktionsbedingungen in der 2-Position. So liefien
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sich insbesondere Untergruppen von Substanzen mit einem definierten Rest in 4- und
unterschiedlichen Substituenten in der 2-Position der Chinazolinbausteine leicht herstellen.
Das Verfahren konnte aber auch so abgewandelt werden, dass Untergruppen von Substanzen
mit einem vorgegebenen Rest in 2-Position und variierenden Substituenten in 4-Position
entstehen. Hierzu musste im ersten Substitutionsschritt lediglich ein tertidres Amin, das tber
einen N-Methylsubstituenten verflgt, eingesetzt werden. Dies fiihrte zu einer selektiven

Substitution in 2-Position, woraufhin eine Zweitsubstitution in 4-Position erfolgen konnte.

Die zahlreichen so gewonnenen UNCO0646-Analoga wurden hinsichtlich ihrer Affinitat zur
MB327-PAM-1-Bindungsstelle mit Hilfe des neu entwickelten UNC0642-MS-Bindungsassay
untersucht. In die Untersuchungen wurden zudem auch einige zu UNC0646 strukturverwandte
kommerziell erhaltliche Chinazoline miteinbezogen. Unter den Uber 50 getesteten
Verbindungen war mit UNC0631, das sich von UNC0646 nur durch eine zusatzliche Methylen-
gruppe unterscheidet, nur eine, die UNCO0646 in ihrer Affinitat zur MB327-PAM-1-Bindungs-
stelle etwas Ubertraf (pKi=6.04 £0.04 vs. pKi=5.83 £ 0.05). Eine weitere Verbindung,
PTMDO01-0049, die im Unterschied zu UNCO0646 in der 2-Position anstelle eines N-Isopropyl-
substituierten 1,4-Diazepanrestes einen Piperidinrest aufweist, zeigte eine mit UNC0646
vergleichbare Affinitat (pKi = 5.83 £ 0.02). Unabhangig davon wurden mit der Untersuchung
der zahlreichen in 2-, 4- und 7-Position modifizierten UNC0646-Analoga wertvolle Einblicke in
die Struktur-Affinitats-Beziehungen dieser Substanzklasse gewonnen, die als Ausgangspunkt

fur weitere Strukturoptimierungen dienen kdnnen.

3.4.2 Darstellung des Eigenanteils

Die Erstellung des Manuskripts erfolgte zu gleichen Teilen durch Valentin Nitsche und mich.
Alle Synthesen sowie die analytische Charakterisierung der Verbindungen, deren NMR- und
MS-Spektren von der Analytikabteilung des Departments fur Pharmazie gemessen wurden,
wurden eigenstandig von mir durchgefihrt. Die technische Durchfihrung der MS- und
NMR-Messungen wurde von der Analytikabteilung des Departments fur Pharmazie
ubernommen. Valentin Nitsche fuhrte die UNC0642-MS-Bindungsassays durch. Die Korrektur
des Manuskripts Ubernahmen Klaus T. Wanner und Franz F. Paintner. Weitere Korrektur-
beitrdge erfolgten durch Georg Hofner. Das Manuskript soll zuséatzlich um einen Beitrag zu
in silico-Studien von Jesko Kaiser, Christoph G. W. Gertzen und Holger Gohlke erweitert
werden. AnschlieBend sollen Korrekturbeitrdge von Thomas Seeger, Karin V. Niessen,
Dirk Steinritz und Franz Worek einflieRen. Schliel3lich ist geplant, das Manuskript bei

Toxicology Letters einzureichen.
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Abstract

In order to improve the therapy in case of organophosphorus compound poisoning, which
eventually leads to death if not treated properly, one promising approach seems to be the
development of allosteric modulators of the nicotinic acetylcholine receptor (hnAChR), so called
resensitizers. Recently, it was found that quinazoline-based compounds may propose very
promising candidates for this purpose, as several of them, for example UNC0646, display the
highest yet known affinities for the corresponding binding site of the nAChR. With the intention
to gain a better understanding regarding structure-affinity relationships within this class of
compounds, we present the syntheses and the evaluation (via MS binding experiments) of a
remarkable number of UNCO0646 analogs in this study. On the one hand, our results show,
how to easily access a variety of UNC0646 analogs with different substituents in positions 2,
4 and 7 of the quinazoline. Furthermore, the results of MS Binding Assays for this plethora of
compounds are of great value regarding the specific design of novel, ideally more affine (and
therefore hopefully more potent) quinazoline-based compounds in the future.
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1 Introduction

Organophosphorus compounds (OPCs), commonly used as pesticides (Freire and Koifiman,
2013) but also as chemical weapons, e.g. in the brutal civil war in Syria (Dolgin, 2013; OPCW,
2017; Pita and Domingo, 2014), can cause severe health damage upon exposure. They
interfere with the cholinergic system, where the formed OPC-acetyicholinesterase (AChE)
complexes prevent the necessary cleavage of the neurctransmitter acetylcholine (ACh) in the
synaptic cleft of cholinergic neurons, so that the accumulated ACh triggers overstimulation of
the associated muscarinic (mMAChRs) and nicotinic acetylcholine receptors (nAChRs) (Brown
and Brix, 1998; Maselli and Leung, 1993; Massoulié et al., 1993; Thiermann et al., 2010). The
resulting so-called "cholinergic crisis" manifests itself in mild poisoning, €.g. by abdominal
cramping and vomiting; severe poisoning is life-threatening if medical treatment is inadequate
because of the onset of respiratory arrest (Newmark, 2007). The most common approach to
counteract overstimulation of the affected receptors involves, on the one hand, the degradation
of ACh catalyzed by AChE reactivated by oxime drugs and, on the other hand, the
antagonization of ACh at the mAChR by administration of atropine to reduce neuronal signal
transduction (Shih et al., 2007; Thiermann and Worek, 2022; Worek et al., 2005). However,
the current treatment approach has major gaps, as present oxime drugs show only limited
efficacy on specific OPC-AChE complexes, and despite extensive research in this field, no
universal oxime therapy has yet been presented (Worek et al., 2020). At the same time, there
are no competitive NAChR antagonists that act directly on the corresponding receptors, which
is why the receptors rapidly enter a desensitized state with interrupted cholinergic signal
transduction (Papke, 2014). Therefore, an important approach to improve OPC treatment is to
directly address the NAChR with allosteric ligands, so-called resensitizers, in order to reactivate
the inactive nAChRSs (Sheridan et al., 2005; Turner et al., 2011).

Initially, bispyridinium compounds such as MB327 were investigated for this purpose, whereby
beneficial pharmacological aspects could be detected in various in vitro, ex vivo as well as in
vivo experiments (Niessen et al., 2016; Niessen et al., 2018; Seeger et al., 2012; Timperley &t
al., 2012; Turner et al., 2011). Nevertheless, both the affinity to the nAChR and the potency of
MB327, were insufficient to be applicable as a therapeutic agent (Kassa et al., 2022; Price et
al., 2016). Detailed in silico studies of the binding mode led to the identification of an allosteric
binding pocket (MB327-PAM-1) (Kaiser et al., 2023). And even while our recently synthesized
MB327 analogs have shown that the development of more potent bispyridinium compounds
with higher binding affinity to the nAChR and higher muscle reactivation ability is possible
(Bernauer et al., 2024; Kaiser et al., 2023; Rappengluck et al., 2018a, b), it again became clear
that the potency of the compounds is far from meeting the requirements for a drug candidate.

Moving away from the syntheses of compounds based on MB327, we have therefore dedicated
ourselves to the search for a new compound class with higher affinity towards the MB327-
PAM-1 binding site, which would benefit their use as therapeutic agents. To this purpose, we
recently screened two compound libraries with our [?Hs]MB327 MS Binding Assay, identifying
a series of quinazoline derivatives, specifically UNC0646 (1), UNC0642 (2), and UNC0638 (3),
which have a distinctly higher affinity towards the MB327-PAM-1 binding site than the so far
investigated bispyridinium compounds, showing K values around low micromolar
concentrations (Figure 1) (Sichler et al, 2024). Based on these new quinazoline-based
ligands, with the highest yet known affinities towards the binding site of interest, we developed
an alternative MS Binding Assay with UNC0642 (2) as the reporter ligand and UNCO0638 (3)
as the internal standard, which provides a valuable alternative for characterizing binding

3
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affinities of ligands towards the MB327-PAM-1 binding site of Torpedo-nAChR (Nitsche et al.,
2024). Applying this assay, it was proven, that UNC0646 (1) is the allosteric ligand with the
highest yet known binding affinity of pK; = 5.83 + 0.05 making this compound an indispensable
candidate as a new scaffold structure for the development of new derivatives.

Initial in silico studies involving flexible docking studies and MD simulations to analyze the
binding behavior of UNCO0646 (1) to the receptor identified strong binding interactions (in the
form of salt bridge binding) of the substituent in the 4-position with glutamate residues in the
binding pocket. Further, but probably weaker interactions between the ligand and the
glutamate residues are conceivable, whereby the diazepane in the 2-position appears to be
the less important (Nitsche et al., 2024). Broadening the spectrum of consideration by
synthesizing and characterizing structurally different UNC0646 analogs in our MS Binding
Assay showed that some increased flexibility of the substituents in the 4-position was beneficial
in terms of binding, and thus even replacing the basic side chain in the 7-position with a
methoxy residue was tolerated in this case (Kaiser et al., 2024). These initial indications of the
binding behavior of UNC0646 (1) are helpful, but for further development of more
comprehensive structure-affinity relationships the characterization of a large group of analogs
with systematic structural variations is essential so that new potential allosteric nAChR
modulators can be designed rationally. Especially considering that UNC0646 (1) does not meet
the standard criteria for a drug candidate in terms of molecular weight, it is of great importance
to find out, which components of the molecule are particularly important for its affinity, in order
to reduce its size and ideally further enhance its affinity.

In this work, we synthesized a variety of UNC0646 analogs with quinazoline scaffold and
varying substituents in the 2-, 4-, and 7-position. These compounds, along with commercially
acquired ones, were then investigated using the newly developed UNC0642 MS Binding
Assay, evaluating their binding affinities towards the TorpedonAChR. First, by systematic
structural simplification of the individual substituents starting from UNCO0646 (1), their
relevance conceming binding affinity was investigated. In addition, we generated simplified,
rapidly synthesizable quinazoline compounds in which either the 2-position was unsubstituted,
or the basic side chain in the 7-position was reduced in size in order to improve the efficiency
of the investigation of the binding behavior of UNC0646 analogs.



3 Verdéffentlichungen / Vierte Publikation (Manuskript)

161

0

N PN
HN/Q HN/Q

ch’o | =N H30’0 | =N
N/\/\O N/)\N/\ C]N/\/\O N/)\N
K_JN{ F
F
UNCO0646 (1) UNCO0642 (2)

ea
HN
Hac’o | =N
CJN/\/\O N/)\O

UNCO0638 (3)

Figure 1. Quinazoline-based ligands towards MB327-PAM-1: UNCO0646 (1), UNC0642 (2) and
UNCO0638 (3).
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2 Material and Methods

All target compounds synthesized in the context of this study were cataloged with a certain
PTMD number (Pharmacy and Toxicology Munich and Diisseldorf).

21 Chemistry

All chemicals were used as purchased from commercial sources. Solvents used for purification
were distilled before use. Amines, which could only be purchased as the respective
hydrochloride salts (1-cyclohexylpiperidin-4-amine dihydrochloride, 1-(cyclohexylmethyl)-
piperidin-4-amine dihydrochloride and 5-pyrrolidin-1-ylpentan-1-amine dihydrochloride) were
converted into the free bases before use (Mellstedt et al., 2020). Anhydrous reactions were
carried out under argon atmosphere in vacuum-dried glassware. For Microwave reactions, a
Discover SP microwave system by CEM GmbH was used. TLC-Analysis was performed on
plates purchased from Merck (silica gel 60F2s4 on aluminum sheet). Flash chromatography
was carried out using Merck silica gel 60 (40-63 mm mesh size) as stationary phase. Melting
points were determined with a Buchi 510 melting point instrument and are uncorrected. IR
spectra were recorded on a PerkinElmer FT-IR Spectrometer 1600 as films. 'H and '*C NMR
spectra were recorded with a Bruker BioSpin Avance Il HD 400 and 500 MHz at 25 °C. For
data processing, MestReNova (Version 14.1.0) from Mestrelab Research S.L. 2019, and for
calibration, the solvent signal (CD.Cl., CD;OD or CDCI;s) was used. Due to signal overlap in
2D-NMR, signals that could not be unambiguously assigned were marked with *. The purity of
all test compounds was = 95% as determined using quantitative NMR using TraceCERT®
ethyl 4-(dimethylamino)benzoate from Merck as intemal calibrant (Cushman et al., 2014; Pauli
et al., 2014). High+resolution MS spectra were recorded with a Finnigan MAT 95 (El) or a
Finnigan LTQ FT (ESI). The analytical data of the synthesized compounds described below,
obtained using the described methods, can be found in the Supporting Information.

The following compounds were prepared according to literature:

4-Chloro-6-methoxy-2-(piperidin-1-yl)-7-[3-(piperidin-1-yl)propoxy]quinazoline (8) (Kaiser et
al., 2024), 4-chloro-6-methoxy-7-[3-(piperidin-1-yl)propoxy]quinazoline (15) (Kaiser et al.,
2024), 7-fluoro-N-(1-isopropylpiperidin-4-yl)-6-methoxyquinazolin-4-amine (22) (Kaiser et al.,
2024), 4«(tert-butyl}-1-(3-iodopropyl)pyridin-1-ium iodide (Rappenglick et al., 2018a).

General procedures

Synthesis of 4-amino-substituted 2-chloroquinazolines (GP1): A solution of the respective
2,4-dichloroquinazoline 6 or 24 (1.0 equiv), the comresponding amine (1.1 equiv) and
N, N-diisopropylethylamine (DIEA) (3.0 equiv) in dry THF (4 mL/mmol) was stirred at rt for 48 h.
The reaction mixture was concentrated in vacuo and the crude product was purified by flash
chromatography [5% to 15% 3 M NHs (in MeOH) in CH-Cl:]. Synthesized compounds: 7
(yellow solid, 64% yield, 96% purity), 10a (yellow solid, 86% yield, 99% purity), 10b (yellow
solid, 48% vyield, 97% purity), 10c (colorless solid, 86% yield, 96% purity), 25 (colorless solid,
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81% vyield, 95% purity), 26 (colorless solid, 65% yield, 99% purity), 27 (pale yellow solid, 98%
yield, 98% purity).

Synthesis of 2,4-diamino-substituted quinazolines (GP2): A mixture of the respective
4-amino-substituted 2-chloroquinazoline 7, 10, 12, 25, 26 or 27 (1.0 equiv) and the
corresponding amine (5.0 equiv) in toluene (2-5 mL/mmol) was stired at 130 °C under
microwave irradiation (300 W) for 50 min. The reaction mixture was concentrated in vacuo and
the crude product was purified by flash chromatography [5% to 20% 3 M NH; (in MeCH) in
CH:Cl;]. Synthesized compounds: 9a (colorless solid, 89% yield, 97% purity), 9b (colorless
solid, 89% yield, 99% purity), 11a (pale yellow solid, 89% yield, 95% purity), 11b (colorless
solid, 62% vield, 98% purity), 11c (red solid, 91% vield, 98% purity), 14 (yellow oil, 99% yield,
97% purity), 28a (yellow, hygroscopic solid, 90% yield, 97% purity), 28b (yellow solid, 94%
yield, 97% purity), 28c (yellow solid, 97% vield, 97% purity), 31 (red solid, > 99% vyield, 95%
purity), 32a (pale yellow solid, 91% vield, 95% purity), 32b (pale yellow solid, 67% vyield, 98%
purity), 32c (pale yellow solid, 84% yield, 98% purity), 32d (colorless solid, 97% vyield, 98%
purity).

Synthesis of 4-amino-substituted quinazolin-2-amines (GP3): A solution of the respective
4-amino-substituted 2-chloroquinazoline 7 or 27 (1.0 equiv) and NaNs (1.1 equiv) in
EtOH/ACOH (4:1) (6.7 mL/mmol) was stirred at 90 °C for 2 h. After cooling down, 10% Pd/C
(0.10 equiv) and hydrazine hydrate (1.5 equiv) were gradually added and the mixture was
again stirred at 90 °C for 2 h. The cold reaction mixture was filtered over a pad of celite, washed
with EtOH and the solvent was removed in vacuo. The crude product was purified by flash
chromatography [10% 3 M NH; (in MeOH) in CH,Cl. or 5% to 10% 7 M NHs (in MeOH) in
CH.Cl;]. Synthesized compounds: 9e (colorless solid, 49% vyield, 99% purity) and 16b
(colorless solid, 16% yield, 97% purity) as a side-product, 32e (colorless solid, 78% Yyield, 96%
purity) and 32f (colorless solid, 5% yield, 95% purity) as a sideproduct.

Synthesis of 4-amino-substituted quinazolines (GP4): A solution of the respective
4-chloroquinazoline 8, 15, 17, 29 or 33 (1.0 equiv), the corresponding amine (2.0 equiv) and
N, N-diisopropylethylamine (DIEA) (3.0 equiv) in i-PrOH (5 mL/mmol) was stirred at 160 °C
under microwave irradiation (200 W) for 15 min to 1 h. The reaction mixture was concentrated
in vacuo and the crude product was purified by flash chromatography [5% to 15% 3 M NHs (in
MeCH) in CH.Cl;]. Synthesized compounds: 9¢ (coloress solid, 70% yield, 98% purity), Sf
(colorless solid, 58% vyield, 99% purity), 16a (colorless solid, 62% vyield, 98% purity), 16b
(yellow solid, 94% vyield, 95% purity), 16¢c (colorless solid, 69% vyield, 97% purity), 16d
(colorless solid, 82% yield, 100% purity), 16e (colorless solid, 85% yield, 99% purity), 16f (pale
yellow solid, 83% yield, 98% purity), 18 (colorless solid, > 99% vyield, 96% purity), 30a (pale
yellow, hygroscopic solid, 84% vield, 95% purity), 30b (colorless solid, 64% yield, 97% purity),
34a (pale yellow, hygroscopic solid, 86% vield, 99% purity), 34b (colorless solid, 68% vyield,
99% purity), 34c (colorless solid, 73% yield, 97% purity).

Mitsunobu-reaction on quinazolin-7-ol 19 (GP5): To a slurry of quinazolin-7-ol 19
(1.0 equiv), the corresponding alcohol (3.5-4.0 equiv) and PPhs (5.5 equiv) in dry THF
(14.5 mL/mmol) at 0 °C diisopropyl azodicarboxylate (DIAD; 5.0 equiv) was added in portions.
The resulting solution was stirred at rt for 20 h. The reaction mixture was concentrated in vacuo
and the crude product was purified by flash chromatography [20% MeOH in CH.Cl, or 10%
3 M NHs (in MeOH) in CH:Cl:]. Synthesized compounds: 20a (colorless solid, 63% vyield, 99%
purity), 20c (colorless solid, 79% vyield, 99% purity), 20d (colorless solid, 69% vyield, 98%
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purity), 20e (colorless solid, 59% vyield, 97% purity), 20f (colorless solid, 46% vyield, 100%
purity), 20g (colorless solid, 58% vyield, 95% purity), 20h (colorless solid, 78% vyield, 96%
purity), 21 (colorless solid, 92% yield, 99% purity).

Synthesis of 7-amino-substituted quinazolines (GP6): A mixture of 7-fluoroquinazolin-4-
amine 22 (1.0 equiv), the corresponding amine (5.0 equiv) and K-CQOs (1.1 equiv) in N-methyl-
2-pyrrolidone (NMP) (1.3 mL/mmol) was stirred at 135 °C for 20 h. The reaction mixture was
concentrated in vacuo and the crude product was purified by flash chromatography [5% to 20%
3 or 7 M NHs (in MeOH) in CH.Cl.]. Synthesized compounds: 23a (pale yellow solid, 78% yield,
95% purity), 23b (pale yellow solid, 84% vyield, 97% purity), 23c (colorless solid, 24% yield,
98% purity).

Synthesis of 4-chlor-2-(piperidin-1-yl)quinazolines (GPT7): A solution of the respective
2 4-dichloroquinazoline 4 or 24 (1.0equiv) and 1-methylpiperidine (1.2-2.0 equiv) in
1,4-dioxane (2.5 mL/mmol) was stirred at 150 °C under microwave irradiation (300 W) for 1 h.
The reaction mixture was concentrated in vacuo and the crude product was purified by flash
chromatography (CH.Cl;). Synthesized compounds: 33 (yellow solid, 132mg, 86% vield,
100% purity) and 29 (yellow solid, 81% yield, 95% purity).

2,4-Dichloro-6-methoxyquinazolin-7-ol (5) (Doig et al., 2014): A mixture of 4 (3.35¢g,
10.0 mmol, 1.0 equiv) and 5% Pd on alumina (1.70 g, 0.800 mmol, 0.08 equiv) in THF
(130 mL) was stirred under H. atmosphere (1 bar) on ice for 6 h. The mixture was filtered and
concentrated in vacuo to give 5 without further purification as a pale yellow solid (2.48 g, > 99%
yield, 95% purity).

2,4-Dichloro-6-methoxy-7-[3-(piperidin-1-yl)propoxy]quinazoline (6) (Vital et al., 2023):
To a slurry of 5 (245mg, 1.00 mmol, 1.0 equiv), PPhs (344 mg, 1.30 mmol, 1.3 equiv),
3-piperidin-1-ylpropan-1-ol (200 pL, 188 mg, 1.25 mmol, 1.25 equiv) and dry THF (2.0 mL)
was added di-tert-butyl azodicarboxylate (DBAD) (305 mg, 1.30 mmol, 1.3 equiv) in portions
at 0 °C. The resulting solution was stired overmnight at rt and concentrated under reduced
pressure. Purification by flash chromatography (10% MeOH in CH.Cl,) afforded 6 as a red
solid (301 mg, 81% yield, 97% purity).

N*-(1-Cyclohexylpiperidin-4-y[)-6-methoxy -N?, N>-dim ethy |-7-[3-(piperidin-1-y)propoxy]-
quinazoline-2,4-diamine (9d): A mixture of 7 (98.1 mg, 0.190 mmol, 1.0 equiv) solved in
dimethylamine (2 M in THF) (0.95 uL, 1.90 mmol, 10 equiv) was heated for 48 h at 100 °C in
a pressure vessel. The mixture was cooled down and concentrated in vacuo. 9d was purified
with flash chromatography [7% 3 M NH; (in MeOH) in CH:Cl;] and obtained as a red solid
(84.8 mg, 85% yield, 96% purity).

2-Chloro-6-methoxy-7-{3-(piperidin-1-yl)propoxy]quinazoline (12) and 6-methoxy-7-[3-
(piperidin-1-yl)propoxy]quinazoline (13): A mixture of 6 (370 mg, 1.00 mmol, 1.0 equiv),
10% Pd/C (23.7 mg, 20.0 umol, 0.02 equiv) and NEts (209 pL, 152 mg, 1.50 mmol, 1.5 equiv)
in EtOAc (2.0 mL) was stirred under H, atmosphere at rt for 4 h. The mixture was filtered and
concentrated in vacuo. 12 (203 mg, 61% yield, 98% purity) and 13 (57.8 mg, 19% vyield, 96%
purity) were isolated after flash chromatography [5% 3 M NHs; (in MeOH) in CH.Cl;] as
colorless resp. pale yellow solids.

4-[(1-Isopropylpiperidin-4-yl)oxy]-6-methoxy-7-[3-(piperidin-1-y )propoxy]quinazoline
(16g): NaH (60% in mineral oil, 24.0 mg, 0.600 mmol, 2.0 equiv) was added at 0°C to a
8
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solution of 1-propan-2-ylpiperidin-4-ol (92.7 pL, 90.5 mg, 0.600 mmol, 2.0 equiv) in THF
(1.1 mL). After stiring for 20 min, 15 (101 mg, 0.300 mmol, 1.0 equiv) was added and the
mixture was stirred for a further 3 h at 0 °C. The reaction mixture was quenched with H.O
(0.5 mL). The phases were separated and the aqueous phase was washed with CH.Cl»
(3 x 1 mL). The combined organic phases were washed with brine (2 mL), dried over Na,SO.,
filtrated and concentrated. 16g (122 mg, 92% yield, 95% purity) was isolated after flash
chromatography [7% 3 M NH; (in MeOH) in CH:Cl.] as a pale yellow solid.

4-[(1-lsopropylpiperidin4-yl)Jamino]-6-methoxyquinazolin-7-ol (19): A suspension of 18
(1.42 g, 3.50 mmol, 1.0 equiv), cyclohexa-1,4-diene (3.41 mL, 2.89 g, 35.0 mmol, 10 equiv)
and 10% Pd/C (518 mg, 438 umol, 0.125 equiv) in EtOH (34 mL) was stirred under reflux for
2 h. After cooling, the catalyst was filtered off and the filtrate was concentrated in vacuo to yield
19 (1.16 g, > 99% vield, 95% purity) without further purification as a yellow solid.

N-(1-lsopropylpiperidin-4-yl)-6-methoxy-7-[4-(piperidin-1-yl)butoxy]quinazolin<4-amine
(20b): A mixture of 21 (102 mg, 0.250 mmol, 1.0 equiv) and Kl (83.0 mg, 0.500 mmaol,
2.0 equiv) in piperidine (2.49 mL, 2.15 g, 25.0 mmol, 100 equiv) was stirred at 50 °C for 48 h.
20b (98.0 mg, 86% vyield, 98% purity) was isolated by flash chromatography [10% 3 M NH;s (in
MeOH) in CH,Cl;] as a colorless solid.

4-(tert-Butyl)-1{3{{4-[(1-isopropylpiperidin-4-yl)amino]-6-methoxyquinazolin-7-yl}oxy)-
propyl]pyridin-1-ium chloride (20i) A mixture of 19 (79.1 mg, 0.250 mmal, 1.0 equiv), 4-(tert-
butyl)-1-(3-iodopropyl)pyridin-1-ium iodide (119 mg, 0.275mmol, 1.1equiv) and K.CO;
(173 mg, 1.25 mmol, 5.0 equiv) in DMF (0.625 mL) was stirred overnight at rt. The reaction
mixture was filtrated, concentrated and purified by flash chromatography [10% 3 M NHs (in
MeQH) in CH-Cl:]. To obtain the product as chloride salt, the isolated quinazoline was resolved
in CH-Cl, (2 mL) and extracted with NaCl (958 mg, 10.0 mmol, 40 equiv) in NaOH solution
(8 M, 10 mL). The aqueous phase was exfracted with CH.Cl. (3 x 10 mL). The combined
organic phase was dried over MgSO.,, filtrated, and concentrated to yield 20i (39.1 mg, 30%
yield, 97% purity) as a brown solid.

2.2 Determination of Binding Affinities

The affinity of the test compounds for the MB327-PAM-1 binding site of TorpedonAChR was
determined by a competitive UNC0642 MS Binding Assay as described previously (Kaiser et
al., 2024; Nitsche et al., 2024). General information on the test compounds from commercial
sources can be found in the Supporting Information (Table S1). These were employed in the
form given in Table S1.
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3 Results and Discussion

3.1 Chemistry

To gain further insight into the structure-affinity relationships of UNC0646 analogs regarding
their binding to the MB327-PAM-1 binding site of nAChR, a series of related quinazoline
derivatives was synthesized. While retaining the 5,8-unsubstituted 6-methoxyquinazoline
scaffold, the UNC0646 structure was varied at the 2-, 4-, and/or 7-positions.

The first two sets of compounds investigated (9a-9e and 16b and 11a-11c and 14,
respectively) consist of structurally closely related analogs of UNC0646 (1), in which the
residues at either the 2- or 4-position have been gradually reduced in size, as shown in

Figure 2.
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Figure 2. Structures of target compounds 9a-9e, 11a-11c, 14 and 16.
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The key building block for the target compounds 9a, 9b, 9d and 9e, which differ from UNC0646
(1) only in the substituents at the 2-position, is the 2-chloroguinazoline 7, which was readily
accessible in three steps starting from the commercially available building block 4 (Scheme 1).

In the first step, the benzyl ether protecting group was cleaved with hydrogen over a Pd/Al
catalyst according to a method described in the literature. (Doig et al., 2014). The yield of
2,4-dichloroguinazolin-7-ol (5) was thereby increased from 77% to nearly 100% by extending
the reaction time from 2 h as described by Doig et al. to 6 h in this work. In the next step,
starting from compound 5, the 3-(piperidin-1-yl)propoxy side chain was introduced at position
7 of the quinazoline scaffold via a Mitsunobu reaction. Accordingly, the quinazolin-7-ol 5 was
reacted with 1.25 equivalents of 3-(piperidin-1-yl)propan-1-ol and 1.3 equivalents each of PPhs
and DBAD (THF, rt, 20 h) to give compound 6 (Vital et al., 2023) in very good vield (81%).
Finally, the chlorine atom at the 4-position of 2 4-dichloquinazoline 6 was selectively
substituted by reaction with 1.1 equivalents of 1-cyclohexylpiperidin-4-amine under well-
established reaction conditions (3.0 equivalents of DIEA, THF, rt, 48 h) (Liu et al., 2011)to give
the desired product 7 in 64% vyield.

The UNCO0646 analogs 9a and 9b, which contain a 1-methyl-1,4-diazepane and 1-propan-2-
ylpiperazino group, respectively, at the 2-position of the quinazoline ring, were readily obtained
starting from building block 7 by microwave-assisted reaction with the comresponding
secondary amines (Kaiser et al., 2024; Sundriyal et al., 2017). With a 5-fold excess of
secondary amine (toluene, microwave irradiation, 300 W, 130 °C, 50 min), the 2,4-diamino-
quinazoline derivatives 9a (Liu et al., 2011) and 9b were obtained in high yields of 89% each.
The synthesis of compound 9d, which has a dimethylamino group at the 2-position, required
adapted reaction conditions due to the volatility of dimethylamine, as a microwave synthesis
as described for 9a and 9b was not possible due to the high pressure developed. Therefore,
compound 7 was reacted in a conventional manner with dimethylamine in a pressure tube
(Venkatesan et al., 2008). The reaction with a tenfold excess of dimethylamine at 100 °C (THF,
48 h) afforded the target compound 9d in a very good vyield (85%). To obtain the
2-aminoquinazoline 9e starting from 7, a two-step one-pot strategy known from the literature
(Mohamed and Rao, 2015) based on an azide intermediate was used, since the direct reaction
of 4-amino-substituted 2-chloroquinazolines, such as intermediate 7, with ammonia usually
gives poor yields (Aubin et al., 2010; Borzenko et al., 2015). Therefore, the chlorine atom was
first replaced by an azide group by reacting 7 with 1.1 equivalents of NaNs (EtOH, AcOH, rt to
90 °C, 2h). The resulting crude azide product was then reduced with 1.5 equivalents of
hydrazine hydrate in the presence of Pd/C (rt to 90 °C, 2 h) to give the primary amine Se. In
addition to the desired target compound 9e, which was obtained in 49% yield, the by-product
16b was also formed (16% vield).

Finally, the target compounds 9¢ and 9f, which have a piperidine residue at the 2-position, $f
being an analog of UNC0631 (35) (see Table 1), were readily accessible in one step from the
recently described 4-chloroquinazoline building block 8 (Kaiser et al., 2024). Thus, heating of
compound 8 with 2.0 equivalents of the corresponding 4-aminopiperidines under microwave
irradiation (3.0 equivalents DIEA, FPrOH, 160 °C, 15 min) (Kaiser et al., 2024) afforded 9¢ and
Sf in 70% and 58% vyields, respectively.
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Scheme 1. Reagents and conditions: (a) Hz, 5% Pd/Al (0.08 equiv), THF, 0°C, 6 h, > 99%; (b)
3-piperidin-1-ylpropan-1-ol (1.25 equiv), PPhs (1.3 equiv), DBAD (1.3 equiv), THF, rt, 20 h, 81%; (c)
1-cyclohexylpiperidin-4-amine (1.1 equiv), DIEA (3.0 equiv), THF, rt, 48 h, 64%; (d) 1-methyl-1,4-
diazepane or 1-propan-2-ylpiperazine (5.0 equiv), toluene, microwave: 300 W, 130 °C, 50 min; 9a: 89%,
9b: 89% (e) dimethylamine (10 equiv), THF, 100 °C, 48 h, 85%; (f) 1. NaNs (1.1 equiv), 4:1 EtOH, glacial
AcOH, rt to 90 °C, 2 h; 2. 10% Pd/C (0.01 equiv), hydrazine hydrate (1.5 equiv), rt to 90 °C, 2 h, 49%
(over two steps); (g) 1-cyclohexylpiperidin-4-amine or 1-(cyclohexylmethyl)piperidin-4-amine
(2.0 equiv), DIEA (3.0 equiv), i-PrOH, microwave: 200 W, 160 °C, 15 min; 9¢: 70%, 9f: 58%.
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The desired UNC0646 analogs 11a (UNC618) (Jiang et al., 2017; Liu et al., 2011), 11b and
11c, which have amine residues at the 4-position that are gradually reduced in size compared
to those of UNCO0646 (1), were prepared analogously to compounds 9a and 9b. First, the
intermediates 10a (Davis et al., 2016; Vital et al., 2023), 10b and 10c, which are analogous to
compound 7 (see above), were prepared by reacting compound 6 with 1-isopropylpiperidin-4-
amine, 1-methylpiperidin-4-amine and methylamine, respectively. The desired compounds
10a-10c were obtained in 48-86% vyields. Intermediates 10a-10c were then reacted with
1-isopropyl-1,4-diazepane to afford the target compounds 11a-11c in fair to excellent yields
(62-91%) (Scheme 2).

A iR
-« — Hyc™© s P ByeP™ \)N\
O/\/\O N/)\CI O/\/\O N/ N/\N—<
10a-10c 11a-11c
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Scheme 2. Reagents and conditions: (a) 1-propan-2-ylpiperidin-4-amine or 1-methylpiperidin-4-amine
or methanamine (1.1 equiv), DIEA (3.0 equiv), THF, rt, 48 h, 10a: 86%, 10b: 48%, 10c: 86%; (b)
1-propan-2yl-1,4-diazepane (5.0 equiv), toluene, microwave: 300 W, 130 °C, 50 min; 11a: 89%, 11b:
62%, 11¢c: 91%.
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The synthesis of the 4-unsubstituted UNC0646 analog 14 was carried out starting from the
2 4-dichloroquinazoline building block 6, as no appropriate 4-unsubstituted 2-chloro-
quinazoline building block was commercially available (Scheme 3). Since it is generally not
possible to selectively replace the chloro substituent at the 2-position of 2,4-dichloro-
quinazolines by reaction with secondary amine nucleophiles, since the 4-substituted products
are preferentially formed (see above) (Yamamoto and Shinnkai, 2004), the chloro substituent
at the 4-position first had to be selectively removed by reductive means. This was
accomplished according to a procedure described in the literature (Abe et al., 1998), by
hydrogenolysis with hydrogen over Pd/C in the presence of NEt;, yielding 2-chloroquinazoline
12 as the major product (61% yield) and the double reduction product 13 as a minor component
(19% vyield). Finally, the desired product 14 was prepared from 12 and 1-isopropyl-1,4-
diazepane under the same reaction conditions as described for the syntheses of 11a-11c,
whereby 14 could be isolated in quantitative yield.

H30’0 N
- A
O‘I/\/\O N/ R
12R=CI
13R=H

D114

Q/\/\o . AN/\‘<|

Scheme 3. Reagents and conditions: (a) Hz, 10% Pd/C (0.02 equiv), NEt; (1.5 equiv), EtOAc, rt, 4 h,
12: 61%, 13: 19%; (b) 1-isopropyl-1,4-diazepane (5.0 equiv), toluene, microwave: 300 W, 130 °C,
50 min, 99%.

14
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As we have recently shown (Kaiser et al., 2024), 2-unsubstituted UNC0646 analogs also
exhibit a distinct affinity for the MB327-PAM-1 binding site. Therefore, two series of additional
2-unsubstituted UNCO0646 analogs were synthesized in which the substituents at the 4-position
(16a-16g) and at the 7-position (20a-20i and 23a-23c), respectively, were varied (Table 2 and
Table 3).

Starting from building block 15 known from the literature (Kaiser et al., 2024), the target
compounds 16a-16f were readily accessible in one step (62-94% yield) by reacting 15 with
2.0 equivalents of the corresponding amines using well-established microwave-assisted
reaction conditions (3.0 equivalents DIEA, i-PrOH, 160 °C, 15-60 min) (Kaiser et al., 2024; Liu
et al., 2011) (Scheme 4). Quinazoline derivative 16g bearing a (1-isopropylpiperidin-4-yl)oxy-
substituent at the 4-position was obtained in 92% vield by reacting 15 with 2.0 equivalents of
1-propan-2-ylpiperidin-4-ol in the presence of NaH (2.0 equivalents, THF, rt, 3 h) (Scheme 4)
(Gharat et al., 2015).
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Scheme 4. Reagents and conditions: (a) corresponding amines (2.0 equiv), DIEA (3.0 equiv), -PrOH,
microwave: 200 W, 160 °C, 15-60 min, 16a: 62%, 16b: 94%, 16c: 69%, 16d: 82%, 16e: 85%, 16f: 83%;
(b) 1-propan-2-ylpiperidin-4-ol (2.0 equiv), NaH (60%, 2.0 equiv), THF, rt, 3 h, 92%.
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In addition to the UNCO0646 analogs 16a-16g, the 2-unsubstituted quinazoline derivatives
20a-20i and 23a-23c were synthesized, bearing a uniform (1-isopropypiperidin-4-yl)amino
residue at the 4-position and varying basic side chains at the 7-position. These side chains are
not only linked to the quinazoline backbone via an ether function (compounds 20a-20i), but
also via amino functions (compounds 23a-23c).

The key building block 19 for the synthesis of the compounds 20a-20i was prepared in only
two steps and in almost quantitative yield from the commercially available building block 17
(Scheme 5). In the first step, the substitution of the chlorine at the 4-position was achieved
quantitatively by reaction with 2.0 equivalents of 1-propan-2-ylpiperidin-4-amine
(3.0 equivalents DIEA, FPrOH, microwave irradiation, 160 °C, 15 min). In a second step, the
benzyl ether protecting group of the resulting building block 18 was cleaved using
10 equivalents of cyclohexa-1,4-diene over a Pd/C catalyst (EtOH, reflux, 2 h) (Liu et al., 2010),
to give quinazolin-7-ol 19.The subsequent introduction of the basic side chains at the 7-position
of the quinazoline to generate the target compounds 20a (Kaiser et al., 2024) and 20c-20h
was accomplished in one step via a Mitsunobu reaction (5.5 equivalents PPhs, 5.0 equivalents
DIAD, THF, rt, 20h) (Liu et al., 2011) using 3.5-4.0 equivalents of the comresponding
aminoalcohols (46-79% yield). Target compound 20b, bearing a 4-(piperidin-1-yl)butoxy side
chain, was prepared in an alternative two-step procedure. A Mitsunobu reaction with the
corresponding amino alcohol 4-(piperidin-1-yl)butan-1-ol is not possible in this case, since the
intermediate alkoxyphosphonium ion formed from it cyclizes to a 5-azaspiro[4.5]decan-5-ium
ion, which is not reactive enough for alkylation reactions (Gmeiner et al., 1994). Therefore, in
a first step, quinazolin-7-ol 19 was converted to the 7-(4-chlorobutoxy)quinazoline 21 via a
Mitsunobu reaction with 4.0 equivalents of 4-chloro-butan-1-ol (5.5 equivalents PPhs,
5.0 equivalents DIAD, THF, rt, 20 h) (Liu et al., 2011). The subsequent reaction with piperidine
(2.0 equivalents, Kl, 50 °C, 20 h) (Fagan et al., 2019) then afforded the desired product 20b in
good overall yield (79% over two steps). The synthesis of the hybrid compound 20i, which
carries a partial structure of the prototypical ligand MB327 as a side chain, was also carried
out starting from the key building block 19. Thus, quinazolin-7-ol 19 was first alkylated with
1.1 equivalents of 4-(tert-butyl)-1-(3-iodopropyl)pyridin-1-ium iodide (Rappengliick et al.,
2018a) (5.0 equivalents K.COs, DMF, rt, 20 h) to obtain the corresponding iodine salt as crude
product. After basic extraction of this salt (agueous NaOH, CH,Cl,) in the presence of a large
excess of sodium chloride, the desired product 20i was obtained as the chloride salt (30%
yield).
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Scheme 5. Reagents and conditions: (a) 1-propan-2-ylpiperidin-4-amine (2.0 equiv), DIEA (3.0 equiv),
FProOH, microwave: 200 W, 160 °C, 15 min, > 99%; (b) cyclohexa-1,4-diene (10 equiv), 10% Pd/C
(0.125 equiv), EtOH, reflux, 2h, >99%; (c) corresponding aminoalcohols (3.5-4.0 equiv) or
4-chlorobutan-1-ol (4.0 equiv), PPhs (5.5 equiv), DIAD (5.0 equiv), THF, rt, 20 h, 20a: 63%, 20c: 79%,
20d: 69%, 20e: 59%, 20f. 46%, 20g: 58%, 20h: 78%, 21: 92%; (d) 1. 4-(tert-butyl)-1-(3-
iodopropyl)pyridin-1-ium iodide (1.1 equiv), K2COs (5.0 equiv), DMF, rt, 20 h; 2. NaCl, NaOH (8 M), rt,
30% (over two steps); (e) KI (2.0 equiv), piperidine, 50 °C, 20 h, 86%.
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Finally, the 7-amino-substituted target compounds 23a-23c were readily accessible in a single
step starting from the recently described 7-flucroquinazoline building block 22 (Kaiser et al.,
2024). Nucleophilic substitution of the fluorine atom with 5.0 equivalents of the corresponding
primary or secondary amine (1.1 equivalents K;COs;, NMP, 135 °C, 20 h) (Harris et al., 2005;
Kaiser et al., 2024) afforded the desired products 23a-23c in 24-84% yields (Scheme B).

A L
HNO HN/Q

H3C =N a) HyC” =N
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22 23a-23¢
23 | a | b | c
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CH,

Scheme 6. Reagents and conditions: (a) 3-piperidin-1-ylpropan-1-amine, N-methyl-3-piperidin-1-
ylpropan-1-amine or 3-(azepan-1-yl)propan-1-amine (5.0 equiv), K2COs (1.1 equiv), NMP, 135 °C, 20 h,
23a: 78%, 23b: 84%, 23c: 24%.
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In addition to the UNC0646 analogs with gradually reduced residues at the 2- and 4-positions
(9a-9e, 11a-11c, 14 and 16b), the UNCO0646 analog 31, which in contrast to UNC0646 (1)
bears a methoxy substituent at the 7-position instead of a basic 3-(piperidin-1-yl)propoxy side
chain, was of particular interest. As we have recently shown, individual UNC0646 analogs with
a 6, 7-dimethoxyquinazoline scaffold also exhibit remarkable binding affinities to the MB327-
PAM-1 binding site of NAChR (Kaiser et al., 2024). To further investigate the binding behavior
of such compounds, we prepared a series of additional UNCO0646 analogs with a
6, 7-dimethoxyquinazoline scaffold and various substituents at the 2- and 4-positions (28a-28c,
30a-30b, 31 and 32a-32f) (Table 4). Most of these compounds were accessible in a simple
two-step procedure starting from the commercially available 2,4-dichloroquinazoline 24
(Scheme 7 and Scheme 8).

By reaction 24 with 1.1 equivalents of the corresponding primary amines under same reaction
conditions as described for the synthesis of 7 from 6 (see above), the intermediates 25-27
were prepared according to literature (Ma et al., 2014; Somnarin et al., 2022; Sundriyal et al.,
2017, Wang et al., 2019). Deviating from the literature procedures, the reaction time was
increased from 2-20 h (47-86% vyield) to 48 h, which clearly increased the yields (65-98%
yield). The subsequent reaction of the intermediates 25-27 with 5.0 equivalents of 1-methyl-
1.4-diazepane or 1-propan-2-yl-1,4-diazepane under the established reaction conditions (see
above for synthesis of 9a and 9b) afforded the desired products 28a, 28b-28c (Sundriyal et
al., 2017) and 31 in excellent yield (94 to > 99%).

For an efficient synthesis of a structurally diverse series of 2,4-diaminoquinazolines starting
from readily available 2 4-dichloroquinazolines, it would be of great advantage to be able to
replace the chlorine atoms at the 2- and 4-positions by amino groups in any order. As already
observed in the synthesis of intermediates 7, 10a-10c and 25-27, reactions of 2,4-dichloro-
quinazolines with primary and secondary amines are highly regioselective at the 4-position.
However, Yoshida et al. showed that in the case of 2,4-dichloroquinazoline, the chlorine atom
at the 2-position is selectively substituted with amino groups by reaction with tertiary
N-methylamines with cleavage of the methyl group (Yoshida and Taguchi, 1992). Indeed, the
reaction of 2 4-dichloroquinazoline 24 with 2.0 equivalents of 1-methylpiperidine under
adapted, microwave-assisted reaction conditions (1,4-dioxane, 300 W, 150 °C, 1 h) (Kaiser et
al., 2024) afforded 2-piperidinoguinazoline 29 as the sole product in 81% vyield. With
intermediate 29 in hand, the desired compounds 30a (Ma et al., 2014) and 30b (Sundriyal et
al., 2017) were prepared in good vyields (84% and 64%, respectively) by reaction with
2.0 equivalents of 5-pyrrolidin-1-ylpentan-1-amine and 1-propan-2-ylpiperidin-4-amine,
respectively, under the same reaction conditions as described for the synthesis of 9¢ and Sf
(see above).
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Scheme 7. Reagents and conditions: (a) 5-pyrrolidin-1-ylpentan-1-amine, 1-cyclohexylpiperidin-4-
amine or 1-propan-2-ylpiperidin-4-amine (1.1 equiv), DIEA (3.0 equiv), THF, rt, 48 h, 25: 81%, 26: 65%,
27: 98%; (b) 1-methyl-1,4-diazepane or 1-propan-2-yl-1,4-diazepane (5.0 equiv), toluene, microwave:
300 W, 130 °C, 50 min; 28a: 90%, 28b: 94%, 28c: 97%, 31: > 99%; (c) 1-methylpiperidine (2.0 equiv),
1,4-dioxane, microwave: 300 W, 150 °C, 1 h, 81%; (d) 5-pyrrolidin-1-ylpentan-1-amine or 1-propan-2-
ylpiperidin-4-amine (2.0 equiv), DIEA (3.0 equiv), FPrOH, microwave: 200 W, 160 °C, 15 min, 30a: 84%,
30b: 64%.
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To investigate the effects of different amino substituents at the 2-position (Kaiser et al., 2024)
on the binding affinity of 2 4-diamino-substituted 6,7-dimethoxyquinazadlines, a series of
compounds 32a-32f derived from compounds 28c and 30b, respectively, were synthesized
(Scheme 8). Using the known substitution procedure, compounds 32a-32d were readily
obtained by analogy with compound 28c starting from intermediate 27. Thus, reacting 27 with
a 5-fold excess of the corresponding secondary amines gave the desired compounds 32a-32¢
and 32d (Cui etal., 2020) in 67 to 97% yield. The synthesis of 2-aminoquinazoline 32e followed
a two-step, one-pot azide-based procedure analogous to the synthesis of compound 9e
described above. By replacing the chlorine atom of 27 with an azide group and subsequent
reduction of the intermediate, the primary amine 32e was obtained in good vyield (78%). As in
the analogous synthesis of 9e, the corresponding 2-unsubstituted by-product was also formed
here (32f, 5% yield).
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32a-32f
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Scheme 8. Reagents and conditions: (a) corresponding amines (5.0 equiv), toluene, microwave:
130 °C, 50 min; 32a: 91%, 32b: 67%, 32c: 84%, 32d: 97%; (b) 1. NaNs (1.1 equiv), 4:1 EtOH, glacial
AcOH, rtto 90 °C, 2 h; 2. 10% Pd/C (0.01 equiv), hydrazine hydrate (1.5 equiv), rt to 90 °C, 2 h, 32e:
78% (two steps), 32f: 5% (two steps).
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The last series of test compounds, 4-amino-substituted 2-piperidinoquinazolines bearing a
benzyloxy group at the 7-position, 34a-34c (Table 5), were synthesized in two steps starting
from the commercially available building block 4 analogously to the compounds 30a-30b
described above. Intermediate 33 was obtained in 86% vield by regioselective nucleophilic
displacement of the 2-chloro substituent of 4 with 1.2 equivalents of 1-methylpiperidine.
Subsequent reaction with 2.0 equivalents of the corresponding amines afforded the target
compounds 34a-34c in good to high yield (68-86%) (Scheme 9).
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Scheme 9. Reagents and conditions: (a) 1-methylpiperidine (1.2 equiv), 1,4-dioxane, 150 °C (300 W),
1 h, 86%; (b) 5-pyrrolidin-1-ylpentan-1-amine, 1-cyclohexylpiperidin-4-amine or 1-(cyclohexylmethyl)-
piperidin-4-amine (2.0 equiv), DIEA (3.0 equiv), FPrOH, microwave: 200 W, 160 °C, 15 min, 34a: 86%,
34b: 68%, 34c: 73%.
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3.2 Biological evaluation

All compounds synthesized as part of this study supplemented by compounds from
commercial sources, that appeared of interest because of structural relations, were
characterized regarding their affinity towards the MB327 binding site of the nAChR. To this end
the recently developed UNC0642 MS Binding Assay for the MB327-PAM-1 binding site was
used. Based on the obtained data first structure-affinity relationships for the studied
quinazoline derivatives were established. For economic reasons test compounds were studied
at a single concentration, i.e. of 10 uM, in the UNCO0642 MS Binding Assays with the
concentration of the reporter ligand UNC0642 (2) being set to 1 uM. As deduced from affinity
calculation for competitive binding and as known from previous studies based on this setup, it
can be assumed that compounds with binding affinities comparable to that of UNC0646 (1,
pKi=5.83 £ 0.05) lead to a distinct reduction of specific reporter ligand binding, i.e. to about ~
20% (Kaiser et al., 2024). Accordingly, compounds with binding affinities in the range of that
of UNCO0646 (1) including those with binding affinities up to nearly 100 uM should be clearly
identifiable. In the following the discussion and interpretation of the test results is divided into
five categories corresponding to the respective compound classes with the data being listed in
five individual tables.

At first, compounds derived from UNCO0646 (1), exhibiting the highest yet known affinity
towards the MB327-PAM-1 binding site of the nAChR, by varying the structure and in particular
reducing the size of the substituents in 2- and 4-position were studied (see Table 1).

In one set of compounds the substituents of UNC0646 (1, Table 1, Entry 1) in 4-, 6- and
7-position remained unchanged whereas the 4-isopropyl-1,4-diazepan-1-yl residue of
UNCO0646 (1) in 2-position of the quinazoline scaffold was gradually reduced in size. In the
individual compounds thus in this position either a 4-methyl-1,4-diazepan-1-yl (9a, Table 1,
Entry 2), a 4-isopropylpiperazin-1-yl (Sb, Table 1, Entry 3) or a piperidin-1-yl residue (9c,
Table 1, Entry 4) is present. Furthermore, compounds with even smaller substituents in the
2-position, i.e. a N,N-dimethylamino (9d, Table 1, Entry 5), an amino function (9e, Table 1,
Entry 6) or just hydrogen were studied (16b, Table 1, Entry 7). In the latest case with only
hydrogen in 2-position the lowest binding affinity in this series of compounds is cbserved, which
is still characterized by a significant reduction of reporter ligand binding down to 50 + 5%
(Table 1, Entry 7). Remarkably, for the test compounds with a 1,4-diazepan-1-yl (9a), a
piperazin-1-yl (9b), a dimethylamino (9d) and an amino residue (9e) the remaining reporter
ligand binding ranged from 23% to 27% (Table 1, Entries 2, 3, 5, 6). The binding affinities of
these compounds are thus very similar to each other and to that of UNC0646 (1, 21 £ 3%). In
case of the 2-piperidin-1-yl substituted quinazoline derivative 9c the affinity to the MB327-
PAM-1 binding site seems somewhat higher with the remaining reporter ligand binding
amounting to 11 +3% (Table 1, Entry 4). Though this value is even below the remaining
reporter ligand binding of UNC0646 (1) as competitor (21 + 3%, Table 1, Entry 1), the pKi
values determined for 9c (pK = 5.83 £ 0.02) and UNC0646 (1, pK = 5.83 + 0.05) (in full scale
competition experiments) indicate, that the binding affinities for both compounds are the same.

According to the result from recent in silico studies, residues in 2-position of the quinazoline
derivatives exhibit only minor interactions with the receptor (Kaiser et al., 2024 Nitsche et al.,
2024). This may explain the very similar binding affinities observed for 1 and 9a-9e. The
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relatively strong decline of the binding affinity in case of 16b might be due to the decreased
basicity of the quinazoline ring resulting from the lack of an amino group in 2-position as a
mesomeric donor.

The second set of compounds comprises derivatives of UNC0646 (1) in which the substituent
in 2-position is left unchanged whereas the substituents in 4-position are delineated from the
original 1-cyclohexylpiperidin-4-amino residue by a stepwise reduction of the size of the latter.
Thus, in 4-position a 1-isopropylpiperidin-4-amino (11a, Table 1, Entry 8), a 1-methylpiperidin-
4-amino (11b, Table 1, Entry 9) a N-methylamino residue (11c, Table 1, Entry 10), or only a
hydrogen (14, Table 1, Entry 11) is present. Upon reduction of the terminal N-cyclohexyl
residue within the substituent in 4-position (1, Table 1, Entry 1) to an isopropyl moiety (11a,
Table 1, Entry 8) or methyl group (11b, Table 1 Entry 9), a nominal increase of the remaining
reporter ligand binding from 21 + 3% to 33 £ 6% and 37 + 4%, respectively, is observed. This
nominal increase of remaining reporter ligand binding corresponding to a decrease of binding
affinity further continued when only a N-methylamino group (11c, 39 £ 5%, Table 1, Entry 10)
or finally only a hydrogen atom (14, 44 + 8%, Table 1, Entry 11) was present. Thus, a
comparably large N-alkyl residue attached to the piperidin-4-amino substituent in 4-position of
the quinazoline skeleton asin 1 appears favorable for the binding affinity for the MB327-PAM-
1 binding site (compare binding affinity of 1 to binding affinity of 11a and 11b), though the
influence of the 4-substituent overall is moderate (compare binding affinity of 1 to binding
affinity of 11¢c and 14). This trend of larger N-alkyl residues attached to the piperidine nitrogen
of the 4-substituent of the quinazoline moiety resulting in higher binding affinities continued for
the UNCO0646 analog UNCO0631 (35, Table 1, Entry 13). The latter by exhibiting a
cyclohexylmethyl residue instead of the smaller cyclohexyl moiety present in UNC0646 (1)
gives rise to a remaining reporter ligand binding of 12 £ 0.5%, which is significantly lower than
that of UNC0646 (1, 21 + 3%). The higher binding affinity of 35 as compared to 1 is further
corroborated by the pK value determined for this compound, which by amounting to
6.04 £ 0.04 (pKi, 35) is significantly higher than that of 1 (pK = 5.83 £ 0.05).

Having studied the influence of the substituents in 2- and 4-position of the quinazoline ring on
the affinity of the UNC0646 analogs, also the relevance of the side chain in 7-position, in
particular of the terminal piperidine ring should be evaluated. To this end, the 3-(piperidin-1-
yl)propoxy substituent in this position was replaced by a methoxy group. According to the
remaining reporter ligand binding of 65 £ 7% found for the respective compound, the UNC0646
analog 31 (Table 1, Entry 12), the binding affinity of this compound is distinctly lower than that
of UNCO0646 (1, remaining reporter ligand binding 21 £ 3%) but still significant. Hence, the
7-substituent in UNCO0646 (1) significantly contributes to the binding affinity of this compound,
but may be partly omitted, i.e. reduced to a methoxy group, while still a reasonable binding
affinity remains.

As in preliminary experiments a substitution of the residue in 2-position of the original
quinazoline derivative UNC0646 (1) with a piperidino moiety and an exchange of the terminal
cyclohexyl group in the 4-substituent of 1 by a cyclohexylmethyl residue had yielded a
reduction of remaining reporter ligand binding indicating the potential to enhance binding
affinities, it was assumed that a combination of both measures might further improve the
binding affinity (compare remaining reporter ligand binding of 9c and 35 with 1). For compound
of (Table 1, Entry 14) comprising the aforementioned structural adaptations a value of 6 £ 1%
for the remaining reporter ligand was found, which is distinctly lower than the values observed
for 9¢ (11 £3%) and 35 (12 £0.5%) and thus points to an increase in binding affinity as
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compared to the aforementioned compounds as well as of UNC0646 (1). According to the pK
value, that has finally been determined in full scale competition experiments for the hybrid
compound 8f, the binding affinity of this compound, 9f, by amounting to 5.84 £ 0.03 (pK)) is,
however, in the same range as that of the precursor compounds 9¢ (pKi = 5.83 £ 0.02) and 35
(pKi = 6.04 £ 0.04) as well as of the reference compound UNC0646 (1, pKi= 5.83 £0.05).

Table 1: Binding affinities of analogues of UNC0646 (1) with varying structures of the substituents in 2-
and 4-position for the MB327-PAM-1 binding site of Torpedo-nAChR. # ‘reporter ligand binding’ refers
to the remaining binding of the reporter ligand (UNC0642, 1 uM) in presence of the respective test
compound (10 M) as % value + SD; see Material and Methods for details. * ‘reporter ligand binding’
and/or pKi value have been reported previously (Kaiser et al., 2024; Nitsche et al., 2024).
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Table 1 (continued)
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For the UNC0646 (1) analog 16b differing from 1 by the lack of a 2-substituent the remaining
reporter ligand binding by amounting to 50 + 5% was found as described above to be
distinctly higher than that of the reference compound UNCO0646 (1, 21 £ 3%, see Table 1,
Entry 1 and 7). Though the binding affinity of 16b is thus significantly lower than that of 1, it is
still of a decent size. Hence, analogs of this compound, 16b, with varying substituents in 4-
position should be studied with regard to their binding affinities, as this might supplement the
so far established structure affinity relationships. The compounds selected in this context, the
synthesis of which is comparably easy to accomplish, are listed in Table 2.

The first subset of compounds to be discussed regarding their binding affinities comprises the
quinazoline derivatives 16b, 20a, 16c and 16a (Table 2, Entries 1-4). These compounds differ
with regard to their N-alkyl substituents attached to the terminal amino group of the piperidin-
4-amino residue in 4-position of the quinazoline system, which are a cyclohexyl, an isopropyl,
a methyl and a cyclohexylmethyl group. As observed before for the UNC0646 analogs 11a-11¢
and 35 (see Table 1) also for 16b, 20a, 16c and 16a (Table 2, Entries 1-4) the binding affinity
increases, which is mirrored by a decrease in remaining reporter ligand binding, in parallel to
the increasing size of the aforementioned N-alkyl substituents. Thus, while 16a with a
N-cyclohexylmethyl residue effects a remaining reporter ligand binding of 41 + 4%, this value
goes continuously up to 50 + 5% for the N-cyclohexyl (16b), 63 £ 4% for the N-isopropyl (20a)
and finally to 80 + 2% for the N-methyl derivative (16c).

In addition, the effect of the substitution of the N-cyclohexyl residue present in 16a and the
N-cyclohexylmethyl moiety in 16b by a phenyl (= 16d) and a benzyl group (= 16e),

26



3 Verdéffentlichungen / Vierte Publikation (Manuskript) 183

respectively, on the remaining reporter ligand binding has been evaluated. These structural
variations have, however, no significant effect on the binding affinity, the remaining reporter
ligand binding amounting to 50 + 3% for the phenyl and 46 + 3% for the benzyl derivative 16d
and 16e, respectively, which values are identical or at least very close to those observed for
the saturated analogs 16b (50 + 5%, Table 2, Entry 2) and 16a (41 £ 4%, Table 2, Entry 1).

In a recent study a quinazoline derivative with a 5-(pyrrolidin-1-yl)pentan-1-amino residue in
the 4-position of 9¢ instead of the 1-cyclohexylpiperidin-4-amino residue was found to remain
a similar binding affinity as the original compound 9c (Kaiser et al., 2024). When an analogous
exchange was undertaken for 16b the binding affinity of the resulting compound 16f (remaining
reporter ligand binding 65 + 5%, Table 2, Entry 7) was, to some extent lower than that of the
reference compound (16b, remaining reporter ligand binding 50 + 5%, Table 2, Entry 2).

When the secondary amino function attached to the 4-position of 20a wasreplaced by an ether
oxygen, to expand the structure affinity relationship study, the thus modified compound 16g
showed a decreased binding affinity (as compared to 20a, 63 +4%, Table 2, Entry 2).
Interestingly, with 74 + 4% the value of the remaining reporter ligand binding for this
compound, 16g (Table 2, Entry 8), is still of a reasonable size indicating that even an ether
function instead of an amino function is tolerated in 4-position of the quinazoline. When,
however, a substituent in 4-position of the quinazoline ring is omitted in this series of
compounds listed in Table 2, then as can be seen from the data obtained for 13 any binding
affinity appears to be lost (remaining reporter ligand binding 100 £ 7%, Table 2, Entry 9).

Finally, also the commercially available drug Tandutinib (36) structurally related to the
compounds in Table 2 was included in this study. The remaining reporter ligand binding for
this compound describing its affinity amounted to 66 + 6% (Table 2, Entry 10). Though, this
binding affinity is relatively low, it is still of reasonable size, indicating that Tandutinib (36)
known as an inhibitor of the FMS-like tyrosine kinase 3, is also as a ligand of the MB327-
PAM-1 binding site of the nAChR.

Table 2: Binding affinities of UNC0646 analogs devoid of a 2-substituent but with varying 4-substituents
for the MB327-PAM-1 binding site of the Torpedo-nAChR. ? ‘reporter ligand binding’ refers to the
remaining binding of the reporter ligand (UNC0642, 1 uM) in presence of the respective test compound
(10 M) as % value £ SD; see Material and Methods for details. b ‘reporter ligand binding’ has been
reported previously (Kaiser et al., 2024).

Hyc© =N

O’\/\o | N’J

13, 16a-169g, 20a, 36

reporter ligand | PTMDO1
binding [%] ? code
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1 16a HN/Q 414 07
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Entry Compound R

Continued next page
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Table 2 (continued)

reporter ligand | PTMDO1
binding [%] * code

/O 50 5

N

2 16b Q e 04
"

3 20a O B 05

(n=6)"

/O"CHB
4 16¢ H'\II 802 06

5 16d O 50 +3 08
HN
|
SRS
6 160 " 463 09

7 16f HNTNT 65 45 51

8 16g O 74 +4 54
O

9 13 H 100£7 52

O\oj\ 66 +6 -

Entry Compound R
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g

36 N

10 | (Tandutinib) [ j
N

A

Next, the binding affinities of UNCO0646 analogs devoid of a 2-substituent but with varying
7-substituents for the MB327-PAM-1 binding site were studied. The structures of these analogs
and their binding affinities again determined by means of UNC0642 MS Binding Assays are
listed in Table 3.

First, the influence of the chain length of the spacer between the ether and the amino function
of the side chain in 7-position of the quinazoline scaffold on the binding affinity was studied by
extending as well as shortening it by one methylene group leading from 20a with a propan-1,3-
diyl (Table 3, Entry 1) to 20b with a butan-1,4-diyl (Table 3, Entry 2) and 20c with an ethan-
1,2-diyl chain (Table 3, Entry 3), respectively. This, however, did not have any significant effect
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on the binding affinity, the remaining reporter ligand binding amounting to 63 + 4% (20a),
64 + 3% (20b) and 63 + 2% (20c), respectively, and thus stays almost constant.

Furthermore, the effect of the terminal heterocycle of the side chain in the 7-position of 20a on
the binding affinity was studied. When the respective piperidine ring of 20a is exchanged by a
pyrrolidine-1-yl and azepan-1-yl moiety resulting in 20d and 20e, respectively, the remaining
reporter ligand binding of 20a of 63 + 4% (Table 3, Entry 1) increases to 76 + 5% for 20d
(Table 3, Entry 4) whereas it descends to 55 + 5% for 20e (Table 3, Entry 5). Hence, there is
a clear trend, according to which an increase of the ring size of the terminal azaheterocycle of
the 7-substituent in these quinazoline derivatives gives rise to improved binding affinities.

In the compounds 20f, 20g and 20h, the attachment point of the spacer in the 7-substituent of
the quinazoline derivative 20a is shifted from the nitrogen to the 2-, 4- and 3-position of the
terminal piperidine ring, respectively, in combination with adapted spacer lengths. Whereas for
the derivative 20g (Table 3, Entry 7), in which the piperidine ring is linked via the 4-position
with the rest of the molecule, the remaining reporter ligand is with 63 £ 1% nominally identical
with that of 20a (63 + 4%, Table 3, Entry 1), that of 20f and 20h attached via the 2- and
3-position, respectively, is higher (20f, 71 + 7%, Table 3, Entry 6, 20h, 79 £ 7%, Table 3,
Entry 8). Thus, these variations appear to have no (20g) or only a negative effect on the binding
affinity (20f and 20h).

To gain insight on the significance of the ether function in the 7-position of 20a for the binding
affinity, a set of derivatives of 20a, in which the ether function had been replaced by an amino
group, was included in this study as well. When this ether function is replaced by a
methylamino group leading to 23a with a tertiary amino function a clear decrease of binding
affinity with the remaining reporter ligand binding ascending to 71+ 1% occurs (Table 3,
Entry 10) as compared to 63 +4% for 20a (Table 3, Entry 1). Interestingly, for 23b the
remaining reporter ligand binding is significantly lower (54 £ 4%; Table 3, Entry 11) than that
of the original compound 20a (63 £ 4%). A further decline of the remaining reporter ligand
binding to 45 + 7% and thus increase of the binding affinity is even observed for the azepan-
1-yl analog 23c (Table 3, Entry 12). The latter improvement is likely to be assigned to the
presence of the azepane ring, which also in case of the quinazoline derivative 20a (Table 3,
Entry 1) with an ether function gives rise to an increase in binding affinity when the piperidine
ring (in 20a) is enlarged to an azepane ring (= 20e, Table 3, Entry 5). In any case, a secondary
amino group instead of an ether function in 7-position of the quinazoline scaffold is according
to the above-described results well tolerated giving even rise to a slight increase of the binding
affinity.

With MB327 as a prototypic ligand of the MB327-PAM-1 binding site, well characterized in
various in vitro and in vivo assays, in mind we thought it worthwhile to replace the piperidine
ring in the side chain in 7-position of 20a by a 4-tert-butylpyridinium group and to thus partly
mimic MB327 as a bispyridinium salt comprising two such moieties. The remaining reporter
ligand binding found for the respective hybrid compound 20i (Table 3, Entry 9) is by amounting
to 79 + 2%, however, distinctly higher than that of 20a (Table 3, Entry 1, 63 £ 4%), thus
indicating the reduced binding affinity effected by the performed modification.

To shed some light on the question of the importance of the side chain in 7-position comprising
a piperidino moiety for the binding affinity of 20a, the more basically substituted compounds
18, 32f and 22 (Table 3, Entries 13-15) with a benzyloxy, methoxy or a fluoro substituent in

29



186 3 Verdffentlichungen / Vierte Publikation (Manuskript)

this position, respectively, were also included in this study. The remaining reporter ligand
binding found for these compounds are by amounting to 96 +2% (18), 92 £ 8% (32f) and
88 1 2% (22) far higher than that of 20a (63 + 4%) indicating a distinct loss of binding affinity
due to the structural variations, the binding affinities becoming very low to negligible.

Table 3: Binding affinities of UNC0646 analogs devoid of a 2-substituent but with varying 7-substituents
for the MB327 binding site of the Torpedo-nAChR. @ ‘reporter ligand binding’ refers to the remaining
binding of the reporter ligand (UNC0642, 1 uM) in presence of the respective test compound (10 uM)
as % value £ SD; see Material and Methods for details. ! ‘reporter ligand binding’ has been reported

previously (Kaiser et al., 2024).
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Table 3 (continued)

reporter ligand | PTMDO1
Entry Compound R binding [%] ? code
A 54 +4
N N
11 23b Q N (=6) 42
W\ /‘IZL
12 23c¢ O N 457 63
&
13 18 ©/\ o” 96 + 2 68
14 32f HiCo 92+8 69
15 22 . 88+2 2

For the transformation of UNC0646 (1) into its analog 31 by exchange of the 3-(piperidin-1-
yl)propoxy group in 7-position by a methoxy substituent, as already outlined above, a distinct
decline in binding affinity has been observed reflected by an increase of the remaining reporter
ligand binding from 21 + 3% for 1 to 65 + 7% for 31. But for a compound of this size, 31 being
notably smaller than 1, this binding affinity is still reasonable. Moreover, for some analogs of
31 promising results had been reported in a recent study (Kaiser et al., 2024). Hence, a set of
analogs of 31 for which the substituents in 2- and 4-position are varied but the
6, 7-dimethoxyquinazoline scaffold is kept constant should be studied for their binding affinity
for the MB327-PAM-1 binding site.

When as a first measure, the 4-isopropyl-1,4-diazepan-1-yl substituent in 2-position was
reduced in size by replacing the isopropyl by a methyl group, the remaining reporter ligand
binding goes nominally down from 65 + 7% for 31 to 57 + 4% for 28b (Table 4, Entry 4).
Though this might indicate an increase in binding affinity, this change lacks statistical
significance.

A reduction of the size of the 4-substituent in 28b by replacement of the terminal hexyl by an
isopropyl group, however, leads to a distinct decrease in binding affinity, the remaining reporter
ligand binding increasing from 57 + 4% for 28b (Table 4, Entry 4) to 74 £+ 1% for 28c (Table 4,
Entry 6). This isin line with a former observation, according to which large N-alkyl residues as
in the 1-cyclohexylpiperidin-4-amino rest in 4-position are more favorable for higher binding
affinities (compare listed data for 16a-16c and 20a, Table 2, and in addition the listed data for
11a, 11b, 1 and 35, Table 1). Similarly, as already observed for the analogs 16b and 16e
(Table 2, Entry 2 and 6) differing by the terminal N-substituent of the piperidin-4-amino residue
in 4-position of the quinazoline scaffold, i.e. a cyclohexyl versus a benzyl group, this switch
has here, as well, no significant influence on the binding affinity. Thus, whereas for the
N-cyclohexyl analog 28b the remaining reporter ligand binding amounts 57 + 4%, the N-benzyl
analog 37, gives rise to a nominal increase to 64 + 4% (Table 4, Entry 3) which is, however,
not statistically significant.

In a two-dimensional in silico similarity search for UNCO0646 analogs, among 6,7-
dimethoxyquinazoline derivatives one compound (UNCO0379) with a 5-(pyrrolidin-1-yl)pentan-
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1-amino moiety in 4-position with promising binding affinity has been found. In the present set
of compounds, 28a exhibiting the same residue (5-(pyrrolidin-1-yl)pentan-1-amino moiety) the
remaining reporter ligand binding amounted 56 + 3% that is in the same range as for 28b
(57 £ 4%) with a 1-cyclohexylpiperidin-4-amino residue known from UNCO0646. For 30a, which
is formally deduced from 28a by exchange of the 4-methyl-1,4-diazepan-1-yl by a piperidine
residue in 2-position a decrease of the remaining reporter ligand binding from 56 £ 3% (for
28a) to 48 + 5% (for 30a) is observed. This change, however, does not reflect an increase in
binding affinity, as the difference does lack statistical significance. Still, a positive effect of the
presence of the 5-(pyrrolidin-1-yl)pentan-1-amino moiety on the binding affinity becomes
apparent, when compound 30a is compared to 30b, both exhibiting a piperidine ring in 2-
position. Here, the exchange of the substituent in 2-position, ie. of the 1-
isopropylhexylpiperidin-4-amino (in 30b) by a 5-(pyrrolidin-1-yl)pentan-1-amino residue (in
30a) leads to a decline of the remaining reporter ligand binding from 66 + 5% (30b, Table 4,
Entry 11) to 48 £ 5% (30a, Table 4, Entry 1) indicating an increase in binding affinity.

As already described above, for the quinazoline derivative 28c exhibiting a 4-methyl-1,4-
diazepan-1-yl moiety in 2- and a 1-isopropylpiperidin-4-amino residue in 4-position only a
modest binding affinity has been found (remaining reporter ligand binding 74 + 1%, Table 4,
Entry 6). Yet, it seemed of interest to explore to what extent the binding affinity of this
compound, 28c, depends on the structure of the substituent in 2-position. Hence, we
investigated the binding affinity of analogs of 28¢, for which the structure of the 2-substituent
was altered, whereas that of all other substituent was kept constant.

For 32a with an 1,4-bipiperidine moiety, 32¢ with an 4-(4-methlypiperazin1-yl)piperidine
moiety, 32d with a 4,4-difluoropiperidine and 30b with a piperidine ring in 2-position the
remaining reporter ligand binding varied only to a small extent, the values reaching from 64%
to 66%. Thus, the binding affinities of these derivatives delineated from 28c are very similar to
that of the original compound, 28c, exhibiting a remaining reporter ligand binding of 74 + 1%
(Table 4, Entry 6).

In a related study the (3-methylpyridin-4-yl}-1,4-diazepan-1-yl located in in the 4-position of a
quinazoline derivative has been found to mediate a positive effect on the binding affinity of the
respective test compound (Kaiser et al., 2024). Interestingly, this is the case here, too, as
compound 32b with the aforementioned substituent in 2-position exhibits a distinct increase in
binding affinity as compared to 28c, the remaining reporter ligand binding of 32b ranging with
41 £ 9% (Table 4, Entry 8) significantly below the 74 + 1% of 28¢c (Table 4, Entry 6).

For the two UNCO0646 (1, Table 1, Entry 1) analogs 9e (Table 1, Entry 6) and 16b (Table 1,
Entry 7), in which the 4-isopropyl-1,4-diazepane residue of 1 in the 2-position of the molecule
has been replaced by a primary amino group (9e) or just an hydrogen (16b), the binding affinity
remained in the first case almost unchanged (remaining reporter ligand binding 27 £ 2%) orin
the second case was lowered but remained still reasonable (50 £ 5%). A similar trend is
observed upon transition from 28c to its analogs 32e and 32f, that can be considered as parent
compounds. When instead of the 4-methyl-1,4-diazepane substituent in 2-position of 28¢ a
primary amino group is present (32e) the remaining reporter ligand binding is with 75 + 2%
almost identical with that of 28¢ (74 + 1%). In case of the in 2-position unsubstituted analog of
28c, 32f, the binding affinity decreases and as it starts already at a low level for 28¢ (remaining
reporter ligand binding 74 £ 1%) it this time almost vanishes (remaining reporter ligand binding
92 + 8%).
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By exhibiting a primary amino function in 2- and 4-position of 6,7-dimethoxyquinazoline
compound 40 it comprises all of the most fundamental structural features of the compound
listed in Table 4. As this compound, 40, as well its analogs 38 and 39 with more complex amino
substituents in the 2-position, a piperazine ring and a 4-furanoylpiperazine moiety, were
commercially available, they were included in this study. Whereas the diamino substituted
quinazoline derivative 40 seems to be devoid of any binding affinity (remaining reporter ligand
binding 95 + 8%), the presence of the two larger substituents in 38 and 39 appears to mediate
a slight increase of the binding affinity which remains, however, still modest (remaining reporter
ligand binding 83 + 7% and 85 + 5% for 38 and 39, respectively).

Table 4: Binding affinities of 6,7-dimethoxyquinazoline analogs of UNCO0646 for the MB327 binding site
of the Torpedo-nAChR. @ ‘reporter ligand binding’ refers to the remaining binding of the reporter ligand
(UNCO0642, 1 uM) in presence of the respective test compound (10 uM) as % value + SD; see Material
and Methods for details.

R1

.0
HaC

B
HQC-.O N/)\Rz

28a-28c, 30a-30b, 31, 32a-32f, 37-40

reporter
ligand PTMDO1

1 2
Entry | Compound R R okl O
[*%]®
1 0a | AN AU 815 | 6IL
2 28a H"IJ’\/\/\NQ - o
&~
37 O/\Q N
3 (BIX01294) | HN K_)'“CHa 64 +4 -

4 28b O 57 +4 02
,Q” F
° * i C”{ 65_* ) "
e (n=9)

Continued next page

33



190

3 Verdffentlichungen / Vierte Publikation (Manuskript)

Table 3 (continued)
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During this study various analogs of UNC0646 (1) have been synthesized using 7-benzyloxy-
2, 4-dichloro-6-methoxyquinazoline (4) as a key compound. Thereby, the 7-benzyloxy residue
in 4 served as starting point for the establishment of various w-aminoalkoxy side chains in this
position of the final test compounds as they are common for UNC0646 (1) and respective
analogs. With the building block 4 at hand, it seemed worthwhile to also study the binding
affinities of UNC0646 analogs that can be directly delineated from 4 leaving the substituents
in 6- and 7-position unchanged. That was expected to provide further information regarding
the necessity of a basic side chain in 7-position of quinazoline analogs of UNC0646 (1) for
effecting reasonable binding affinities. Hence, the test compounds 34a-34c were studied, all
of which are characterized by a 6-methoxy-7-benzyloxyquinazoline substructure, a piperidine
ring in 2-position and various basic residues in 4-position. The piperidine ring in 2-position had
been chosen, as it mediates a similar binding affinity as the 4-isopropyl-1,4-diazepan-1-yl
substituent in UNC0646 though it is distinctly smaller (Table 1, Entries 1 and 4). As the
UNCO0646 analog 9c also the 7-benzyloxy substituted quinazoline derivative 34b contains a 1-
cyclohexylpiperidin-4-amino residue in 4-position as does UNCO0646 (1). Remarkably,
compound 34b exerts a reduction of reporter ligand binding down to 26 £ 1%, which is in the
same range as the remaining reporter ligand binding of UNC0646 (1, 21 + 3%, Table 1,
Entry 1) and 9¢ (11 £ 3%, Table 1, Entry 4). Upon substitution of the 1-cyclohexylpiperidin-4-
amino group in 4-position by a 5-(pyrrolidin-1-yl)pentan-1-amino residue the binding affinity
even further increases, the remaining reporter ligand binding decreasing to 15 £ 1% (Table 5,
Entry 1). Hence, high binding affinities may even be reached without a basic group being part
of the substituent in 7-position of the quinazoline system.

For the UNCO0646 analog 9c upon transition to 8f with an extra methylene group in the side
chain in 4-position (1-cyclohexylmethylpiperidin-4-amino instead of a 1-cyclohexylpiperidin-4-
amino residue) the high binding affinity is retained [remaining reporter ligand binding of 9c¢,
11 +£3% (pK =5.83+0.02) for of, 6 £ 1% (pK = 5.84 £ 0.03)]. In contrast, for 34c a lower
binding affinity than for 34b is observed, though the former differs from the latter in the same
way as 9f and 9¢ by an exira methylene group in the 4-substituent of the quinazoline system.
These different trends might possibly arise from different binding modes for quinazoline
derivatives with a basic group as part of the 7-substituent and those with a 7-benzyloxy group.

Being commercially available the quinazoline derivative 41 (Table 5, Entry 4) with a
7-benzyloxy residue alike 34a-34c was included in this study, as well. With a remaining
reporter ligand binding of 67 £ 3% (Table 5, Entry 4) the binding affinity of this compound with
a 4-substituent that was now smaller than that of 34b (1-methylpiperidin-4-amino instead of a
1-cyclohexylpiperidin-4-amino group) and which carried a 1,4-diazepane instead of a
piperidine ring in 2-position was poor, too.

In any case, considering these results, quinazoline derivatives related to UNC0646 (1) but
equipped with a benzyloxy residue instead of a side chain with an amino function in 7-position
appear to deserve further exploration as ligands of the MB327 binding site.
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Table 5: Binding affinities of 2,4-disubstituted 7-(benzyloxy)-6-methoxyquinazoline derivatives for the
MB327 binding site of the Torpedo-nAChR. ? ‘reporter ligand binding’ refers to the remaining binding of
the reporter ligand (UNC0642, 1 uM) in presence of the respective test compound (10 pM) as % value
+ SD; see Material and Methods for details.
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4 Conclusion

In this study we successfully synthesized a remarkable number of yet unknown analogs of
UNCO0646 (1), which represented the compound with the highest known affinity towards the
MB327-PAM-1 hinding site of the nAChR at the begin of this study. This binding site is of great
interest as it is thought that organophosphorus compound poisoning therapy will benefit from
compounds mediating allosteric effects through this binding site.

Adapting literature known methods, this plethora of compounds could be synthesized with high
efficiency in one- to four-step syntheses, introducing a wide variety of substituents to positions
2, 4 and 7 of the quinazoline scaffold. By applying this strategy, we were able to, on the one
hand, get access to strategically, only slightly modified UNC0646 analogs to subsequently
examine the influence of the corresponding substituents. On the other hand, we accomplished
the synthesis of quinazoline-based compounds that structurally differed a littte more from
UNCO0646 (1) in order to further explore the chemical space around UNCO0646 (1).

Expanded with structurally matching compounds that were commercially available, all
compounds synthesized in this study were evaluated regarding their affinity towards the above-
mentioned binding site. For this purpose, a recently developed MS Binding Assay, utilizing
UNCO0642 (2) as reporter ligand, was applied. Even though here only one compound,
UNCO0631 (35) (pKi = 6.04 £ 0.04), showed an increased affinity compared to UNC0646 (1)
(pKi = 5.83 £ 0.05), the generated data is of great value. This is because the results of the
competitive MS binding experiments at a single test compound concentration, which
investigated more than 50 quinazoline-based compounds, allow to draw conclusions regarding
structure-affinity relationships within this class of compounds, not yet possible to this extent.

The gained information is crucial in order to purposefully design new quinazoline-based
compounds, ideally addressing the MB327-PAM-1 binding site with high affinity plus ideally
having lower molecular weight than UNC0646 (1). These compounds would then display
promising candidates to be further evaluated in terms of other characteristics, e.g. regarding

their intrinsic activity in order to develop novel therapeutics against organophosphorus
intoxications.
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Table $1: Commercially obtained test compounds.

# | Compound Salt Purity | Supplier

1 | BIX01294 3HCl | 297% | Activate Scientific GmbH (Prien, Germany)

2 | Prazosin HCI =99% | Angene (Honk Kong, China)

3 | PTMDO1-0018C | - 2 98% | Merck (Darmstadt, Germany)

4 | PTMD01-0073C | 2HCI | 2 95% | BLDpharm (Kaiserslautern, Germany)

5 | Tandutinib - = 98% | MedChemExpess (New Jersey, USA)

6 | TM2-115 - =99% | Excenen Pharma & Tech (Guangzhou, China)
7 | UNC0631 - 2 99% | MedChemExpess (New Jersey, USA)
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Experimental Procedures and Analytical Data of Synthesized Compounds

2,4-Dichloro-6-methoxyquinazolin-7-ol (5) (Doig et al., 2014)

mp.: 184 °C. IR (film): ¥ = 1632, 1514, 1257, 1180 cm". 'H NMR (500 MHz, CD:0D): 5 = 4.06
(s, 3 H, CHs0), 7.15 (s, 1 H, CHCOH), 7.42 (s, 1 H, CHCOCH). '*C NMR (126 MHz, CDs0D):
5=56.95 (CH:0), 103.98 (CHCOCH:), 109.96 (CHCOH), 118.35 (CCHCOCH;), 151.82
(CCHCOH), 152.78 (COCHs), 154.05 (CNCCHCOH), 158.62 (CCCHCOCH;), 161.12 (COH).
HRMS-EI m/z [M]* calcd. for CsHsClaN2O,: 243.9806, found: 243.9803.

2,4-Dichloro-6-methoxy-7-[3-(piperidin-1-yl)propoxy]quinazoline (6) (Vital et al., 2023)

mp.: 106 °C. Rr = 0.27 (10% MeOH in CH.Cl). IR (film): ¥ = 2935, 1643, 1506, 1240 cm"".
'HNMR (500 MHz, CDsOD): & = 1.43-1.58 [m, 2 H, CH.CH.CH,N(CH,):0], 1.58-1.75 [m,
4 H, CH:CH.N(CH,);0], 2.09-2.20 (m, 2 H, CH,CH.0), 2.45-2.63 [m, 4 H, CH.N(CH,):0],
2.63-2.72 (M, 2 H, CH,CH.CH,0), 4.03 (s, 3 H, CH:0), 4.28 (t, J= 6.1 Hz, 2 H, CH,0), 7.30
(s. 1H, CHCOCH.), 7.45 (s, 1H, CHCOCH;). '*C NMR (126 MHz, CD;OD): &= 24.83
[CH.CH2CHaN(CH2);0], 26.22 [CH2CH:N(CH2);0], 26.67 (CH:CH-0), 55.39 [CH.N(CH-):0],
56.76 (CH.CH,CH,0), 56.95 (CH:0), 69.09 (CH,0), 103.74 (CHCOCH;), 107.54 (CHCOCHL),
118.97 (CCClI), 151.82 (CCCCl), 153.58 (COCH;), 154.22 (CCCI), 159.06 (COCH,), 161.19
(CHCNCCI). HRMS-ESI m/z [M+H]* calcd. for Ci7H2.Cl:N:O2: 370.1089, found: 370.1087.

2-Chloro-N-(1-cyclohexylpiperidin-4-y1)-6-methoxy-7-[3-( piperidin-1-
yl)propoxy]quinazolin-4-amine (7)

According to GP1 with 6 (278 mg, 0.750 mmol, 1.0 equiv), 1-cyclohexylpiperidin-4-amine
(150 mg, 0.825 mmol, 1.1 equiv) and DIEA (400 uL, 297 mg, 2.25 mmol, 3.0 equiv) in THF
(3 mL). Purification by flash chromatography [5% to 10% 3 M NHz (in MeOH) in CH.Cl;]
afforded 7 as yellow solid (249 mg, 64% vyield, 96% purity). mp.: 89 °C. R:=0.32[10% 3 M
NHs (in MeOH) in CH:Cl.]. IR (film): ¥ = 2927, 2360, 1587, 1510, 1443, 1255 cm™'. 'H NMR
(500 MHz, CD:Cl2): 8 = 1.03-1.17 (m, 1 H, 10), 1.18-1.32 (m, 4 H, CH.CH.CH-CHN}), 1.35—
1.48 [m, 2H, CH.CH.CH:N(CH:):0O], 1.49-1.66 [m, 6H, CH.CHNH, CH.CH.CH.CHN,
CH>CH,N(CH>)30], 1.74—1.88 (m, 4 H, CH,CH.CH:CHN), 2.00 (p, J = 6.8 Hz, 2 H, CH.CH-0),
2.06-2.19 (m, 2 H, CH.CHNH), 2.25-2.40 [m, 5 H, CH:N(CH2);0, CHN], 2.41-2.54 (m, 4 H,
CH-CH-CHNH, CH>CH.CH-0), 2.81-2.97 (m, 2 H, CH-CH-CHNH), 3.94 (s, 3 H, CHs), 4.10-
4.26 (m, 3 H, CH.O, CHNH), 5.44 (d, J=7.8 Hz, 1 H, NH), 6.83 (s, 1 H, CHCOCHg), 7.08 (s,
1H, CHCOCH:). "*C NMR (126 MHz, CD.Cl,). &= 24.97 [CH.CH.CH:N(CH-):0O], 26.51
[CH:CHaN(CH:);0]*, 26.54 (CH.CH,CH.CHN)* 26.85 (CH.CH,CH.CHN)**, 26.94
(CH.CH-O)**, 29.29 (CH.CH:CH:CHN), 33.27 (CH.CH,CHNH), 48.34 (CH.CH.CHNH), 49.41
(CHNH), 55.03 [CH:N(CH-)s0], 55.83 (CH.CH.CH:0), 56.76 (CHsQ), 64.09 (CHN), 68.04
(CH20), 100.38 (CHCOCH:), 106.91 (CCHCOCH;3), 108.37 (CHCOCH?), 148.49 (CCCNH),
149.72 (COCH;), 155.07 (COCH:), 156.29 (CCl), 159.52 (CNH). HRMS-ESI m/z [M+H]" calcd.
for CzsHa3CINsO2: 516.3105, found: 516.3096.
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N-(1-Cyclohexylpiperidin-4-yl)-6-methoxy-2-(4-methyl-1,4-diazepan-1-yl)-7-[3-(piperidin-
1-yl)propoxy]quinazolin-4-amine (9a) (Liu et al., 2011)

According to GP2 with 7 (92.9mg, 0.180 mmol, 1.0 equiv) and 1-methyl-1,4-diazepane
(115 L, 106 mg, 0.900 mmol, 5.0 equiv) in toluene (0.9 mL). 9a was isolated by flash
chromatography [10% to 20% 3 M NH; (in MeOH) in CHCl;] as colorless solid (95.0 mg, 89%
yield, 97% purity). mp.: 82°C. R=0.22 [10% 3 M NH; (in MeOH) in CH:Cl;]. IR (film):
¥ = 2933, 2854, 1579, 1495, 1246 cm™. '"H NMR (500 MHz, CD-Cl:): § = 1.05-1.18 (m, 1 H,
CH>CH:CH.CHN), 1.21-1.33 (m, 4H, CH.CH,CH.CHN), 137-149 [m, 2H,
CH,CH:CH:N(CH2);0],  1.52-1.71 [m, 7H, CH-CH:N(CH;);:O0, CH:CH.CHNH,
CH:CH:CH.CHN], 1.78-182 (m, 2H, CH.CH.CH.CHN), 1.84-192 (m, 2H,
CH2CH:CH>CHN), 1.93-2.06 (m, 4 H, CH>:CH:0, CH3;NCH:CH-CH:N), 2.09-2.24 (m, 2 H,
CH,CH-.CHNH), 2.34 (s, 3H, CH3N), 2.35-250 (m, 9H, CH:NCH.CH,CH.O, CHN,
CH>CH:CHNH), 2.51-2.57 (m, 2 H, CHsNCH2CHzCH:N), 2.64-2.72 (m, 2 H, CHsNCH:CH:N),
2.84-3.04 (m, 2 H, CH.CH,CHNH), 3.83 (1, J= 6.4 Hz, 2 H, CH;NCH.CH,CH:N), 3.88(s, 3 H,
CH30), 3.89-3.96 (m, 2 H, CHsNCH,CH:N), 4.02-4.09 (m, 1 H, CHNH), 4.11 (t, J=6.7 Hz,
2H, CH:0), 5.07(d, J=7.2Hz, 1 H, NH), 6.75 (s, 1 H, CHCOCHj3), 6.82 (s, 1 H, CHCOCH.).
*C NMR (126 MHz, CD.Cl;): & = 24.94 [CH.CH,CH:N(CH-):0], 26.43 (CH,CH-CH.CHN)*,
26.46 [CH:CH:N(CH:);0]*, 26.76 (CH:CH:0), 27.05 (CH:CH-CH:CHN), 28.26
(CHsNCH2CH.CH:N),  29.13  (CH.CH,CH.CHN), 3299 (CH.CH.CHNH), 46.20
(CH3NCH.CH.CH:N)*™*, 46.26 (CH;NCH.CH:N)**, 46.83 (CH:3N), 48.55 (CH:CH:CHNH),
49.10 (CHNH), 55.01 [CH:N(CH:);O], 55.96 (CH.CH.CH.0), 56.88 (CH;O), 57.60
(CHsNCH:CH:CH:N), 59.11 (CHsNCH,CH:N), 64.30 (CHN), 67.59 (CH:QO), 101.89
(CHCOCHs3), 102.95 (CCNH), 107.02 (CHCOCH:), 145.63 (COCHs), 150.55 (CCCNH), 154.52
(COCH,), 158.47 (CNH), 159.31 (CNCNH). HRMS-ESI m/z [M+H]* caled. for CsHssN:Oa:
594.4495, found: 594.4488.

N-(1-Cyclohexylpiperidin-4-yl)-2{4-isopropylpiperazin-1-yl)-6-methoxy-7-[3{piperidin-
1-yl)propoxy]quinazolin-4-amine (9b)

According to GP2 with 7 (206 mg, 0.400 mmol, 1.0 eq) and 1-propan-2-ylpiperazine (292 uL,
262 mg, 2.00 mmol, 5.0 equiv) in toluene (2.0 mL). 9b was isolated by flash chromatography
[10% to 15% 3 M NHs (in MeOH) in CH2Cl.] as colorless solid (216 mg, 89% vyield, 99% purity).
mp.. 83°C. Rr=0.51[10% 3 M NHs (in MeOH) in CH:Cl]. IR (film): ¥= 2098, 1626, 1448,
1245 cm™'. 'H NMR (500 MHz, CD-Cl,): § = 1.05 (d, J= 6.5 Hz, 6 H, CH:CH), 1.07-1.19 (m,
1H, CH:CH.CH:CHN), 1.20-1.34 (m, 4H, CH.CH.CH:.CHN), 1.35-1.47 [m, 2H,
CH>CH2CH:N(CH:):Q], 1.47-1.58 [m, 6 H, CH2CHNH, CH:CHzN(CH2):0], 1.58-1.66 (m, 1 H,
CH>CH,CH2CHN), 1.75-1.88 (m, 4 H, CH,CH2CH.CHN), 1.99 (p, J= 6.8 Hz, 2 H, CH.CH-0),
2.07-2.19 (m, 2 H, CH.CHNH), 2.24-2.48 (m, 9 H, CHNCH.CH.CHNH, CH:NCH.CH-CH-0),
249259 (m, 4H, CH:NCHCHs), 2.70 (hept, J= 6.6 Hz, 1 H, CHsCH), 2.84-2.99 (m, 2 H,
CH>CH-CHNH), 3.61-3.81 (m, 4 H, CH:NC), 3.88 (s, 3 H, CHs0), 3.97-4.19 (m, 3 H, CHNH,
CH:0), 5.05 (d, J=7.2Hz, 1H, NH), 6.74 (s, 1H, CHCOCH:;), 6.82 (s, 1 H, CHCOCH.).
CNMR (126 MHz, CD:Clo): 5=18.65 (CHsCH), 24.99 [CH,CH-CH.N(CH.);0], 26.52
(CH2CH.CHLCHN)*, 26.55 [CH2CH2N(CH-):0]*, 26.88 (CH.CH.CH:CHN), 27.11 (CH.CH-0),
29.32 (CH:CH,CH-CHN), 33.32 (CH,CHNH), 44.88 (CH:NC), 48.54 (CH-CH.CHNH), 49.19
(CHzNCHCHz3), 49.20 (CHNH), 54.93 (CHsCH), 55.04 [CH2N(CH:);0], 55.96 (CH.CH.CH-0),
56.85 (CH;0O), 64.13 (CH.CH,CH.CHN), 67.62 (CH,0), 101.79 (CHCOCHj3), 103.29 (CCNH),
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107.18 (CHCOCH.), 145.98 (COCH;), 149.72 (CCCNH), 154.54 (COCH;), 158.58 (CNH),
159.27 (CNCNH). HRMS-ESI m/z [M+H*]* calcd. for CasHssN-O:: 608.4652; found: 608.4662.

N-(1-Cyclohexylpiperidin-4-yl)-6-methoxy-2-(piperidin-1-yl)-7-[3-(piperidin-1-
yl)propoxy]quinazolin-4-amine (9c)

According to GP4 with 8 (83.8 mg, 0.200 mmol, 1.0 equiv), 1-cyclohexylpiperidin-4-amine
(72.9 mg, 0.400 mmol, 2.0 equiv) and DIEA (107 pL, 79.1 mg, 0.600 mmol, 3.0 equiv) in
PrOH (1.0mL) for 15 min. 9c (78.8 mg, 70% yield, 98% purity) was isolated by flash
chromatography [7% to 15% 3 M NH; (in MeOH) in CH.Cl.] as colorless solid. mp.: 92 °C.
R: = 0.38[10% 3 M NHjs (in MeOH)in CH:Cl]. IR (film). ¥ = 2929, 1579, 1491, 1244, 754 cm™".
'H NMR (500 MHz, CD:Cl,): 6= 1.04-1.18 (m, 1 H, CH.CH.CH,CHN), 1.22-1.28 (m, 4 H,
CH2CH-CH-CHN), 1.38-1.46 [m, 2 H, CH.CH.CH:N(CH-):0], 1.47—-1.54 (m, 2 H, CH.CHNH),
1.54-1.62[m, 8 H, CH.CHuNC, CH:CH2N(CH:):0], 1.62-1.68 (m, 2 H, CH.CH:CH:NC), 1.68—
1.74 (m, 1 H, CH:CH:CH:CHN), 1.75-1.88 (m, 4 H, CH.CH.CH>CHN), 1.99 (p, J= 6.9 Hz,
2H, CH.CH.0), 2.08-2.19 (m, 2H, CH.CHNH), 2.27-2.49 (m, 9H, CH-CH.CHNH,
CH>NCH.CH,CH;0, CHN), 2.82-2.96 (m, 2 H, CH.CH.CHNH), 3.74-3.79 (m, 4 H, CH:NC),
3.87 (s, 3H, CH:0), 4.01-4.15 (m, 3 H, CHNH, CH:0), 5.02 (d, J= 7.2 Hz, 1 H, NH), 6.74 (s,
1H, CHCOCH;), 6.81 (s, 1H, CHCOCH:). "CNMR (126 MHz, CD:Cl:): &=24.99
[CH:CH,CH:N(CH:);0], 25.60 (CH.CH.CH:NC), 26.40 (CH.CH:NC)*, 26.52 (CH-CH.CHN)*,
26.54 [CH.CH:N(CH2):0]* 26.87 (CH2CH.CH.CHN)*, 27.11 (CH.CH:O), 29.31 (CH:CHN),
33.30 (CH:CHNH), 4536 (CH:NC), 4854 (CH:CH.CHNH), 49.16 (CHNH), 55.04
[CHzN(CH2):0], 55.98 (CH.CH:CH-0), 56.87 (CH:0O), 64.14 (CHN), 67.60 (CH:O), 101.87
(CHCOCH;3), 103.05 (CCNH), 107.11 (CHCOCH:), 145.77 (COCHs), 149.92 (CCCNH), 154.49
(COCH.), 158.58 (CNH), 159.26 (CNCNH). HRMS-ESI m/z [M+H]* calcd. for CssHs:sNsO2
565.4230, found: 565.4229.

N*(1-Cyclohexylpiperidin-4-y[)-6-methoxy-N?, N?-dimethy|-7-[3-(piperidin-1-y|)propoxy]-
quinazoline-2,4-diamine (9d)

mp.: 84°C. R = 0.32 [10% 3 M NH; (in MeOH) in CH.CL]. IR (film): ¥= 2931, 1628, 1581,
1427, 1246 cm™'. 'H NMR (500 MHz, CDClz): § = 1.03-1.19 (m, 1 H, CH.CH.CH,CH), 1.21-
1.34 (M, 4 H, CH.CH:CH.CH), 1.42[t, J= 5.9 Hz, 2 H, CH.CH2CH:N(CH2)s0], 1.47—1.69 [m,
7 H, CH.CHNH, CH,CH,CH,CH, CH,CH.N(CH,):0], 1.70-1.89 (m, 4 H, CH,CH.CH-CH), 1.99
(p, J=6.9Hz, 2H, CH.CH;0), 2.09-2.22 (m, 2H, CH.CHNH), 2.24-252 (m, 9H,
CH-CH-CHNH, CHN, CH:NCH,CH:CH.0), 2.87-3.00 (m, 2 H, CH.CH.CHNH), 3.16 (s, 6 H,
CH;N), 3.87 (s, 3 H, CH;O), 4.05-4.21 (m, 3 H, CH,0, CHNH), 5.04 (d, J = 7.2 Hz, 1 H, NH),
6.74 (s, 1 H, CHCOCHs), 6.83 (s, 1 H, CHCOCH;). '*C NMR (126 MHz, CDCl.): 5 = 24.98
[CH.CH.CHoN(CH2):0],  26.49 (CH,CH.CH.CH)*, 26.52 [CH.CH.N(CH.).O]*, 26.84
(CH.CH:CH.CH), 27.10 (CH,CH:0), 29.24 (CH:CH.CH,CH), 33.21 (CH.CHNH), 37.12
(CHsN), 48.57 (CH:CH,CHNH), 49.18 (CHNH), 55.03 [CH:N(CH2)s0], 55.97 (CH,CH:CH.0),
56.88 (CHJ0), 64.19 (CHN), 67.61 (CH.0), 101.91 (CHCOCH,), 102.77 (CCNH), 107.04
(CHCOCH.), 145.66 (COCH:), 149.93 (CCCNH), 154.52 (COCH.), 158.43 (CNH), 159.93
(CNCHs). HRMS-ESI m/z [M+H]* calcd. for CaaHasNsOx: 525.3917, found: 525.3909.



204 3 Verdffentlichungen / Vierte Publikation (Manuskript)

N*-(1-Cyclohexylpiperidin-4-y[)-6-methoxy-7-[3-(piperidin-1-y ) propoxy]quinazoline-2,4-
diamine (%) and N+1-cyclohexylpiperidin-4-yl)-6-methoxy-7-[3-(piperidin-1-
yl)propoxy]quinazolin<4-amine (16b)

According to a GP3, with 7 (196 mg, 0.380 mmol, 1.0 equiv) and NaNs(27.2 mg, 0.418 mmoaol,
1.1 equiv) in EtOH/ACOH (4:1) (2.54 mL) and afterwards 10% Pd/C (45.0 mg, 38.0 pmal,
0.10 equiv) and hydrazine hydrate (28.5 pL, 28.5 mg, 0.570 mmol, 1.5 equiv). 9e (92.6 mg,
49% yield, 99% purity) and 16b (29.6 mg, 16% yield, 97% purity, analytic see below) were
isolated by flash chromatography [10% 3 M NH; (in MeOH) in CH:Cl.] as colorless solids. 9e:
mp.. 143 °C. Rr= 0.32 [10% 3 M NHs (in MeOH) in CH2Cl3]. IR (film): ¥ = 2935, 2089, 1624,
1454, 1213, 754 cm". '"H NMR (500 MHz, CD-Cly): & = 1.04-1.19 (m, 1 H, CH.CH,CH-CH),
1.20-1.32 (m, 4 H, CH:CH.CH-CH), 1.35-1.46 [m, 2 H, CH2CHzCH:N(CH-):0], 1.53—1.65 [m,
7 H, CH,CHNH, CH.CH>CH,CH, CH.CH:N(CH-);0], 1.66-1.90 (m, 4 H, CH,CH-CH,CH), 2.00
(p, J=6.8 Hz, 2H, CH:CH;0), 2.07-2.16 (m, 2 H, CH-CHNH), 2.21-2.52 (m, 9 H, CH:NCH,
CH:NCH.CH-CH-0), 2.87-3.00 (m, 2 H, CH.NCH), 3.89 (s, 3 H, CH:;0), 4.10 (t, /= 6.6 Hz,
2 H, CH:Q), 4.12-4.21 (m, 1 H, CHNH), 4.84 (s, 2 H, NH), 538 (s, 1 H, NH), 6.79 (s, 1H,
CHCOCH.), 682 (s, 1H, CHCOCH:). 'CNMR (126 MHz, CD.Cl). §=24.92
[CH:CH:CH:N(CH):0], 26.42 (CH.CH:CH.CH)*, 26.45 [CH.CH:N(CH):Q]*, 26.77
(CH2CH.CH,CH)**, 26.95 (CH2CH20)**, 29.13 (CH.CH.CH:CH), 32.99 (CH.CHNH), 48.53
(CH:NCH), 48.73 (CHNH), 54.99 [CH:N(CH);0], 55.91 (CH2CH.CH,0), 56.87 (CH;0), 64.22
(CH2CH.CH:CH), 67.66 (CH20), 101.94 (CHCOCHs), 103.84 (CCNH), 106.07 (CHCOCHS.),
146.56 (COCHs), 148.01 (CCCNH), 154.72 (COCH,), 159.36 (CNH), 159.77 (CNH.). HRMS-
El m/z [M]" calcd. for C2sHasNsO2: 496.3526; found: 496.3524.

N-[1-(Cyclohexylmethy|)piperidin-4-yl]-6-methoxy-2-(piperidin-1-yl)-7-[3{piperidin-1-
yl)propoxy]quinazolin-<4-amine (9f)

According to GP4 with 8 (168 mg, 0.400 mmol, 1.0 equiv), 1-(cyclohexylmethyl)piperidin-4-
amine (157 mg, 0.800 mmol, 2.0 equiv) and DIEA (213 pL, 168 mg, 1.20 mmol, 3.0 equiv) in
-PrOH (2.0 mL) for 15 min. 9f (134 mg, 58% vyield, 99% purity) was isolated by flash
chromatography [7% 3 M NH; (in MeOH) in CH:Cl] as colorless solid. mp.: 75 °C. Rr= 0.49
[10% 3 M NH; (in MeOH) in CH:Cla]. IR (film); ¥ = 2931, 1579, 1493, 1244, 756 cm™'. 'H NMR
(500 MHz, CD:Cl;): §=0.77-096 (m, 2H, CH,CH.CH,CH), 1.10-1.33 (m, 3H,
CH>CH-CH,CH), 1.40-1.45 (m, 2 H, CH.CH:CH:NCH>), 1.46-1.53 (m, 1 H, CH,CH:CH,CH),
1.53-1.74 (m, 15 H, CH.CH,CH.NC, CH.CHNH, CH.CH-CH;NCH,, CH,CH.CH-CH), 1.74—
1.81 (m, 2 H, CH.CH.CH-CH), 1.99 (p, J=6.9Hz, 2 H, CH.CH,CH,0), 2.04-2.18 (m, 6 H,
CH:NCH.CH-CHNH), 2.38 (s, 4 H, CH:CH:CH:NCH), 2.44 (t, J= 7.1 Hz, 2 H, CH2CH.CH-0),
2.72-2.98 (m, 2 H, CH,CH,CHNH), 3.73-3.81 (m, 4 H, CH.CH.CH-NC), 3.87 (s, 3 H, CH50),
411 (t, J=6.7 Hz, 3 H, CHNH, CH.CH:CH-0), 5.04 (d, J=7.2Hz, 1 H, NH), 6.74 (s, 1H,
CHCOCH;), 6.81 (s, 1H, CHCOCH,). "™CNMR (126 MHz, CD.Cl): &§=24.96
(CH:.CH.CH:NCH.), 2669  (CH:CH.CH:NC), 26.40 (CH.CH.CH:NCH.)*,  26.49
(CH.CH.CH:NC)*, 26.62 (CH.CH,CH.CH), 27.07 (CH.CH-CH-0), 27.30 (CH.CH.CH.CH}),
32.28 (CH,CH,CH.CH), 32.75 (CH,CHNH), 35.79 (CH,CH,CH,CH), 45.37 (CH,CH,CH,NC),
48.85 (CHNH), 53.55 (CH,CH.CHNH), 55.02 (CH.CH.CH.NCH.), 55.97 (CH.CH.CH.0),
56.85 (CH;0), 66.08 (CHCH:N), 67.59 (CH:CH.CH,0), 101.84 (CHCOCHj3), 103.06 (CCNH),
107.09 (CHCOCH:), 145.78 (COCHs), 149.87 (CCCNH), 154.49 (COCH.), 158.61 (CNH),
159.22 (CNCNH). HRMS-ESI m/z [M+H*]* calcd. for C34HssNsO-: 579.4386; found: 579.4392.
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2-Chloro-N-(1-isopropylpiperidin-4-yl)-6-methoxy-7-[3-(piperidin-1-
yl)propoxylquinazolin<4-amine (10a) (Davis et al., 2016; Vital et al., 2023)

According to GP1 with 6 (43.3mg, 0.110 mmol, 1.0 equiv), 1-propan-2-ylpiperidin-4-amine
(19.1 L, 17.2mg, 0.121 mmol, 1.1equiv) and DIEA (58.7 L, 43.5mg, 0.330 mmal,
3.0 equiv) in THF (440 pL). Purification by flash chromatography [5% to 10% 3 M NH; (in
MeQH) in CH.Cl;] afforded 10a as yellow solid (45.1 mg, 86% yield, 99% purity). mp.: 81 °C.
R=0.27 [10% 3 M NH: (in MeOH) in CH:Cl;]. IR (film): v=2931, 1622, 1589, 1510,
1443 cm™. '"H NMR (500 MHz, CD.Cl.): & = 1.07 (d, J = 6.6 Hz, 6 H, CHsCH), 1.37-1.48 [m,
2 H, CH.CH:CH:N(CH.):0], 1.51-1.59 [m, 4 H, CH.CH:N(CH,);0], 1.59-1.81 (m, 2H,
CH,CHNH), 2.01 (p, J=6.8 Hz, 2 H, CH.CH;0), 2.09-2.19 (m, 2 H, CH,CHNH), 2.24-2.53
(m, 8 H, CH.CH:CHNH, CH:NCH-CH.CH,0), 2.81 (h, J = 6.6 Hz, 1 H, CH;CH), 2.88-2.99 (m,
2 H, CH:CH,CHNH), 3.96 (s, 3 H, CH:0), 4.15(t, J= 6.6 Hz, 2 H, CH.0), 4.17-4.29 (m, 1 H,
CHNH), 5.45 (d, J=7.9Hz, 1H, NH), 6.83 (s, 1 H, CHCOCHgs), 7.08 (s, 1 H, CHCOCH,).
BC NMR (126 MHz, CD-Cl,): 5= 18.35 (CHsCH), 24.93 [CH.CH,CH.N(CH:)sQ], 26.49
[CH:CH2N(CH:);0], 26.90 (CH,CH.0), 32.83 (CH.CHNH), 47.86 (CH.CH,CHNH), 49.18
(CHNH), 55.01 [CH2N(CH):0], 55.04 (CHs:CH), 55.82 (CH.CH.CH,0), 56.79 (CHs0), 68.03
(CH20), 100.36 (CHCOCH;), 106.91 (CCNH), 108.39 (CHCOCH:), 148.51 (CCCNH), 149.75
(COCHs), 155.08 (COCH.), 156.25 (CClI), 159.52 (CNH). HRMS-ESI m/z [M+H]* caled. for
Ca2sH3sCINsO2: 476.2792, found: 476.2797.

2-Chloro-6-methoxy-N-(1-methy|piperidin-4-yl)-7-[3-(piperidin-1-yl)propoxy]quinazolin-
4-amine (10b)

According to GP1 with 6 (148 mg, 0.400 mmol, 1.0 equiv), 1-methylpiperidin-4-amine (58.1 pL,
52.9mg, 0.440 mmol, 1.1 equiv) and DIEA (213 L, 158 mg, 1.20 mmol, 3.0 equiv) in THF
(1.6 mL). Purification by flash chromatography [5% to 10% 3 M NHs (in MeCH) in CH:Cl;]
afforded 10b as yellow solid (86.1 mg, 48% yield, 97% purity). mp.: 82°C. R;= 0.24[10% 3 M
NH; (in MeOH) in CH.Cl]. IR (film): ¥= 2929, 1587, 1510, 1441, 1255cm™. 'H NMR
(500 MHz, CD:Cly): 8=1.37-1.50 [m, 2H, CH.CH:CH:N(CH:):O], 1.50-1.59 [m, 4H,
CH>CH:N(CH:):0], 1.59-1.70 (m, 2 H, CH-CH.CHNH), 2.01 (p, J= 6.8 Hz, 2 H, CH.CH:0),
2.07-2.14 (m, 2 H, CH.CH,CHNH), 2.14-2.23 (m, 2 H, CH.CH,CHNH), 2.28 (s, 3 H, CH:N),
2.38 [s, 4 H, CH.N(CH.)s0], 2.46 (t, J=7.1Hz, 2H, CH,CH.CH,0), 2.69-2.97 (m, 2H,
CH-CH2CHNH), 3.95 (s, 3H, CHs0), 4.15 (t, J=6.6 Hz, 2H, CH:0), 4.17-4.25 (m, 1H,
CHNH), 5.43 (d, J=7.7Hz, 1H, NH), 6.84 (s, 1 H, CHCOCH3), 7.08 (s, 1 H, CHCOCH.).
'"C NMR (126 MHz, CD:Cls): & =24.91 [CH:CH2CH:N(CH:):0], 26.46 [CH2CH:N(CH,);0],
26.87 (CH.CH-0), 32.58 (CH-CHNH), 46.37 (CH:N), 48.51 (CHNH), 54.96 (CH.CH-CHNH),
55.00 [CH:N(CH:);0O], 55.81 (CH.CH.CH.O), 56.78 (CH3O), 68.02 (CH:0), 100.36
(CHCOCHs3), 106.93 (CCNH), 108.38 (CHCOCH-), 148.50 (CCCNH), 149.75 (COCHs), 155.08
(COCH,), 156.25 (CCl), 159.57 (CNH). HRMS-ESI m/z [M+H]* calcd. for Ci3HasCINsO,:
448.2479, found: 448.2474.

2-Chloro-6-methoxy-N-methyl-7-[3-(piperidin-1-yl)propoxy]quinazolin-4-amine (10c)

According to GP1 with 6 (222 mg, 0.600 mmol, 1.0 equiv), methanamine (2 M in THF) (330 uL,
0.660 mmol, 1.1 equiv) and DIEA (320 pL, 237 mg, 1.80 mmol, 3.0 equiv) in THF (2.07 mL).
8
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Purification by flash chromatography [5% 3 M NHs (in MeOH) in CH:Cl,] afforded 10c as
colorless solid (187 mg, 86% yield, 96% purity). mp.: 63 °C. Rr= 0.34 [10% 3 M NH; (in MeOH)
in CH.Cl;]. IR (film): ¥ = 1624, 1510, 1244, 1022 cm-'. 'H NMR (500 MHz, CD.Cl.): 8 = 1.34—
147 [m, 2H, CH.CH:CH:N(CH:):0], 1.48-1.66 [m, 4 H, CH:CH:N(CH:):0], 2.01 (p,
J=6.8Hz, 2H, CH,CH:0), 2.32-2.41 [m, 4 H, CH:N(CH):0], 2.45 (t, J=7.1Hz, 2H,
CH-CH:CH:0), 3.16 (d, J= 4.8 Hz, 3 H, CH:NH), 3.93 (s, 3H, CH:0),4.15(t, J=6.6 Hz, 2 H,
CH20), 5.569-5.78 (m, 1 H, NH), 6.85 (s, 1 H, CHCOCHs), 7.09 (s, 1 H, CHCOCH). '*C NMR
(126 MHz, CD.Clo): 8=25.11 [CH:CH.CH:N(CH-):0], 26.67 [CH.CH:N(CH.):0], 27.07
(CH2CH:0), 28.81 (CHsNH), 55.18 [CH.N(CH)s0], 55.98 (CH.CH.CH.0), 56.76 (CHs0),
68.20 (CH:0), 100.41 (CHCOCH:;), 107.25 (CCNH), 108.51 (CHCOCH,), 148.35 (CCCNH),
149.96 (COCHs), 1585.19 (COCH.), 156.45 (CCl), 161.05 (CNH). HRMS-ESI m/z [M+H]* calcd.
for CisH2sCIN,O2: 365.1744, found: 365.1740.

2-(44sopropyl-1,4-diazepan-1-yl)-N-(1-isopropylpiperidin-4-yl)-6-methoxy-7-[3-
(piperidin-1-yl)propoxy]quinazolin-4-amine (11a) (Jiang et al., 2017; Liu et al., 2011)

According to GP2 with 10a (100 mg, 0.210 mmol, 1.0 equiv) and 1-propan-2-yl-1,4-diazepane
(170 pL, 152mg, 1.05 mmol, 5.0 equiv) in toluene (1.0mL). 11a was isolated by flash
chromatography [10% to 15% 3 M NHs (in MeOH) in CH:Cl;] as pale yellow solid (109 mg,
89% vyield, 95% purity). mp.: 52 °C. Rr= 0.25 [10% 3 M NHs (in MeOH) in CH:Cl.]. IR (film):
¥ =2931, 2094, 1630, 1248 cm'. '"H NMR (500 MHz, CD,Cl,): §=1.00 (d, J= 6.6 Hz, 6 H,
CH3CHNCH;CH:N), 1.05 (d, J=6.6 Hz, 6 H, CH;CHNCH.CH:.CH), 1.37-1.48 [m, 2H,
CH>CH:CH:N(CH:);0], 1.50-1.65 (m, 6 H, CH.CH:NCH.CHCH:O, CH:CHNH), 1.89 (p,
J=6.1Hz, 2H, CH:CH:CH:NC), 1.99 (p, J=6.9 Hz, 2H, CH.CH:0), 2.13-2.18 (m, 2 H,
CH,CHNH), 2.29-2.42 [m, 6 H, CH.CH,CHNH, CH:N(CH.);0], 2.44 (t, J=7.1Hz, 2H,
CH:CH.CH.0), 253-2.62 (m, 2H, CHCH.CH:NC), 272-282 (m, 3H,
CH3sCHNCH;CH-CHNH, NCH,CH:NC), 2.85-2.92 (m, 2 H, CH.CH.CHNH), 2.92-2.98 (m,
1 H, CH:CHNCH-CH:NC), 3.81-3.85 (m, 2 H, NCH.CH.CH-NC), 3.85-3.93 (m, 5 H, CH:0,
NCH.CH:NC), 4.00—4.17 (m, 3 H, CH.O, CHNH), 512 (d, J= 7.1 Hz, 1H, NH), 6.78 (s, 1H,
CHCOCH;), 6.82 (s, 1H, CHCOCH;). "CNMR (126 MHz, CD.Cl,). 5= 1845
(CH3aCHNCH:CH:NC), 18.45 (CHiCHNCH.CH:CHNH), 24.95 [CH:CH:CH:N(CH:):0], 26.48
[CH:CH:N(CH.):0], 27.06 (CH.CH:0), 29.03 (NCH.CH-CH-NC), 33.00 (NCH>-CH.CHNH),
45.89 (NCH2CH:CH:NC), 48.08 (NCH:CH:NC, CH>CH.CHNH), 49.17 (CHNH), 50.89
(NCH.CH:CH:NC), 5245 (NCH.CH:NC), 54.97 (CH;CHNCH.CH.CHNH), 55.01
[CH:N(CH:)30], 55.96 (CH,CH,CH,0), 56.06 (CH;CHNCH,CH-NC), 56.88 (CHs0), 67.59
(CH:20), 102.01 (CHCOCH:3), 102.98 (CCNH), 106.99 (CHCOCH), 145.56 (COCH;), 149.95
(CCCNH), 154.48 (COCH:), 158.54 (CNH), 158.83 (CNCNH). HRMS-ESI m/z [M+H]* calcd.
for CssHssN-O2: 582.4495, found: 582.4488.

2-(44sopropyl-1,4-diazepan-1-yl)-6-methoxy-N1-methyIpiperidin-4-yl)-7-[3-(piperidin-
1-yl)propoxy]quinazolin-4-amine (11b)

According to GP2 with 10b (58.2 mg, 0.130 mmol, 1.0 equiv) and 1-propan-2-yl-1,4-diazepane
(105 uL, 94.3 mg, 0.650 mmol, 5.0 equiv) in toluene (0.6 mL). 11b was isolated by flash
chromatography [10% to 15% 3 M NH; (in MeOH) in CHCl.] as colorless solid (44.9 mg, 62%
yield, 98% purity). mp.. 68°C. R:=0.15 [10% 3 M NHs (in MeCH) in CH.Cl]. IR (film):
v =12935, 1628, 1579, 1497, 1248 cm™'. "H NMR (500 MHz, CDsOD): & = 1.07 (d, J = 6.6 Hz,

9
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6H, CH:CH), 145-158 [m, 2H, CH.CH.,CH:N(CH.)0], 160-1.69 [m, 4H,
CH2CH:N(CH,):0], 1.69-1.82 (m, 2 H, CH.CHNH), 1.90-2.01 (m, 2 H, CH.CH,CH:NC), 2.03—
2.15 (M, 4 H, CH.CHNH, CH.CH,0), 2.16-2.24 (m, 2 H, CH:NCH), 2.33 (s, 3 H, CH:N), 2.54
[s, 4H, CH.N(CH.):0], 259-2.65 (m, 2H, CH.CH.CH.0), 265-2.75 (m, 2H,
CH-CH.CH,NC), 2.79-2.93 (m, 2 H, NCH,CH:NC), 2.93-3.05 (m, 3 H, CH:CH, CH.NCH),
3.86 (t, J= 6.2 Hz, 2 H, CH.CH:CH.NC), 3.89 (s, 5 H, CHsO, NCH:CH.NC), 4.08-4.26 (m,
3 H, CH:0, CHNH), 6.91 (s, 1 H, CHCOCH;), 7.42 (s, 1 H, CHCOCHs). *C NMR (126 MHz,
CD;0D): 5= 18.31 (CHsCH), 25.07 [CH,CH2CH:N(CH:)0], 26.40 [CH,CH.N(CH,);0], 27.06
(CH.CH:0), 29.11 (CH.CH.CH:NC), 3234 (CH.CHNH), 4624 (CH:N), 46.50
(CH.CH.CH.NC), 47.99 (NCH,CH:NC), 48.49 (CHNH), 51.73 (CH.CH,CH:.NC), 52.68
(NCH,CH2NC), 55.47 [CH,N(CH,):0], 56.04 (CH2NCH:), 56.62 (CHsCH), 56.87 (CH:0), 57.08
(CH.CH.CH.0), 68.06 (CH.0), 104.31 (CHCOCH;), 104.77 (CCNH), 106.27 (CHCOCH,),
147.03 (COCH;), 149.18 (CCCNH), 155.18 (COCH.), 159.60 (CNCNH), 160.13 (CNH).
HRMS-ESI m/z [M+H]" calcd. for CsiHs:N;O.: 554.4182, found: 554.4176.

2-(44sopropyl-1,4-diazepan-1-yl)-6-methoxy-N-methyl-7-[3«piperidin-1-
yl)propoxy]quinazolin-4-amine (11c)

According to GP2 with 10c (146 mg, 0.400 mmol, 1.0 equiv) and 1-propan-2-yl-1,4-diazepane
(324 pL, 290 mg, 2.00 mmol, 5.0 equiv) in toluene (2.0mL). 11c was isolated by flash
chromatography [10% 3 M NHs (in MeOH) in CH:Cl;] as red solid (171 mg, 91% vyield, 98%
purity). mp.: 66 °C. Rr= 0.29 [10% 3 M NH; (in MeOH) in CH:Cla]. IR (film): ¥ = 2937, 2360,
1585, 1497, 1215 cm™". '"H NMR (400 MHz, CD.Cl»): §=0.99 (d, J= 6.6 Hz, 6 H, CHsCH),
1.36-1.47 [m, 2 H, CH,CH2CH:N(CH2):0], 1.52-1.61 [m, 4 H, CH-CHzN(CH2);0], 1.80-1.93
(m, 2H, CH.CH.CH.NC), 199 (p, J=69Hz, 2H, CH.CH.O), 225240 [m, 4H,
CH:N(CH:)sQ], 2.43 (t, J=7.1 Hz, 2 H, CH:CH:CH:0), 2.50-2.65 (m, 2 H, CHCH:CH:NC),
2.67-2.81 (m, 2H, NCH.CH:NC), 2.83-3.01 (m, 1H, CHsCH), 3.09 (d, J=4.7 Hz, 3H,
CH:NH), 3.76-3.99 (m, 7 H, CHz2NC, CHs0), 4.11 (t, J= 6.7 Hz, 2 H, CH:0), 5.18-5.29 (m,
1H, NH), 6.76 (s, 1 H, CHCOCH;), 6.81 (s, 1 H, CHCOCH,). *C NMR (101 MHz, CD.Cl2):
8=18.52 (CHsCH), 25.00 [CH,CH.CH:N(CH:):0], 26.55 [CH.CH:N(CH:}0], 27.13
(CHCH:O), 28.24 (CHiNH), 29.30 (CH2CH.CH:NC), 4597 (CH:CH2CH:NC), 48.45
(NCH2CH:NC), 51.03 (CHCH.CH-NC), 52.46 (NCH.CH.NC), 55.04 [CH.N(CH.):C], 55.94
(CHiCH), 55.98 (CH,CH:CH-0), 56.68 (CH30), 67.61 (CH:0), 101.78 (CHCOCH;), 103.12
(CCNH), 107.02 (CHCOCH:), 145.54 (COCHzs), 149.80 (CCCNH), 154.42 (COCH:), 159.01
(CNCNg2), 159.89 (CNH). HRMS-ESI m/z [M+H]* calcd. for CasHasNeO2: 471.3447, found:
471.3442,

2-Chloro-6-methoxy-7-[3-(piperidin-1-yl)propoxy]quinazoline (12)

mp.; 127 °C. R = 0.59 [10% 3 M NHs (in MeOH) in CH-Cl2]. IR (film): ¥ = 2935, 1616, 1504,
1246 cm™'. "H NMR (500 MHz, CD:Cl,): & = 1.38-1.48 [m, 2 H, CH.CH-CH:N(CH,):0], 1.53—
1.58 [m, 4 H, CH.CH:N(CH2):0], 2.05 (p, J=6.8Hz, 2H, CH.CH.0), 238 [s, 4H,
CH,N(CH);0], 2.46 (t, J= 7.1 Hz, 2 H, CH.CH-CH,0), 3.99(s, 3 H, CH:0), 4.24 (, J= 6.6 Hz,
2H, CH.0), 7.12 (s, 1H, CHCOCH;), 7.25 (s, 1H, CHCOCH:), 9.00 (s, 1 H, CHNCCI).
15C NMR (126 MHz, CD.Cl2): & = 24.94 [CH,CH:CH:N(CH:):0], 26.51 [CH.CH:N(CH:);0],
26.80 (CH2CH.0), 55.02 [CH.N(CH-):0], 55.72 (CH,CH.CH,0), 56.60 (CH;0), 68.48 (CH.0),
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104.17 (CHCOCH), 106.77 (CHCOCH.), 119.77 (CCHCOCHK), 150.59 (CCHCOCH,), 151.66
(COCH3), 156.21 (CCl), 157.43 (COCH.), 159.45 (CHNCCI). HRMS-ESI m/z [M+H]" calcd. for
C17H2:CIN:O: 336.1479, found: 336.1471.

6-Methoxy-7-[3-(piperidin-1-yl)propoxy]quinazoline (13)

mp.: 98 °C. R = 0.49 [10% 3 M NH; (in MeOH) in CH.CL.]. IR (film): 7= 2937, 1618, 1502,
1234 cm™'. "H NMR (500 MHz, CD:Cl2): & = 1.39-1.46 [m, 2 H, CH2CH2CH:N(CH,):0], 1.53—
1.59 [m, 4 H, CH:CH:N(CH.):0], 2.05 (p, J = 6.8 Hz, 2 H, CH.CH,0), 2.25-2.43 [m, 4 H,
CHaN(CH2)s0], 2.47 (t, J = 7.1 Hz, 2 H, CH:CH2CH,0), 3.99(s, 3 H, CHs0), 4.24(t, J= 6.7 Hz,
2H, CH.0), 7.11 (s, 1H, CHCOCHs;), 7.31 (s, 1H, CHCOCH), 9.06 (s. 1H,
CHNCCHCOCH;), 9.12 (s, 1H, CHCCHCOCH;). '3C NMR (126 MHz, CD.Cl,): &= 24.95
[CH:CH-CH,N(CH-)50], 26.52 [CH2CH:N(CH):0], 26.89 (CH:CH-0), 55.02 [CH.N(CH,):0],
55.80 (CH.CH.CH.0), 56.49 (CH10), 68.24 (CH.0), 104.23 (CHCOCH;), 107.49 (CHCOCH.),
121.32 (CCHCOCH;), 148.46 (CCHCOCH:), 151.35 (COCHs), 154.34 (CHNCCHCOCH:),
156.25 (COCH;), 156.93 (CHCCHCOCH:). HRMS-ESI m/z [M+H]* calcd. for Ci-H2NsO»:
302.1869, found: 302.1861.

2-(44sopropyl-1,4-diazepan-1-yl)-6-methoxy-7-[3-(piperidin-1-yl)propoxy]quinazoline
(14)

According to GP2 with 12 (101 mg, 0.300 mmol, 1.0 equiv) and 1-isopropyl-1,4-diazepane
(243 uL, 218 mg, 1.50 mmol, 5.0 equiv) in toluene (1.5 mL). 14 was isolated by flash
chromatography [10% 3 M NH3 (in MeOH) in CH.Cl] as yellow cil (131 mg, 99% yield, 97%
purity). Hygroscopic. R = 0.33 [10% 3 M NHs (in MeOH) in CH:CI2]. IR (film): ¥ = 2931, 1593,
1493, 1223, 11563 cm”'. '"H NMR (500 MHz, CD:Cl.): 5= 0.98 (d, J=6.6 Hz, 6 H, CH:CH),
1.36-1.51 [m, 2 H, CH,CH,CH:N(CH:):0], 1.51-1.60 [m, 4 H, CH-CH;N(CH,);0], 1.80-1.94
(m, 2 H, CNCH.CH-CH:N), 2.01 (p, J= 6.9 Hz, 2 H, CH.CH,0), 2.38 [s, 4 H, CH-N(CH,):0],
244 (t, J=7.1Hz, 2 H, CH.CH,CH,0), 2.51-2.63 (m, 2 H, CNCH,CH,CH:N), 2.67-2.82 (m,
2 H, CNCH,CH:N), 2.90 (hept, J=6.6 Hz, 1 H, CH;CH), 3.79-3.96 (m, 7 H, CNCH., CH30),
417 (t, J=6.8 Hz, 2 H, CH:0), 6.89 (s, 1 H, CHCOCH), 6.90 (s, 1 H, CHCOCHz), 8.74 (s,
1 H, CHNC). *C NMR (126 MHz, CD.Cl,): 5 = 18.52 (CHsCH), 24.99 [CH.CH,CH-N(CH);0],
26.55 [CH:CH:N(CH2)sQO], 27.01 (CH:CH:0), 29.12 (CNCH:CH.CH:N), 46.19
(CNCH,CH,CH:N), 48.68 (CNCH.CH:N), 51.15 (CNCH.CH,CH:N), 52.08 (CNCH.CH:N),
55.05 [CH2N(CH:):0], 55.88 (CH:CH:CH-0), 55.93 (CH;CH), 56.32 (CH;0O), 67.88 (CH20),
105.55 (CHCO)*, 105.76 (CHCO)*, 114.18 (CCHCOCH;), 147.10 (COCH;), 150.66
(CCHCOCH.), 156.21 (COCH;), 158.43 (CHNC), 159.44 (CNCH;). HRMS-ESI m/z [M+H]
caled. for CosHaoNsO», 442.3182, found: 442.3177.

N-[1-(Cyclohexylmethyl)piperidin-4-yl]-6-methoxy-7-[3-(piperidin-1-y|)propoxy]-
quinazolin-4-amine (16a)

According to GP4 with 15 (67.2 mg, 0.200 mmol, 1.0 equiv), 1-(cyclohexylmethyl)piperidin-4-
amine (78.5 mg, 0.400 mmol, 2.0 equiv) and DIEA (107 pL, 79.1 mg, 0.600 mmoal, 3.0 equiv)
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in i-PrOH (1.0 mL) for 15 min. 16a (61.8 mg, 62% vyield, 98% purity) was isolated by flash
chromatography [7% to 8% 3 M NH; (in MeOH) in CH,Cl:] as colorless solid. mp.: 194 °C.
R-=0.43 [10% 3 M NH; (in MeOH) in CH:Clz]. IR (film): = 2927, 1589, 1504, 1458,
1252, 754 cm™. "H NMR (500 MHz, CD.Cl;): § = 0.78-0.96 (m, 2 H, CH,CHCH:N), 1.12-1.34
(m, 3H, CHQCHQCHQCHCHQN), 1.36-1.46 [I’T‘I‘ 2H, CHQCHQCHQN(CH2)30]. 1.46-1.53 (m‘ 1H,
CHCH:N), 1.53-1.59 [m, 4 H, CH:CH:N(CH.):0], 1.59-1.63 (m, 2 H, CH.CH.CHNH), 1.63-
1.74 (m, 3 H, CH,CH-.CH>CHCH:N), 1.74—1.82 (m, 2 H, CH.CHCH:N), 1.96-2.05 (m, 2 H,
CH>CH-0), 2.06-2.18 (m, 6 H, CH.NCH,CH-CHNH), 2.29-2.42 [m, 4, CH:N(CH,);0], 2.45 (1,
J=7.1Hz, 2 H, CH.CH.CH:0), 2.78-2.93 (m, 2 H, CH.CH.CHNH), 3.95 (s, 3 H, CHs0), 4.16
(t, J= 6.6 Hz, 2 H, CH:0), 4.18-4.28 (m, 2H, CHNH), 5.24 (d, J= 7.7 Hz, 1 H, NH), 6.85 (s,
1H, CHCCNH), 7.15 (s, 1 H, CHCCCNH), 8.43 (s, 1H, CHNCNH). '3C NMR (126 MHz,
CD.Cls): 8=2496  [CH,CH:CH:N(CH2):0], 2652  [CH2CH:N(CH:z):0], 26.61
(CH.CH:CHCH:N), 27.01 (CH.CH-0), 27.31 (CH,CH2:CH,CH), 32.26 (CH-CHCH:N), 32.90
(CH2CHNH), 35.79 (CHCH:N), 48.76 (CHNH), 53.49 (CH.CH.CHNH), 55.03 [ CH2N(CH-)s0],
55.90 (CH,CH.CH-0), 56.68 (CHzO), 66.00 (CHCH:N), 67.90 (CH.O), 100.09 (CHCCNH),
108.69 (CCNH), 108.97(CHCCCNH), 147.17 (CCCNH), 149.57 (COCHs), 154.29 (CHNCNH),
154.33 (COCH.), 167.98 (CNH). HRMS-ESI m/z [M+H]* calcd. for CosHasNsO2: 496.3651,
found: 496.3644.

N-(1-Cyclohexylpiperidin-4-yl)-6-methoxy-7-[3-(piperidin-1-yl)propoxy]-quinazolin-4-
amine (16b)

According to GP4 with 15 (33.6 mg, 0.100 mmol, 1.0 equiv), 1-cyclohexylpiperidin-4-amine
(36.5 mg, 0.200 mmol, 2.0 equiv) and DIEA (53.3 pL, 39.6 mg, 0.300 mmol, 3.0 equiv) in
iPrOH (0.5 mL) for 15 min. 16b (45.2 mg, 94% vyield, 95% purity) was isolated by flash
chromatography [5% to 10% 3 M NH; (in MeOH) in CH.Cl;] as yellow solid. mp.: 168 °C.
R-=0.50[10% 4 M NH; (in MeOH) in CH.Cl,]. IR (film): ¥ = 2929, 1620, 1504, 1217, 735 cm™'.
'H NMR (400 MHz, CDsOD): &= 1.09-1.23 (m, 1 H, CH.CH.CH,CHN), 1.25-1.42 (m, 4 H,
CH.CH.CHN), 1.44-158 [m, 2H, CH:CH.CH:N(CH:):0O], 1.61-1.72 [m, &H,
CH.CH2CH,CHN, CH.CH:N(CH):0], 1.72-1.83 (m, 2 H, CH,CHNH), 1.83-1.92 (m, 2 H,
CH-CH2CHN), 1.92-2.05 (m, 2 H, CH-CHN), 2.06-2.17 (m, 4 H, CH,CHNH, CH.CH-0), 2.38-
247 (m, 1H, CH,CHN) 247-255 (m, 2H, CH.CH,CHNH), 2.55-2.62 [m, 4H,
CH>N(CH:);0], 2.62-2.70 (m, 2 H, CH.CH:CH:0), 3.02-3.13 (m, 2 H, CH.CH:CHNH), 3.97
(s, 3H, CHs0), 4.13-4.20 (m, 3 H, CHNH, CH;0), 7.07 (s, 1 H, CHCCCNH), 7.60 (s, 1H,
CHCCNH), 830 (s, 1H, CHNCNH). "CNMR (101MHz, CDsOD). &=2500
[CH:CH2CH:N(CH-);0], 26.35 [CH,CH2N(CH:);0], 26.97 (CH.CH,0), 27.09 (CH.CH,CHN),
27.29 (CH,CH,CH,CHN), 29.52 (CH,CHN), 32.41 (CH.CHNH), 49.28 (CH.CH.CHNH), 49.85
(CHNH), 55.45 [CH:N(CH2):0], 56.82 (CH30), 56.99 (CH.CH-CH-0), 65.28 (CH.CHN), 68.31
(CH;0), 102.94 (CHCCNH), 107.82 (CHCCCNH), 110.17 (CCNH), 146.65 (CCCNH), 150.87
(CHsOC), 154.28 (CNCNH), 155.47 (CH,OC), 159.64 (CNH). HRMS-ESI m/z [M+H]* calcd. for
Co5H14N50,: 482.3495, found: 482.3490.

6-Methoxy-N-(1-methylpiperidin-4-yl)-7-[3{piperidin-1-yl)propoxy]quinazolin-4-amine
(16c)

According to GP4 with 15 (33.6 mg, 0.100 mmol, 1.0 equiv), 1-methylpiperidin-4-amine
(26.4 pL, 24.5mg, 0.200 mmol, 2.0 equiv) and DIEA (53.3puL, 39.6 mg, 0.300 mmal,

12



210 3 Verdffentlichungen / Vierte Publikation (Manuskript)

3.0 equiv) in /-PrOH (0.5 mL) for 15 min. 16c (28.7 mg, 69% vield, 97% purity) was isolated by
flash chromatography [5% to 10% 3 M NHs (in MeOH) in CH.Cl;] as colorless solid. mp.:
210 °C (decomposition). R-= 0.26 [10% 4 M NHa (in MeOH) in CH:Cl3]. IR (film): ¥ = 2931,
1591, 1254, 1049cm’. 'HNMR (500 MHz, CD;OD). &= 1.48-159 [m, 2H,
CH:CH,CH:N(CH:);0], 1.63-1.72[m, 4 H, CH,CH2N(CH:);0], 1.73-1.85 (m, 2 H, CH.CHNH),
2.04-2.11(m, 2 H, CH.CHNH), 2.11-2.17 (m, 2 H, CH.CH:0), 2.21-2.28 (m, 2 H, CH:NCHs),
2.35 (s, 3 H, CH;N), 2.64 [bs, 4 H, CH:N(CH);0], 2.68-2.76 (m, 2 H, CH.CH-CH-0), 2.93-
3.04 (m, 2 H, CH:NCHs), 3.98 (s, 3 H, CHz0), 4.14-4.26 (m, 3 H, CH:0, CHNH), 7.07 (s, 1 H,
CHCCCNH), 7.60 (s, 1 H, CHCCNH), 8.31 (s, 1 H, CHNCNH). '*C NMR (126 MHz, CD;OD):
8=24.78 [CH.CH.CH:N(CH:);0], 26.16 [CH.CH:N(CH.);O], 26.76 (CH.CH;0), 32.26
(CH:CHNH), 46.18 (CH:N), 55.37 [CH:N(CH:):0], 55.92 (CH.NCH;), 56.82 (CH;0), 56.95
(CH.CH.CH-0), 68.24 (CH:O), 102.93 (CHCCNH), 107.83 (CHCCCNH), 110.22 (CCNH),
146.63 (CCCNH), 150.84 (CH:OC), 154.30 (CHNCNH), 155.40 (CH,OC), 159.69 (CNH).
HRMS-ESI m/z [M+H]* calcd. for CosHzsNsO2: 414.1869, found: 414.2864.

6-Methoxy-N-(1-phenylpiperidin-4-yl)-7-[3{piperidin-1-yl)propoxy]quinazolin-4-amine
(16d)

According to GP4 with 15 (67.2 mg, 0.200 mmol, 1.0 equiv), 1-phenylpiperidin-4-amine
(74.2mg, 0.400 mmol, 2.0 equiv) and DIEA (107 pL, 79.1 mg, 0.600 mmol, 3.0 equiv) in
i-PrOH (1.0 mL) for 15 min. 16d (77.7 mg, 82% vyield, 100% purity) was isolated by flash
chromatography [10% 3 M NH; (in MeOH) in CH.Cl;] as colorless solid. mp.. 207 °C
(decomposition). Rr= 0.49 [10% 4 M NHs (in MeOH) in CH:Clz]. IR (film): ¥ =2935, 1589,
1504, 1215, 756cm’. 'HNMR (500 MHz, CD.Cl): &=137-147 [m, 2H,
CH>CH:CH:N(CH.)sQ], 1.49—-1.63 [m, 4 H, CH.CH:N(CH.):0], 1.74 (qd, J= 11.9, 11.9, 11.9,
40Hz, 2 H, CH.CHNH), 2.03 (p, J=6.9,6.9, .9, 69 Hz, 2H, CH.CH:0), 2.21-2.30 (m, 2 H,
CH>CHNH), 2.39 [s, 4 H, CH:N(CH:);0], 2.44-2.52 (m, 2 H, CH.CH-CH-0), 2.97 (td, J= 12.4,
12.4, 25 Hz, 2 H, CH.CH.CHNH), 3.69-3.78 (m, 2 H, CH.CHCHNH), 3.94 (s, 3 H, CH30),
416 (t, J=6.7, 6.7 Hz, 2H, CH:0), 4.36-4.50 (m, 1 H, CHNH), 5.34 (s, 1 H, NH), 6.82 (1,
J=7.3,7.3Hz, 1 H, CHCHCHCN), 6.88 (s, 1 H, CHCCNH), 6.93-7.01 (m, 2 H, CHCHCHCN),
7.16 (s, 1 H, CHCCCNH), 7.21-7.30 (m, 2 H, CHCHCHCN), 8.46 (s, 1 H, CHNCNH). '3C NMR
(126 MHz, CD:Cl): 3= 24.90 [CH2CH:N(CH:);0], 26.44 [CH:N(CH:);0], 26.92 (CH.CH-0),
32.34 (CH2CH>CHNH), 48.57 (CHNH), 49.14 (CH2CH>CHNH), 54.99 [CH:N(CH:2);0], 55.87
(CH.CH:.CH-0), 56.67 (CHs0), 67.88 (CH-0), 100.06 (CHCCNH), 108.72 (CCNH), 108.98
(CHCCCNH), 116.75 (CHCHCHCN), 119.61 (CHCHCHCN), 129.46 (CHCHCHCN), 147.22
(CCCNH), 149.64 (COCHs), 151.76 (CHCHCHCN), 154.24 (CHNCNH), 154.37 (COCH.),
157.94 (CNH). HRMS-ESI m/z [M+H]* calcd. for C2sH3sNsO-2: 476.3026, found: 476.3019.

N-(1-Benzylpiperidin-4-yl)-6-methoxy-7-[3-(piperidin-1-yl)propoxy]quinazolin-4-amine
(16e)

According to GP4 with 15 (67.2mg, 0.200 mmol, 1.0 equiv), 1-benzylpiperidin-4-amine
(83.2 pL, 77.7 mg, 0.400 mmol, 2.0 equiv) and DIEA (107 pL, 79.1 mg, 0.600 mmol, 3.0 equiv)
in -PrOH (1.0 mL) for 15 min. 16e (83.1 mg, 85% yield, 99% purity) was isolated by flash
chromatography [10% 3 M NH; (in MeOH) in CH:Cl.] as colorless solid. mp.: 164 °C. R = 0.32
[10% 4 M NH3 (in MeOH) in CH,Cl2]. IR (film): ¥ = 2931, 1589, 1504, 1458, 1217, 746 cm™.
'"H NMR (400 MHz, CD,Cl:): 3 = 1.37-1.48 [m, 2 H, CH-CH.CH:N(CH.);0], 1.48-1.75[m, 6 H,
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CH:CH.CHNH, CH:CH.N(CH.):0], 1.97-2.08 (m, 2H, CH.CH.0), 2.08-2.17 (m, 2H,
CH2CH-CHNH), 2.17-2.27 (m, 2 H, CH-CH.CHNH), 2.29-2.43 [m, 4 H, CH.N(CH,):0], 2.43—
2.53 (m, 2 H, CH:CH:CH:0), 2.84-2.98 (m, 2 H, CH,CH,CHNH), 3.53 (s, 2 H, CCH:N), 3.95
(s.3 H, CH:0), 4.16 (t, J = 6.6 Hz, 2 H, CH,0), 4.19-4.31(m, 1 H, CHNH), 5.18-5.26 (m, 1 H,
NH), 6.85 (s, 1 H, CHCCNH), 7.15 (s, 1 H, CHCCCNH), 7.21-7.28 (m, 1 H, CHCHCHCCH:N),
7.28-7.37 (m, 4H, CHCHCCH:N), 8.43 (s, 1 H, CHNCNH). '*C NMR (101 MHz, CD.Cl):
5=24.90 [CH.CH.CH:N(CH.)0], 26.43 [CH.CH.N(CH.):0], 26.92 (CH.CH.O), 32.85
(CH.CH,CHNH), 48.62 (CH,CH.CHNH), 52.93 (CH,CH.CHNH), 54.99 [CH,N(CH.):0], 55.87
(CH.CH,CH.0), 56.68 (CH;0), 63.31 (CCH:N), 67.85 (CH.0), 100.05 (CHCCNH), 108.69
(CCNH), 108.99 (CHCCCNH), 127.28 (CHCHCHCCH:N), 128.53 (CHCHCCH:N), 129.38
(CHCCH,N), 139.39 (CCH:N), 147.18 (CCCNH), 149.57 (COCHs), 154.27 (CHNCNH), 154.31
(COCH), 157.96 (CNH). HRMS-ES| m/z [M+H]" calcd. for CasHaoNsO2: 490.3182, found:
490.3176.

6-Methoxy-7-[3-(piperidin-1-yl)propoxy]-N-[5{ pyrrolidin-1-yl)pentyl]quinazolin4-amine
(16f)

According to GP4 with 15 (101 mg, 0.300 mmal, 1.0 equiv), 5-pyrrolidin-1-ylpentan-1-amine
(93.8 mg, 0.600 mmol, 2.0 equiv) and DIEA (160 pL, 119 mg, 0.900 mmol, 3.0 equiv)in FPrOH
(1.5 mL) for 1 h. 16f (114 mg, 83% vyield, 98% purity) was isolated by flash chromatography
[10% to 15% 3 M NHs (in MeOH) in CH2Cl,] as pale yellow solid. mp.: 103°C. R-=0.41[15%
3 M NHs (in MeOH) in CH:Cl3]. IR (film): ¥=2937, 1593, 1460, 1217, 754 cm™'. 'H NMR
(500 MHz, CD:Cly): 8= 1.38-1.46 [m, 2H, CH.CH.CH:;N(CH:);0], 1.47-1.53 (m, 2H,
CH.CH2CH;NH), 1.54-1.58 [m, 4 H, CH,CH:N(CH:)s0], 1.58-1.65 [m, 2 H, CH2(CH:)sNH],
1.69-1.76 (m, 2 H, CH.CH:NH), 1.76-1.84 [m, 4 H, CH:CH:N(CH2)sNH], 2.01 (p, J= 6.9 Hz,
2H, CH-CH:0), 2.31-2.42 [m, 4 H, CH:N(CH:);0], 2.45 (t, J=7.2Hz, 2 H, CH,CH:CH0),
253[t,J=7.2 Hz, 2 H, CH:(CH:).NH], 2.56-2.62[m, 4 H, CH:N(CH:)sNH], 3.56-3.71(m, 2 H,
CH-NH), 3.95 (s, 3 H, CH30), 4.15 (t, J=6.7 Hz, 2H, CH:0), 5.90 (t, J= 5.6 Hz, 1 H, NH),
7.07 (s, 1H, CHCOCHs), 7.14 (s, 1H, CHCOCH,), 8.43 (s, 1 H, CHNCNH). '3C NMR
(126 MHz, CD:Cls): 8= 23.82 [CH:CH:N(CH:z)sNH], 24.96 [CHCH:CH:N(CH:);0], 25.22
(CH.CH:CH2NH), 26.51 [CH2CH:N(CH2):0], 27.00 (CH2CH-0), 28.52 [CH2(CHz)sNH], 29.43
(CH:CH:NH), 41.58 (CH.NH), 54.47 [CH.N(CH)sNH], 55.02 [CH:N(CH.):O], $55.90
(CH2CH:CH:0), 56.39 [CHz(CH:)}NH], 56.79 (CHs;O), 67.85 (CH:0), 100.72 (CHCOCHS,),
108.83 (CHCOCH.), 108.91 (CCNH), 146.98 (CCCNH), 149.52 (COCHs), 154.21 (COCH.),
154.32 (CHNCNH), 158.84 (CNH). HRMS-ESI m/fz [M+H]* calcd. for CasHa2NsO-: 456.3339,
found: 456.3333.

4-[(1-lsopropylpiperidin4-yl)oxy]-6-methoxy-7-[3-(piperidin-1-yl)propoxy]quinazoline
(16g)

mp.: 93 °C. R = 0.38 [7% 3 M NH; (in MeOH) in CH.Cl]. IR (film): ¢ = 2935, 1502, 1427, 1211,
754 cm'. 'H NMR (500 MHz, CD.Cl.): 8= 1.05 (d, J= 6.5 Hz, 6 H, CH:CH), 1.32-1.48 [m,
2H, CH,CH:CH.N(CH:):0], 1.49-1.62 [m, 4 H, CH-CH.N(CH.):0], 1.83-1.93 (m, 2H,
CH-CHO), 2.03 (p, J = 6.8 Hz, 2 H, CH-CH.0), 2.08-2.18 (m, 2 H, CH.CHO), 2.25-2.42 [m,
4 H, CH.N(CH,);0], 2.42-2.52 (m, 4 H, CH.CH,CH,O, CH.CH.CHO), 2.76 (h, J = 6.6 Hz, 1 H,
CHiCH), 2.80-2.91 (m, 2 H, CH.CH,CHO), 3.97 (s, 3 H, CH:0), 4.19 (t, J=6.7 Hz, 2 H,
CH:0), 5.35 (dt, J = 8.5, 4.2 Hz, 1 H, CHO), 7.23(s, 1 H, CHCOCH.), 7.36 (s, 1 H, GHCOCH),
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856 (s. 1H, CHNCO). "“CNMR (126 MHz, CD,CL): &=18.46 (CH,CH), 24.96
[CH:CH-CH,N(CH:)50], 26.52 [CH2CH:N(CH)s0], 26.97 (CH2CH-0), 31.82 (CH.CHO), 46.44
(CH.CH,CHO), 54.77 (CHyCH), 55.03 [ CHzN(CH:)s0], 55.87 (CH.CH.CH.0), 56.42 (CH:O),
68.01 (CH.,0), 73.20 (CHO), 101.69 (CHCOCH:), 107.87 (CHCOCH.), 111.30 (CCCO),
149.00 (CCCO), 150.27 (COCH:), 153.30 (CHNCO), 155.28 (COCH.), 165.09 (COCH).
HRMS-ESI m/z [M+H]* calcd. for CasHasNaOs: 443.3022, found: 443.3019.

7-Benzyloxy-N-{1-isopropylpiperidin-4-yl)-6-methoxyquinazolin-<4-amine (18)

According to GP4 with 17 (1.27 g, 4.00 mmol, 1.0 equiv), 1-propan-2-ylpiperidin-4-amine
(1.29 mL, 1.16 g, 8.00 mmol, 2.0 equiv) and DIEA (2.08 mL, 1.58 g, 12.0 mmol, 3.0 equiv) in
-PrOH (20 mL) for 15 min. 18 (1.63 g, > 99% vyield, 96% purity) was isolated by flash
chromatography [10% 3M NH; (in MeOH) in CH,Cl;] as colorless solid. mp.. 192°C
(decomposition). Rr= 0.35 [10% 4 M NHs (in MeOH) in CH:Clz]. IR (film): ¥ = 2966, 1589,
1504, 1252, 752 cm™". 'H NMR (500 MHz, CDCls): 8= 1.07 (d, J = 6.6 Hz, 6 H, CHsCH), 1.52—
1.73 (m, 2 H, CH.CH), 2.11-2.23 (m, 2 H, CH-CH), 2.34-2.45 (m, 2 H, CH.CH.CH), 2.70-2.83
(m, 1 H, CH:CH), 2.87-2.97 (m, 2 H, CH.CH;CH), 4.01 (s, 3 H, CH;0), 4.18—-4.29 (m, 1H,
CHNH), 5.12 (d, J= 7.7 Hz, 1 H, NH), 5.27 (s, 2 H, CH:0), 6.81 (s, 1 H, CHCCNH), 7.22 (s,
1H, CHCCCNH), 7.29-7.34 (m, 1 H, CHCHCHCCH:O), 7.35-7.41 (m, 2 H, CHCHCCH-0),
7.44-751 (m, 2H, CHCCH:0), 852 (s, 1H, CHNCNH). '*C NMR (126 MHz, CDCl;):
8= 18.59 (CHsC), 32.99 (CH:.CH), 47.82 (CH,CH-CH), 48.63 (CHNH), 54.65 (CHsC), 56.59
(CHsO), 70.91 (CH:0), 99.77 (CHCCNH), 108.78 (CCNH), 109.69 (CHCCCNH), 127.57
(CHCCH:0), 128.35 (CHCHCHCCH-0), 128.86 (CHCHCCH:0), 135.60 (CCH:0), 146.70
(CCCNH), 149.46 (CHsOC), 153.59 (CH:OC), 154.23 (CHNCNH), 157.70 (CNH). HRMS-ESI
m/z [M+H]* caled. for CouHs1N4O2: 407.2447, found: 407.2441.

4-[(1-Isopropylpiperidin-4-yl)amino]-6-methoxyquinazolin-7-ol (19)

mp.: 166 °C. R = 0.18 [15% 4 M NHs (in MeOH) in CH.Cl2]. IR (film): ¥ = 2359, 1633, 1489,
1427, 1352 cm'. 'H NMR (400 MHz, CD<OD): & = 1.15(d, J = 6.6 Hz, 6 H, CH:CH), 1.65-1.83
(M, 2 H, CH,CHNH), 2.02-2.21 (m, 2 H, CH.CHNH), 2.34-2.53 (m, 2 H, CH,N), 2.85 (hept,
J=66 Hz, 1 H, CH:CH), 2.94-3.12 (m, 2H, CHN), 4.00 (s, 3 H, CH:0), 421 (tt, J= 11.4,
4.2 Hz, 1 H, CHNH), 6.94 (s, 1 H, CHCOH), 7.57 (s, 1 H, CHCCNH), 8.25 (s, 1 H, CHNCNH).
15C NMR (126 MHz, CD;OD): 5= 18.40 (CHsCH), 32.29 (CH.CHNH), 49.17 (CH:N), 49.74
(CHNH), 56.20 (CHsCH), 56.65 (CH:O), 102.49 (CHCCNH), 108.41 (CCNH), 109.53
(CHCOH), 145.87 (CCCNH), 151.00 (CHsOC), 153.21 (CHNCNH), 156.86 (COH), 159.59
(CNH). HRMS-ESI m/z [M+H]* calcd. for Ci7HxsN4O,: 317.1978, found: 317.1973.

N-(1-Propan-2-ylpiperidin-4-yl)-6-methoxy-7-[3-(piperidin-1-yl)propoxy]quinazolin-4-
amine (20a) (Kaiser et al., 2024).

According to GP5, with 19 (127 mg, 0.400 mmol, 1.0 equiv), 3-piperidin-1-ylpropan-1-ol
(224 uL, 211 mg, 1.40 mmol, 3.5 equiv), PPhs; (0.589 g, 2.20 mmol, 5.5 equiv) and DIAD
(413 pL, 426 mg, 2.00 mmol, 5.0 equiv)in THF (5.8 mL). Purification by flash chromatography
[10% 3 M NHjs (in MeOH) in CH-Cl;] afforded 20a (111 mg, 63% yield, 99% purity) as colorless
solid. The characterization data of 20a match the reported (Kaiser et al., 2024).
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N-(1-lsopropylpiperidin-4-yl)-6-methoxy-7-[4-(piperidin-1-yl)butoxy]quinazolin-4-amine
(20b)

mp.: 191°C. R = 0.41 [10% 4 M NH; (in MeOH) in CHCl2]. IR (film): ¥ = 2927, 1624, 1504,
1460, 1252 cm™'. '"H NMR (500 MHz, CD,Cl,): 5 = 1.04 (d, J = 6.6 Hz, 6 H, CH,CH), 1.36-1.46
[M. 2 H, CH.CH.CH:N(CH2)40], 1.48-1.61 [m, 6 H, CH.CH2N(CH2).0, CH.CHNH], 1.62-1.75
(M, 2 H, CH.CH,CH:0), 1.82—1.94 (m, 2 H, CH,CH:0), 2.09-2.18 (m, 2 H, CH,CHNH), 2.20—
2.54 [m, 8 H, CH:NCH-(CH. )0, CH.CH.CHNH], 2.76 (hept, J = 6.6 Hz, 1 H, CH:CH), 2.83—
2.93 (M, 2 H, CH.CH.CHNH ), 3.95 (s, 3 H, CHs0), 4.13 (t, J = 6.7 Hz, 2 H, CH;0), 4.15-4.26
(m, 1H, CHNH), 5.25 (d, J=7.7Hz, 1H, NH), 6.86 (s, 1H, CHCCNH), 7.13 (s, 1H,
CHCCCNH), 8.43 (s, 1 H, CHNCNH). 13C NMR (126 MHz, CD,Cl.): 5= 18.45 (CH,CH), 23.81
(CH.CH,CH.0), 25.01 [CH:CH.CH:N(CH,):0], 26.53 [CH,CH,N(CH-),0], 27.37 (CH.CH0),
33.23 (CH.CHNH), 48.02 (CH.CH.CHNH), 49.04 (CHNH), 54.85 (CH.CH), 55.01
[CH:N(CHz2)40], 56.69 (CH:0), 59.16 [CH2(CH:):0], 69.26 (CH0), 100.10 (CHCCNH), 108.67
(CCNH), 108.87 (CHGCCNH), 147.17 (CCCNH), 149.58 (CH;OC), 154.28 (CHNCNH), 154.33
(CH.0C), 157.97 (CNH). HRMS-ESI m/z [M+H]* calcd. for CasHaNsO2: 456.3339, found:
456.3331.

N-(1-lsopropylpiperidin-4-yl)-6-methoxy-7-[2-(piperidin-1-yl)ethoxy]quinazolin-4-amine
(20c)

According to GP5, with 19 (127 mg, 0.400 mmol, 1.0 equiv), 2-piperidin-1-ylethan-1-ol
(215 L, 209 mg, 1.60 mmal, 4.0 equiv), PPhs (0.589 g, 2.20 mmol, 5.5 equiv) and DIAD
(413 pL, 426 mg, 2.00 mmol, 5.0 equiv) in THF (5.8 mL). Purification by flash chromatography
[10% 3 M NH;z (in MeOH) in CH1Cl.] afforded 20c (136 mg, 79% yield, 99% purity) as colorless
solid. mp.: 185 °C. Rr=0.21[15% 4 M NH; (in MeOH) in CH:Cl:]. IR (film): V= 1643, 1460,
1252 cm™. '"H NMR (500 MHz, CD:Cl): §= 1.04 (d, J= 6.6 Hz, 6 H, CHsCH), 1.36-1.47 (m,
2 H, CH.CH,CH:NCH,CH:0), 1.54-1.63 (m, 6 H, CH.CHNH, CH,CH;NCH,CH.-0), 2.12-2.17
(m, 2 H, CH,CHNH), 2.32-2.40 (m, 2 H, CH:CH:CHNH), 2.42-2.54 (m, 4 H, CH:NCH.CH-0),
2.78 (s, 1 H, CHsCH), 2.78-2.81 (m, 2 H, CH-CH-0), 2.84-2.93 (m, 2 H, CH.CH,CHNH), 3.96
(s, 3H, CH;0), 4.15-4.27 (m, 3 H, CH:0, CHNH), 6.27 (d, J= 7.7 Hz, 1 H, NH), 6.87 (s, 1 H,
CHCCNH), 7.14 (s, 1 H, CHCCCNH), 8.43 (s, 1 H, CHNCNH). "*C NMR (126 MHz, CD-Cl,):
5=18.45 (CHsCH), 24.71 (CH.CH.CH:NCH.CH:0), 26.43 (CH:CH:NCH.CH-.0O), 33.22
(CH2CHNH), 48.02 (CH.CH2CHNH), 49.06 (CHNH), 54.84 (CHsCH), 55.43 (CH:NCH:CH-0),
56.68 (CH30), 58.02 (CH.CH-0), 67.04 (CH:0), 100.19 (CHCCNH), 108.80 (CCNH), 109.01
(CHCCCNH), 147.13 (CCCNH), 149.49 (CH;OC), 153.75 (CH.OC), 154.33 (CHNCNH),
157.98 (CNH). HRMS-ESI m/z [M+H]* calcd. for C24H3sNsO-2: 428.3026, found: 428.3020.

N-(1-lsopropylpiperidin-4-yl)-6-methoxy-7-[3-(pyrrolidin-1-yl)propoxy]-quinazolin-4-
amine (20d)

According to GP5, with 19 (127 mg, 0.400 mmol, 1.0 equiv), 3-pyrrolidin-1-ylpropan-1-ol
(227 uL, 218 mg, 1.60 mmal, 4.0 equiv), PPhs (0.589 g, 2.20 mmol, 5.5 equiv) and DIAD
(413 pL, 426 mg, 2.00 mmol, 5.0 equiv) in THF (5.8 mL). Purification by flash chromatography
[10% 3 M NHjs (in MeOH) in CH.Cl-] afforded 20d (119 mg, 69% vyield, 98% purity) as colorless
solid. mp.: 162 °C. Rr=0.18 [15% 4 M NH; (in MeOH) in CH:Cl:]. IR (film): ¥ = 2964, 1593,
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1506, 1254 cm™'. '"H NMR (500 MHz, CD:Cl,): = 1.11 (d, J = 6.6 Hz, 6 H, CH5CH), 1.69-1.78
(m, 2H, CH.CHNH), 1.77-1.82 [m, 4H, CH.CH:N(CH;);0], 2.09 (p, J=6.8Hz, 2H,
CH,CH:0), 2.12-2.21 (m, 2 H, CH.CHNH), 2.38-2.53 (m, 2 H, CH-CH,CHNH), 2.53-2.62[m,
4 H, CH:N(CH»):0], 2.61-2.73 (m, 2 H, CH.CH.CH-0), 2.90 (hept, J= 6.6 Hz, 1 H, CH;CH),
2.96-3.10(m, 2 H, CH.CH,CHNH), 3.96 (s, 3 H, CH;O), 4.19 (t, J= 6.6 Hz, 3 H, CH,0), 4.22—
4.37 (m, 1H, CHNH), 5.44 (d, J=7.7Hz, 1H, NH), 6.91 (s, 1 H, CHCCNH), 7.15 (s, 1H,
CHCCCNH), 8.42 (s, 1 H, CHNCNH). '*C NMR (126 MHz, CD-Cl.): 5= 18.14 (CH;CH), 23.90
[CH.CH:N(CH.):0], 28.61 (CH,CH,0), 32.36 (CH.CHNH), 48.07 (CH.CH.CHNH), 48.44
(CHNH), 53.05 (CH,CH-CH-0), 54.46 [CH:N(CH:)30], 55.51 (CH;CH), 56.73 (CHs0), 67.65
(CH,0), 100.27 (CHCCNH), 108.79 (CCNH), 108.91 (CHCCCNH), 147.13 (CCCNH), 149.59
(CHs0C), 154.20 (CHNCNH), 154.27 (CH.OC), 157.98 (CNH). HRMS-ESI m/z [M+H]* calcd.
for CasH3sNs02: 428.3026, found: 428.3021.

7-[3{Azepan-1yl)propoxy]-N-(1-isopropylpiperidin-4-y[)-6-methoxyquinazolin-4-amine
(20e)

According to GP5, with 19 (127 mg, 0.400 mmol, 1.0 equiv), 3-(azepan-1-yl)propan-1-ol
(273 yL, 265 mg, 1.60 mmol, 4.0 equiv), PPhs (0.589 g, 2.20 mmol, 5.5 equiv) and DIAD
(413 L, 426 mg, 2.00 mmol, 5.0 equiv)in THF (5.8 mL). Purification by flash chromatography
[10% 3 M NH;z (in MeOH) in CHCl.] afforded 20e (108 mg, 59% yield, 97% purity) as colorless
solid. mp.: 167 °C. Rr= 0.44 [15% 4 M NH; (in MeOH) in CH:Cl;]. IR (film): ¥ = 2926, 1622,
1593, 1460, 1252 cm™'. "H NMR (500 MHz, CD:Cl,): 8= 1.05 (d, J= 6.6 Hz, 6 H, CH;CH),
1.48-1.80 [m, 10 H, CH-CHNH, CH-CH>CH.N(CH>);0], 2.00 (p, J = 6.8 Hz, 2 H, CH.CH-0),
208223 (m, 2H, CH.CHNH), 2.28-2.45 (m, 2H, CH.CH.CHNH), 2.58-2.67 (m, 6 H,
CH:NCH.CH-CH0), 2.72-2.84 (m, 1 H, CHsCH), 2.86-2.96 (m, 2 H, CH.CH,CHNH), 3.96 (s,
3H, CH;0), 4.11-4.28 (m, 3 H, CHNH, CH;0), 527-5.31 (m, 1H, NH), 6.88 (s, 1H,
CHCCNH), 7.15 (s, 1 H, CHCCCNH), 8.42 (s, 1 H, CHNCNH). '3C NMR (126 MHz, CD-Cl.):
5=18.40 (CHsCH), 27.43 [CH:CH:CH:N(CH:);Q], 27.81 (CH.CH:0), 28.82
[CH:CH:N(CH.):0], 33.04 (CH.CHNH), 48.04 (CH.CH.CHNH), 48.92 (CHNH), 54.93
(CHCH:CH-0), 54.93 (CH;CH), 55.86 [CH:N(CH-);0], 56.70 (CH30), 67.84 (CH-0), 100.18
(CHCCNH), 108.70 (CCNH), 108.88 (CHCCCNH), 147.13 (CCCNH), 149.58 (CH:OC), 154.25
(CHNCNH), 154.39 (CH.OC), 157.99 (CNH). HRMS-ESI m/z [M+H]* calcd. for CosHa2NsOa:
456.3339, found: 456.3334.

N-(1-Isopropylpiperidin-4-yl)-6-methoxy-7-[2-(1-methylpiperidin-2-yl)ethoxy]-
quinazolin-4-amine (20f)

According to GP5, with 19 (127 mg, 0.400 mmol, 1.0 equiv), 2-(1-methylpiperidin-2-yl)ethan-
1-ol (246 yL, 241 mg, 1.60 mmol, 4.0 equiv), PPh; (0.589 g, 2.20 mmol, 5.5 equiv) and DIAD
(413 pL, 426 mg, 2.00 mmol, 5.0 equiv)in THF (5.8 mL). Purification by flash chromatography
[10% 3 M NH: (in MeOH) in CH.Cl;] afforded 20f (81.0 mg, 46% vyield, 100% purity) as
colorless solid. mp.: 208 °C. R = 0.56 [15% 4 M NHs (in MeOH) in CH2Cl,]. IR (film): ¥ = 1624,
1506, 1252, 1217 cm™'. '"H NMR (500 MHz, CD.Cl.): 5= 1.04 (d, J= 6.6 Hz, 6 H, CHsCH),
1.21-1.34 (m, 1 H, CH:CH:CH:NCHjz), 1.36-1.47 [m, 1 H, CH2(CH2)sNCHs], 1.47-1.76 (m,
7 H, CH.CHNH, CH.CH>CH>CHCH-CH,0), 1.93-2.04 (m, 1 H, CH.CH-0), 2.04-2.18 (m, 4 H,
CH.CHNH, CHNCH.), 2.26 (s, 3 H, CHsN), 2.32-2.42 (m, 2 H, CH.CH.CHNH), 2.71-2.78 (m,
1 H, CHiCH), 2.78-2.84 (m, 1 H, CHsNCH.), 2.84-2.94 (m, 2 H, CH.CH.CHNH), 3.95(s, 3 H,
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CH:0), 4.11-4.28 (m, 3 H, CHNH, CH,0), 5.22-5.29 (m, 1 H, NH), 6.86 (s, 1 H, CHCCNH),
7.15 (s, 1 H, CHCCCNH), 8.43 (s, 1 H, CHNCNH). 3C NMR (126 MHz, CD,Cl.): & = 18.46
(CH:CH), 24.74 (CH:CH,CH:NCHa), 26.11 (CH:CH.NCHa), 31.40 [CHA(CH:):NCH;], 32.32
(CH.CH,0), 33.23 (CH:CHNH), 43.23 (CH:N), 48.02 (CH,CH,CHNH), 49.05 (CHNH), 54.82
(CHsCH), 56.69 (CH;0), 57.25 (CH:NCH;), 61.46 (CHNCHs), 66.58 (CH.0), 100.14
(CHCCNH), 108.71 (CCNH), 108.96 (CHCCCNH), 147.16 (CCCNH), 149.53 (CH;0C), 154.29
(CH.OC), 154.30 (CHNCNH), 157.98 (CNH). HRMS-ESI m/z [M+H]" calcd. for CasHioNsO::
442.3182, found: 442.2176.

N-(1-Isopropylpiperidin-4-yl)-6-methoxy-7-[(1-methylpiperidin-4-y)methoxy]-
quinazolin-4-amine (20g)

According to GP5, with 19 (127 mg, 0.400 mmol, 1.0 equiv), (1-methylpiperidin-4-yl)methanol
(200 yL, 218 mg, 1.60 mmol, 4.0 equiv), PPhs; (0.589 g, 2.20 mmol, 5.5 equiv) and DIAD
(413 pL, 426 mg, 2.00 mmol, 5.0 equiv) in THF (5.8 mL). Purification by flash chromatography
[10% 3 M NHs (in MeOH)in CHCl;] afforded 20g (99.6 mg, 58% yield, 95% purity) as colorless
solid. mp.: 156 °C. Ry= 0.31[15% 4 M NH; (in MeOH) in CH,Cl;]. IR (film): ¥ = 1643, 1504,
1254 cm'. '"H NMR (500 MHz, CD-Cl,): §= 1.06 (d, J= 6.6 Hz, 6 H, CHsCH), 1.36-1.47 (m,
2 H, CH,CHCH:0), 1.59-1.68 (m, 2 H, CH.CHNH), 1.72-1.91 (m, 3 H, CH:CHCH-0), 1.91-
1.99 (m, 2 H, CH:NCH;), 2.09-2.18 (m, 2 H, CH.CHNH), 2.23 (s, 3 H, CHsN), 2.32-2.47 (m,
2 H, CH:CH.CHNH), 2.75-2.83 (m, 1 H, CHsCH), 2.83-2.88 (m, 2 H, CH.NCH3), 2.88-2.97
(m, 2 H, CH2CH2CHNH), 3.92-3.99 (m, 5 H, CH;0, CHx0Q), 4.15-4.31 (m, 1 H, CHNH), 5.34—
5.36 (m, 1 H, NH), 6.88 (s, 1 H, CHCCNH), 7.11 (s, 1 H, CHCCCNH), 8.42 (s, 1 H, CHNCNH).
'%C NMR (126 MHz, CD.Cl.): 8= 18.35 (CHs;CH), 29.48 (CH.CCH:0), 32.92 (CH,CHNH),
35.41 (CHCH:0), 46.62 (CHsN), 48.03 (CH.CH-CHNH), 48.85 (CHNH), 55.06 (CHsCH), 55.72
(CH2NCHs3), 66.76 (CHsQ), 73.88 (CH:0), 100.31 (CHCCNH), 108.73 (CCNH), 108.90
(CHCCCNH), 147.14 (CCCNH), 149.64 (CHsOC), 154.26 (CHNCNH), 154.38 (CH.OC),
157.98 (CNH). HRMS-ESI m/z [M+H]* calcd. for C,4H3sNs0O-: 428.3026, found: 428.3020.

N-(1-Isopropylpiperidin-4-yl)-6-methoxy-7-[(1-methylpiperidin-3-y[)methoxy]-
quinazolin-4-amine (20h)

According to GP5, with 19 (127 mg, 0.400 mmol, 1.0 equiv), (1-methylpiperidin-3-yl)methanol
(213 pL, 215mg, 1.60 mmol, 4.0 equiv), PPhs; (0.589 g, 2.20 mmol, 5.5 equiv) and DIAD
(413 pL, 426 mg, 2.00 mmol, 5.0 equiv) in THF (5.8 mL). Purification by flash chromatography
[10% 3 M NH;z (in MeOH) in CH:Cl.] afforded 20h (133 mg, 78% yield, 96% purity) as colorless
solid. mp.: 169 °C. Rr= 0.31[15% 4 M NH; (in MeOH) in CH,Cl;]. IR (film): ¥ = 1643, 15086,
1460, 1254 cm'. "H NMR (500 MHz, CD.Cl,): 3= 1.04 (d, J = 6.6 Hz, 6 H, CH5CH), 1.07-1.16
(m, 1H, CH.CH,CH:NCH:), 1.53-159 (m, 2H, CH.CHNH), 159-1.74 (m, 2H,
CH>CH:NCH3z), 1.76-1.87 (m, 2H, CH,CH:CH:NCH3, CHCH:NCH3), 1.93-2.01 (m, 1H,
CH.CH2CH>NCHzs), 2.09-2.17 (m, 2 H, CH:CHNH), 2.17-2.21(m, 1 H, CHCH.0), 2.23 (s, 3 H,
CH:N), 2.32-2.42 (m, 2 H, CH.CH,CHNH), 2.62-2.72 (m, 1H, CH:NCHs), 2.77 (hept,
J=6.6 Hz, 1 H, CHsCH), 2.84-2.96 (m, 3 H, CH,CH.CHNH, CHCH,NCH3), 3.87—4.03 (m,5 H,
CH:O, CH:0), 4.12-4.28 (m, 1 H, CHNH), 525 (d, J=7.7Hz, 1H, NH), 6.86 (s, 1H,
CHCCNH), 7.12(s, 1 H, CHCCCNH), 8.43 (s, 1 H, CHNCHNH). "*C NMR (126 MHz, CD.Cl):
&= 18.45 (CH;CH), 25.17 (CH:CH2CH:NCHj3), 27.20 (CH2CH2CH2NCH3), 33.21 (CH.CHNH),
36.52 (CHCH:0), 46.92 (CHsN), 48.02 (CH.CH-CHNH), 49.04 (CHNH), 54.86 (CHsCH), 56.64
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(CH.CH2.CH2NCHj3), 56.78 (CH30), 59.53 (CHCH:NCH3), 72.30 (CH-0), 100.27 (CHCCNH),
108.74 (CCNH), 108.98 (CHCCCNH), 147.16 (CCCNH), 149.63 (CH;OC), 154.29 (CHNCNH),
164.37 (CH.OC), 157.97 (CNH). HRMS-ESI m/z [M+H]* caled. for CoHssNsO2: 428.3026,
found: 428.3020.

4-(tert-Buty)-1[3{{4-[(1-isopropy Ipiperidin-4-yl)amino]-6-methoxyquinazolin-7-yl}oxy)-
propyl]pyridin-1-ium chloride (20i)

mp.: 182 °C (decomposition). Rr= 0.23 [20% 3M NH; (in MeOH) in CH:Cl;]. IR (film):
v =1641, 1506, 1462, 1254, 1217 cm™". "H NMR (500 MHz, CD-Cl.): 5 = 1.04 (d, J = 6.6 Hz,
6 H, CHsCH), 1.40 (s, 9H, CHsC), 1.62-1.69 (m, 2 H, CH.CHNH), 2.06-2.15 (m, 2 H,
CH.CHNH), 2.31-2.42 (m, 2 H, CH.CH.CHNH), 2.68 (p, J = 6.2 Hz, 2 H, CH,CH:0), 2.76 (h,
J=6.6 Hz, 1H, CHsCH), 2.83-2.94 (m, 2 H, CH>CH.CHNH), 4.00 (s, 3 H, CH;0), 4.13-4.31
(m, 3H, CHNH, CH-0), 5.11 (t, J= 6.7 Hz, 2 H, CH.CH.CH:0), 5.58 (d, J= 7.7 Hz, 1 H, NH),
7.03 (s, 1 H, CHCOCHs), 7.11 (s, 1 H, CHCOCH), 7.90-8.01 (m, 2 H, CHCCCHs), 8.43 (s,
1H, CHNCNH), 9.19-9.27 (m, 2 H, CHCHCCCH:). "*C NMR (126 MHz, CD:Cl.). = 18.45
(CHsCH), 30.15 (CHsC), 30.87 (CH.CH:0), 33.09 (CH.CHNH), 37.08 (CHsC), 48.09
(CH.CH,CHNH), 49.23 (CHNH), 54.81 (CHsC), 57.13 (CH:0), 58.52 (CH.CH,CH-0), 65.11
(CH20), 101.12 (CHCOCH;s), 109.56 (CCNH), 109.68 (CHCOCH:), 125.80 (CHCCCHs),
144.70 (CHCHCCCH;), 146.85 (CCCNH), 149.20 (COCH;), 152.88 (COCH.), 154.52
(CHNCNH), 158.09 (CNH), 172.18 (CCCH;). HRMS-ESI m/z [M-CI]* calcd. for CagH42NsOx:
492 33385; found: 492.3327.

7-(4-Chlorobutoxy)-N-(1-isopropylpiperidin-4-y|)-6-methoxyquinazolin-4-amine (21)

According to GP5, with 19 (127 mg, 0.400 mmol, 1.0 equiv), 4-chlorobutan-1-ol (188 L,
204 mg, 1.60 mmol, 4.0 equiv) PPhs (0.589 g, 2.20 mmol, 5.5 equiv) and DIAD (413 uL,
426 mg, 2.00 mmol, 5.0 equiv) in THF (5.8 mL). Purification by flash chromatography (20%
MeOH in CH.Cl,) afforded 21 (150 mg, 92% vyield, 99% purity) as colorless solid. mp.: 187 °C.
R = 0.43 (20% MeOH in CH.Cl2). IR (film): ¥ = 2964, 1622, 1593, 1460, 1252 cm™'. 'H NMR
(500 MHz, CD:Clz): 8= 1.06 (d, J=6.6 Hz, 6 H, CH;CH), 1.58-1.67 (m, 2 H, CH.CHNH),
1.94-2.08 (m, 4 H, CICH:CH.CH-CH:0), 2.12-2.20 (m, 2 H, CH.CHNH), 2.31-2.46 (m, 2 H,
CH>CH:CHNH), 2.74-2.86 (m, 1 H, CHsCH), 2.87-2.97 (m, 2 H, CH.CH:CHNH), 3.63-3.69
(m, 2 H, CICHz), 3.96 (s, 3 H, CH;0), 4.13-4.17 (m, 2 H, CH:0), 4.17-4.28 (m, 1 H, CHNH
5.30(bs, 1 H, NH),6.88 (s, 1 H, CHCCNRH), 7.13 (s, 1 H, CHCCCNH), 8.43 (s, 1 H, CHNCNH
3C NMR (126 MHz, CD:Clz): & = 18.52 (CHsCH), 26.96 (CICH.CH-), 29.98 (CICH.CH.CH:
33.13 (CH2CHNH), 45.46 (CICH2), 48.18 (CH:CH.CHNH), 49.05 (CHNH), 55.18 (CHsCH
56.87 (CHs0), 68.67 (CH.O), 100.38 (CHCCNH), 109.00 (CCNH), 109.10 (CHCCCNH
147.26 (CCCNH), 149.72 (CHsOC), 154.28 (CH,OC), 154.46 (CHNCNH), 158.14 (CNH
HRMS-ESI m/z [M+H]" caled. for C,1H31CIN4O2: 407.2214, found: 407.2207.

)
).
).
)
)
).

N*-(1-lsopropylIpiperidin-4-y1)-6-methoxy -N"-methyl-N"-[3-(piperidin-1-
yl)propyl]quinazoline-4,7-diamine (23a)

According to GP6, with 22 (159 mg, 0.500 mmol, 1.0 equiv), N-methyl-3-piperidin-1-ylpropan-
1-amine (457 pL, 411 mg, 2.50 mmol, 5.0 equiv) and K,COj3 (76.0 mg, 0.550 mmol, 1.1 equiv)
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in NMP (650 pL). Purification by flash chromatography [7% to 15% 3 M NH; (in MeOH) in
CH.Cl;] afforded 23a (176 mg, 78% vyield, 95% purity) as pale yellow solid. mp.: 242 °C.
R-=0.28[10% 3M NHs (in MeOH) in CH:Cl;]. IR (film): ¥= 2927, 1643, 1502, 1244 cm™".
'HNMR (500 MHz, CD:Cl;): 6= 1.04 (d, J=6.6Hz, 6H, CHsCH), 1.34-1.46 [m, 2H,
CH>CH:CH:N(CH:)sNC], 1.46-1.64 [m, 6 H, CH.CHNH, CH.CH.N(CH:)sNC], 1.74 (t, J = 9.5,
6.5 Hz, 2 H, CH:CH:NC), 2.09-2.18 (m, 2 H, CH:CHNH), 2.18-2.46 (m, 8 H, CH2CH.CHNH,
CH.NCH.CH:CH:NC), 2.77 (hept, J=6.6Hz, 1H, CHsCH), 283297 (m, 5H,
CH-CH-CHNH, CHsN), 3.19-3.32 (m, 2 H, CH:NC), 3.95 (s, 3 H, CH;0), 4.13-4.26 (m, 1 H,
CHNH), 5.21 (d, J=7.7 Hz, 1 H, NH), 6.80 (s, 1 H, CHCOCHs), 7.07 (s, 1 H, CHCNCH;), 8.39
(s, 1H, CHNCNH). "CNMR (126 MHz, CD.Cl.); &= 18.44 (CHs;CH), 24.96
[CH2CH2CH:N(CH-)sNC], 25.21 (CH,CH:NC), 26.49 [ CH,CH:N(CH:)sNC], 33.24 (CH.CHNH),
40.10 (CHsNC), 48.03 (CH,CH=CHNH), 48.91 (CHNH), 53.37 (CH:NC), 54.88 (CHsCH), 54.95
[CH2N(CH2)sNC], 86.17 (CH10), 57.15 (CH:CH2CH:NC), 99.84 (CHCOCH:), 108.71 (CCNH),
114.71 (CHCNCHs), 146.88 (CCCNH), 148.29 (CNCH:), 151.96 (COCHs), 154.09 (CNCNH),
157.86 (CNH). HRMS-ESI m/z [M+H]" calcd. for C2sHasNsO: 455.3498; found: 455.3492.

N¢(1-Isopropylpiperidin-4-y1)-6-methoxy-N"-[3-(piperidin-1-y1)propyl]quinazoline-4,7-
diamine (23b)

According to GP86, with 22 (127 mg, 0.400 mmol, 1.0 eq), 3-piperidin-1-ylpropan-1-amine
(328 L, 293 mg, 2.00 mmol, 5.0 equiv) and K:CQO; (60.8 mg, 0.440 mmol, 1.1 equiv)in NMP
(520 pL). Purification by flash chromatography [5% to 15% 3 M NH; (in MeQH) in CH.Cly]
afforded 23b (148 mg, 84% yield, 97% purity) as pale yellow solid. mp.: 251 °C. Rr= 0.32[10%
3 M NHs (in MeOH) in CH.Cl]. IR (film): ¥ = 2935, 1620, 1525, 1433, 1213 cm™. 'H NMR
(500 MHz, CD.Cl.): 8=105 (d, J=6.6Hz, 6H, CH;CH), 141-1.52 [m, 2H,
CH.CH.CH:N(CH.);NH], 1.52-160 (m, 2H, CH.CHNH), 160-1.67 [m, 4H,
CH>CH:N(CH.)sNH], 1.85 (p, J= 6.1 Hz, 2H, CH.CH:NH), 2.08-2.18 (m, 2 H, CH.CHNH),
2.30-2.45[m, 6 H, CH.CH.CHNH, CH:N(CHa)sNH], 2.47 (t, J = 6.1 Hz, 2 H, CH.CH,CH:NH),
2.78 (hept, J=6.6 Hz, 1 H, CH;CH), 2.83-2.97 (m, 2 H, CH,CH-CHNH), 3.29 (t, J=6.2 Hz,
2 H, CH:NH), 3.96 (s, 3 H, CH;0), 4.18 (tdt, J= 11.5, 8.1, 4.3 Hz, 1 H, CHNH), 5.00-5.18 (m,
1 H, CHNH), 6.38-6.63 (m, 1 H, NHCH), 6.66 (s, 1 H, CHCNH), 6.71 (s, 1 H, CHCOCHj),
8.34 (s, 1H, CHNCNH). "CNMR (126 MHz, CD.Cl;): &= 18.42 (CH;CH), 24.98
[CH2CH2CH:N(CH:)sNH], 25.23 (CH.CH:NH), 26.42 [CH.CH2N(CH2)sNH], 33.33 (CH-CHNH),
43.97 (CH:NH), 48.08 (CH.CH.CHNH), 48.81 (CHNH), 54.94 (CHsCH), 5520
[CHoN(CH2)sNH], 55.98 (CHs0), 58.89 (CH.CH.CH:NH), 97.46 (CHCOCHSs), 103.13
(CHCNH), 104.94 (CCNHCH), 144.68 (CNHCH:), 147.66 (CCCNHCH), 147.93 (COCHs),
153.90 (CHNCNH), 157.88 (CNHCH). HRMS-EI m/z [M]* calcd. for CisHaoNsO: 440.3264;
found: 440.3259.

N'-[3-(Azepan-1-yl)propy|]-N*{1-isopropylpiperidin-4-yl)-6-methoxyquinazoline-4,7-
diamine (23c)

According to GP6, with 22 (111 mg, 0.350 mmol, 1.0 equiv), 3-(azepan-1-yl)propan-1-amine
(320 uL, 288 mg, 1.75 mmol, 5.0 equiv) and K;COs; (53.2 mg, 0.385 mmol, 1.1 equiv) in NMP
(455 pL). Purification by flash chromatography [7% to 12% (7 M NH; (in MeOH) in CH.Cl;]
afforded 23¢ (38.0 mg, 24% yield, 98% purity) as colorless solid. mp.: 220 °C (decomposition).
R: = 0.42[10% (7 M NH; (in MeOH) in CH-Cl,]. IR (film): ¥ = 2929, 1620, 1527, 1215, 754 cm"'.
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'HNMR (500 MHz, CD,Cl,): 6=1.03 (d, J=66Hz, 6H, CH.CH), 1.49-1.58 (m, 2H,
CH.CHNH), 1.62-1.73 (m, 8H, CH.CH.CH:N(CH.):NH), 1.83 (p, J=62Hz, 2H,
CH-CH:NH), 2.08-2.16 (m, 2 H, CH:CHNH), 2.31-2.41 (m, 2 H, CH.CH.CHNH), 2.59-2.65
(m, 6H, CH:.NCH.CH.CH.NH), 2.69-2.80 (m, 1H, CH.CH), 2.84-291 (m, 2H,
CH.CH.CHNH), 3.27-333 (m, 2H, CH.NH), 396 (s, 3H, CH:0) 417 (tdt
J=11.6, 83, 43 Hz, 1H, CHNH), 5.07 (d, J= 7.7 Hz, 1H, CHNH), 6.1 (t, J= 4.9 Hz, 1 H,
CH:NH), 6.68 (s, 1 H, CHCCCNH), .70 (s, 1 H, CHCCNH), 8.34 (s, 1 H, CHNCNH). *C NMR
(126 MHz, CD,Cl.); 5= 18.47 (CH:CH), 26.50 (CH.CH:NH), 27.32 [CH.CH.CHaN(CH,)sNH]*,
28.65 [CH.CH,CHoN(CHz)sNHT*, 33.44 (CH,CHNH), 43.72 (CH:NH), 48.07 (CH.CH,CHNH),
48.86 (CHNH), 5481 (CH;CH), 56.08 (CH:;0), 56.36 [CH.N(CH,)::NH], 58.01
(CH.CH.CH.NH), 97.51 (CHCCNH), 103.42 (CHCCCNH), 105.04 (CCNHCH), 14453
(CNHCH), 147.59 (COCH,), 148.02 (CCCNHCH), 154.01 (CHNCNH), 157.89 (CNHCH).
HRMS-EI m/z [M]* calcd. for CasHzNsQ: 454.3420; found: 454.3423.

2-Chloro-6,7-dimethoxy-N-[5-(pyrrolidin-1-yl)pentyl]quinazolin-4-amine (25) (Ma et al.,
2014)

According to GP1 with 24 (264 mg, 1.00 mmol, 1.0 equiv), 5-pyrrolidin-1-ylpentan-1-amine
(172 mg, 1.10 mmol, 1.1 equiv) and DIEA (533 pL, 396 mg, 3.00 mmol, 3.0 equiv) in THF
(4.0 mL). Purification by flash chromatography [10% to 15% 3 M NH; (in MeOH) in CH.Cl;]
afforded 25 as colorless solid (308 mg, 81% vyield, 95% purity). mp.: 54 °C. Ry = 0.30[10% 3 M
in NHz MeOH) in CH:Cl2]. IR (film): v = 1624, 1512, 1429, 1244 cm™. 'H NMR (500 MHz,
CD.Clz): 8= 1.42-1.52(m, 2 H, CH-CH,CH:NH), 1.52-1.62[m, 2 H, CH(CH-):NH], 1.68-1.79
[m, 6 H, CH:(CH:2)sNCH:CH-], 2.36-2.52 (m, 6 H, CH:NCH-), 3.62 (td, J=7.1, 5.4 Hz, 2 H,
CH.NH), 3.93(d, J= 1.5 Hz, 6 H, CHs0), 5.99(t, J= 5.5 Hz, 1 H, NH), 6.97 (s, 1 H, CHCCNH),
7.06 (s, 1 H, CHCCCNH). "C NMR (126 MHz, CD.Cl,): 8 = 23.82 (CH,CH2N(CH2)sNH), 25.23
(CH2CH.CH:NH), 28.94 [CH2(CH:)sNH], 29.36 ( CH.CH.NH), 41.97 (CH:NH), 54.47
(CH2N(CH:z)sNH), 56.39 (CH2(CH2)JNH), 56.47 (CH;0)*, 56.65 (CHsO)*, 100.58 (CHCCNH),
107.25 (CCNH), 107.51 (CHCCCNH), 148.29 (CCCNH), 149.54 (CCHCCNH), 155.44
(CCHCCCNH), 156.40 (CCl), 160.42 (CNH). HRMS-ESI m/z [M+H]" calcd. for CigH2sCIN4O-:
379.1901, found: 379.1894.

2-Chloro-N-(1-cyclohexylpiperidin-4-y1)-6,7-dimethoxyquinazolin-4-amine (26)
(Sundriyal et al., 2017)

According to GP1 with 24 (132 mg, 0.500 mmol, 1.0 equiv), 1-cyclohexylpiperidin-4-amine
(102 mg, 0.550 mmol, 1.1 equiv) and DIEA (267 pL, 198 mg, 1.50 mmol, 3.0 equiv) in THF
(2.0 mL). Purification by flash chromatography [5% 3 M NH; (in MeOH) in CH,Cl,] afforded 26
as colorless solid (132 mg, 65% vyield, 99% purity). mp.: 169 °C. R, = 0.23 [5% 4 M NH; (in
MeOH) in CH:Clz]. IR (film): ¥ = 2925, 2360, 1585, 1508, 1254 cm™. '"H NMR (500 MHz,
CDCls): 8 = 1.03-1.18 (m, 1 H, CH.CH,CH:CHN), 1.18-1.32 (m, 4 H, CH.CH-CHN), 1.53—
1.70 (m, 3 H, CH.CH.CH:CHN, CH-CHNH), 1.74-1.93 (m, 4 H, CH:.CH>CHN), 2.13-2.22 (m,
2 H, CH.CHNH), 2.29-2.40 (m, 1 H, CHN), 2.40-2.53 (m, 2 H, CH:N), 2.90-3.00 (m, 2 H,
CH:N), 3.97 (s, 3 H, CHsOCCHCN), 3.99 (s, 3 H, CH;OCCHCCN}), 4.16—4.32 (m, 1 H, CHNH),
526-535 (m, 1H, NH), 6.77 (s, 1H, CHCCNH), 7.13 (s, 1 H, CHCCCNH). '*C NMR
(126 MHz, CDCls): 5= 26.20 (CH.CH.CHN), 26.50 (CH.CH-CH.CHN), 29.05 (CH.CHN),
32.91 (CH.CHNH), 48.07 (CH:N), 48.8 (CHNH), 56.40 (CHs0), 56.52(CH;0), 63.95 (CHN),
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99.62 (CHCCNH), 106.78 (CCNH), 107.56 (CHCCCNH), 14825 (CCCNH), 149.17
(CH;OCCHCCNH), 155.11 (CH;OCCHCCCNH), 156.38 (CCI), 159.20 (CNH). The
characterization data of 26 match the reported (Sundriyal et al., 2017).

2-Chloro-N-(1-isopropylpiperidin-4-yl)-6,7-dimethoxyquinazolin-4-amine (27) (Somnarin
et al., 2022; Wang et al., 2019)

According to GP1 with 24 (1.32 g, 5.00 mmol, 1.0 equiv), 1-propan-2-ylpiperidin-4-amine
(869 mL, 782 mg, 5.50 mmol, 1.1 equiv) and DIEA (2.67 mL, 1.98 g, 15.0 mmol, 3.0 equiv) in
THF (20 mL). Purification by flash chromatography [5% to 10% 3 M NH;s (in MeOH) in CH,Cl;]
afforded 27 as pale yellow solid (1.79 g, 98% yield, 98% purity). mp.: 106 °C. Rr= 0.32 [10%
3 M NH;s (in MeOH) in CH:Cl2]. IR (film): ¥ = 2964, 1585, 1512, 1254 cm™'. '"H NMR (500 MHz,
CDClz): =1.04 (d, J=6.6Hz, 6 H, CH:CH), 1.59 (qd, J=11.8, 3.8 Hz, 2 H, CH2CHNH),
2.07-2.19 (m, 2 H, CH.CHNH), 2.34 (td, J= 11.8, 2.5 Hz, 2 H, CH:zN), 2.75 (hept, J= 6.6 Hz,
1H, CHsCH), 2.87 (dt, J=12.1, 3.8 Hz, 2H, CH:N), 3.92 (d, J= 4.0 Hz, 6 H, CH:0), 4.23
(tdt, J=11.6,8.2, 4.2 Hz, 1 H, CHNH), 5.71(d, J= 7.8 Hz, 1 H, NH), 6.90 (s, 1 H, CHCCNH),
7.07 (s, 1H, CHCN). '"*C NMR (126 MHz, CDCl;). &= 18.47 (CHsCH), 32.57 (CH2CHNH),
47.66 (CH:N), 48.91 (CHNH), 54.62 (CHiCH), 56.31 (CHsO), 56.41 (CH:0), 100.03
(CHCCNH), 106.88 (CCNH), 107.26 (CHCN), 148.10 (CCCNH), 149.07 (CCHCCNH), 1565.00
(CCHCN), 156.30 (CCl), 159.29 (CNH). HRMS-ESI m/z [M+H]* calcd. for CisH2sCIN4O,:
365.1744, found: 365.1741.

6,7-Dimethoxy-2{4-methyl-1,4-diazepan-1-yl)-N-[5{pyrrolidin-1-yl)pentyl]quinazolin-4-
amine (28a)

According to GP2 with 25 (152 mg, 0.400 mmol, 1.0 equiv) and 1-methyl-1,4-diazepane
(256 pL, 235 mg, 2.00 mmol, 5.0 equiv) in toluene (2.0mL). 28a was isolated by flash
chromatography [7% to 12% 3 M NHs (in MeOH) in CH.Cl.] as yellow, hygroscopic solid
(165 mg, 90% vyield, 97% purity). mp.: 57 °C. Rr=0.22 [10% 3 M NH; (in MeOH) in CH.Cl2].
IR (film): ¥ = 2935, 1630, 1583, 1495, 1240, 752 cm™. 'H NMR (500 MHz, CD.Cl.): & = 1.42—
1.51 (m, 2H, CH;CH.CH:NH), 1.52-1.62 [m, 2H, CH:(CH:)sNH], 1.66-1.78 [m, 6 H,
CH,CH:N(CH:)aCH:], 1.91-2.01 (m, 2H, NCH:CH.CH:NC), 2.32 (s, 3 H, CHaN), 2.42-2.55
[m, 8 H, NCH:CH>CHzNC, CH2NCH2(CH2)4NH], 2.62-2.69 (m, 2 H, NCH2CH:NC), 3.53-3.60
(m, 2 H, CH:NH), 3.81-3.86 (m, 2 H, NCH:CH:CH:NC), 3.87 (s, 3 H, CH:OCCHCCNH), 3.90
(s, 3 H, CH;OCCHCCCNH), 3.91-3.96 (m, 2 H, NCH2CH:NC), 5.38 (s, 1 H, NH), 6.79(s, 1 H,
CHCCCNH), 6.80 (s, 1H, CHCCNH). "CNMR (126 MHz, CD,Cl:): &=23.85
(CH:CH2N(CH:z)sNH), 25,52 (CH:CH:CH:NH), 28.43 (NCH:CH:CH:NC), 29.03
[CH(CH2)sNH], 29.80 (CH.CH:NH), 41.61 (CH.NH), 46.28 (NCH.CH.CH.NC), 46.36
(NCH2CH:NC), 46.94 (CH:N), 54.49 (CH:N(CH:)sNH), 56.14 (CH;OCCHCCCNH), 56.65
(CH(CHz)aNH, CHsOCCHCCNH), 57.68 (NCH,CH:CH:NC), 59.20 (NCH2CH:NC), 101.62
(CHCCNH), 103.14 (CCNH), 106.20 (CHCCCNH), 145.43 (CCHCCNH), 149.90 (CCCNH),
154.86 (CCHCCCNH), 159.02 (CNCNH), 159.26 (CNH). HRMS-EI m/z [M]* calcd. for
Cas5HaoNsOs: 456.3213, found: 456.3210.

N-(1-Cyclohexylpiperidin-4-yl)-6,7-dimethoxy-2-(4-methyl-1,4-diazepan-1-yl)quinazolin-
4-amine (28b) (Sundriyal et al., 2017)
22
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According to GP2 with 26 (60.7 mg, 0.150 mmol, 1.0 equiv) and 1-methyl-1,4-diazepane
(96.2 uL, 88.3 mg, 0.750 mmol, 5.0 equiv) in toluene (0.3 mL). 28b was isolated by flash
chromatography [10% 3 M NH; (in MeOH) in CH:Cl.] as yellow solid (67.8 mg, 94% yield, 97%
purity). mp.: 94 °C. Rr= 0.49 [10% 4 M NHz (in MeOH) in CH:Cl3]. IR (film): ¥ = 2931, 1579,
1427, 1246 cm'. '"H NMR (500 MHz, CD-Cl.): § = 1.05-1.17 (m, 1 H, CH.CH-CH-CHN}), 1.19—
1.34 (m, 4H, CH:CH.CH-CHN), 1.46-1.58 (m, 2 H, CH,CH:CHNH), 1.58-1.66 (m, 1H,
CH.CH:CH,CHN), 1.75-186 (m, 4H, CH.CH.CH.CHN), 1.89-199 (m, 2H,
CHsNCH:CH-CH:N), 2.09-2.20 (m, 2 H, CH.CH.CHNH), 2.27-2.36 (m, 4 H, CH:N, CHN),
2.36-2.44 (m, 2 H, CH.CH.CHNH), 2.47-2.55 (m, 2 H, CHsNCH.CH-CH:N), 2.61-2.68 (m,
2H, CHiNCH.CH:N), 2.87-2.95 (m, 2H, CH.CH.CHNH), 3.83 (t, J=6.4, 6.4Hz, 2H,
CH3NCH:CH2CH:N), 3.87 (s, 3 H, CH:OCCHCCNH), 3.88-3.94 (m, 5 H, CH:NCH.CH:N,
CH;OCCHCCCNH), 3.97-4.12 (m, 1 H, CHNH), 5.08 (d, J=7.2Hz, 1 H, NH), 6.75 (s, 1 H,
CHCCNH), 6.79 (s, 1H, CHCCCNH). "“CNMR (126 MHz, CD.Cl;): &=26.51
CH.CH.CH.CHN), 26.86 (CH.CH.CH.CHN), 28.41 (CHsNCH.CH.CH:N), 29.30
CH.CH,CH.CHN), 33.31 (CH.CH.CHNH), 46.25 (CH;NCH.CH.CH:N), 46.41
CHsNCH.CH:N), 46.92 (CHsN), 48.56 (CH.CH.CHNH), 49.34 (CH:CH.CHNH), 56.13
CH;OCCHCCCNH), 56.67 (CHsOCCHCCNH), 57.65 (CHsNCH.CH.CH:N), 59.15
(CHsNCH2CH:N), 64.13 (CHN), 101.56 (CHCCNH), 103.05 (CCNH), 106.23 (CHCCCNH),
145.42 (CH;OCCHCCNH), 150.03 (CCCNH), 154.91 (CH;:OCCHCCCNH), 158.49 (CNH),
158.98 (CNCNH). HRMS-ESI m/z [M+H]* calcd. for C.;HasNsO2: 483.3447, found: 483.3442.

R S e

N-(1-Isopropylpiperidin-4-yl)-6,7-dimethoxy-2<(4-methyl-1,4-diazepan-1-yl)-quinazolin-
4-amine (28c) (Sundriyal et al., 2017)

According to GP2 with 27 (91.2mg, 0.250 mmol, 1.0 equiv) and 1-methyl-1,4-diazepane
(160 uL, 147 mg, 1.25mmol, 5.0 equiv) in toluene (0.5 mL). 28c was isolated by flash
chromatography [5% 3 M NH;s (in MeOH) in CH.Cl:] as yellow solid (107 mg, 97% vield, 97%
purity). mp.: 89 °C. Rr= 0.57 [15% 3 M NH3 (in MeOH) in CH.Cl:]. IR (film): ¥ = 2935, 1579,
1495, 1246 cm'. 'H NMR (500 MHz, CDCls): 8 = 1.09 (d, J = 6.6 Hz, 6 H, CH:CH), 1.55-1.69
(m, 2 H, CH.CHNH), 2.02 (p, J = 6.2 Hz, 2 H, CH:CH:NCH,), 2.13-2.22 (m, 2 H, CH.CHNH),
229237 (m, 2H, CH:NCH), 2.37 (s, 3 H, CHiN), 2.52-2.62 (m, 2 H, NCH.CH2CH>NCHa),
2.67-2.74 (m, 2 H, NCH:CH.NCH3), 2.78 (h, J= 6.6 Hz, 1 H, CHsCH), 2.89-2.99 (m, 2 H,
CH:NCH), 3.88 (t, J= 6.4 Hz, 2 H, NCH:CH>CH2NCHj3), 3.92 (s, 3 H, CH;OCCHCCN), 3.94
(s, 3 H, CHsOCCHCN), 3.96—4.00 (m, 2 H, NCH.CH>NCH:), 4.02—4.13 (m, 1 H, CHNH), 5.02
(d, J=7.2Hz, 1H, NH), 6.71 (s, 1 H, CHCCN), 6.90 (s, 1 H, CHCN). "*C NMR (126 MHz,
CDCl;): & = 18.70 (CHsCH), 27.93 (NCH,CH,CH:NCH3), 32.61 (CH,CHNH), 45.93 (NCNCH,),
46.02 (NCNCH-), 46.84 (CHs3N), 47.93 (CH:NCH), 48.72 (CHNH), 54.80 (CHsCH), 56.11
(CHsOCCHCN), 56.51 (CHsOCCHCCN), 57.50 (NCH.CH,CH;NCHj), 59.07 (NCH,CH:NCHs),
100.91 (CHCCN), 102.88 (CCNH), 106.14 (CHCN), 145.16 (CHsOCCHCCN), 149.57
(CCCNH), 154.46 (CH;OCCHCN), 158.16 (CNH), 158.67 (CNCNH). HRMS-ESI m/z [M+H]*
calcd. for CosHasNeO2: 443.3134, found: 443.3127.

4-Chloro-6,7-dim ethoxy-2-(piperidin-1-yl)quinazoline (29)

According to GP7 with 24 (793 mg, 3.00 mmol, 1.0 equiv) and 1-methylpiperidine (733 L,
601 mg, 6.00 mmol, 2.0equiv) in 14-dioxane (7.5mL). 29 was isolated by flash
chromatography (CH-Cl;) as yellow solid (744 mg, 81% yield, 95% purity). mp.: 126 °C.

23



3 Verdéffentlichungen / Vierte Publikation (Manuskript) 221

R = 0.34 (CH.CL). IR (film): ¥ = 2935, 2852, 1585, 1495, 1238, 754 cm™' 'H NMR (500 MHz,
CDCl,): § = 1.57-1.65 (M, 4 H, CH.CH:N), 1.65-1.72 (m, 2 H, CH.CH.CH.N), 3.77-3.86 (m,
4H, CH:N), 3.92 (s, 3H, CH;OCCHCCCI), 3.95 (s, 3 H, CH;OCCHCCCCI), 6.88 (s, 1H,
CHCCCCI), 7.16 (s, 1 H, CHCCCI). '*C NMR (126 MHz, CD:Cl,): & = 25.27 (CH.CH.CH.N),
26.23 (CH,CH;N), 45.49 (CH:N), 56.36 (CH;OCCHCCCI), 56.55 (CHsOCCHCCCCI), 103.99
(CHCCCI), 105.11 (CHCCCCI), 112.31 (CCCl), 147.73 (CCHCCCI), 151.97 (CCCCl), 157.41
(CCHCCCCI), 158.10 (CNCCI), 159.85 (CCl). HRMS-ESI m/z [M+H]* calcd. for CisH1sCIN:O.:
308.1166, found: 308.1161.

6,7-Dimethoxy-2-piperidin-1-y)-N-[5{pyrrolidin-1-yl)penty[]Jquinazolin-4-amine  (30a)
(Maet al., 2014)

According to GP4 with 29 (123 mg, 0.400 mmal, 1.0 equiv), 5-pyrrolidin-1-ylpentan-1-amine
(125 mg, 0.800 mmol, 2.0 equiv) and DIEA (213 pL, 158 mg, 1.20 mmol, 3.0 equiv) in FPrOH
(2.0 mL) for 15 min. 30a (144 mg, 84% yield, 95% purity) was isolated by flash chromatography
[5% to 7% 3 M NHs (in MeOH) in CH,Cl;] as pale yellow, hygroscopic solid. mp.: 58 °C.
Rr=0.15 [5% 3 M NH; (in MeOH) in CH:Clz]. IR (film): ¥= 2933, 1583, 1215, 756 cm™.
'"H NMR (500 MHz, CD-Cl.): 8= 1.40-1.50 (m, 2H, CH.CH:CH:NH), 1.51-1.62 [m, 6 H,
CH,CH-CH;NC, CH,(CH)sNH], 1.62-1.69 (m, 2H, CH.CH,CH;NC), 1.69-1.78 [m, 6 H,
CH>CH:N(CH-):CH-], 2.35-2.49 (m, 6 H, CH:NCH.,), 3.51-3.61 (m, 2 H, CH:NH), 3.74-3.83
(m, 4 H, CH.CH,CH:NC), 3.87 (s, 3 H, CH;OCCHCCNH), 3.90 (s, 3 H, CH;:OCCHCCCNH),
529 (t, J=6.5Hz, 1H, NH), 6.77 (s, 1 H, CHCCNH), 6.80 (s, 1 H, CHCCCNH). '*C NMR
(126 MHz, CDCls): &= 23.86 (CH.CH:N(CH:)sNH), 2556 (CH.CH.CH:NH)* 25.59
(CH2CH2CH2NC)*, 26.42 (CH2CH2CH:NC), 29.23 [ CHz(CHz):NH], 29.85 (CH:.CH:NH), 41.61
(CHzNH), 45.31 (CH.CH2CH:NC), 54.50 (CH:N(CH:)sNH), 56.14 (CH;:OCCHCCCNH), 56.60
(CHsOCCHCCNH), 56.69 (CH(CH:):NH), 101.48 (CHCCNH), 103.22 (CCNH), 106.27
(CHCCCNH), 14563 (CCHCCNH), 149.79 (CCCNH), 154.88 (CCHCCCNH), 159.29
(CNCNH)**, 159.38 (CNH)*™. HRMS-EI m/z [M]* calcd. for CaHsNsOq: 427.2947, found:
427.2940.

N-(1-Isopropylpiperidin-4-yl)-6,7-dimethoxy-2<(piperidin-1-yl)quinazolin4-amine (30b)
(Sundriyal et al., 2017)

According to GP4 with 29 (123 mg, 0.400 mmol, 1.0 equiv), 1-propan-2-ylpiperidin-4-amine
(126 pL, 114 mg, 0.800 mmol, 2.0 equiv) and DIEA (213 pL, 158 mg, 1.20 mmol, 3.0 equiv) in
FPrOH (2.0 mL) for 15 min. 30b (106 mg, 64% yield, 97% purity) was isolated by flash
chromatography [5% to 7% 3 M NHs (in MeOH) in CH:Cl;] as colorless solid. mp.: 87 °C.
R-=0.15[56% 3 M NH; (in MeOH) in CH.Cl]. IR (film): ¥ = 2935, 1579, 1493, 1246, 754 cm™'.
'HNMR (500 MHz, CD,Cl;): 6=1.04 (d,J=6.6Hz, 6H, CH;CH), 1.39-1.76 (m, 8H,
CH,CH-CH;NC, CH.CHNH), 2.08-2.21 (m, 2H, CH.CHNH), 2.28-239 (m, 2H,
CH>CH:CHNH), 2.76 (hept, J=6.6 Hz, 1 H, CH:CH), 2.83-2.94 (m, 2H, CH:CH.CHNH),
3.73-3.81(m, 4 H, CH:NC), 3.88 (s, 3 H, CH;OCCHCCNH), 3.90 (s, 3 H, CH:OCCHCCCNH),
4.02-4.16 (m, 1 H, CHNH), 5.03 (d, J= 7.2 Hz, 1 H, NH), 6.73(s, 1 H, CHCCNH), 6.80 (s, 1 H,
CHCCCNH). '*C NMR (126 MHz, CD.Cl;): & = 18.49 (CHsCH), 25.59 (CH,CH-CH:NC), 26.40
(CH2CH:NC), 33.12 (CH.CHNH), 45.35 (CH:NC), 48.07 (CH.CH.CHNH), 49.12 (CHNH),
54.88 (CHsCH), 56.15 (CHsOCCHCCCNH), 56.68 (CHsOCCHCCNH), 101.44 (CHCCNH),
103.13 (CCNH), 106.29 (CHCCCNH), 145.66 (CH:OCCHCCNH), 149.89 (CCCNH), 154.95
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(CCHCCCNH), 158.60 (CNH), 159.25 (CNCNH). HRMS-EIl m/z [M]* calcd. for CasHasNsOx:
413.2791, found: 413.2781.

N-(1-Cyclohexylpiperidin-4-yl)-2{4-isopropyl-1,4-diazepan-1-y|)-6,7-
dimethoxyquinazolin<4-amine (31)

According to GP2 with 26 (40.5 mg, 0.100 mmol, 1.0 equiv) and 1-propan-2-yl-1,4-diazepane
(81.1 pL, 72.6 mg, 0.500 mmol, 5.0 equiv) in toluene (0.5mL). 31 was isolated by flash
chromatography [5% 3 M NHs (in MeOH) in CH.Cl.] as red solid (52.6 mg, > 99% vyield, 95%
purity). mp.: 86 °C. R-=0.17 [5% 4 M NH; (in MeOH) in CH:Cls]. IR (film): ¥ = 2929, 1579,
1496, 1248 cm'. 'H NMR (500 MHz, CDCls): 8 = 1.01 (d, J = 6.5 Hz, 6 H, CH:CH), 1.05-1.19
(m, 1 H, CH:CH.CH;CHN}), 1.19-1.34 (m, 4 H, CH.CH-CHN), 1.52-1.62 (m, 2 H, CH.CHNH),
1.62-1.68 (m, 1 H, CH.CH,CH.CHN), 1.75-1.86 (m, 2 H, CH.CH-CHN), 1.86-2.00 (m, 4 H,
NCH.CH:CH:NC, CH-.CHN), 2.14-2.22 (m, 2 H, CH:CHNH), 2.29-2.37 (m, 1 H, CH.CHN),
2.37-2.45 (m, 2 H, CH.CH:CHNH), 2.51-2.64 (m, 2 H, NCH:CH:CH:NC), 2.72-2.82 (m, 2 H,
NCH.CH:NC), 2.87-3.01 (m, 3H, CHsCH, CH.CH.CHNH), 3.84-390 (m, 2H,
NCH.CH;CH-NC), 3.90-3.95 (m, 5H, NCH.CH.NC, CH;OCCHCCN), 3.95 (s, 3H,
CH;OCCHCCCN), 4.02-4.12 (m, 1 H, CHNH), 490 (d, J=7.1Hz, 1H, NH), 6.68 (s, 1H,
CHCCN), 6.88 (s, 1H, CHCCCN). '*C NMR (126 MHz, CDCls): &= 18.68 (CH;CH), 26.22
(CH.CH:CH.CHN), 26.53 (CH.CH:CH.CHN), 28.83 (NCH:CH.CH:NC), 29.12
(CH:CH:CH2CHN}), 33.01 (CH2CH:CHNH), 45.84 (NCH.CH.CH:NC), 47.81 (NCH:CH:NC),
48.34 (CH,CH2CHNH), 48.89 (CHNH), 50.77 (NCH2CH>CH:NC), 52.33 (NCHzCH:NC), 55.30
(CHsCH), 56.13 (CH;OCCHCCCN), 56.55 (CHsOCCHCCN), 63.97 (CH.CHN), 100.89
(CHCCN), 102.87 (CCN), 106.28 (CHCCCN), 145.04 (CH;OCCHCCN), 149.89 (CCCNH),
154.43 (CH;OCCHCCCN), 158.19 (CNH), 158.86 (CNCNH). HRMS-ESI m/z [M+H]* caled. for
Ca9H47Ns02: 511.3760, found: 511.3755.

2-[(1,4'-Bipiperidin)-1'-y[]-N-(1-isopropylpiperidin-4-y1)-6,7-dimethoxyquinazolin-4-
amine (32a)

According to GP2 with 27 (109 mg, 0.300 mmol, 1.0 equiv) and 1-piperidin-4-ylpiperidine
(260 mg, 1.50 mmol, 5.0 equiv) in toluene (1.5 mL). 32a was isolated by flash chromatography
[5% to 10% 3 M NH3 (in MeOH) in CH.Cl-] as pale yellow solid (135 mg, 91% vield, 95% purity).
mp.: 107 °C. Ry = 0.36 [10% 3 M NHs (in MeOH) in CH.Cl;]. IR (film): ¥= 2929, 2360, 1579,
1246, 754 cm™'. '"H NMR (500 MHz, CD.Cl,). 8= 1.04 (d, J = 6.6 Hz, 6 H, CHsCH), 1.38-1.50
(m, 4 H, CH,CH,CH;NCHCH,CH,NC), 1.50-1.57 (m, 6 H, CH,CH,CH,NCH, CH-CHNH),
1.78-1.87 (m, 2H, CHCH,CH;NC), 2.10-2.20 (m, 2 H, CH,CHNH), 2.26-2.39 (m, 2H,
CH,CH-,CHNH), 2.41-2.56 (m, 5 H, CH,CH,CH-NCH), 2.68-2.82 (m, 3 H, CH.NC, CH;CH),
283296 (m, 2H, CH.CH.CHNH) 3.88 (s, 3H, CH:OCCHCCNH), 390 (s, 3H,
CH>;OCCHCN), 4.08 (dtd, J= 11.2,7.0, 3.8 Hz, 1 H, CHNH), 4.80-4.93 (m, 2 H, CH:NC), 5.05
(d,J=7.2Hz, 1H, NH), 6.73 (s, 1H, CHCCNH), 6.80 (s, 1H, CHCCCNH). '*C NMR
(126 MHz, CD:Cl,): 8 = 18.51 (CHs;CH), 25.38 (CH.CH,CH:NCH), 26.99 (CHCH-.CH,NCH),
28.45 (CHCH:CH:NC), 33.13 (CH.CHNH), 44.29 (CHCH.CH,NC), 48.07 (CH.CH.CHNH),
49.16 (CHNH), 50.62 (CH.CH.CH:NCH), 54.83 (CHsCH), 56.15 (CH;OCCHCCCNH), 56.67
(CH;OCCHCCNH), 63.72 (CHCH.CH.NC), 101.41 (CHCCNH), 103.20 (CCNH), 106.30
(CHCCCNH), 145.76 (CH;OCCHCCNH), 149.83 (CCCNH), 154.96 (CH;OCCHCCCNH),
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158.64 (CNH), 159.08 (NCNCNH). HRMS-EI m/z [M]* calcd. for CzsHasNsO2: 496.3526, found:
496.3518.

N-(1-Isopropylpiperidin-4-yl)-6,7-dimethoxy-2-[43-methylpyridin4-yl)-1,4-diazepan-1-
yl]lquinazolin-4-amine (32b)

According to GP2 with 27 (182 mg, 0.500 mmol, 1.0 equiv) and 1-(3-methylpyridin-4-yl)-1,4-
diazepane (503 mg, 2.50 mmol, 5.0 equiv) in toluene (2.5 mL). 32b was isolated by flash
chromatography [5% 3 M NHs (in MeOH) in CH.Cl-] as pale yellow solid (174 mg, 67% vyield,
98% purity). mp.: 76 °C. Rr= 0.44 [10% 3 M NH; (in MeOH) in CH.Cl,]. IR (film): ¥ = 2096,
1581, 1497, 1246, 754 cm™'. '"H NMR (500 MHz, CD:Cl.): 8 = 1.04(d, J= 6.6 Hz, 6 H, CHsCH),
1.48-1.59 (m, 2 H, CH-CHNH), 2.03-2.10 (m, 2 H, NCH,CH.CH:NCH), 2.10-2.18 (m, 2 H,
CH,CHNH), 2.27 (s, 3 H, CH:C), 2.30-2.35 (m, 2 H, CH.CH.CHNH), 2.75 (hept, J= 6.6 Hz,
1H, CH:CH), 2.85-2.91 (m, 2H, CH:CH.CHNH), 3.24-3.29 (m, 2 H, NCH-.CH>CH:NCH),
3.43-3.48 (m, 2 H, NCH:CH:NC), 3.88 (s, 3H, CH;OCCHCCNH), 3.89-3.96 (m, 5H,
NCH.CH.CH:NCH, CH;OCCHCN), 4.01-4.12 (m, 3 H, NCH.CH.NC, CHNH), 5.09
(d, J=7.2Hz, 1H,NH),6.75 (s, 1 H, CHCCNH), 6.77 (d, J = 5.6 Hz, 1 H, CHCCCHs), 6.81 (s,
1 H, CHCCCNH), 8.10-8.15 (m, 2 H, CHNCHCCHj). '*C NMR (126 MHz, CD:Cl,): 5 = 18.05
(CH:C), 1850 (CH.,CH), 2854 (NCH,CH.CH.NCH), 33.19 (CH:CHNH) 4621
(NCH.CH.CH>NCH), 48.09 (NCH:CH.NC, CH.CH.CHNH), 49.33 (CHNH), 52.74
(NCH2CH2CH:NCH), 53.90 (NCH:CH:NC), 54.85 (CHs;CH), 56.16 (CH;OCCHCN), 56.69
(CH;OCCHCCNH), 101.47 (CHCCNH), 103.21 (CCNH), 106.29 (CHCCCNH), 112.87
(CHCCCHz), 124.19 (CHsC), 145.66 (CH;OCCHCCNH), 148.43 (CHNCHCCH;), 149.99
(CCCNH), 152.58 (CHCCHs), 154.99 (CH;OCCHCN), 158.60 (CNH), 158.70 (CNCH2CH:NC).
HRMS-EI m/z [M]* calcd. for CzsH.1N7O2: 519.3322, found: 519.3317.

N-(1-lsopropylpiperidin-4-yl)-6,7-dimethoxy-2-[4{(4-methylpiperazin-1-yl)piperidin-1-
yllquinazolin-4-amine (32c)

According to GP2 with 27 (182mg, 0.500 mmol, 1.0 equiv) and 1-methyl-4-piperidin-4-
ylpiperazine (482 mg, 2.50 mmol, 5.0 equiv) in toluene (2.5 mL). 32c was isolated by flash
chromatography [7% to 10% 3 M NHa (in MeOH) in CH-Cl] as pale yellow solid (214 mg, 84%
yield, 98% purity). mp.: 111°C. Rr=0.22 [10% 3 M NHs (in MeOH) in CH)Cl3]. IR (film):
¥ =2939, 2810, 1579, 1248, 752 cm-'. 'H NMR (500 MHz, CD,Cl,): §=1.10 (d, J= 6.6 Hz,
6 H, CH3CH), 1.37-1.50 (m, 2 H, CH:CH:NC), 1.60-1.74 (m, 2 H, CH:CHNH), 1.82-1.90 (m,
2 H, CH:.CH:NC), 2.13-2.21 (m, 2 H, CH.CHNH), 2.22 (s, 3 H, CHsN), 2.27-2.51 (m, 7 H,
CHNCH,CH;NCH;, CH.CH,CHNH), 2.58 (s, 4 H, CH.NCH;), 2.74-2.84 (m, 2 H, CH:NC),
284291 (m, 1H, CHiCH), 291-3.02 (m, 2H, CH,CH.CHNH), 3.88 (s, 3H,
CH;OCCHCCNH), 3.90 (s, 3H, CH:OCCHCCCNH), 4.13 (dtd, J=11.1, 7.0, 3.7 Hz, 1H,
CHNH), 4.78-4.88 (m, 2H, CH:NC), 5.15(d, J= 7.3 Hz, 1 H, NH), 6.76 (s, 1 H, CHCCNH),
6.82 (s, 1H, CHCCCNH). '*CNMR (126 MHz, CD.Cl;): §=18.27 (CHs;CH), 28.78
(CH2CH:NC), 32.49 (CH,CHNRH), 44.05 (CH:zNC), 46.17 (CH3sN), 48.08 (CHCH2CHNH), 48.75
(CHNH), 49.38 (CH:NCH;), 55.35 (CH;CH), 5598 (CH.CH.NCH;), 56.17
(CH;OCCHCCCNH), 56.68 (CHsOCCHCCNH), 62.82 (CHNCH.CH,;NCHs), 101.41
(CHCCNH), 103.21 (CCNH), 106.23 (CHCCCNH), 145.86 (CH;OCCHCCNH), 149.67
(CCCNH), 155.01 (CH;OCCHCCCNH), 158.65 (CNH), 158.96 (CNCNH). HRMS-EI m/z [M]*
caled. for CosHasN7O.: 511.3635, found: 511.3628.
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2-(4,4-Difluoropiperidin-1-yl)-N«1-isopropy|piperidin-4-y|)-6,7-dimethoxyquinazolin-4-
amine (32d) (Cui et al., 2020)

According to GP2 with 27 (182 mg, 0.500 mmol, 1.0 equiv) and 4,4-diflucropiperidine (319 mg,
2.50 mmol, 5.0 equiv) in toluene (2.5 mL). 32d was isolated by flash chromatography [5% 3 M
NH3 (in MeOH) in CH:CI.] as colorless solid (218 mg, 97% vield, 98% purity). mp.: 88 °C.
Rr=023 [5% 3M NH; (in MeOH) in CHxCl]. IR (film): v=2968, 1581, 1495, 1211,
756 cm™'. "H NMR (500 MHz, CD.Cl,): 5= 1.04 (d, J= 6.6 Hz, 6 H, CHsCH), 1.51-1.59 (m,
2 H, CH-CHNH), 1.90-2.06 (m, 4 H, CH:CF;), 2.09-2.19 (m, 2 H, CH.CHNH), 2.27-2.41 (m,
2 H, CH.CH;CHNH), 2.76 (hept, J= 6.6 Hz, 1 H, CHsCH), 2.83-2.92 (m, 2 H, CH,CH.CHNH),
3.89 (s, 3H, CHsOCCHCCNH), 3.91 (s, 3H, CH;OCCHCCCNH), 3.94-4.00 (m, 4H,
CH.CH.CF:), 4.01-4.13 (m, 1H, CHNH), 511 (d, J=7.3Hz, 1H, NH), 675 (s, 1H,
CHCCNH), 6.83 (s, 1 H, CHCCCNH). '*C NMR (126 MHz, CD:Cl:): 5= 18.49 (CHs;CH), 33.12
(CHCHNH), 34.19 (t, J=223Hz, CH.CFs), 41.49 (t, J=50Hz, CH.CH:CF.), 48.04
(CHCH.CHNH), 49.29 (CHNH), 54.84 (CH.CH), 56.19 (CH.OCCHCCCNH) 56.67
(CHsOCCHCCNH), 101.24 (CHCCNH), 103.49 (CCNH), 106.43 (CHCCCNH), 123.51 (1,
J=2412Hz, CF.), 146.23 (CCHCCNH), 149.58 (CCCNH), 155.09 (CCHCCCNH), 158.57
(CNCNH), 158.85 (CNH). HRMS-EI m/z [M]* calcd. for CosHssFaNsO.: 449.2602, found:
449.2597.

N*-(1-Isopropylpiperidin-4-y1)-6,7-dimethoxyquinazoline-2,4-diamine (32e) and N-(1-
isopropylpiperidin4-yl)-6,7-dimethoxyquinazolin<4-amine (32f)

According to GP3, with 27 (146 mg, 0.400 mmol, 1.0 equiv) and NaN;(28.6 mg, 0.440 mmol,
1.1 equiv) in EtOH/ACOH (4:1) (2.68 mL) and afterwards 10% Pd/C (47.4 mg, 40.0 pmol,
0.10 equiv) and hydrazine hydrate (30.0 uL, 30.0 mg, 0.600 mmol, 1.5 equiv). 32e (108 mg,
78% vyield, 96% purity) and 32f (6.20 mg, 5% yield, 95% purity) were isolated by flash
chromatography [5% to 10% (7 M NHz (in MeOH) in CH.Cl.] as colorless solids. 32e: mp.:
113 °C. R = 0.27 [10% (7 M NH; (in MeOH) in CH,Cl]. IR (film): ¥ = 1624, 1585, 1429, 1248,
754 cm'. "H NMR (500 MHz, CD,Cl>): 8= 1.03 (d, J= 6.6 Hz, 6 H, CH;CH), 1.44-1.59 (m,
2 H, CH:,CH), 2.056-2.18 (m, 2 H, CH:CH), 2.26-2.40 (m, 2 H, CH:zN), 2.75 (hept, J= 6.6 Hz,
1H, CHsCH), 2.82-2.94 (m, 2H, CH:N), 3.88 (s, 3H, CH;OCCHCCNH), 3.89 (s, 3H,
CH;OCCHCCCNH), 4.12 (tdt, J= 10.6,7.3,3.9 Hz, 1 H, CHNH), 4.61 (s, 2 H, NH,), 4.98-5.23
(m, 1H, NH), 6.76 (s, 1 H, CHCCNH), 6.79 (s, 1 H, CHCCCNH). '*C NMR (126 MHz, CD.Cl):
3= 18.48 (CH:CH), 33.28 (CH.CH), 48.04 (CH:N), 48.82 (CHNH), 54.79 (CHsCH), 56.18
(CHsOCCHCCCNH), 56.67 (CH;OCCHCCNH), 101.34 (CHCCNH), 104.07 (CCNH), 106.14
(CHCCCNH), 146.29 (CCHCCNH), 149.31 (CCCNH), 155.07 (CCHCCCNH), 159.37 (CNH),
160.07 (CNH,). HRMS-ESI m/z [M+H]* calcd. for CisH2sNs0-: 346.2243, found: 346.2236. 32f:
mp.: 241°C (decomposition). Rr= 0.39 [10% (7 M NH; (in MeOH) in CH:Cl;]. IR (film):
¥ =1626, 1506, 1473, 1252 cm™'. '"H NMR (500 MHz, CD.Cl>): §=1.03 (d, J= 6.6 Hz, 6 H,
CH5CH), 1.61-1.65 (m, 2 H, CH:CHNH), 2.04-2.20 (m, 2 H, CH,CHNH), 2.27-2.42 (m, 2 H,
CH,CH.CHNH), 2.75 (hept, J= 6.6 Hz, 1 H, CHsCH), 2.80-2.95 (m, 2 H, CH.CH.CHNH), 3.94
(s, 3 H, CH;OCCHCCNH), 3.95 (s, 3 H, CH;OCCHCCCNH), 4.12-4.27 (m, 1 H, CHNH), 5.36
(d, J=7.6Hz, 1H, NH), 6.89 (s, 1 H, CHCCNH), 7.14 (s, 1 H, CHCCCNH), 8.44 (s, 1H,
CHNCNH). '*C NMR (126 MHz, CD.Cl:): &= 18.45 (CHsCH), 33.19 (CH.CHNH), 48.02
(CH:CH:CHNH), 49.08 (CHNH), 54.81 (CHs;CH), 56.38 (CHs;O)* 56.58 (CHsO)*, 100.02
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(CHCCNH), 108.12 (CHCCCNH), 108.86 (CCNH), 147.11 (OCCNH), 149.41 (CCHCCNH),
154.33 (CHNCNH), 154.81 (CCHCCCNH), 158.03 (CNH). HRMS-ESI m/z [M+H]* calcd. for
CieHrN2O2: 331.2134, found: 331.2128.

7-(Benzyloxy)-4-chloro-6-methoxy-2-piperidin-1-yl)quinazoline (33)

According to GP7 with 4 (138 mg, 0.400 mmol, 1.0 equiv) and 1-methylpiperidine (58.6 mL,
48.1 mg, 0.480 mmol, 1.2 equiv) in 1,4-dioxane (1.0mL). 33 was isolated by flash
chromatography (CH:Cl,) as yellow solid (132 mg, 86% vyield, 100% purity). mp.: 162 °C.
R:=0.84 (CH.Cl). IR (film): ¥ =2929, 1626, 1583, 1491, 1240 cm™ 'H NMR (500 MHz,
CD:Clz): 6 = 1.57-1.65 (m, 4 H, CH2CH:zN), 1.65-1.73 (m, 2 H, CH:CH:CH:N), 3.76-3.85 (m,
4 H, CH:N), 3.93 (s, 3 H, CH:0), 5.20 (s, 2H, CH:0), 6.95 (s, 1 H, CHCOCHz), 7.19 (s, 1 H,
CHCOCHs3), 7.34—7.40 (m, 1 H, CHCHCHCC), 7.40-7.45 (m, 2 H, CHCHC), 7.45-7.51 (m,
2 H, CHCCH:O). '*C NMR (126 MHz, CD:Cl;): & = 25.27 (CH-CH.CH:N), 26.24 (CH,CH:N),
45.48 (CH2N), 56.45 (CH30), 71.22 (CH20), 104.25 (CHCOCHz), 106.28 (CHCOCH>), 112.45
(CCCl), 128.26 (CHCCH-0), 128.76 (CHCHCHC), 129.08 (CHCHC), 136.37 (CCH-0), 147.90
(COCHs3), 151.83 (CCCCl), 156.43 (COCH;), 158.09 (CNCCI), 159.88 (CCl). HRMS-ESI m/z
[M+H]* calcd. for Ca1H2:CINsO.: 384.1479, found: 384.1474.

7-(Benzyloxy)-6-methoxy-2-(piperidin-1-yl)-N-[5-(pyrrolidin-1-yl)pentyljquinazolin-4-
amine (34a)

According to GP4 with 33 (154 mg, 0.400 mmol, 1.0 equiv), 5-pyrrolidin-1-ylpentan-1-amine
(125 mg, 0.800 mmol, 2.0 equiv) and DIEA (213 pL, 158 mg, 1.20 mmol, 3.0 equiv) in FPrOH
(2.0 mL) for 15 min. 34a (173 mg, 86% yield, 99% purity) was isolated by flash chromatography
[5% 3 M NHs (in MeOH) in CH:Cl,] as pale yellow, hygroscopic solid. mp.: 66 °C. Rr= 0.17
[6% 3 M NHs (in MeOH) in CH.Cl:]. IR (film): ¥ = 2933, 1579, 1491, 1244, 756 cm™'. '"H NMR
(500 MHz, CD:Cl,): &= 139-1.51 (m, 2H, CH.CH,CH:NH), 152-1.68 [m, 8H,
CH.CH-CH:NC,CH:(CH:)sNH], 1.68-1.78 [m, 6 H, CH.CH;N(CH.)sCH-], 2.31-2.52 [m, 6 H,
CH:CH:NCH(CH:z)aNH], 3.53-3.61 (m, 2 H, CH:NH), 3.74-3.82 (m, 4 H, CH.CH:CH:NC),
3.89 (s, 3H, CH:0), 515 (s, 2H, CH:O), 537 (t, J=55Hz, 1H, NH), 6.82 (s, 1H,
CHCOCH;3), 6.86 (s, 1H, CHCOCH3), 7.31-7.38 (m, 1 H, CHCHCHC), 7.38-7.44 (m, 2 H,
CHCHC), 7.44-7.49 (m, 2H, CHCCH:0). "CNMR (126 MHz, CD:Cl;): &=23.83
[CH2CHzN(CH:z)sNH], 25.52 (CH.CH.CH:NH)*, 25.58 (CH:CH.CH:NC)*, 26.42 (CH.CH:NC),
29.15 [CHaCHz):NH], 29.76 (CH:CH:NH), 41.60 (CH:NH), 4531 (CH:NC), 54.47
[CH:N(CH:)sNH], 56.63 [CH2(CH:)aNH], 56.75 (CH;0), 70.83 (CH,0O), 101.94 (CHCOCH;),
103.50 (CCNH), 107.51 (CHCOCH3), 128.19 (CHCCH:0O), 128.51 (CHCHCHC), 128.98
(CHCHC), 137.03 (CCH:0), 145.80 (COCHs), 149.64 (CCCNH), 153.95 (COCH.), 159.29
(CNCNH)*, 159.38 (CNH)*. HRMS m/z [M]* calcd. for C3oH4:NsO2: 503.3260, found: 503.2079.

7-(Benzyloxy)-N-(1-cyclohexylpiperidin-4-yl)-6-methoxy-2-(piperidin-1-yl)quinazolin-4-
amine (34b)
According to GP4 with 33 (154 mg, 0.400 mmol, 1.0 equiv), 1-cyclohexylpiperidin-4-amine

(146 mg, 0.800 mmol, 2.0 equiv) and DIEA (213 pL, 158 mg, 1.20 mmol, 3.0 equiv) in FPrOH
(20 mL) for 15min. 34b (145mg, 68% vyield, 99% purity) was isolated by flash
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chromatography [5% 3 M NH; (in MeOH) in CH:Cl.] as colorless solid. mp.: 192 °C. Ry = 0.32
[5% 3 M NH; (in MeOH) in CH.Cl,]. IR (film): ¥ = 2931, 2852, 1579, 1491, 1246, 754 cm™".
IH NMR (500 MHz, CD.Clo): &= 1.03-1.18 (m, 1 H, CH.CH.CH.CH), 1.19-1.32 (m, 4 H,
CH2CH:CH-CH), 1.45-1.72 (m, 9 H, CH.CH,CH:N, CH>CHNH, CH>CH,CH>CH), 1.74-1.90
(m, 4 H, CH.CH-CH.CH), 2.09-2.20 (m, 2 H, CH.CHNH), 2.27-2.36 (m, 1 H, CH.CH,CH.CH),
238246 (m, 2H, CH:NCH), 2.83-296 (m, 2H, CH:NCH), 3.71-3.82 (m, 4H,
CH2CH2CH:N), 3.89 (s, 3 H, CHsO), 3.99-4.15 (m, 1 H, CHNH), 5.05 (d, J= 7.2 Hz, 1 H, NH),
5.15 (s, 2H, CH:0), 6.77 (s, 1 H, CHCOCH;), 6.86 (s, 1 H, CHCOCH,), 7.32-7.38 (m, 1H,
CHCHCHC), 7.38-7.44 (m, 2 H, CHCHCHC), 7.44-7.50 (m, 2 H, CHCHCHC). "*C NMR
(126 MHz, CD.Cl;): 8=25.58 (CH:CH:CH:N), 26.41 (CH:CH.CH:N)*, 26.51
(CH2CH.CH,CH)*, 26.87 (CH.CH:CH.CH), 29.29 (CH.CH.CH.CH), 33.26 (CH.CHNH), 45.33
(CH.CH.CH:N), 48.54 (CH:NCH), 49.18 (CHNH), 56.83 (CH:0), 64.15 (CH.,CH,CH,CH),
70.83 (CH:0), 101.86 (CHCOCH:), 103.39 (CCNH), 10756 (CHCOCH.), 128.18
(CHCHCHC), 128.51 (CHCHCHC), 128.98 (CHCHCHC), 137.01 (CCH-0), 145.83 (COCHs),
149.77 (CCCNH), 154.02 (COCH.), 158.58 (CNH), 1569.26 (CNCNH). HRMS-ESI m/z [M+H*]*
caled. for CsHaaNsO,: 530.3495; found: 530.3499.

7-(Benzyloxy)-N-[1-(cyclohexylmethyl)piperidin-4-yl]-6-methoxy-2-(piperidin-1-
yl)quinazolin-4-amine (34c)

According to GP4 with 33 (154 mg, 0.400 mmol, 1.0 equiv), 1-(cyclohexylmethyl)piperidin-4-
amine (157 mg, 0.800 mmol, 2.0 equiv) and DIEA (213 pL, 158 mg, 1.20 mmol, 3.0 equiv) in
i-PrOH (2.0 mL) for 15 min. 34c (158 mg, 73% vield, 97% purity) was isolated by flash
chromatography [5% to 10% 3 M NHs (in MeOH) in CH.Cl] as colorless solid. mp.: 181 °C.
R =0.35[5% 3 M NH: (in MeOH) in CH:Cl]. IR (film): ¥ = 2924, 2360, 1576, 1491, 1246,
754 cm'. 'H NMR (500 MHz, CD,Cl;): § = 0.75-0.99 (m, 2 H, CH,CHCH:N), 1.12-1.34 (m,
3 H, CH.CH.CH.CH), 1.41-1.53 (m, 1H, CHCH:N), 1.53-1.74 (m, 11 H, CH.CH.CH:N,
CH,CHNH, CH,CH-.CH,CH), 1.75-1.81 (m, 2H, CH,CHCH:N), 1.97-227 (m, 6H,
CH:NCH-.CH-CHNH), 2.68-2.98 (m, 2 H, CH.CH.CHNH), 3.71-3.83 (m, 4 H, CH.NC), 3.89
(s, 3 H, CH:0), 4.04—4.17 (m, 1 H, CHNH), 5.06 (d, J=7.1 Hz, 1 H, NH), 5.15 (s, 2 H, CH-0),
6.77 (s, 1 H, CHCOCHs), 6.87 (s, 1 H, CHCOCHz), 7.27-7.38 (m, 1 H, CHCHCHC), 7.38-7.43
(m, 2 H, CHCHCHC), 7.44-7.53 (m, 2 H, CHCHCHC). '3C NMR (126 MHz, CD.Cl;): = 25.57
(CH.CH.CH:N), 26.40 (CH.CH.CH:N)*, 26.62 (CH.CH,CH.CH)* 27.30 (CH,CH.CH,CH),
32.28 (CH,CH,CH.CH), 32.72 (CH,CHNH), 35.78 (CH.CH.CH-CH), 45.35 (CH.CH,CH:N),
48.88 (CHNH), 53.55 (CH-CH.CHNH), 56.82 (CH30), 66.06 (CHCH:N), 70.84 (CH-0), 101.83
(CHCOCHS3), 103.38 (CCNH), 107.52 (CHCOCH>), 128.19 (CHCHCHC), 128.52 (CHCHCHC),
128.98 (CHCHCHC), 137.00 (CHCHCHC), 145.85 (COCHs), 149.70 (CCCNH), 154.03
(COCH,), 158.60 (CNH), 159.20 (CNCNH). HRMS-ESI m/z [M+H*]* calcd. for CssHisNsOa:
544.3652; found: 544.3657.
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4 Nicht veroffentlichte Experimente

Ergebnisse, die im Laufe dieser Arbeit erzielt, jedoch in keiner der vorherigen Publikationen
vorgestellt wurden, werden im folgenden Kapitel beschrieben. Es handelt sich dabei um die

Synthesen sowie biologischen Untersuchungen von A366-Analoga.

41 A366-Analoga als potenzielle Resensitizer desensitisierter nikotinischer

Acetylcholinrezeptoren

Von den beim Library-Screening identifizierten Hit-Substanzen (Sichler et al., 2024) wurde
insbesondere A366 aufgrund seiner hohen ligand efficiency als ein besonders viel-
versprechender Ansatzpunkt fur die Entwicklung neuer Resensitizer fur desensitisierte neuro-
muskuldre nikotinische Acetylcholinrezeptoren erachtet. Entsprechend wurde eine Reihe
davon abgeleiteter Analoga synthetisiert und auf ihre biologische Wirkung untersucht. Da sich
im Laufe des Projekts herausstellte, dass das A366-Analogon 59b (siehe Schema 10),
welches in 3-Position des 3H-Indol-Grundgertsts anstelle des Cyclobutanrings von A366 zwei
synthetisch einfacher einzufiihrende Methylgruppen aufweist, keine wesentlich geringere
Affinitat zur MB327-PAM-1-Bindungsstelle des nAChR als A366 zeigt, wurde das Augenmerk
auf die Untersuchung entsprechender 3,3-Dimethyl-substituierter A366-Analoga gelegt. Dabei
wurde zum einen die Kettenlange und zum anderen die Ringgrélie des Heterocyclus der
w-Aminoalkoxyseitenkette variiert. Darliber hinaus wurde ein Analogon von Verbindung 59b
hergestellt, bei dem die beiden Substituenten an der 5- und 6-Position des 2-Amino-3H-indol-

Grundgertsts vertauscht sind.

4.1.1 Synthesen von A366-Analoga mit abgewandelten w-Aminoalkoxy-

seitenketten

Um das Potential der von A366 abgeleiteten Substanzklasse fir die Entwicklung potenter
Resensitizer auszuloten, war es erforderlich, einen effizienten und flexiblen Zugang zu
entsprechenden Analoga zu entwickeln. Das Synthesekonzept orientierte sich dabei an den
Arbeiten von Sweis et al. und Fagan et al. (Fagan et al., 2019; Sweis et al., 2014), welche in
den SchlUsselschritten auf einer Dialkylierung von Phenylacetonitrilbausteinen in a-Position
zur Nitrilgruppe, einer regioselektiven Nitrierung des Phenylrings, dem Aufbau einer w-Amino-
alkoxyseitenkette in 4-Position des Phenylrings sowie dem abschlieRenden Ringschluss zu
dem flUr die Substanzklasse charakteristischen 2-Amino-3H-indol-Ringsystem beruhen. Um
eine Vielzahl von A366-Analoga mit mdglichst hoher struktureller Diversitat auf effiziente

Weise zuganglich zu machen, sollten die literaturbekannten Syntheserouten in zwei
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wesentlichen Schritten optimiert werden. Zum einen sollte der Alkylierungsschritt und die
Nitrierung in ihrer Abfolge vertauscht werden. Diese Vorgehensweise hatte den Vorteil, dass
sich die Anzahl der linearen Syntheseschritte zu den A366-Analoga ab dem ersten Variations-
punkt, der Dialkylierung des o-Nitro-substituierten Phenylacetonitrilbausteins, um einen Schritt
verkirzen lieRe. Zum anderen sollte der Aufbau der w-Aminoalkoxyseitenkette Uber eine
Mitsunobu-Reaktion mit entsprechenden Aminoalkoholbausteinen erfolgen, um sich die breite
kommerzielle Verfligbarkeit dieser Bausteine zu Nutze zu machen. In den literaturbekannten
Synthesen von A366-Analoga erfolgte der Aufbau der Seitenketten mit einer begrenzten
Auswahl entsprechender kommerziell verfligbarer Alkylhalogenidbausteine. Die Synthese der

Zielverbindungen 59a-d ist in Schema 10 dargestellt.

Die regioselektive Einfihrung einer Nitrogruppe in die 6-Position des kommerziell erhaltlichen
4-Benzyloxy-3-Methoxy-substituierten Phenylacetonitrilbausteins 51 erfolgte mit Hilfe von
Acetylnitrat, welches durch Mischung von 70%iger Salpetersaure, Essigsaureanhydrid und
Essigsaure bei 0 °C in situ erzeugt wurde und haufig fur die Nitrierung von fur elektrophile
Substitutionen aktivierte Aromaten eingesetzt wird. Nach einer Reaktionszeit von 30 Minuten
wurde das Reaktionsgemisch auf Eis gegossen und der dabei gebildete Niederschlag
abfiltriert. Das Produkt 54 konnte auf diese Weise ohne weitere Aufreinigung in sehr guten
Ausbeuten (90%) und in einer fur die weitere Umsetzung ausreichenden Reinheit erhalten
werden. Die Dimethylierung des o-Nitro-substituierten Phenylacetonitrilbausteins 54 in der
a-Position gelang durch Umsetzung mit einem Uberschuss von Methyliodid (4.0 Aqg.) in
Gegenwart von Natriumhydroxid (50%ige wassrige Losung, 4.0 Ag.) in DMSO. Das
gewinschte Dialkylierungsprodukt 55 konnte dabei nach zweistlindigem Rihren bei Raum-
temperatur und Extraktion der mit Wasser verdinnten alkalischen Reaktionslésung mit Toluol
in einer Ausbeute von 95% und hoher Reinheit (95%) gewonnen werden. Um den Aufbau der
w-Aminoalkoxyseitenketten in 6-Position zu ermdglichen, musste im nachsten Schritt zunachst
die Benzylschutzgruppe selektiv abgespalten werden. Dies gelang hydrogenolytisch mittels
Wasserstoff (2.5 bar) und Palladium auf Aktivkohle in einem Gemisch aus
Essigsaureethylester und Ethanol (9:1) bei Raumtemperatur (5.5 h). Das gewilinschte Phenol
56 konnte nach Filtration der Reaktionslésung Uber Celite und anschliellender saulen-

chromatographischer Aufreinigung in einer Ausbeute von 60% gewonnen werden.

Die beiden Cyclisierungsvorstufen 58a und 58b wurden unter Mitsunobu-Bedingungen (Kim
and Han, 2015) in einem Schritt aus dem Phenol 56 und den Aminoalkoholen 3-Pyrrolidin-1-
ylpropan-1-ol bzw. 2-Pyrrolidin-1-ylethanol in Gegenwart von jeweils 1.3 Aquivalenten
Triphenylphosphin und DIAD (THF, 0 °C - RT, 24 h bzw. 1.5 h) erhalten. Nach Aufreinigung
des Rohproduktes mittels Saulenchromatographie konnten die Verbindungen in guten bis sehr

guten Ausbeuten (58a: 63% und 58b: 81%) gewonnen werden.
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51 54

.0 .0

b) HsC CN <) HsC CN
©Ao NO, HO NO,
55 56
d)~58a-b
e)
o f) —>58¢c

- '758d /O

HsC CN 9) HaC CN
QN/\M:\O NO, o0 NO
58a-d 57
h)>59a/60a

i) > 59b-d / 60b-d

.0 .0
Crvre |
)

) o
59a-d " 60a-d
58a/59a/60a (n=0,m=1)
58b /59b /60b (n =1, m = 1)
58c /59¢c/60c (n=2,m=1)
58d /59d /60d (n =2, m = 2)

Schema 10: Reaktionsbedingungen: (a) HNOs, Ac20, AcOH, 0 °C, 30 min, 90%; (b) NaOH (4.0 Aq.),
Mel (4.0 Ag.), DMSO, RT, 2 h, 95%; (c) Pd/C (10%), Hz (2.5 bar), EtOAc : EtOH (9:1), RT, 5.5 h, 60%;
(d) 2-Pyrrolidin-1-ylethanol oder 3-Pyrrolidin-1-ylpropan-1-ol (1.3 Aq.), PPhs (1.3 Aq.), DIAD (1.3 Aq.),
THF, 0 °C bis RT, 24 h oder 1.5 h; 58a: 63%; 58b: 81%; (e) 4-Chlorbutan-1-ol (1.3 Aq.), PPhs (1.3 Aq.),
DIAD (1.3 Aqg.), THF, 0 °C bis RT, 24 h, 96%; (f) Pyrrolidin (1.5 Ag.), KI (2.0 Ag.), K2COs (3.0 Aq.),
Acetonitril, 50 °C, 72 h, 65%; (g) Kl (2.0 Aq.), Piperidin, 50 °C, 20 h, 96%; (h) Pd/C (10%), Hz (10 bar),
AcOH, RT, 160 h, 59a: 47%; 60a: 15%; (i) Pd/C (10%), Hz (1 bar), AcOH, RT, 24 h, 59b: 16%;
59c: 26%, 59d: 41%; 60b: 57%; 60c: 49%; 60d: 36%.
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Fir die Zielverbindungen 58c und 58d mit einem C4-Spacer in der w-Aminoalkoxyseitenkette
musste eine neue Strategie entwickelt werden, da die Verwendung von 4-(Pyrrolidin-1-yl)-
butan-1-ol als Alkoholkomponente bei der Mitsunobu-Reaktion nicht zum Erfolg fiihrte. Bei den
entsprechenden Versuchen wurde das Phenol 56 quantitativ zurlickerhalten. Vermutlich
kommt es durch Cyclisierung des von 4-(Pyrrolidin-1-yl)butan-1-ol abgeleiteten, intermediar
auftretenden Alkoxyphosphoniumions zur Bildung eines 5-Azaspiro[4.4]nonan-5-ium-lons
(Gmeiner et al., 1994), welches mit dem von 56 abgeleiteten Phenolat nicht weiterreagiert.
Deshalb wurde eine zweistufige Syntheseroute Uber eine Mitsunobu-Reaktion mit einem
4-Halogenbutan-1-ol-Baustein und anschlieBender Alkylierung eines cyclischen Amins mit
dem bei der Mitsunobu-Reaktion erhaltenen Baustein ins Auge gefasst. Entsprechend wurde
zunachst der Schlisselbaustein 56 mit jeweils 1.3 Aquivalenten 4-Chlorbutan-1-ol, Triphenyl-
phosphin und DIAD (THF, RT, 24h) umgesetzt. Das gewlinschte Produkt 57 wurde nach
saulenchromatographischer Aufreinigung des Rohproduktes nahezu quantitativ (96%
Ausbeute) erhalten. Die Substitution des Chloratoms in der Seitenkette des Bausteins 57
erfolgte dann mit Piperidin bzw. Pyrrolidin. Zur Darstellung von Verbindung 58d wurde das
Alkylchlorid 57 in Gegenwart von 2.0 Aquivalenten Kaliumiodid in Piperidin als Lésungsmittel
fur 20 Stunden auf 50 °C erhitzt. Das gewlnschte Produkt 58d konnte dabei nach saulen-
chromatographischer Aufreinigung des Rohproduktes in nahezu quantitativer Ausbeute (96%)
gewonnen werden. Unter gleichen Reaktionsbedingungen wurde der Baustein 57 dann auch
mit Pyrrolidin umgesetzt. Dabei wurde aber Uberraschenderweise nicht 58c, sondern ein
zweifach Pyrrolidin-substituiertes Produkt erhalten (89% Ausbeute). Im Unterschied zu
Piperidin substituierte das nukleophilere Pyrrolidin zusatzlich zum Chloratom der Seitenkette
von 57 auch den Methoxyrest des Phenylrings, der durch seine para-Stellung zur Nitrogruppe
fur eine SyAr-Reaktion aktiviert ist. Eine deutlich héhere Reaktivitat von Pyrrolidin gegenuber
Piperidin bei SnAr-Reaktionen an vergleichbaren Arylethern wurde bereits von Bunnett et al.
beobachtet (Bunnett and Cartano, 1981). Um eine selektive Substitution an der gewlinschten
Position des Bausteins 57 zu erzielen, wurden in einem weiteren Versuch die Reaktions-
bedingungen modifiziert und der Uberschuss an Pyrrolidin deutlich verringert. Statt es als
Lésemittel zu verwenden, wurden nur 1.5 Aquivalente eingesetzt. Die Reaktion wurde unter
klassischen Sn2-Bedingungen unter Verwendung von Acetonitril als Lésemittel und in
Gegenwart von 2.0 Aquivalenten Kaliumiodid und 3.0 Aquivalenten Kaliumcarbonat als Hilfs-
reagenzien durchgefihrt. Das gewinschte Produkt 58c konnte so nach Rihren des
Reaktionsgemisches bei 50 °C fiur 72 Stunden und sdulenchromatographischer Reinigung des
Rohproduktes in einer Ausbeute von 65% gewonnen werden. Das Edukt 57 wurde in einer
Ausbeute von 21% zurlickerhalten. Das zweifach substituierte Produkt wurde unter diesen

Reaktionsbedingungen nicht beobachtet.
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Der abschlieRende Syntheseschritt, die reduktive Cyclisierung der a,a-Dimethyl-substituierten
2-Nitrophenylacetonitrilbausteine zu den entsprechenden 2-Amino-3H-indolen, erschien
herausfordernd. So wurden sowohl von Sweis et al. (Sweis et al., 2014) als auch von
Fagan et al. (Fagan et al., 2019) fur die Cyclisierung von vergleichbaren Verbindungen sehr
stark variierende Ausbeuten im Bereich von 8-97% bzw. 5-83% erhalten. Als viel-
versprechendste Methode erschien dabei die reduktive Cyclisierung mit Wasserstoff (1 bar) in
Gegenwart von 10% Palladium auf Aktivkohle in Essigsaure bei Raumtemperatur. Unter
diesen Reaktionsbedingungen konnten die gewlnschten 3,3-Dimethyl-substituierten
A366-Analoga 59a-d ausgehend von den Vorstufen 58a-d tatsachlich erhalten werden,
wenngleich die Ausbeuten bestenfalls zufriedenstellend waren. Die literaturbekannte
Verbindung 59b (Luise et al., 2021; Sweis et al., 2014) wurde, ausgehend von 58b, nach
saulenchromatographischer Aufreinigung des Rohproduktes nur in einer Ausbeute von 16%
erhalten. Zusatzlich zum gewlnschten Produkt 59b wurde als Hauptprodukt der Reaktion das
Amidin-N-Oxid 60b in einer Ausbeute von 57% erhalten. Es konnte u.a. mit Hilfe der Massen-
spektrometrie identifiziert werden. So wurden sowohl die Masse des N-Oxids 60b, als auch
die charakteristische Masse von M-16, die sich aus der Abspaltung von Sauerstoff ergibt,
gefunden. Entsprechende Amidin-N-Oxide wurden bereits bei der Cyclisierung verwandter
2-Nitrophenylacetonitrilbausteine beobachtet (Jawdosiuk and Makosza, 1976). Sie entstehen
vermutlich durch Cyclisierung der als Zwischenprodukte bei der Reduktion auftretenden
N-Phenylhydroxylamine. Die Reaktionen der Seitenketten-Analoga 58c und 58d mit einem
C4-Spacer lieferten etwas bessere Ausbeuten der entsprechenden 2-Amino-3H-indole 59¢
und 59d (26% bzw. 41%). Auch hier wurden in deutlichem Umfang die entsprechenden
Amidin-N-Oxide erhalten (60c: 49% und 60d: 36%). Die Cyclisierung des Seitenketten-
Analogons 58a mit einem C2-Spacer wurde, abweichend von den oben beschriebenen
Versuchen, bei héherem Druck (10 bar) und deutlich Iangerer Reaktionsdauer (160 h)
durchgefuhrt. Das gewunschte Produkt 5§9a konnte so in etwas besseren Ausbeuten (47%)

gewonnen werden. Der Anteil des Amidin-N-Oxids 60a lag hier bei nur 15%.
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4.1.2 Synthese der zu Verbindung 59b regioisomeren Verbindung 64

Das Regioisomer 64 des 3,3-Dimethyl-substituierten A366-Analogons 59b, welches die
w-Aminoalkoxyseitenkette in der 5- statt in der 6-Position des 2-Amino-3H-indol-Grundgerists
tragt, wurde ausgehend von dem 3,4-Dimethoxyphenylacetonitriibaustein 53 dargestellt.
Dieser kommerziell erhaltliche Synthesebaustein tragt bereits die fir die Cyclisierung
erforderliche Nitrofunktion, so dass der Syntheseweg, verglichen mit der Darstellung der

regioisomeren Verbindung 59b, um einen Schritt verkiirzt wird (sieche Schema 11).

Jo)
2 o0 ﬁ -
HsC. c

30 NO, Hs

53
HO C\N 0 d
I;E<CN c) ~ I;E<CN )
H,C. H3C.
0 NO, 0 NO,
62 63
N o N
C\ ~ N + O
H C / NH2 H C /) NH2
3~ 3LU< +
0 N 0 N

o
64 65

Schema 11: Reaktionsbedingungen: (a) NaOH (4.0.{7-'\q.), Mel (4.0 Aq.), DMSO, RT, 2 h, 96%; (b)
Dodecan-1-thiol (2.3 Aq.), Kalium tert-Butoxid (2.37 Aq.), DMF, 0 °C bis RT, 24 h > 50 °C, 45 min,
76%; (c) 3-Pyrrolidin-1-ylpropan-1-ol (1.3 Aq.), PPhs (1.3 Aqg.), DIAD (1.3 Aq.), THF, 0 °C bis RT, 2 h,
65%; (d) Pd/C (10%), Hz (1 bar), AcOH, RT, 24 h, 64: 55%; 65: 8%.

Die Synthese des a,a-dimethylierten Phenylacetonitrilbausteins 61 erfolgte ausgehend von
Verbindung 53 analog zur Darstellung von Verbindung 55 durch Alkylierung mit
4.0 Aquivalenten Methyliodid in Gegenwart von NaOH (50%ige wassrige Lésung, 4.0 Aq.) in
DMSO (RT, 2 h). Dabei konnte das gewunschte Produkt 61 nach Extraktion der mit Wasser
verdunnten alkalischen Reaktionslésung mit Toluol ohne weitere Aufreinigung in nahezu
quantitativer Ausbeute (96%) und hoher Reinheit (99%) erhalten werden. Die regioselektive
Spaltung des Methylethers in para-Position zur Nitrogruppe des Bausteins 61 gelang durch
nukleophilen Angriff eines Thiolats. Angelehnt an eine Vorschrift von Fagan et al., die auf
Arbeiten von Chae und Magano et al. basiert (Chae, 2008; Fagan et al., 2019; Magano et al.,
2006), wurde ein in sito erzeugtes Dodecanthiolat genutzt, um selektiv den reaktiveren Aryl-
methylether zu spalten. Dazu wurde die 3,4-Dimethoxyverbindung 61 unter Eiskuhlung zu

einem Gemisch aus Dodecan-1-thiol und Kalium-tert-butanolat in DMF gegeben und zunachst
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fir 24 Stunden bei Raumtemperatur und anschliel3end noch flir 45 Minuten bei 50 °C gerihrt.
Das Phenol 62 konnte so in guter Ausbeute (76%) gewonnen werden. Neben der Verbindung
62 wurde auch das regioisomere Produkt, welches die freie OH-Funktion in meta-Position zur
Nitrogruppe tragt, in einer Ausbeute von 9% erhalten. Die Veretherung der Hydroxylgruppe in
para-Position zur Nitrogruppe des Bausteins 62 mit 3-Pyrrolidin-1-ylpropan-1-ol erfolgte
analog zu den oben beschriebenen Synthesen unter Mitsunobu-Bedingungen und lieferte das
gewunschte Produkt 63 mit einer Ausbeute von 65%. Der abschlieliende Syntheseschritt, die
reduktive Cyclisierung der o-Nitrophenylacetonitril-Teilstruktur zum 2-Amino-3H-indol-Ring-
system, gelang, ausgehend von der Cyclisierungsvorstufe 63, wie oben beschrieben unter
einer Wasserstoff-Atmosphare (1 bar) in Anwesenheit von 10% Pd/C-Katalysator in Essig-
saure bei Raumtemperatur (24 h). Nach saulenchromatographischer Aufarbeitung des Roh-
produkts konnten das gewiinschte 2-Amino-3H-indol 64 als Hauptprodukt in vergleichsweiser
guter Ausbeute (55%) gewonnen werden. Daneben wurde aber auch hier in geringer Menge
das entsprechende Amidin-N-Oxid 65 (Ausbeute 8%) erhalten.

Die Reinheiten der 2-Amino-3H-indole 59a-d und 64 wurden mittels 'H g-NMR mit dem
internen Standard Ethyl-4-(dimethylamino)benzoat auf = 98% bestimmt. Das Ziel, eine Reihe
3,3-Dimethyl-substituierter Analoga von A366 mit unterschiedlichen w-Aminoalkoxyseiten-
ketten zu synthetisieren, wurde, trotz der nicht in allen Fallen zufriedenstellenden Ausbeuten,

erreicht.
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4.1.3 Biologische Untersuchungen von A366 und davon abgeleiteter Analoga

Um Erkenntnisse Uber die Struktur-Wirkungs-Beziehungen von A366 sowie davon abgeleiteter
Analoga zu gewinnen, wurden der Screening-Hit A366 sowie die von mir synthetisierten
Analoga 59a-d und 64 zusammen mit dem Amidin-N-Oxid-Nebenprodukt 60b hinsichtlich ihrer
Affinitat zur MB327-PAM-1-Bindungsstelle im UNC0642-MS-Bindungsassay sowie hinsichtlich
ihrer intrinsischen Aktivitdt in ex vivo-Untersuchungen an Soman-vergifteten Ratten-

Diaphragmen charakterisiert.

UNCO0642-MS-Bindungsassay

Zunachst wurden die Bindungsaffinitaten zur MB327-PAM-1-Bindungsstelle des Torpedo-
NAChR untersucht. Hierfir wurden fiir die oben genannten Verbindungen mit Hilfe des von
V. Nitsche entwickelten kompetitiven UNC0642-MS-Bindungsassays (Nitsche et al., 2024) die
pK-Werte bestimmt. Aufgrund der nur begrenzt verfligbaren Substanzmengen erfolgte die
Ermittlung der pK-Werte nicht durch Mehrfachbestimmungen, wie sonst Ublich, sondern in
Einzelexperimenten (n = 1). Die Experimente wurden von Valentin Nitsche im Arbeitskreis von
Prof. Dr. F. F. Paintner / Prof. Dr. K. T. Wanner an der Ludwig-Maximilians-Universitat
Mdnchen durchgefiihrt und erlauben eine erste Einschatzung der Bindungsaffinitat. Zur
einheitlichen Benennung wurden die synthetisierten Verbindungen mit einer PTMD-Nr.
(Pharmazie und Toxikologie Minchen Dusseldorf) versehen. Die Ergebnisse sind in Tabelle 1

dargestellt.



4 Nicht veréffentlichte Experimente 237

Tabelle 1: pKi-Werte von A366 und davon abgeleiteten Analoga, bestimmt durch Kompetitions-
experimente im UNC0642-MS-Bindungsassay (n = 1).

# Nr. PTMDO02-000x Strukturformel pKi

1 A366 - D>—NH, 4.42

e
2 59a 2 C\ HsC j@ﬁ;wz 4.18
N0 N

H3C/O NH
3 50 1L )—NH; 4.15

_0O
4  59c 5 C HaC I:ﬁ;r\mz 4.28
N\/\/\O N
_0O
5 59d 4 @ H3C mwz 4.32
N\/\/\O N

C\ N 0
6 64 6 TN N NH 3.78
2
HsCx \
60b o™ NH 3.23
7 7 »—NH, .
5.

* PTMDO02-0001L ist eine literaturbekannte Verbindung (Luise et al., 2021; Sweis et al., 2014).

Far den Screening-Hit A366 wurde im UNC0642-MS-Bindungsassay ein pKi-Wert von 4.42
ermittelt (Tabelle 1, Eintrag 1). Wie oben bereits angedeutet, zeigte das 3,3-Dimethyl-
substitutierte Analogon 59b (PTMDO02-0001L, Tabelle 1, Eintrag 3) mit einem pK-Wert von
4.15 eine, im Vergleich zu A366, etwas geringere Affinitat zur MB327-PAM-1-Bindungsstelle.
Der Ersatz der spirocyclischen Cyclobutyl-Teilstruktur in 3-Position des 2-Amino-3H-indol-

Grundgertists durch zwei Methylgruppen flhrt damit zu einer Abnahme der Bindungsaffinitat.
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Eine Verklrzung der w-Aminoalkoxyseitenkette um eine CH2-Einheit hat keinen signifikanten
Einfluss auf die Bindungsaffinitat. So wurde fir Verbindung 59a (PTMDO02-0002, Tabelle 1,
Eintrag 2), welche einen C2-Spacer aufweist, ein pKi-Wert von 4.18 bestimmt, welcher dem
des Analogons mit einem C3-Spacer 59b (pKi = 4.15) gleicht. Eine Verlangerung der w-Amino-
alkoxyseitenkette um eine CHz-Einheit fihrt dagegen zu einer nominell geringfligig héheren
Affinitat. So wurde fir Verbindung 59¢ mit einem C4-Spacer ein pKi-Wert von 4.28 ermittelt
(PTMDO02-0005, Tabelle 1, Eintrag 4). Die Ringgrélte des Heterocyclus scheint dagegen
keinen wesentlichen Einfluss auf die Bindungsaffinitdt zu haben. Fir Verbindung 59d
(PTMDO02-0004, Tabelle 1, Eintrag 5), welche einen Uber einen C4-Spacer gebundenen
Piperidinring anstelle des in Verbindung 59¢ vorhandenen Pyrrolidinrings aufweist, wurde eine
vergleichbare Affinitat (pKi = 4.32) wie flr 59¢ (pKi = 4.28) ermittelt. Interessanterweise bindet
Verbindung 64 (PTMDO02-0006, pKi = 3.78, Tabelle 1, Eintrag 6), das 59b-Analogon, bei dem
die Reste in 5- und 6-Position vertauscht sind, mit einer um etwa 0.4 log Einheiten geringeren
Affinitat als die Vergleichsverbindung 59b (pKi = 4.15) an die untersuchte Bindungsstelle. Das
Amidin-N-Oxid 60b (PTMDO02-0007, pKi = 3.23, Tabelle 1, Eintrag 7), welches als Neben-
produkt bei der Synthese von 59b isoliert wurde, zeigte unter den untersuchten A366-Analoga
die geringste Bindungsaffinitadt. Sie lag nominell um ca. 0.9 log Einheiten unter der des

entsprechenden starker basischen Amidin-Analogons 59b.

Zusammenfassend lasst sich feststellen, dass die Affinitaten der Analoga 59a-d nominell nur
etwas geringer sind als die Affinitat von A366. Die einzigen Verbindungen, deren Affinitaten
deutlicher von den oben genannten abweichen, sind das Regioisomer 64 sowie insbesondere
das Amidin-N-Oxid 60b. Fur beide Verbindungen wurden im Vergleich zu der sehr nahe
verwandten Verbindung 59b deutlich niedrigere pKi-Werte gefunden. Es scheint, dass sowohl
die Anknlpfungsstelle der basischen w-Aminoalkoxyseitenkette am 2-Amino-3H-indol-Grund-
gerust, als auch eine basische Amidin-Teilstruktur fir eine hohe Bindungsaffinitat zur
MB327-PAM-1-Bindungsstelle von Bedeutung sind.

Um gezielt weitere A366-Analoga mit hoherer Bindungsaffinitdt zu entwickeln, sollte auf der
Basis der vorhandenen Ergebnisse zunachst der Bindemodus dieser Verbindungen in der
MB327-PAM-1-Bindungstasche in in silico-Studien untersucht werden, um Molekilbereiche zu
identifizieren, an denen sich durch Strukturvariationen die Wechselwirkungen mit der

Bindungstasche mdglicherweise verbessern lassen.
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Ex vivo-Untersuchungen an Ratten-Diaphragma-Praparationen

Zusatzlich zu den Bindungsaffinitdten an der MB327-PAM-1-Bindungsstelle des Torpedo-
nNAChR wurden A366 und die davon abgeleiteten Analoga 59a-d, 60b und 64 in ex vivo-
Untersuchungen an Ratten-Diaphragma-Praparationen auch hinsichtlich ihrer intrinsischen
Aktivitdten charakterisiert. Dabei wurde mit Hilfe von myographischen Assays zunachst das
Vermogen bestimmt, die Muskelkraft Soman-vergifteter Ratten-Diaphragmen wieder-

herzustellen (Seeger et al., 2012).

Bei diesen Untersuchungen werden praparierte Ratten-Diaphragma-Hemispharen zunachst
mit einer Lésung behandelt, die 3 yM Soman enthalt. Wahrend bei einer indirekten
elektrischen Feldstimulation, die Ublicherweise bei Frequenzen von 20 Hz, 50 Hz und 100 Hz
durchgefihrt wird, bei nicht vergifteten Ratten-Diaphragma-Praparationen Muskel-
kontraktionen auftreten, sind bei den vergifteten Proben keine oder nur sehr schwache
Kontraktionen messbar. Diese Hemmung verschwindet auch nicht, wenn die vergifteten
Proben durch Waschen vom Toxin befreit werden, was ublicherweise als Kontrolle
durchgefuhrt wird, da dies keinen Einfluss auf die irreversible Hemmung der AChE durch das
Nervengift hat. Eine positive intrinsische Aktivitat von Testverbindungen liegt dann vor, wenn
ihre Zugabe zu den vergifteten Muskelpraparationen, die Ublicherweise in ansteigenden
Konzentrationen von 0.1 bis 100 uM erfolgt, eine zumindest teilweise Wiederherstellung der
Muskelkraft der Soman-vergifteten Ratten-Diaphragmen bewirkt. Die Hemmung der
Muskelkraft tritt wieder auf, wenn die Proben nach Erreichen der jeweils hdchsten
Testkonzentrationen einem abschlieBenden Waschschritt unterzogen werden. Dies ist auf die
irreversible Inaktivierung der AChE zuruckzufihren und weist auf die Reversibilitat der
rezeptorvermittelten resensitierenden Wirkung der Prifsubstanzen hin. Da bekannt ist, dass
die groflite Wirksamkeit bei niedrigen Stimulationsfrequenzen beobachtet wird (Seeger et al.,
2012), werden im Folgenden nur die Ergebnisse der Experimente bei 20 Hz dargestellt (siehe
Abbildung 22) und diskutiert. Die Ergebnisse sind als %-Werte der maximalen Muskelkraft in
Balkendiagrammen dargestellt (Mittelwerte mit Standardabweichungen, n = 3-17). Da fur die
Messungen in den Organbadern relativ hohe Substanzmengen erforderlich sind, konnten nicht

bei allen untersuchten Verbindungen alle angegebenen Konzentrationen gemessen werden.

Die myographischen Untersuchungen wurden von Dr. Thomas Seeger und seiner Arbeits-
gruppe am Institut fir Pharmakologie und Toxikologie der Bundeswehr in Minchen durch-
gefuhrt.
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Abbildung 22: Konzentrationsabhangige Wiederherstellung der Muskelkraft durch (A) MB327 (Niessen

et al.

, 2018), (B) A366, (C) 59b (PTMD02-0001L), (D) 60b (PTMD02-0007), (E) 59a (PTMD02-0002),

(F) 59¢ (PTMDO02-0005), (G) 59d (PTMD02-0004) und (H) 64 (PTMD02-0006) an Soman-vergifteten
(3 uM) Ratten-Diaphragmen bei einer Anregungsfrequenz von 20 Hz. Asterisken (*) zeigen die
statistisch signifikanten Unterschiede zwischen der jeweiligen Substanz und der Soman-Applikation an

(p <0.01).
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Der Screening-Hit A366, das 3,3-Dimethyl-substituierte Analogon 59b (PTMDO02-0001L) sowie
das entsprechende Amidin-N-Oxid 60b (PTMDO02-0007), die alle einen C3-Spacer in der
w-Aminoalkoxyseitenkette aufweisen, fuhrten in den gemessenen Konzentrationsbereichen zu
keinerlei Muskelkraft-wiederherstellendem Effekt (siehe Abbildung 22, B, C und D). Ebenso
zeigten auch das kettenlangere Analogon 59c¢ (PTMD02-0005), mit einer zusatzlichen
CH.-Gruppe in der Seitenkette, sowie die davon abgeleitete Verbindung 59d (PTMD02-0004),
mit einem Piperidin-Rest anstelle des Pyrrolidin-Restes in der Seitenkette, keinen statistisch
signifikanten Effekt (siehe Abbildung 22 F und G). Im Unterschied dazu konnte flr das ketten-
kirzere Analogon 59a, mit einem C2-Spacer in der Seitenkette, sowie fir Verbindung 64, bei
der im Vergleich zu Verbindung 59b die Substituenten in 5- und 6-Position vertauscht sind, in
einem engen Konzentrationsbereich ein deutlicher Muskelkraft-wiederherstellender Effekt
beobachtet werden (siehe Abbildung 22, E und H). So zeigte Verbindung §9a (PTMD02-0002)
nach Anregung bei 20 Hz bei einer Testsubstanzkonzentration von 30 uM eine Wieder-
herstellung der Muskelkraft auf 34% + 13% des Maximalwertes. Dies entspricht etwa dem
maximalen Effekt, der mit der prototypischen Verbindung MB327 - allerdings erst bei einer
Konzentration von 300 uM - unter gleichen Versuchsbedingungen — erreicht wird (siehe
Abbildung 22, A) (Niessen et al., 2018). Bei einer Konzentration von 70 uyM nahm der Effekt
von Verbindung 59a zwar wieder leicht ab, war aber mit 22% + 8% immer noch signifikant. Bei
einer weiteren Erhdhung der Substanzkonzentration auf 100 uM sank der %-Wert fir die
Wiederherstellung der Muskelkraft dann aber deutlich ab (5% % 2%). Fir das zu 59b regio-
isomere Analogon 64 (PTMDO02-0006) wurde nach Anregung bei 20 Hz schon bei einer
Konzentration von 10 uM eine signifikante Wiederherstellung der Muskelkraft von 25% £ 7%
beobachtet. Allerdings nahm auch hier der Effekt bei einer Erhdhung der Konzentration wieder

deutlich ab und war bereits bei 30 uM statistisch nicht mehr signifikant.

Nach dem abschlieBenden Waschschritt waren in keinem Fall mehr statistisch signifikante
Werte fur die Muskelkraft zu beobachten, was auf eine weitgehend vollstandige Inhibition der
AChE in den untersuchten Muskelpraparationen hindeutet. Deshalb weist die teilweise
Wiederherstellung der Muskelkraft im Falle der A366-Analoga 59a und 64 auf einen Rezeptor-

vermittelten Effekt der beiden Substanzen hin (Niessen et al., 2018).

Bei der Betrachtung der Ergebnisse ist zum einen bemerkenswert, dass die beiden A366-
Analoga 59a und 64 im Vergleich zu MB327 einen, in seiner GréRenordnung vergleichbaren,
Muskelkraft-wiederherstellenden Effekt bereits bei deutlich geringeren Konzentrationen
(30 uM und 10 M bei 59a bzw. 64 im Vergleich zu 300 uM bei MB327) erreichen. Zum
anderen fallt auf, dass auch im Falle von 59a und 64 — wie bei MB327, Cycloguanil und den
meisten der bereits von uns untersuchten MB327- und UNC0646-Analoga (Bernauer et al.,
2024; Kaiser et al., 2024; Nitsche et al., 2024) — ein biphasischer Verlauf der Konzentrations-

Wirkungs-Beziehungen vorliegt. Nach Erreichen eines Maximums fur die wiederhergestellte
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Muskelkraft nimmt diese bei héheren Konzentrationen der Testverbindungen wieder deutlich
ab oder verschwindet ganzlich. Es wird vermutet, dass der positive intrinsische Effekt von
einem sekundaren, inhibitorischen Effekt tberlagert wird, der mdglicherweise durch Bindung
an die orthosterische Bindungsstelle des nAChR hervorgerufen wird (Bernauer et al., 2024;
Kaiser et al., 2023; Niessen et al., 2018).

Um eine mdgliche inhibitorische Wirkung von A366 und seinen Analoga auf den Rattenmuskel
zu untersuchen, wurden entsprechende myographische Untersuchungen auch an nicht

Soman-vergifteten Muskelpraparationen durchgefihrt.

Daflr wurden, analog zu den Versuchen mit Soman-vergifteten Ratten-Diaphragmen, nicht
vergiftete Muskelpraparationen mit steigenden Konzentrationen von A366 (1-300 uM) bzw. der
Analoga 59a-d und 64 (0.1-100 uM oder 1-100 uM) versetzt und anschlieRend indirekt bei
20 Hz stimuliert. Um moégliche Muskelermidungen zu bericksichtigen, wurden, aufser im Fall
von Verbindung 59b, Kontrollversuche durchgeflihrt, bei welchen nur die Puffer in den Organ-
badern von stimulierten unbehandelten Muskelpraparationen ausgetauscht wurden. Im
Verlauf der Versuche Iasst sich ein unausweichlicher Abfall der Muskelkraft beobachten, wie
aus den stetig leicht sinkenden %-Werte in den Kontrollkurven ersichtlich ist. Um den Einfluss
der Testsubstanzen auf die Muskelkraft bewerten zu kénnen, wurden die gemessenen
Aktivitaten mit den zugehdrigen Kontrollwerten ohne Substanz verglichen. Die Ergebnisse der
Untersuchungen sind als %-Werte der maximalen Muskelkraft (Mittelwerte mit Standard-

abweichungen, n = 4-17) in Abbildung 23 dargestellt.
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Abbildung 23: Muskelkraft unvergifteter Ratten-Diaphragmen nach Behandlung mit (A) A366, (B) 59b
(PTMDO02-0001L), (C) 59a (PTMD02-0002), (D) 59¢ (PTMD02-0005), (E) 59d (PTMD02-0004) und (F)
64 (PTMDO02-0006) bei einer Anregungsfrequenz von 20 Hz. Die erzeugte Muskelkraft wird als Flache
unter der Kurve (AUC) dargestellt, die auf die Muskelkraft unter Kontrollbedingungen zu Beginn der
Messung normiert wurde.

Alle untersuchten Testverbindungen flihrten bei steigenden Konzentrationen zu einer
teilweisen oder vollstdndigen Abnahme der Muskelkraft. Im Falle des Screening-Hits A366
kommt es bereits bei einer Konzentration von 3 uM zu einem deutlichen Abfall der Muskelkraft.

Ab einer Konzentration von 30 pM ist der Muskel dann vollstandig gehemmt. Diese Hemmung



244 4 Nicht verdffentlichte Experimente

scheint aber prinzipiell reversibel zu sein, da nach einem abschliefienden Waschschritt die
Muskelkraft teilweise wiederhergestellt wurde (siehe Abbildung 23, A). Ahnliche Kurven-
verlaufe finden sich auch fir das zu A366 nahe verwandte Analogon 59b (PTMDO02-0001L)
sowie fir die Analoga mit C4-Spacer in der Seitenkette 59¢ (PTMD02-0005) und 59d
(PTMDO02-0004) (siehe Abbildung 23, B, D und E). So sind bei einer Konzentration von 10 uM
jeweils eine deutliche, und bei 100 uM eine vollstdndige Hemmung der Muskelkraft zu
beobachten. Auch in diesen Fallen war — wenn zum Teil auch nur wenig ausgepragt — nach
dem abschlieRenden Waschschritt eine teilweise Wiederherstellung der Muskelkraft
festzustellen. Die beiden A366-Analoga 59a (PTMDO02-0002) und 64 (PTMDO02-0006), die in
den Versuchen mit den Soman-vergifteten Ratten-Diaphragmen zu einer Wiederherstellung
der Muskelkraft fihrten, zeigten eine geringere Hemmung des nicht Soman-vergifteten
Muskels (siehe Abbildung 23, C und F). So wurde fur das Analogon 64 erst ab einer
Konzentration von 30 uM ein etwas deutlicherer Abfall der Muskelkraft festgestellt. Erst bei
einer Konzentration von 100 yM war der Muskel dann, wie im Falle der oben genannten
Analoga, vollstandig gehemmt. Nach dem abschlieRenden Waschschritt war die Muskelkraft
etwa zur Halfte wiederhergestellt. Bei dem Analogon 59a mit C2-Spacer in der w-Aminoalkoxy-
seitenkette zeigte sich eine statistisch signifikante Abnahme der Muskelkraft erst bei einer
Konzentration von 100 uM. Dabei ist die Hemmung des Muskels aber nicht vollstandig und

noch eine deutliche Restaktivitat messbar.

Bei den beiden in den myographischen Assays mit Soman-vergifteten Ratten-Diaphragmen
wirksamen Verbindungen 59a und 64 tritt im Unterschied zu A366 und den anderen Analoga
eine deutliche Hemmung des nicht vergifteten Muskels erst bei héheren Konzentrationen ab
ca. 100 uM bzw. 30 uM auf. Das sind genau die Konzentrationsbereiche, in denen es in den
jeweiligen myographischen Assays mit Soman-vergifteten Muskeln nach einem maximalen
Wert zu einem deutlichen Ruckgang der Muskelkraft kam. Dies spricht daftr, dass hier
moglicherweise ein, auf der Bindung an die MB327-PAM-1-Bindungsstelle des nAChR
beruhender, positiver intrinsischer Effekt, ab den oben genannten Konzentrationen von einem
starkeren inhibierenden Effekt Uberlagert wird, was den biphasischen Verlauf der
Konzentrations-Wirkungskurven erklaren wirde. Die Tatsache, dass im Falle von A366 und
der Analoga 59b-d trotz angenommener Bindung an die MB327-PAM-1-Bindungsstelle keine
Muskelkraft-wiederherstellende Aktivitdt an den Soman-vergifteten Ratten-Diaphragmen
beobachtet wurde, liegt vermutlich daran, dass die Muskel-inhibierenden Effekte im
Unterschied zu den Analoga 59a und 64 bereits bei deutlich geringeren Konzentrationen

auftreten.

Eine grofRe Herausforderung flr die Entwicklung von Resensitizern auf Basis des Screening-
Hits A366 ist demnach, dass A366 genauso wie alle untersuchten Analoga neben einem
positiv allosterischen Effekt, vermittelt Uber die MB327-PAM-1-Bindungsstelle des nAChR,
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auch einen inhibitorischen Effekt ausiibt, der vermutlich Uber die orthosterische
Bindungstasche des nAChR erfolgt. Eine Bindung von A366 an die orthosterische
Bindungstasche konnte mit Hilfe von in silico-Untersuchungen in der Arbeitsgruppe von
Prof. Dr. H. Gohlke an der Heinrich-Heine-Universitat Disseldorf in der Tat vorhergesagt

werden (Kaiser et al., 2023). Entsprechende Bindungsstudien stehen jedoch noch aus.

Parallel zu einer Optimierung der Liganden hinsichtlich einer moglichst hohen Affinitat zur
allosterischen Bindungstasche ist es deshalb in Zukunft notwendig, die Affinitat zur

orthosterischen Bindungstasche zu minimieren.

Die Ergebnisse der Untersuchungen von A366 und seinen Analoga hinsichtlich ihrer Affinitat
zur allosterischen MB327-PAM-1-Bindungsstelle am Torpedo-nAChR und hinsichtlich ihrer
intrinsischen Aktivitat in den ex vivo-Untersuchungen zeigen erneut die Komplexitat des
biologischen Systems und unterstreichen die Notwendigkeit weiterer Forschung, um ein
besseres Verstandniss fur die komplexen Mechanismen der Muskelreaktivierung durch

Resensitizer desensitisierter NAChR zu erlangen.
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4.2 Experimental Part
4.2.1 Synthesis of A366-Analoga

All chemicals were used as purchased from commercial sources. Solvents used for purification
were distilled before use. Anhydrous reactions were performed under an argon atmosphere in
vacuum-dried glassware. For TLC, plates purchased from Merck (silica gel 60F 254 on aluminum
sheet) were used. Flash chromatography (FC) was carried out using silica gel 60 (40-63 mm
mesh size) purchased from Merck as stationary phase. All synthesized compounds were dried
under high vacuum. 'H and "*C NMR spectra were recorded on a Bruker BioSpin Avance I
HD 400 and 500 MHz at 25 °C. For data processing, MestReNova (Version 14.1.0) from
Mestrelab Research S.L. 2019 and for calibration, the solvent signal (CDCl3, CD2Cl., or CD30D)
was used. The purity of the test compounds was unless otherwise noted = 95%, determined
by means of quantitative NMR spectroscopy using TraceCERTS® ethyl 4-
(dimethylamino)benzoate from Sigma Aldrich as internal calibrant (Cushman et al., 2014; Pauli
et al., 2014). High resolution mass spectrometry was performed on a Finnigan MAT 95 (El) or
a Finnigan LTQ FT (ESI). Melting points were determined with a Blchi 510 melting point
apparatus and are uncorrected. For IR spectroscopy, an FT-IR Spectrometer 1600 from

PerkinElmer was used.

General Procedures
Mitsunobu-reaction on phenols 56 and 62 (GP1):

To a slurry of the respective phenols 56 or 62 (1.0 equiv), the corresponding alcohol (1.3 equiv)
and PPhs (1.3 equiv) in dry THF (2.0-2.4 mL/mmol), DIAD (1.3 equiv) was added at 0 °C in
portions. The resulting solution was stirred at rt for 1.5-24 h, quenched with water (2 mL/mmol)
and extracted with EtOAc (4 mL/mmol) or CH2Cl> (2-4 mL/mmol). The organic phase was
separated, washed with brine (2 mL/mmol), dried over MgSOQOys, filtrated and the solvent was
removed in vacuo. The crude product was purified via FC [0% to 20% MeOH in CH2Cl. or 5%
4 M NHjs (in MeOH) in CH.Cl2].

Formation of 2-amino-3H-indoles by intramolecular cyclisation (GP2):

A suspension of the respective 2-amino-3H-indoles precursor molecules 58a-d or 63
(1.0 equiv) and Pd/C (10%, 0.18 equiv) in AcOH (5.8-6 mL/mmol) was stirred under hydrogen
atmosphere (1 bar) at rt for 24 h. The reaction mixture was filtrated over celite, washed with

EtOH (30 mL/mmol) and the solvent was evaporated. The residue was solved in CH2Cl,
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(8 mL/mmol) and stirred with K.CO3 (10 equiv) until gas formation stopped (30 min). After
anew filtration and evaporation of the solvent, the crude product was purified via FC [10% to
20% 3 M NHs (in MeOH) in CH2Clz]. The product fractions were dissolved in CH2Cly, filtered
through a syringe filter (PTFE, 0.2 ym), concentrated and then lyophilized (4 mL/mmol, H.O

bidist.) to obtain the hygroscopic products as solids.

2-[4-(Benzyloxy)-5-methoxy-2-nitrophenyl]acetonitrile (54)

A solution of 51 (1.06 g, 4.20 mmol, 1.0 equiv) in AcOH and Ac20 (3.0 mL, 1:1) was added
dropwise to a mixture of AcOH, Ac20 and HNO3 (9.0 mL, 1:1:1) at 0 °C and stirred for 30 min.
The reaction mixture was poured over ice and stirred for 10 min. 54 (1.13 g, 90%) was isolated
without further purification as beige precipitate after filtration, wash with cold water (10 mL) and

drying in vacuo.

m.p. 137 °C; 'H NMR (500 MHz, CDCls): § = 4.02 (s, 3 H, CHs0), 4.21 (s, 2 H, CH,CN), 5.21
(s, 2 H, CHz0), 7.10 (s, 1 H, CHCOCHs), 7.32-7.50 (m, 5 H, CHCHCHCCH:0), 7.83 (s, 1 H,
CHCNO,); *C NMR (126 MHz, CDCls): § = 23.18 (CCN), 56.80 (CHs0), 71.53 (CH0), 110.91
(CHCNO), 112.48 (CHCOCHs), 116.91 (CN), 120.60 (CCNO2), 127.73 (CHCCH,0), 128.68
(CHCHCHCCH,0), 128.97 (CHCHCCH:0), 135.42 (CCH:0), 139.89 (CNO.), 147.88
(COCHy), 154.58 (COCHs); IR (KBr): ¥ = 1585, 1511, 1366, 1281, 741 cm™; HRMS (EI): m/z
calcd for C1eH1aN2O4: 298.0954 [M]*; found: 298.0948.

2-[4-(Benzyloxy)-5-methoxy-2-nitrophenyl]-2-methylpropanenitrile (55) (Fagan et al,,
2019; Luise et al., 2021)

To a solution of 54 (597 mg, 2.00 mmol, 1.0 equiv) and NaOH (aqg. 50 wt%, 320 mg,
8.00 mmol, 4.0 equiv) in DMSO (3.4 mL) at 0 °C, iodomethane (500 pL, 1.15 g, 8.00 mmol,
4.0 equiv) was added dropwise over 30 min. After stirring for 2 h, HO (34 mL) was added and
the mixture was extracted with toluene (3 x 10 mL). The organic phase was dried over Na>SOs,
filtered and the solvent was removed in vacuo, to afford 55 (618 mg, 95%) without further

purification as brown solid.

m.p. 139 °C; "H NMR (500 MHz, CDCls): 8 = 1.89 (s, 6 H, CCHa), 3.98 (s, 3 H, CHs0), 5.17 (s,
2 H, CHz0), 7.06 (s, 1 H, CHCOCHs), 7.31-7.45 (m, 6 H, CHCHCHCCH,OCCH); *C NMR
(126 MHz, CDCls): § = 28.51 (CCHs), 36.53 (CCHs), 56.60 (CHs0), 71.51 (CH,0), 110.28
(CHCOCH;), 111.20 (CHCNOy), 123.13 (CN), 127.66 (CHCCH.0), 127.91 (CCNO,), 128.65
(CHCHCHCCH,0), 128.96 (CHCHCCH:0), 135.50 (CCH;0), 142.36 (CNO.), 147.53
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(COCH,), 152.69 (COCHs); IR (KBr): ¥ = 1521, 1275, 1217, 1045, 750 cm™; HRMS (EI): m/z
calcd for CisH1sN2O4: 326.1267 [M]*; found: 326.1263.

2-(4-Hydroxy-5-methoxy-2-nitrophenyl)-2-methylpropanenitrile (56) (Luise et al., 2021)

A suspension of 55 (392 mg, 1.13 mmol, 1.0 equiv) and Pd/C (10%, 253 mg, 0.237 mmol,
0.21 equiv) in EtOAc and EtOH (30 mL, 9:1) was stirred for 5.5 h under H.-Amosphere
(2.5 bar) at rt. After filtration over celite, wash with MeOH (35 mL) and evaporating of the
solvent, the crude product was purified via FC (CH2Cl2), to afford 56 as yellow solid (159 mg,
60%).

R: = 0.25 (CH2Cl,); m.p. 147 °C; 'H NMR (400 MHz, CDsOD): § = 1.88 (s, 6 H, CHsC), 3.97 (s,
3 H, CHs0), 7.08 (s, 1 H, CHCOH), 7.29 (s, 1 H, CHCNO,); *C NMR (101 MHz, CDsOD):
§ = 29.29 (CHsC), 36.45 (CHsC), 56.90 (CHs0), 110.77 (CHCOH), 113.70 (CHCNOy), 124.02
(CN), 127.10 (CCCN), 144.00 (CNO,), 147.79 (COH), 152.50 (COCHs); IR (KBr): ¥ = 2938,
2249, 1530, 1224, 1048 cm"; HRMS (El): m/z calcd for C11H12N204: 236.0797 [M]*; found:
236.0791.

2-{5-Methoxy-2-nitro-4-[2-(pyrrolidin-1-yl)ethoxy]phenyl}-2-methylpropanenitrile (58a)

According to GP1 from 56 (236 mg, 1.00 mmol, 1.0 equiv), 2-pyrrolidin-1-ylethanol (157 ul,
154 mg, 1.30 mmol, 1.3 equiv), PPhs (344 mg, 1.30 mmol, 1.3 equiv) and DIAD (269 pL,
277 mg, 1.30 mmol, 1.3 equiv) in THF (2.0 mL). Reaction time: 24 h. Reaction was quenched
with H.O (2.0 mL) and extracted with EtOAc (4.0 mL). 58a (210 mg, 63%) was isolated as
yellow oil via FC (0% to 5% MeOH in CH2Cl.).

Ri=0.21 (5% MeOH in CH:Cl); 'HNMR (500 MHz, CDs;OD): &=1.81-1.86 (m, 4 H,
CH,CH,NCH,CH,0), 1.90 (s, 6 H, CHsCCN), 2.67-2.74 (m, 4 H, CH.NCH,CH,0), 2.98 (t,
J = 5.5 Hz, 2 H, NCH,CH:0), 3.96 (s, 3 H, CH30), 4.21 (t, J = 5.5 Hz, 2 H, CH,0), 7.13 (s, 1 H,
CHCOCHs), 7.50 (s, 1H, CHCNOz): ™CNMR (126 MHz, CDsOD): & =24.25
(CH2CH2NCH,CH20), 29.22 (CHaCCN), 36.57 (CCN), 55.61 (CH.CH.O), 55.69
(CH:NCH,CH,0), 56.93 (CHs0), 69.41 (CH,0), 110.95 (CHCOCH;), 111.66 (CHCNO,),
123.82 (CN), 128.95 (CCNO2), 143.75 (CNO2), 149.00 (COCH;), 154.15 (COCHs); IR (KBr):
¥ =2935, 1530, 1347, 1276 cm™; HRMS (ESI): m/z calcd for Ci7HasNsO4+H*: 334.1767
[M+H]*; found: 334.1763.
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2-{5-Methoxy-2-nitro-4-[3-(pyrrolidin-1-yl)propoxy]phenyl}-2-methylpropanenitrile (58b)
(Luise et al., 2021; Sweis et al., 2014)

According to GP1 from 56 (118 mg, 0.500 mmol, 1.0 equiv), 3-pyrrolidin-1-ylpropan-1-ol
(92.2 uL, 88.4 mg, 0.650 mmol, 1.3 equiv), PPhs (172 mg, 0.650 mmol, 1.3 equiv) and DIAD
(134 pL, 138 mg, 0.650 mmol, 1.3 equiv) in THF (1.0 mL). Reaction time: 1.5 h. Reaction was
quenched with H.O (1.0 mL) and extracted with CH>Cl, (2.0 mL). 58b (140 mg, 81%) was
isolated as yellow oil via FC (5% to 10% MeOH in CH2Cly).

Ri=0.14 (10% MeOH in CH.Cl,); "H NMR (500 MHz, CDsOD): &= 1.89 (s, 6 H, CHsC),
1.95-2.06 (M, 4 H, CH,CH,;NCH,CH2CH,0), 2.14-2.26 (m, 2 H, CH.CH,0), 3.07-3.13 (m, 4 H,
CH,NCHCH,CH,0), 3.11-3.17 (m, 3H, CH,CH,CH;0), 3.97 (s, 3H, CH:0), 4.18 (,
J=5.9Hz, 2 H, CH,0), 7.12 (s, 1 H, CHCOCHy), 7.48 (s, 1 H, CHCNO). *C NMR (126 MHz,
CD;0D): § = 24.06 (CH2CH2NCH2CH2CH,0), 27.76 (CH,CH:0), 29.27 (CHsC), 36.45 (CHsC),
54.07 (CH,CH2CH20), 55.22 (CH2NCH2CH,CH.0), 57.06 (CHs0), 68.41 (CH,O), 110.81
(CHCOCHs), 111.42 (CHCNO,), 123.82 (CN), 129.05 (CCCN), 143.64 (CNO), 148.79
(CCHCNO), 153.99 (COCHs); IR (KBr): ¥ = 2939, 2236, 1524, 1349 cm''; HRMS (ESI): m/z
calcd for CisHasN3O4+H*: 348.1923 [M+H]*; found: 348.1920.

2-[4-(4-Chlorobutoxy)-5-methoxy-2-nitrophenyl]-2-methylpropanenitrile (57)

According to GP1 from 56 (472 mg, 2.00 mmol, 1.0 equiv), 4-chlorobutan-1-ol (305 uL,
332 mg, 2.60 mmol, 1.3 equiv), PPhs (696 mg, 2.60 mmol, 1.3 equiv) and DIAD (537 pL,
553 mg, 2.60 mmol, 1.3 equiv) in THF (4.0 mL). Reaction time: 24 h. Reaction was quenched
with H2O (4.0 mL) and extracted with CH2Cl> (4.0 mL). 57 (628 mg, 96%) was isolated as
yellow oil via FC (CH2Clz). (CH2Cl./MeOH 19:1 & 9:1).

Ri = 0.78 (CH2Cly); 'H NMR (500 MHz, CD,Cl,): 5 = 1.88 (s, 6 H, CHsC), 1.93-2.01 (m, 4 H,
CH,CH2CH.CI), 3.62-3.68 (m, 2 H, CH.Cl), 3.94 (s, 3 H, CHs0), 4.02-4.10 (m, 2 H, CH0),
6.97 (s, 1H, CHCCCN), 7.35 (s, 1 H, CHCNO,); 3C NMR (126 MHz, CD:Cly): & = 26.79
(CH2CH,0), 29.03 (CHsC), 29.62 (CH.CH,CI), 35.99 (CHsC), 45.18 (CH,CI), 56.81 (CH30),
69.16 (CH20), 110.13 (CHCCCN), 110.66 (CHCNO,), 123.10 (CN), 128.07 (CCCN), 142.74
(CNO,), 148.16 (COCHz), 153.00 (COCHs); IR (KBr): ¥ = 2943, 1527, 1275, 1225, 1043 cm";
HRMS (EIl): m/z calcd for C1sH1sN204Cl: 326.1033 [M]*; found: 326.1028.
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2-{5-Methoxy-2-nitro-4-[4-(pyrrolidin-1-yl)butoxy]phenyl}-2-methylpropanenitrile (58c)

A mixture of 57 (261 mg, 0.800 mmol, 1.0 equiv), Kl (266 mg, 1.60 mmol, 2.0 equiv) and
K2CO3 (332 mg, 2.40 mmol, 3.0 equiv) in pyrrolidine (98.5 uL, 85.3 mg, 1.20 mmol, 1.5 equiv)
was stirred for 72 h at 50 °C. After cooling down, the solvent was removed in vacuo and the
crude product purified via FC [10% 3 M NH3 (in MeOH) in CH2Cl;] to isolate 58¢ (188 mg, 65%)

as yellow oil.

Rr=0.51[10% 4 M NHs (in MeOH) in CH2Cl2]; 'H NMR (400 MHz, CDCl): 5 = 1.57-1.70 (m,
2 H, CH,CH,CH,0), 1.70-1.79 (m, 4 H, CH,CH2NCH,CH>CH2CH:0), 1.87 (s, 8 H, CH2CH:0,
CHsC), 2.31-2.58 (m, 6 H, CH:NCH,CH2CH2CH-0), 3.93 (s, 3 H, CHs0), 4.06 (t, J = 6.6 Hz,
2 H, CH0), 6.96 (s, 1 H, CHCCCN), 7.35 (s, 1 H, CHCNO,); 3C NMR (101 MHz, CD.Cl,):
& =23.88 (CHCH:NCH,CH,CH,CH:0), 25.63 (CH,CH.CH:0), 27.31 (CH,CH,0), 29.05
(CH3C), 35.98 (CHsC), 54.44 (CH,NCH,CH,CH,CH,0), 56.12 (CH2CH2CH,CH,0), 56.82
(CH30), 69.82 (CH20), 110.10 (CHCCCN), 110.49 (CHCNO), 123.16 (CN), 127.71 (CCCN),
142.81 (CNOy), 148.40 (CH,0C), 152.94 (CHsOC); IR (film): ¥ = 2924, 1639, 1527, 1275 cm";
HRMS (ESI): m/z calcd for C1oH2rN3O4+H*: 362.2080 [M+H]"; found: 362.2077.

2-{5-Methoxy-2-nitro-4-[4-(piperidin-1-yl)butoxy]phenyl}-2-methylpropanenitrile (58d)

A mixture of 57 (20.3 mg, 62.0 ymol, 1.0 equiv), Kl (20.6 mg, 0.124 mmol, 2.0 equiv) and
piperidine (612 pL, 528 mg, 6.20 mmol, 100 equiv) was stirred for 20 h at 50 °C. After cooling
down, the solvent was removed in vacuo and the crude product purified via FC [10% 3 M NH3
(in MeOH) in CH.CI;] to isolate 58d (22.3 mg, 96%) as yellow oil.

R: = 0.50 [10% 4 M NHs (in MeOH) in CH2Cl,]; 'H NMR (500 MHz, CD2Cl,): § = 1.37-1.45 (m,
2 H, CH.CH,CH;NCH,CH.CH,CH:0), 1.50-1.57 (m, 4 H, CHCH:NCH,CH.CH,CH,0),
1.57-1.66 (M, 2 H, CH.CH.CH,0), 1.78-1.92 (m, 8 H, CH.CH.0, CHsC), 2.13-2.55 (m, 6 H,
CH,NCH,CH,CH,CH,0), 3.94 (s, 3 H, CH30), 4.05 (t, J = 6.7 Hz, 2 H, CH,0), 6.96 (s, 1 H,
CHCCCN), 7.35 (s, 1 H, CHCNO.); *C NMR (126 MHz, CD,Cl,): & = 23.79 (CH,CH>CH-0),
25.14  (CHoCH,CH;NCH2CH.CH,CHz0), 26.66 (CH2CHoNCH.CH,CH,CH,0), 27.49
(CH2CH,0, 29.20 (CHsC), 36.12 (CHsC), 55.14 (CH2NCH2CH.CH,CH0), 56.96 (CH:0),
59.21 (CH,CH,CH>CH:0), 69.99 (CH;0), 110.21 (CHCCCN4), 110.61 (CHCNO), 123.30
(CN), 127.85 (CCCN), 142.94 (CNO), 148.54 (COCHy), 153.08 (COCHs); IR (film): ¥ = 2935,
1527, 1275, 1043 cm™'; HRMS (ESI): miz calcd for CaoHaoNsOs+H*: 376.2236 [M+H]*; found:
376.2231.
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5-Methoxy-3,3-dimethyl-6-[2-(pyrrolidin-1-yl)ethoxy]-3H-indol-2-amine (59a) and
2-amino-5-methoxy-3,3-dimethyl-6-[2-(pyrrolidin-1-yl)ethoxy]-3H-indol 1-oxide (60a)

A suspension of 8a (167 mg, 0.500 mmol, 1.0 equiv) and Pd/C (10%, 160 mg, 0.150 mmol,
0.30 equiv) in AcOH (3.0 mL) was stirred under Hz-atmosphere (10 bar) for 160 h at rt. After
filtration and wash with MeOH (10 mL), the solvent was removed in vacuo. The residue was
resolved in CH2Cl> (2 mL) and stirred with K;CO3 (1.38 g, 10.0 mmol, 20 equiv) until gas
formation stopped (2 h). The mixture was filtrated and the solvent evaporated. Purification via
FC [15% 1 M NHs; (in MeOH) in CH2Cl,] afforded 59a (71.4 mg, 47%) as yellow and 60a
(24.4 mg, 15%) as brown solid.

59a: Purity: 99%; Ri=0.41 [20% 1M NHs (in MeOH) in CH.ClJ; m.p. 66 °C; 'H NMR
(500 MHz, CDsOD): §=1.38 (s, 6H, CHsC), 1.94-201 (m, 4H, CH.CH,NCH.CH,0),
3.05-3.15 (m, 4 H, CH:NCH,CH-0), 3.27 (t, J = 5.4 Hz, 2 H, CHCH:0), 3.84 (s, 3 H, CHs0),
4.21 (t, J=5.4Hz, 2H, CH;0), 6.78 (s, 1H, CHCN), 6.97 (s, 1H, CHCCN); 3C NMR
(126 MHz, CD3OD): & = 24.08 (CH,CH;NCH,CH,0), 25.12 (CHsC), 49.93 (CHsC), 55.62
(CH2NCH,CH,0), 55.73 (CH,CH,0), 57.55 (CHs0), 68.25 (CH,0), 104.30 (CHCN), 108.65
(CHCCN), 135.20 (CCCNH;), 146.01 (CNCNH;), 147.22 (COCHs), 149.15 (COCHy), 182.11
(CNH,); IR (KBr): ¥ =2964, 1649, 1558, 1489, 1165cm™; HRMS (ESI): m/z calcd for
C17H25N3O2+H*: 304.2025 [M+H]*; found: 304.2021.

60a: Purity: 85%; Ri=0.18 [20% 1M NHs (in MeOH) in CH.Cl]; m.p. 146 °C; 'H NMR
(500 MHz, CD3;OD): &=1.48 (s, 6 H, CHsC), 2.06-2.19 (m, 4 H, CH.CH,NCH,CH,0),
3.41-3.58 (m, 4 H, CH:NCH,CH,0), 3.63-3.69 (m, 2 H, CH,CH0), 3.91 (s, 3 H, CH:0),
4.30-4.41 (m, 2 H, CH20), 7.06 (s, 1 H, CHCN), 7.22 (s, 1 H, CHCCN); *C NMR (126 MHz,
CDsOD): & = 23.93 (CH2CH2NCH,CH;0), 24.29 (CHsC), 45.42 (CHsC), 55.27 (CH.CH.0),
55.77 (CH.NCH.CH,0), 57.34 (CHsO), 66.87 (CH.0), 100.63 (CHCN), 108.31 (CHCCN),
130.58 (CCCNHy), 138.25 (CHCNH,), 148.84 (COCH,), 149.47 (COCHs), 163.39 (CNH,); IR
(KBr): ¥ = 2972, 1662, 1496, 1173 cm™"; HRMS (ESI): m/z calcd for C17H2sN3Oa+H*: 320.1974
[M+H]"; found: 320.1970.

5-Methoxy-3,3-dimethyl-6-[3-(pyrrolidin-1-yl)propoxy]-3H-indol-2-amine (59b) (Luise et
al., 2021; Sweis et al., 2014) and 2-amino-5-methoxy-3,3-dimethyl-6-[3-(pyrrolidin-1-yl)-
propoxy]-3H-indol 1-oxide (60b)

According to GP2 from 58b (278 mg, 0.800 mmol, 1.0 equiv) and Pd/C (10%, 153 mg,
0.144 mmol, 0.18 equiv) in AcOH (4.6 mL) under Hz-atmosphere (1 bar). 59b (40.4 mg, 16%)
and 60b (154 mg, 57%) were isolated as beige solids.
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59b: Purity: 99%; R:=0.50 [15% 3 M NHs (in MeOH) in CH.Cl;]; m.p. 51 °C; 'H NMR
(500 MHz, CD2Cl2): 6=1.31 (s, 6 H, CHsC), 1.73-1.84 (m, 4 H, CH2CH2NCH2CH.CH20),
1.94-2.07 (m, 2 H, CH2CH0), 2.48-2.62 (m, 4 H, CH.NCH2CH>CH-0), 2.67 (t, J=7.4 Hz, 2 H,
CH>CH>CH-0), 3.80 (s, 3 H, CH30), 4.03 (t, J =6.5 Hz, 2 H, CH20), 6.75 (s, 1 H, CHCCN),
6.78 (s, 1 H, CHCN); 3C NMR (126 MHz, CDCl): § = 23.90 (CH2CH2NCH2CH.CH-0), 25.22
(CHs3C), 29.00 (CH2CH20), 49.23 (CCH3), 53.28 (CH2CH2CH20), 54.46 (CH2NCH2CH2CH-0),
57.57 (CH30), 67.97 (CH20), 103.75 (CHCN), 107.76 (CHCCN), 133.87 (CCCNHy), 145.52
(COCHea), 148.22 (CNCNH2), 149.20 (CCHCN), 179.51 (CNH2); IR (KBr): v = 2926, 1651,
1560, 1489, 1165 cm™; HRMS (ESI): m/z calcd for C1gH27N3O2+H*: 318.2182 [M+H]"; found:
318.2176

60b: Purity: 98%; Ri=0.35 [15% 3 M NHs (in MeOH) in CH,Cl,]; m.p. 186 °C; 'H NMR
(500 MHz, CD,Cl,): §=1.39 (s, 6 H, CHsC), 1.67-1.81 (m, 4 H, CH,CH:NCH,CH,CH,0),
1.91-2.04 (m, 2 H, CH.CH,0), 2.42-2.54 (m, 4 H, CH,NCH2CH,CH,0), 2.59 (t, J = 7.2 Hz, 2 H,
CH,CH,CH,0), 3.83 (s, 3 H, CHs0), 4.09 (t, J = 6.6 Hz, 2 H, CH,0), 6.82 (s, 1 H, CHCCN),
7.08 (s, 1 H, CHCN); *C NMR (126 MHz, CD.Cl,): § = 23.88 (CH,CH2zNCH2CH,CH,0), 24.59
(CHsC), 28.83 (CH2CH,0), 44.13 (CHsC), 53.07 (CH2CH2CH,0), 54.43 (CHzNCH2CH,CH,0),
57.37 (CH30), 68.06 (CH,0O), 97.99 (CHCN), 107.12 (CHCCN), 127.16 (CCCNH,), 138.11
(CNCNH,), 147.70 (COCHa), 149.71 (CCHCN), 160.14 (CNH); IR (KBr): ¥ = 2927, 1668,
1495, 1198 cm™; HRMS (ESI): m/z calcd for CisHzNaOa+H*: 334.2131[M+H]*; found:
334.2126.

5-Methoxy-3,3-dimethyl-6-[4-(pyrrolidin-1-yl)butoxy]-3H-indol-2-amine (59¢) and
2-amino-5-methoxy-3,3-dimethyl-6-[4-(pyrrolidin-1-yl)butoxy]-3H-indol 1-oxide (60c)

According to GP2 from 58c (181 mg, 0.500 mmol, 1.0 equiv) and Pd/C (10%, 95.8 mg,
0.0900 mmol, 0.18 equiv) in AcOH (3.0 mL) under Hx-atmosphere (1 bar). 59¢ (43.2 mg, 26%)
and 60c (85.3 mg, 49%) were isolated as beige solids.

59c: Purity: 98%; R:=0.38 [15% 3 M NHs (in MeOH) in CH2Cl;]; m.p. 42 °C (Hygroscopic);
'H NMR (500 MHz, CD2Cl): 6§=1.39 (s, 6 H, CHsC), 1.61-1.71 (m, 2 H, CH.CH,CH0),
1.71-1.79 (m, 4 H, CH2CH2NCH2CH2CH2CH20), 1.79-1.89 (m, 2 H, CH.CH:0), 2.40-2.59 (m,
6 H, CH.NCH.CH.CHCH:0), 3.83 (s, 3 H, CH30), 4.05 (t, J= 6.6 Hz, 2 H, CH20), 6.83 (s,
1H, CHCCCNH), 7.06 (s, 1H, CHCN); ™CNMR (126 MHz, CD.Cl,): & =23.82
(CH2CH2NCH2CH2CH2CH:0), 24.58 (CH3C), 25.37 (CH2CH2CH20), 27.49 (CH.CH-0), 44.07
(CHsC), 54.32 (CH2NCH.CH,CH,CH-0), 56.14 (CH,CH>CH.CH.0), 57.37 (CH30), 69.60
(CH20), 98.04 (CHCN), 107.10 (CHCCCNHy>), 127.22 (CCCNH), 138.23 (CNCNH_), 147.68
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(CH30C), 149.69 (CH.0C), 159.62 (CNH_y); IR (KBr): ¥ = 2927, 1643, 1560, 1489, 1215 cm™;
HRMS (ESI): m/z calcd for C1gH20N302+H*: 332.2338 [M+H]*; found: 332.2333.

60c: Purity: 90%. Ri=0.27 [15% 3 M NHs (in MeOH) in CH.Cl]; m.p. 192 °C; 'H NMR
(500 MHz, CD2Clo): & = 1.31 (s, 6 H, CHsC), 1.68-1.78 (m, 2 H, CH.CH.CH,0), 1.78-1.87 (m,
6 H, CH.CH.NCH,CH,CH,CH,0), 2.59-2.70 (m, 6 H, CH.NCH,CH,CH,CH,0), 3.80 (s, 3 H,
CHs0), 3.99 (t, J = 6.4 Hz, 2 H, CH,0), 6.76 (s, 1 H, CHCCCNHy), 6.77 (s, 1 H, CHCNO);
13C NMR (126 MHz, CD,Cl): & = 23.84 (CH2CH2NCH,CH2CH2CH20), 25.21 (CHsC), 25.35
(CH2CH2CH:20), 27.64 (CH2CH,0), 49.21 (CHsC), 54.32 (CHoNCH,CH2CH2CH20), 56.22
(CH2CH2CH2CH20), 57.56 (CHs0), 69.45 (CH,0), 103.58 (CHCNO), 107.76 (CHCCNO),
133.66 (CCCNHy), 145.55 (CH30C), 147.86 (CNCNHy), 149.21 (CH,0C), 179.59 (CNH,); IR
(KBr): ¥ = 2926, 1660, 1495, 1198 cm™'; HRMS (ESI): m/z calcd for C1oHaoN3Oa+H*: 348.2287
[M+H]*; found: 348.2283.

5-Methoxy-3,3-dimethyl-6-[4-(piperidin-1-yl)butoxy]-3H-indol-2-amine (59d) and
2-amino-5-methoxy-3,3-dimethyl-6-[4-(piperidin-1-yl)butoxy]-3H-indol 1-oxide (60d)

According to GP2 from 58d (203 mg, 0.540 mmol, 1.0 equiv) and Pd/C (10%, 103 mg,
0.0972 mmol, 0.18 equiv) in AcOH (3.2 mL) under Ho-atmosphere (1 bar). 59d (76.7 mg, 41%)
and 60d (69.6 mg, 36%) were isolated as beige solids.

59d: Purity: 98%; Rr=0.62 [15% 3 M NHs (in MeOH) in CH,Cl]; m.p. 102 °C; 'H NMR
(500 MHz,  CD:Ch): §=1.31 (s, 6H, CHC), 1.37-145 (m, 2H,
CH>CH,CH,NCH,CH,CH,CH:0), 1.47-1.59 (m, 4 H, CH.CHoNCH2CH2CH.CH,0), 1.59-1.67
(m, 2H, CH,CH,CH,0), 1.73-1.83 (m, 2H, CH.CH:0), 2.15-2.60 (m, 6H,
CH,NCH,CH,CH,CH,0), 3.80 (s, 3 H, CHs0), 3.98 (t, J = 6.6 Hz, 2 H, CH,0), 6.75 (s, 1 H,
CHCCN), 6.77 (s, 1 H, CHCN); *C NMR (126 MHz, CD>Cl,): & = 23.80 (CH.CH,CH,0), 24.94
(CH2CHoCHyNCH;CH2CH,CH:0), 25.22 (CHsC), 26.41 (CH2CH,NCH,CH2CH,CH,0), 27.83
(CH2CH20), 49.24 (CHsC), 54.95 (CH:NCH,CH:CH,CH:0), 57.58 (CHsO), 59.27
(CH2CH2CH2CH20), 69.50 (CH.0), 103.62 (CHCN), 107.77 (CHCCN), 133.75 (CCCNH,),
145.46 (CH50C), 148.41 (CNCNH,), 149.30 (CH,OC), 179.52 (CNH,); IR (KBr): ¥ = 2926,
1643, 1489, 1215, 756 cm™; HRMS (ESI): m/z calcd for CaoHaiNsOx+H*: 346.2495 [M+H]";
found: 346.2489.

60d: Purity: 99%; Rr=0.35 [15% 3 M NHs (in MeOH) in CHxCl]; m.p. 178 °C; 'H NMR
(500 MHz, CD,Cl,): & = 1.31-1.49 (m, 8 H, CHsC, CH,CH2CH,NCH,CH2CH,CH,0), 1.49-1.62
(M, 4 H, CH.CH,NCH2CH,CH2CH,0), 1.62-1.70 (m, 2 H, CH.CH,CH-0), 1.73-1.84 (m, 2 H,
CH,CHz0), 2.24-2.63 (m, 6 H, CH.NCH,CH:CH,CH,0), 3.83 (s, 3H, CHs0), 4.04 (t,
J = 6.6 Hz, 2 H, CH,0), 6.83 (s, 1 H, CHCCNO), 7.05 (s, 1 H, CHCNO); "*C NMR (126 MHz,
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CD.Cly): & =23.35 (CH;CH,CH:0), 24.56 (CHsC, CH2CH2CH2NCH,CH2CH2CH.0), 25.90
(CHo.CHoNCH,CH,CHoCH,0), 2751  (CH.CH20),  44.06  (CHsC),  54.70
(CHoNCH,CH,CH,CH-0), 57.35 (CH30), 58.89 (CHCH.CH.CH,0), 69.61 (CH,O), 98.05
(CHCNO), 107.01 (CHCCNO), 127.20 (CCCNH,), 138.14 (CNCNH,), 147.78 (CH30C), 149.71
(CH20C), 159.22 (CNH,); IR (KBr): ¥ = 2926, 1659, 1495, 1198 cm™; HRMS (ESI): m/z calcd
for CaoH31NsOs+H*: 362.2444 [M+H]*; found: 362.2439.

2-(4,5-Dimethoxy-2-nitrophenyl)-2-methylpropanenitrile (61)

Synthesis from 53 (11.1 g, 50.0 mmol, 1.0 equiv), NaOH (aq. 50 wt%, 8.00 g, 200 mmol,
4.0 equiv) and iodomethane (12.6 mL, 28.7 g, 200 mmol, 4.0 equiv) in DMSO (90 mL) in
analogy to 55. After stirring for 2 h, H.O (900 mL) was added and the mixture was extracted
with toluene (3 x 270 mL). 61 (12.0 g, 96%) was isolated without further purification as brown

solid.

m.p. 136 °C; 'HNMR (500 MHz, CDCl;): §=1.89 (s, 6H, CCHs), 3.93 (s, 3H,
CHs0OCCHCNO:), 3.98 (s, 3 H, CHs;OCCCHCNO,), 7.04 (s, 1 H, CHCCNO), 7.33 (s, 1 H,
CHCNOy); ™CNMR (126 MHz, CDCls): §=28.52 (CCHs), 36.48 (CCHs), 56.56
(CH3OCCHCNO:2), 56.58 (CH3OCCCHCNO:2), 109.16 (CHCNO), 109.87 (CHCCNO), 123.10
(CN), 127.57 (CCNOy), 142.55 (CNO>), 148.48 (CCHCNO>), 152.11 (CCCHCNO:); IR (KBr):
V =2943, 2233, 1530, 1345, 1227 cm™'; HRMS (El): m/z calcd for C12H14N204, 250.0954 [M]*;
found: 250.0958.

2-(5-Hydroxy-4-methoxy-2-nitrophenyl)-2-methylpropanenitrile (62)

Dodecane-1-thiol (1.10 mL, 0.931g, 4.60 mmol, 2.3 equiv) was added under argon
atmosphere to a solution of potassium tert-butoxide (0.548 mg, 4.74 mmol, 2.37 equiv) in dry
DMF (16 mL) by forming a colorless precipitate. The mixture was cooled to 0 °C and 61
(0.501 mg, 2.00 mmol, 1.0 equiv), dissolved in dry DMF (8 mL), was added dropwise. After
stirring for 24 h at rt, the reaction mixture was heated for 45 min to 50 °C and again cooled to
rt. NaHsSOs (1.11 g, 8.00 mmol, 4.0 equiv) was added and the mixture was stirred until color
change from dark orange to light yellow. The solvent was removed in vacuo and 62 (357 mg,
76%) was isolated via FC [10% 1 M NHjs (in MeOH) in CH2Cl;] as yellow oil.

Ri=0.51 [10% 1 M NH;z (in MeOH) in CH,Cl]; 'H NMR (500 MHz, CDCly): & = 1.87 (s, 6 H,
CHsC), 3.97 (s, 3H, CHs0), 7.10 (s, 1H, CHCOH), 7.42 (s, 1H, CHCNO,); "*C NMR
(126 MHz, CDCls): & = 28.97 (CHsC), 35.51 (CHsC), 56.73 (CHs0), 109.09 (CHCOH), 113.37
(CHCNO,), 122.74 (CN), 129.07 (CCCN), 142.12 (CNOy), 145.66 (COH), 149.50 (COCHs); IR
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(KBr): v =2986, 2241, 1519, 1337, 1047 cm™; HRMS (ESI): m/z calcd for C11H12N204-H*:
235.0719 [M-H]; found: 235.0724.

2-{4-Methoxy-2-nitro-5-[3-(pyrrolidin-1-yl)propoxy]phenyl}-2-methylpropanenitrile (63)

According to GP1 from 62 (520 mg, 2.20 mmol, 1.0 equiv), 3-pyrrolidin-1-ylpropan-1-ol
(385 pL, 370 mg, 2.86 mmol, 1.3 equiv), PPhs; (758 mg, 2.86 mmol, 1.3 equiv) and DIAD
(591 pL, 609 mg, 2.86 mmol, 1.3 equiv) in THF (4.5 mL). Reaction time: 2 h. Reaction was
quenched with H,O (4.4 mL) and extracted with CH2Cl, (8.8 mL). 63 (499 mg, 65%) was
isolated as yellow solid via FC [5% 4 M NH3 (in MeOH) in CH2Cly].

Ri=0.15 [5% 4 M NHs (in MeOH) in CH,Cl;]; m.p. 108 °C; 'H NMR (400 MHz, CD.Cl,):
5= 1.68-1.82 (m, 4 H, CH,CHoNCH2CH2CH,0), 1.87 (s, 6 H, CHsC), 2.01 (p, J = 6.8 Hz, 2 H,
CH,CH,0), 2.36-2.56 (m, 4 H, CH;NCH,CH,CH,0), 2.59 (t, J = 7.0 Hz, 2 H, CH,CH,CH0),
3.89 (s, 3 H, CHsO), 4.16 (t, J = 6.6 Hz, 2 H, CH20), 7.00 (s, 1 H, CHCOCHy), 7.36 (s, 1 H,
CHCOCH;); 3C NMR (101 MHz, CD2Cly): & = 23.91 (CH2CH2NCH2CH2CH-0), 28.95 (CHsC),
29.07 (CH2CH:0), 35.95 (CH3C), 52.84 (CH;CH2CH-0), 54.51 (CH,NCH,CH,CH,0), 56.80
(CHs0), 68.32 (CH,0), 109.67 (CHCOCH,), 111.10 (CHCOCH,), 123.16 (CN), 127.99
(CCCN), 142.65 (CNO2), 149.08 (COCHs), 152.40 (COCHy); IR (KBr): ¥ = 2924, 2236, 1525,
1227 cm™'; HRMS (EI): m/z calcd for C1sHasN3Os: 347.1845 [M]*; found: 347.1838.

6-Methoxy-3,3-dimethyl-5-[3-(pyrrolidin-1-yl)propoxy]-3H-indol-2-amine (64) and
2-amino-6-methoxy-3,3-dimethyl-5-[3-(pyrrolidin-1-yl)propoxy]-3H-indol 1-oxide (65)

According to GP2 from 63 (243 mg, 0.700 mmol, 1.0 equiv) and Pd/C (10%, 134 mg,
0.126 mmol, 0.18 equiv) in AcOH (4.0 mL) under Hz-atmosphere (1 bar). 64 (122 mg, 55%)

and 65 (18.2 mg, 8%) were isolated as red solids.

64: Purity: 98%; R:=0.33 [10% 3 M NH;3 (in MeOH) in CH.Cl;]; m.p. 153 °C; 'H NMR
(500 MHz, CD2Cl»): 6 =1.30 (s, 6 H, CHsC), 1.61-1.83 (m, 4 H, CH.CH>NCH>CH,CH-0), 1.95
(p, J=6.9 Hz, 2 H, CH.CH0), 2.42-2.56 (m, 4 H, CH.NCH>CH>CH-0), 2.60 (t, J=7.2 Hz,
2 H, CH,CH2CH-0), 3.81 (s, 3 H, CH:0), 4.00 (t, J = 6.6 Hz, 2 H, CH20), 6.77 (s, 1 H, CHCN),
6.78 (s, 1H, CHCCN); 3C NMR (126 MHz, CD,Cl): & = 23.90 (CH2CH.NCH,CH.CH,0),
2524 (CHsC), 29.51 (CH.CH.0), 4921 (CHsC), 53.32 (CH.CH.CH.O), 54.51
(CH2NCH,CH,CH:0), 56.54 (CH30), 69.20 (CH0), 102.38 (CHCN), 109.26 (CHCCN), 133.76
(CHCCN), 144.37 (CH3;OC), 148.74 (CHCCN), 150.26 (CH,OC), 179.73 (CNH); IR (KBr):
V =2962, 1649, 1487, 1194 cm™; HRMS (ESI): m/z calcd for CigH27N3O+H*: 318.2182
[M+H]*; found: 318.2176.
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65: R = 0.25 [30% 3 M NH; (in MeOH) in CH,Cl,]; mp: 203 °C; 'H NMR (500 MHz, CD,Cl,):
5=1.41 (s, 6H, CHsC), 1.86-2.00 (m, 4 H, CH,CH,NCH,CH,CH,0), 2.08-2.19 (m, 2 H,
CH,CH,0), 2.80-3.07 (m, 6 H, CH,NCH.CH.CH,0), 3.84 (s, 3 H, CHs0), 4.04 (t, J = 6.2 Hz,
2 H, CH,0), 6.88 (s, 1 H, CHCCCNH,), 7.00 (s, 1 H, CHCNO); "*C NMR (126 MHz, CD,Cl,):
8 = 23.84 (CH2CH2NCH,CH,CH:0), 24.61 (CHsC), 27.87 (CH,CH.0), 44.42 (CHsC), 53.21
(CH2CH2CH:0), 54.32 (CHzNCH,CH2CH:0), 56.77 (CH30), 68.70 (CH0), 96.58 (CHCNO),
109.72 (CHCCCNHZ), 126.91 (CCCNH,), 138.24 (CNCNHZ), 146.27 (COCH,), 151.03
(COCHs), 162.23 (CNH,); IR (KBr): 7 = 2926, 1666, 1495, 1454, 1169 cm™'; HRMS (ESI): m/z
caled for CigHarN3Os+H*: 334.2131 [M+H]"; found: 334.2126.
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4.2.2 Determination of Binding Affinities by Means of MS Binding Assay

Competition experiments applying the recently developed UNC0642-MS-Binding Assays were
performed as described previously (n = 1) (Bernauer et al., 2024; Kaiser et al., 2024; Nitsche
et al., 2024).

4.2.3 Determination of Intrinsic Activities by Means of Rat Diaphragm

Myography

All procedures using animals followed animal care regulations. Preparation of rat diaphragm
hemispheres from male Wistar rats (300 £ 50 g) and experimental protocol of myography was
performed as previously described with slight modifications (Seeger et al., 2012). In short, for
all procedures (including wash-out steps, preparation of soman and bispyridinium compound
solutions) aerated Tyrode solution (125 mM NaCl, 24 mM NaHCOs3, 5.4 mM KCI, 1 mM MgCly,
1.8 mM CaCl,, 10 mM glucose, 95% O3, 5% COo; pH 7.4; 25 £ 0.5 °C) was used. After the
recording of control muscle force, the muscle preparations were incubated in the Tyrode
solution, containing 3 yM soman. Following a 20 min wash-out period, the test compounds
were added in ascending concentrations (0.1 uM to 300 uM). The incubation time was 20 min
for each concentration. The electric field stimulation was performed with 10 us pulse width and
0.2 A amplitudes. The titanic trains of 20 Hz, 50 Hz, 100 Hz were applied for 1 s and in 10 min
intervals. Muscle force was calculated as a time-force integral (area under the curve, AUC)
and constrained to values obtained for maximal force generation (muscle force in the presence
of Tyrode solution without any additives; 100%). All results were expressed in means £ SD
(n =3-17). For all data analysis, Prism 5.0 (GraphPad Software, San Diego, CA, USA) was

used.
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5 Zusammenfassung der Arbeit

Bei einer Vergiftung mit phosphororganischen Verbindungen wird das cholinerge System
gestort. Die Substanzen, teilweise in Pflanzenschutzmitteln enthalten, aber auch miss-
brauchlich als Nervengifte eingesetzt, inhibieren irreversibel die Acetylcholinesterase, was zu
einer unkontrollierten Akkumulation von Acetylcholin im synaptischen Spalt fuhrt. Dies I6st u.a.
eine Uberstimulation der nikotinischen Acetylcholinrezeptoren aus. Hélt diese an, gehen die
Rezeptoren in einen desensitisierten, inaktiven Zustand Uber, was bei unzureichender
Behandlung schnell zu Atemlahmung und damit zum Tod fihren kann. Standard-Therapie-
regime bei Organophosphatvergiftungen versuchen, die inhibierte Acetylcholinesterase durch
Oxime zu reaktivieren. Gelingt dies, wie im Falle von Vergiftungen mit den Nervenkampfstoffe
Tabun und Soman, nicht oder nur unzureichend, besteht eine therapeutische Liicke. Um diese
zu schlieRen, sind dringend neue Wirkstoffe als Therapieoptionen erforderlich. Als viel-
versprechender Ansatzpunkt gilt die allosterische Modulation desensitisierter, nikotinischer
Acetylcholinrezeptoren durch sogenannte Resensitizer. Die fir diesen Behandlungsansatz
prototypische Verbindung MB327, ein Bispyridiniumsalz, das sowohl in ex vivo- als auch in
in vivo-Experimenten mit Organophosphaten eine vielversprechende Aktivitdt gezeigt hat,
weist aufgrund seiner zu geringen Affinitat zum nikotinischen Acetylcholinrezeptor eine flr die
Anwendung am Menschen zu geringe therapeutische Breite auf. Es war deshalb das Ziel der
vorliegenden Arbeit, ausgehend von MB327 und davon abgeleiteter Bispyridinium-
verbindungen, wie z.B. PTM0056, sowie ausgehend von den Hits eines im Vorfeld dieser
Arbeit durchgefihrten Screenings, UNC0646 und A366, neue allosterische Modulatoren als

Resensitizer fur desensitisierte NnAChR zu entwickeln.

MB327-Analoga

In dieser Arbeit wurden zahlreiche von MB327 und PTMO0O056 abgeleitete Bispyridinium-
verbindungen synthetisiert, die sich in der Uberwiegenden Mehrzahl von MB327 dadurch
unterschieden, dass wie bei PTM0056 einer der beiden tert-Butyl-Reste in 4-Position der
Pyridinium-Teilstrukturen durch Aminosubstituenten ersetzt wurde. Die erhaltenen nicht-
symmetrischen Bispyridiniumverbindungen wurden hinsichtlich ihrer biologischen Aktivitaten
untersucht. Dabei wurde neben der Affinitat zur allosterischen Bindungsstelle MB327-PAM-1
des nAChR von Torpedo californica mit Hilfe des UNC0642-MS-Bindungsassays auch die
intrinsische Aktivitdt an mit Soman-vergifteten Ratten-Diaphragmen bestimmt. Zuséatzlich
wurden in silico-Methoden, wie Blind-Docking-Experimente und Molekulardynamik-
Simulationen, herangezogen, um das Bindeverhalten der Liganden am nAChR naher zu

charakterisieren.



260 5 Zusammenfassung der Arbeit

Dies fihrte zur Identifizierung der potenziellen allosterischen Bindungstasche MB327-PAM-1
und einem Vorschlag flr den Bindemodus von MB327. Um in den polaren Bereichen der
Bindungstasche starkere Wechselwirkungen mit den Liganden zu ermdglichen, wurden nicht-
symmetrische MB327-Analoga mit polareren Amin-Teilstrukturen anstelle einer der beiden
tert-Butylgruppen synthetisiert. Ausgehend von 1,3-Diiodpropan und den entsprechenden
Pyridinbausteinen wurden die Zielverbindungen in einer Mikrowellen-unterstiitzten Synthese
in zwei Schritten erhalten. Sie wurden allgemein in hoher Ausbeute sowie hoher Reinheit
gewonnen. Fir die meisten dieser neuen MB327-Analoga konnten bei den Untersuchungen
im UNCO0642-MS-Bindungsassay, verglichen mit MB327, tatsachlich héhere Bindungs-
affinitaten fur die MB327-PAM-1-Bindungstasche gefunden werden. Darlber hinaus zeigten
einzelne der neuen MB327-Analoga, wie z.B. PTMO0069, auch eine starkere Wiederherstellung
der Muskelkraft von mit Soman-vergifteten Ratten-Diaphragmen als MB327. Bemerkens-
werterweise waren auch die Konzentrationen, bei denen eine Wiederherstellung der Muskel-
kraft festgestellt werden konnte, geringer als im Falle von MB327. Auffallig war jedoch auch
ein, bereits fur MB327 bekannter, biphasischer Verlauf der Konzentrations-Wirkungskurven.
So war bei hohen Konzentrationen nach einem Maximum eine deutliche Abnahme der Muskel-
kraft-wiederherstellenden Aktivitat zu beobachten. Dies war in Einklang mit ex vivo-Versuchen
an nicht vergifteten Ratten-Diaphragmen. Hier zeigten die meisten der untersuchten
Verbindungen bei hdheren Konzentrationen eine Muskelkraft-inhibierende Wirkung. Vermutet
wird, dass hierflir ein antagonistischer Effekt an der orthosterischen Bindungsstelle
verantwortlich ist. Eine gewisse Affinitdt von MB327 fur die orthosterische Bindungsstelle

wurde auch durch in silico-Studien vorhergesagt.

Ein weiterer Ansatzpunkt zur Erhéhung der Bindungsaffinitdt von Liganden in der
MB327-PAM-1-Bindungstasche war die Verdrangung von ungunstigen Wasser-Clustern durch
Hydroxylgruppen. Tatsachlich konnte fir die Verbindung PTMD90-0012, die anstelle eines der
beiden 4-tert-Butylpyridiniumringe Uber eine 7-Hydroxychinazolinium-Teilstruktur verflugt,

verglichen mit MB327, eine hdhere Bindungsaffinitat festgestellt werden.

Neben den Bispyridiniumverbindungen wurden im Rahmen dieser Arbeit zahlreiche weitere
potenzielle Resensitizer untersucht. Abgeleitet von UNC0646 und A366, zwei in einem
Bibliotheks-Screening als hochaffine nAChR-Liganden identifizierte Verbindungen, wurden

zahlreiche Chinazolin- und 2-Amino-3H-indol-Derivate synthetisiert und biologisch untersucht.
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UNCO0646-Analoga

Das Hauptaugenmerk lag dabei auf der Synthese von UNCO0646-Analoga. Zu Beginn der
vorliegenden Arbeit war UNC0646 als der Ligand mit der bislang héchsten bekannten Affinitat
zur MB327-PAM-1-Bindungstasche identifiziert worden und erschien deshalb als ein sehr viel-
versprechender Ansatzpunkt. Bei der Auswahl der Zielverbindungen wurden vor allem
Modifikationen an den basische Reste enthaltenden Substituenten des Chinazolinrings in 2-,
4- und/oder 7-Position vorgenommen, da dort potenziell starke Wechselwirkungen mit der
Bindungstasche erwartet wurden. Die Auswabhl variierte von strukturverwandten Substituenten
Uber kleinere Substituenten bis hin zu Wasserstoffatomen. Erganzend zu der systematischen
Variation der Substituenten wurden Zielverbindungen aus liganden- sowie strukturbasierten

in silico-Screenings ausgewahlt.

Ausgehend von 7-Benzyloxy-2,4-dichlor-6-methoxychinazolin und verwandten kommerziell
verfigbaren Bausteinen konnten die Zielverbindungen in meist wenigen Schritten und in
grofitenteils hohen Ausbeuten sowie hohen Reinheiten synthetisiert werden. Eine der wieder-
kehrenden Reaktionssequenzen war dabei die schrittweise nukleophile Substitution der Chlor-
atome in der 2- und 4-Position der Chinazolin-Grundstruktur durch Aminobausteine. Unter
Verwendung von primaren oder sekundaren Aminen erfolgte zunachst eine nukleophile
Substitution in der 4-Position des Ringsystems und bei anschlieBender erneuter Reaktion
unter forcierteren Bedingungen in der 2-Position. Im Rahmen dieser Arbeit konnte eine sehr
effiziente Mikrowellen-gestutzte Methode zur gezielten Substitution der Chloratome in der
2-Position von 2,4-Dichlor-substituierten Chinazolinen entwickelt werden. Diese basiert auf
dem Einsatz von tertidren N-Methyl-substituierten Aminen als Nukleophilen. Dies ermdglichte
eine effiziente Syntheseplanung, nach der eine grofle Anzahl von Zielverbindungen sehr
variabel in moglichst wenigen linearen Syntheseschritten erzeugt werden konnte. Fur Ziel-
verbindungen, die auf diesen Wegen nicht erreichbar waren, wurden eigene Synthesen mit
entsprechenden speziellen Reaktionsschritten, wie beispielsweise der regioselektiven
Reduktion der 4-Position von 2,4-Dichlorchinazolinen, entwickelt. Neben der Anbringung von
Aminosubstituenten an die 2- und 4-Position der Chinazolinbausteine, war ein weiterer
Schlusselschritt die Anknupfung von w-Aminoalkoxyseitenketten an die 7-Position. Dies wurde
in der Vielzahl der Falle nach hydrogenolytischer Abspaltung der Benzylschutzgruppe von den
entsprechenden  7-Benzyloxychinazolinbausteinen durch  Mitsunobu-Reaktionen der
gebildeten 7-Hydroxychinazoline mit entsprechenden Aminoalkoholbausteinen erreicht.
Chinazolin-7-amine  konnten hingegen ausgehend von einem 7-Fluor-substituierten

Chinazolinbaustein durch Substitution mit primaren oder sekundaren Aminen erzeugt werden.

Bei den Untersuchungen der zahlreichen neuen UNCO0646-Analoga in den UNCO0642-

MS-Bindungsassays konnten fur viele Verbindungen deutlich hohere Affinitdten zur
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MB327-PAM-1-Bindungsstelle als fiir die Bisypyridiniumverbindungen festgestellt werden. Es
wurden jedoch im Rahmen dieser Arbeit nicht nur Chinazoline entwickelt, welche durch ihre
geringere Molekilmasse eine bessere ligand efficiency als UNC0646 aufweisen, wie z.B.
PTMDO01-0070, auch konnte der Strukturraum der Chinazoline hinsichtlich ihrer Bindung an
die MB327-PAM-1-Bindungstasche genauer beleuchtet werden. So wurden auch hochaffine
Verbindungen, wie z.B. PTMDO01-0062, identifiziert, welche anstelle einer basischen Seiten-
kette in der 7-Position Uber einen 7-Benzyloxy-Substituenten sowie Uber einen konformativ
flexiblen basischen Substituenten in der 4-Position verfugen. Die hohe Bindungsaffinitat hangt
vermutlich mit einem veranderten Bindemodus dieser Substanzen in der Bindungstasche

Zusammen.

A366-Analoga

Wie bereits erwahnt, wurden in der vorliegenden Arbeit neben Chinazolinen auch 2-Amino-
3H-indole, abgeleitet von A366, untersucht. Aufgrund der im Vergleich zu UNC0646 deutlich
geringeren Molekilmasse und einer Bindungsaffinitat an die MB327-PAM-1-Bindungsstelle,
die in einer vergleichbaren GroRRenordnung lag, erschien A366 ebenfalls als viel-
versprechender Ausgangspunkt fur eine Wirkstoffentwicklung. Die synthetisierten Ziel-
verbindungen weisen im Unterschied zu A366 anstelle einer spirocyclischen Cyclobutan-
teilstruktur ein synthetisch leichter zugangliches Dimethyl-Strukturmotiv in der 3-Position auf
und unterschieden sich voneinander entweder in der Struktur der w-Aminoalkoxyseitenkette
(Lange des Spacers oder RinggréRe der cyclischen Amine) oder deren Anknlipfungspunkt an
das 2-Amino-3H-indol-Ringsystem. Ausgehend von kommerziell verfligbaren Bausteinen
waren die A366-Analoga in vier bis sechs Syntheseschritten gut zuganglich. Allerdings stellte
der letzte Syntheseschritt, die reduktive Cyclisierung der a,a-Dimethyl-substituierten 2-Nitro-
phenylacetonitrilbausteine, eine besondere Herausforderung dar. Die Zielverbindungen
wurden, ahnlich wie bei vergleichbaren literaturbekannten Synthesen, zusammen mit
entsprechenden Amidin-N-Oxid-Nebenprodukten in stark variierenden und bestenfalls

zufriedenstellenden Ausbeuten erhalten.

Fir die meisten synthetisierten A366-Analoga konnten bei Untersuchungen im UNCO0642-
MS-Bindungsassay keine Unterschiede in den Bindungsaffinitdten, verglichen mit A366,
gemessen werden. Fur das Regioisomer PTMD02-0006 sowie insbesondere fur das Amidin-
N-Oxid PTMD02-0007 wurden sogar deutlich niedrigere pKi-Werte im Vergleich zu A366
gefunden. Versuche an Soman-vergifteten Ratten-Diaphragmen zur Untersuchung der
intrinsischen Aktivitat der 2-Amino-3H-indole lieferten jedoch bemerkenswerte Ergebnisse.
Wahrend A366 sowie PTMD02-0001L, PTMDO02-0004, PTMD02-0005 und PTMD02-0007 die
Muskelkraft nicht wiederherstellen konnten, wurde fir PTMD02-0002 (C2-Spacer) und
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PTMDO02-0006 (Regioisomer) eine Wiederherstellung der Muskelkraft festgestellt. Die
Reaktivierung durch diese beiden 2-Amino-3H-indole erfolgte, ahnlich wie bei den
Bispyridiniumverbindungen, nicht nur in einem vergleichbaren Ausmall wie bei MB327,
sondern auch bei deutlich geringeren Substanzkonzentrationen verglichen mit MB327. Bei
hoheren Konzentrationen zeigte sich fir PTMD02-0002 und PTMD02-0006 ein biphasischer
Verlauf der Konzentrations-Wirkungskurve, wobei die Muskelaktivitat in beiden Fallen wieder
auf nahezu 0% zuriickging. Die Untersuchung der A366-Analoga an nicht vergifteten Ratten-
Diaphragmen zeigte schliellich ein stimmiges Bild. Wie bereits bei den Bispyridinium-
verbindungen beschrieben, wurde fur A366 sowie alle untersuchten PTMDO02-Verbindungen
(PTMD02-0001L, PTMD02-0002, PTMDO02-0004, PTMD02-0005, PTMD02-0006, PTMDO02-
0007) eine reversible, muskelhemmende Wirkung beobachtet. Fir die beiden Verbindungen
PTMDO02-0002 und PTMDO02-0006 setzte dieser Effekt jedoch erst bei entsprechend héheren
Konzentrationen ein. Vermutlich binden sowohl die Bispyridiniumverbindungen als auch die
2-Amino-3H-indole in hohen Substanzkonzentrationen auch an die orthosterische Bindungs-
stelle des nAChRs, wodurch sie neben einem, durch Bindung an die allosterische
MB327-PAM-1-Bindungsstelle vermittelten, positiv allosterischen Effekt auch einen

inhibitorischen Effekt austben.

Zusammenfassend leistet die vorliegende Arbeit mit der Synthese einer Vielzahl strukturell
diverser potenzieller Resensitizer auf der Basis von MB327, UNC0646 und A366 einen
substanziellen Beitrag zur Entwicklung neuer Wirkstoffe gegen Vergiftungen mit phosphor-
organischen Verbindungen. Zusammen mit den ermittelten biologischen Daten und den
daraus geschlussfolgerten Struktur-Aktivitats-Beziehungen zeigt die Arbeit aussichtsreiche
Ansatzpunkte fur zukinftige Forschungsarbeiten in diesem Bereich auf. Fir eine Entwicklung
von Resensitizern fur die klinische Anwendung auf der Grundlage der in dieser Arbeit
beschriebenen Verbindungen und kinftig identifizierten Screening-Hits wird die Optimierung
der Zielstrukturen insbesondere auf eine moglichst hohe Affinitat zur allosterischen
MB327-PAM-1-Bindungsstelle und gleichzeitig auf eine modglichst geringe Affinitat zur

orthosterischen Bindungsstelle abzielen missen.
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6 Verzeichnis der synthetisierten Substanzen

Alle im Laufe des Forschungsprojekts synthetisierten PTM/D-Verbindungen sind in den
folgenden Tabellen aufgelistet (Tabelle 2-4). Die Reinheiten der Testverbindungen wurden
mittels quantitativer 'H-NMR-Spektroskopie mit Sigma-Aldrich TraceCERT® Ethyl 4-
dimethylaminobenzoat als internem Standard wenn nicht anders vermerkt auf = 95%
bestimmt.

Tabelle 2: Strukturformeln der synthetisierten Bispyridiniumsalze mit zugehoériger PTM/D-Bezeichnung,
Summenformel und Molekilmasse.

PTM- Strukturformel Summenformel MW
Code [g/mol]
t-Bu NH,
0062 | o 21 = | Ci7H2512N3 525.21
/N+\/\/N+\
tB N
0063 ! N 2r Yk CigHa71:N3 539.24
/NWN+\
t-B H
-Bu
0064 N 2r Y CioHzlN:O  567.25
NN 0
H

t-B N o
0065' N er 2 e CoHsshNsO, 62533
N~ o

Yq
0066 t-Bu |\ or /| N CasHassloN3 629.37
/N+\/\/N+\

0067 f-BU\O O/Nv Ca1Ha3l2N3 581.32

ooeg  FBu N e D CaiHa1lN3 579.31
NN

'Reinheit: = 94%
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PTM- Strukturformel Summenformel MW
Code [g/mol]

0069 \G O/ O C22H33loN3 593.33
0070 FBU N NJ C21H311o2N30 595.31
| /N+\/\/N+\ |

//\ N / t-Bu
0071 \) CasHa0l2N4O2 694.44

t-Bu
| N, 2r |

ﬁNHZ+

0072 \O | \) Ca21H33l3N4 722.23
+

D90-0012 t-Bu C21H26l2NO 576.26
\O\l\/\/N+

t-Bu X OH % t-Bu
D90-0015 | _ Ni)\/N+\ | C>1H32BraN-O 488.31
2 Br
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Tabelle 3: Strukturformeln der synthetisierten UNC0646-Analoga mit zugehdriger PTMD-Bezeichnung,
Summenformel und Molekiiimasse.

PTMD- Mw
01-Code Strukturformel Summenformel [g/mol]
IS -
HN
0001 o C29H4sN6O2 510.72
- N
Hs;C N
H3C\O N/)\N/\\
KJN\<
Ly -
HN
00022 0 C27H42N6O2 482.67
H,C”~ SN

HCso N/)\N/\\

00033 0 X C24H38N602 442 .61
H,C N

HCsg N/)\N/\\

0004 C28H43N502 481.68

2,3 Literaturbekannte Substanz Sundriyal, S., Chen, P.B., Lubin, A.S., Lueg, G.A,, Li, F., White, A.J.P., Malmquist, N.A., Vedadi,
M., Scherf, A., Fuchter, M.J., 2017. Histone lysine methyltransferase structure activity relationships that allow for segregation of
G9a inhibition and anti-Plasmodium activity. MedChemComm 8, 1069-1092.
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PTMD- MwW
01-Code Strukturformel Summenformel [g/mol]
O*
HN
0005 0 Ca5H39N50- 441.62
H,C”~ SN

0006 -0 C23H35N502 413.56

0007 Hyc© NN C2oHasNsO2 495.71

0008 C2sH37N502 475.63

0009 Hyc O SN CaoHaeN5O2 489.66

0010 C24H37Ns02 427.59
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PTMD- Mw
01-Code Strukturformel Summenformel [g/mol]
O*
HN
0011 C26H41N50 455.64
H30/0 N 26 141N502

0012 o C24H37N502 427.59
HyC” SN
C/N/\/\O N/)
O*
HN
0013 0 C25H39N502 441.62
HyC™ SN
l}l (0] N/)
CHs
O*
HN
0014 H3C/O N Co4H37N50, 427.59
//\j/\o /)
H3C/N
O*
HN
0015 o C24H37N502 427.59
HaC™ SN
HSC\O/\O /)
O*
0016 HN C26H41N502 455.64
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PTMD- Mw
01-Code Strukturformel Summenformel [g/mol]
O*
HN
0017 0 C29H42CINsO2 528.14
H,C SN

0027 N C2sH39N502 453.63

0030 H3C/O N C27H43Ns02 469.67
CHs
HNT > N \O
0032 Hyc© XN CasHa1N502 455.65
N/\/\O N/)
Hg,C/O ~N
0040 N0 N/)\N/\ C25H39N502 441.62

0041 0 C26H42N6O 454.66
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PTMD- MW
01-Code Strukturformel Summenformel [g/mol]
O*
HN
0042 o Cos5H40NsO 440.64
HsC”™ NN
O/\/\N N/)
H
O*
HN
0043 Hyc N C2rHa2NsO 466.67
N N/)
Qﬁ
O*
HN
0044L* H3C/O N C33Hs55N702 581.85
N0 N/)\N/\
KJN\<
HN
0045 Hyc XN Cs1Hs1N7O2 553.80
N/\/\O N/)\N/\
KJN\<
Hn-Cs
.0 NN
0046 /)\ Co6H4oN6O> 470.66

H3C
O\l/\/\o

4 Literaturbekannte Substanz Jiang, Y.-H., Kim, Y., Lee, H.-M., Jin, J., Roth, B.L., 2017. Preparation of quinazolin-4-amine
derivatives as histone methyltransferase G9a inhibitors and methods for the treatment of Prader-willi syndrome. Duke University,
The University of North Carolina at Chapel Hill, Liu, F., Barsyte-Lovejoy, D., Allali-Hassani, A., He, Y., Herold, J.M., Chen, X,
Yates, C.M., Frye, S.V., Brown, P.J., Huang, J., Vedadi, M., Arrowsmith, C.H., Jin, J., 2011. Optimization of Cellular Activity of
G9a Inhibitors 7-Aminoalkoxy-quinazolines. Journal of Medicinal Chemistry 54, 6139-6150.



272 6 Verzeichnis der synthetisierten Substanzen

PTMD- MwW
01-Code Strukturformel Summenformel [g/mol]
oy -
HN
0047L° 0 C3a4H55N702 593.86
H,C” SN

0048 C30H4sN6O2 524.75

@
HN
0049 o Ca3Hs2N6O2 564.82
HsC~ SN
HN /\/\/\ NQ
0050 HyC /j‘\ Ca1HsoNsO2 538.78
O/\/\O N ,\O
HN /\/\/\ NQ
/O ~
0051 HyC )N C26H41N50; 455.65
~

5 Literaturbekannte Substanz Liu, F., Barsyte-Lovejoy, D., Allali-Hassani, A., He, Y., Herold, J.M., Chen, X., Yates, C.M., Frye,
S.V., Brown, P.J., Huang, J., Vedadi, M., Arrowsmith, C.H., Jin, J., 2011. Optimization of Cellular Activity of G9a Inhibitors 7-
Aminoalkoxy-quinazolines. Journal of Medicinal Chemistry 54, 6139-6150.
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PTMD- Mw
01-Code Strukturformel Summenformel [g/mol]
H3C/O =N
0052 QN/\/\O N/) C17H2sN2O2 301.39
HN/\)\N/\
0053 ch/o \)N K/ N\CH3 C26H42N6O> 470.66
O/\/\ 0 N/
O*
(@]
0054 0 C25H3sN4O3 442 .60
HsC” ~N
O/\/\O N/)
O*
HN
0055 Hyc© X )N\ C2sHaaNGO2 496.70
H3C\O N/ '\()\
)
O*
HN
0056 H3C/O SN C29H41N7O> 519.69
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PTMD- MW
01-Code Strukturformel Summenformel [g/mol]
O*
HN
/O AN
0057 H3C )N\ CasHasN7O 511.72
N/\
LN
CH,
NJ\
HN
0058L° Hy c/o SN C23H33F2NsO2 449.55
HiCso N/)\N
F
F
HN/\/\/\NQ
ch/o SN
0059 H.C P Ca5H40N6O: 456.64
0 N7 ONTTY
N=CHj
O*
HN
0060L7 0 C23H35N505 413.57
HsC~ SN
H3C\O N/)\'\O
HN/\/\/\NQ
o)
H.C~ SN
0061L° 3C CaeHs7N5Os 42759

H3C\O N/)\r\()

6 Literaturbekannte Substanz Cui, R., Yin, C., Deng, X., Zhang, T., 2020. STK19 inhibitors for treatment of cancer. Trustees of
Boston University, Xiamen University.
7 Literaturbekannte Substanz Sundriyal, S., Chen, P.B., Lubin, A.S., Lueg, G.A., Li, F., White, A.J.P., Malmquist, N.A., Vedadi,
M., Scherf, A., Fuchter, M.J., 2017. Histone lysine methyltransferase structure activity relationships that allow for segregation of
G9a inhibition and anti-Plasmodium activity. MedChemComm 8, 1069-1092.
8 Literaturbekannte Substanz Ma, A., Yu, W., Li, F., Bleich, R.M., Herold, J.M., Butler, K.V., Norris, J.L., Korboukh, V., Tripathy,
A., Janzen, W.P., 2014. Discovery of a selective, substrate-competitive inhibitor of the lysine methyltransferase SETD8. Journal
of medicinal chemistry 57, 6822-6833.
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PTMD- MW
01-Code Strukturformel Summenformel [g/mol]
0062 HsC N CaoHa1N5Os 503.69

0

0063 .0 C26H42N6O 454.66

0064 C1sH27N502 345.45
B OP
HsCsg N” NH,
IS -
HN
0065 o C2sH44N6O2 496.70
HsC™ SN
O/\/\ o N/)\NHz
L -
HN
0066 o C32H43N50, 529.73
HaC~ SN

0067 Hyc O N Ca3HasNsO2 543.76
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PTMD- MwW
01-Code Strukturformel Summenformel [g/mol]
O*
HN
0068 0 C24H30N4O- 406.53
H,C~ N

©ﬁo N

0069 C18H26N4O2 330.43

H3C
HaC

SN
>
0070 Hyc© SN CasHsaNsO2 578.85
O\l/\/\o /)\ Q
0071 H3C _0 N CssH57N70- 607.89
/)\ /\

> g
PN
HN/Q

H,C SN

P

F N

0072 C17H23FN4O 318.40
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Tabelle 4: Strukturformeln der synthetisierten A366-Analoga mit zugehoériger Molekilnummer,
PTMD-Bezeichnung, Summenformel und Molekiimasse.

PTMD-02- Strukturformel Summenformel MW Nr.
Code [g/mol]
HC”O
0001L? /\;\ ¢ NHz  CigHarN3O2 317.43 59b
Sl
o)
0002 C H3C >—NH,  Ci7H2sNsO2 303.41 59a
N\/\O N
_0O
0004 G HaC S NH,  CxHuN:0; 35449 50d
N\/\/\o N
_0O
0005 C HaC >—NH,  CioHzsN3O2 331.46 59c
N\/\/\O N
(N0
0006 TN C1sHa7N30, 31743 64
»—NH,
HsC- N
H.C”~
0007 : 7—NHz  CigHzrN3Os 333.43 60b
(0]
00080 C HaC” >—NH,  CrHasNgOs 31941  60a
N\/\O N+ .
‘O_
HC/O
0010 Oﬂ\/\;\ 7—NH,  CaoH31NsOs 361.49 60d
0 N
b
H.C~
0011"" CN\/\;\ 2~NH;  CioHNsOs  347.46  60c
0 N
b-
C\N\/\/O
001212 7—NH, C1gH27N305 333.43 65
HaCy N
A
5

9 Literaturbekannte Substanz Luise, C., Robaa, D., Regenass, P., Maurer, D., Ostrovskyi, D., Seifert, L., Bacher, J., Burgahn, T.,
Wagner, T., Seitz, J., Greschik, H., Park, K.-S., Xiong, Y., Jin, J., Schule, R., Breit, B., Jung, M., Sippl, W., 2021. Structure-Based
Design, Docking and Binding Free Energy Calculations of A366 Derivatives as Spindlin1 Inhibitors. International Journal of
Molecular Sciences 22, 5910, Sweis, R.F., Pliushchev, M., Brown, P.J., Guo, J., Li, F., Maag, D., Petros, A.M., Soni, N.B., Tse,
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